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Preface 


The AIEE Transactions for 1956 (volume 74) is published in three part:- Part I. Coinmunication and Elec 
Part II. AppHcations and Industry; and Part III. Power Apparatus aad Systems. The papers in each of tl 
parts are classified according to subject matter as follows: 

Part I. Communic^m and Electronics Part n. Applications and Industry _ Part m. Power Apparatus and 


Communication Switching Systems 

Communication Theory 

Radio Communications Systems 

Special CommunicationsAppHcations 

Telegraph Systems 
Television and Aural Broadcasting 
Systems 

Wire Communications Systems 
Basic Sciences 
Computing Devices . ^ 

Dielectrics ** . . 

ElectricalTedmiques in Medicine and 
Biology 
Electronics 

Instruments and Measurements 
Magnetic Amplifiers 
Metallic Rectifiers 
Nucleonics 
Solid State Devices 


Air Transportation a 

Domestic and Commercial Appli<3h, 
tions 

Land Transportation 
Marine Transportation 
Production and Application of Light 
Chemical Industry 
Electric Heating 
Electric Welding 
Feedback Control Systems 
General Industry Applications 
Industrial Control 
Industrial Power Rectifiers 
Industrial Power Systems 
Mining and Metal Industry 
Petroleum Industry 


Carrier Current 
Insulated Conductors 
Power Generation 
Protective Devices 
Relays 

Rotating Machinery 
. Substations 
.Switchgear 
v^stem Engineering 
Transformers 

transmission and Distributi 


Ediication 

Safety 


Each part has been indexed separately in the back of that particular part. The i(hree, p^ts are not CTOss-re. 
henceW user should determine first whether the subject matter of the paper desired i^in the field of commi 
and electronics, applications and industry, or power apparatus and systems. Papers ^re listed in the subj 
under several key words in the titles. The original m^bers assigned to the papers »e given in the auth 
Volume 74 contains the technical papers and related discussions presented at these matings: 

' 1:' V ' 

1. Winter General Meeting, New York, N. Y., January 31-February 4, 1955. \ 

2. Southern District Meeting, St. Petersburg, Fla., April 13-15, 1955. 

3. Middle Eastern District Meeting, Columbus Ohio, May 4-6, 1955. :, 

4 Summer General Meeting, Swampscott, Mass., June 27-July 1, 1955. \ 

' '■ ■' ' ^ 

5, Pacific General Meeting, Butte, Mont., August 15-17, 1955. V V 

6. Fall General Meeting, Chicago, Ill., October 3-7, 1955.. ,• \ 

Statements and opinions given in the papers and discussions published in Transactions mette expressic 
contributors for which the American Imtitute of Electrical Engineers assumes no responsibiliw. 





Load-Phase Tie-Line Enersy Control of 
InteTconnecled Power Systems 


FRANCOIS CAHEN 

MEMBER AIEE 


I N A previous paper^ the author de¬ 
scribed the principle of an automatic 
control method based on the measure¬ 
ment of the integral of the deviation of the 
controlled quantity and upon the subjec¬ 
tion to this integral of the load of the 
plants in control of the system. ^ The 
method was more particularly applied in 
t h e case of a system which, although com¬ 
prising a gfreat number of generating sta¬ 
tions, constitutes a single operation unit 
. not interconnected to any other sunilar 
units. In this case, the quantity to be 
.regulated is the frequency; the integral 
of the frequency deviation is a phase 
difference; the application of the method 
leads to subjecting the load of all the 
regulating machines to the value of this 
phase difference, hence the name load- 
phase control. 

The advantages of this method permit 
an important decentralization of the con¬ 
trol by utilizing several independent reg¬ 
ulators distributed through the system 
and installed close to the power stations 
submitted to their action; the possibility 
of simultaneously operating several regu¬ 
lators quite independent of one another 
depends, as was shown, on the use of very 
accurate and very steady reference fre¬ 
quency generators. The regulators re¬ 
quired for the application of this 
have been studied and designed by Elec¬ 
tricity de France and a certain number of 
tests carried out on the French system 
have shown, as stated in the previous 
paper, that this control process permitted 
both a very steady frequencymaintamed 
within a band of ±0.05 cycle per second 
fl tiH a very good distribution of the load 
among regulating plants without any 
manual intervention. _ 

The author then pointed out that this 
control method could be extended to the 
case of several interconnected systems, 
etarh of which constituteS" an operatioii 
unit; in such a case, however, the quan¬ 
tity to be regulated is no longer the fre¬ 
quency only but a combination of both 
the frequency and the power transferred 
between each system and all its neighbors 
according to the conventional frequency 
control with tie-line 16ad-bi^ pnnciple. 
It is then necessary to measure a linear 
combination of the frequency deviation 


and the tie-line load deviation in relation 
to the program, to integrate this com¬ 
bination which is transformed into a 
linear combination of a phase difference 
and tie-line energy difference, and then 
to subject the load of all the regulating 
machines to the value of this 
That is why this process has been called 
load-phase tie-Hne energy control. Since 
that paper -v^as presented, application 
tests of this method for those two cases 
have been and are being pursued on the 
French system; the aim of the present 
paper is to give a concise account of these 

tests. 


A /+^--0 

where 


New Tests and Industrial Application 

of the Load-Phase Control where 

New control tests have been made rer 
peatedly on the French system in 1953 
and 1954; they have confimed results 
previously obtained, emphasizing the pre¬ 
cision and flexibility of this control proc¬ 
ess. At the same time, the number of 
plants likely to take part in the control 
has been increased so as to make it pos¬ 
sible to widen the control band. At the 
present time two independent integrat¬ 
ing regulators are installed: one, in 
Paris, controls the steam planis of the 
Paris area and the other, in Brive, con¬ 
trols the hydroelectric plants of the 
Truy^re and the Dordogne rivers in the 

Massif Central. The maximum capadty 

of the steam plants controlled by the first 
regulator is 875 megawatts (mw) (control 

Paper SS-24, recommended by 
EneineerinK Committee and approved by the AIEB 
Sfie^on Technical Operations for pmsen^^ 
lion at the AIEE Winter General Meeting, New 

York N y .January 3l-Fcbruary 4,1956. Manu- 

Spt TObmitied October 18, 1964; made available 
for printing November 16,1964. 

Francois Cahbn is with 6l6ctriclt4 de France, 

Fsuris, France. 

The author wishes to thank Louis de Heem, 
tor of C.P.T.B., and the Belgian companies who 
own the power stations utilized for the tests for 
taking part in the load-phase tie-Une.ener^-control 
tests and carrying oRt the necew ® ^ 

Belgium. He also thanks Mr. Denis, Chirf 
EnSneer of the C.P.T.E., for the major paxt^^ 
in carrying out these installations and in particmar 
Se"S?ol boards of the central dii^tcWng office 
and of the power stations in ^“trol. Thanks are 
also due to Andrd Chevalller, fel6ctncit6 de France, 
who was mainly responsible for the crwtion and 
development of the automatic control methods 
based upon the measurement of the phase difference 
and the subj'ection to this difference of the load oi 
the stations in controL 


band 250 mw); the maximum capacity of 
the hydroelectric plants controlled 
second regulator is 750 mw. A third 
regulator will be installed to control soine 
hydrodectric plants in the Alps (maxi¬ 
mum capacity 700 mw). As a® 
tion, the maximum power supplied to t e 
system by its power stations as a who e 
reached 8,000 mw in January 1954. In 
the periods when the French system can 
be isolated from the German system wito 
which it is frequently interconnected, 
long deviation control tests are often being 
carried out. 

Reminder of the Load-Phase Tie- 

Line Energy-Control Principle 

The principle of this control method 
applicable to the case of several inter¬ 
connected international systems has been 
mentioned in the foregoing. It is equiva¬ 
lent, in an integrated form, as stated m 
the previous paper,^ to the couvenUonal 
tie-line power and frequency control, the 
equation of which is 

(P,-Po)-l-X(/-/o)»0 


P,-total power 

tween the system and the other sys 
terns, mw 

Pn=« transfer program, mw _ 

/=effective value of frequency, cycle p 
second (cps) 

Aerated frequency, cps 
X=controllmg energy of regulator 

X is expressed in mw per cycle or in an 
abridged form 
APf 


( 1 ) 


A/=/-/o, 

AP,=P-Po 

The corresponding equation of the new 
method is 


-/>¥■) 

or 

/ , AIFA 

ip—<i«i= I 
Jo 


Irff-1-Ap=0 


+ Ap“0 


( 2 ) 


with 

A<p- 


Afdt 


where 

phase angle, revolutions ^ ^ 

reference phase angle, revolutions 


£^Wi^Wi-Wo = f. APidt 
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Fig. 3 (right)’ Load-phase tie-line energy-control testo on 
August 26^ 1954; geographic location of the regulators and 
the telemetering channels 


100 200 km 


100 


200 miles 


where 

IV'<=transferred energy, mw-seconds 
PTo^reference transferred energy, mw- 
seconds 


for I «’+-5;7 / 


or 


^Pm^Pm—po 
where 

effective power output of the plants in 
control, mw 

/>o “basic load of the plants in control, mw 
y>o, Wo, and po are chosen so that 

FREQUENCY 


AWi _ 
A^+——“0 

A 



Fig. 1 diows the basic diagram of the 
regulator. 

Of cour^, if several independent inte¬ 
grating regulators operating simultane- 


49,90 

so CYCLES 
50.10 


1 * o' clock' 


ously in the same system are utilize 
power deviation AF< measured at 
tral point must be transmitted 1)2 
metering to all the regulators. 

Load-Phase Tie-Line Energy- 
Control Tests 

A certain number of tests havi 
made in the past year to develop th 
trol method and study its efficienc 
working may be considered at prei 
be quite satisfactory; it makes p 
the simultaneous control, both < 
frequency common to two intercon 
systems -and' the power transfenr 
tween those two systems with a pr 

Table I. Test of June 29,1954 
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Fig. 2. Load-phase tie-line energy-control tests on June 29, 1954; frequency arid power 

transfer deviation records ‘ - 
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Fig. 4. Control tests on August 26,1954; frequency and tie line load records 


at least equal to that of the best conven¬ 
tional methods which do not utilize inte¬ 
grators. Moreover, within each of the 
systems, for tlie simultaneous putting 
under conbrol of several power stations, 
advantages are offered for the balancing 
of their loads by the subjection of these 
stations to the integral of the deviation of 
the controlled quantity. 

The essp ntial aim of the first series of 
tests was the development of the load-fre¬ 
quency control device without paying too 
much attention to the problem of load 
distribution among the power stations 
in control, which the previous load-phase 
control tests permitted to consider as 
being solved. To this , end, the French 
system has been divided into two parts, 
linked together by one or several 225-kv 
lines 5 on either side of. the sham frontier, 
an integrating regulator acted upon 
several plants in control. The southern 
regfulator controlled hydroelectric plants 
in the Massif Central, the northern reg¬ 
ulator controlled steam plants located 
either in the north of France or in the 
Paris area. In the case when several 
225-kv lines were utilized for intercon- 
• nection, their loads wtte added together 


and the total compared with the program. 
The most recent test of this kind was 
made on June 29, 1954; the characteris¬ 
tics of this test are shown in Table I. 

The test lasted from 10 a.m. to 6 p.m. 
Fig. 2 shows the recordings made of the 
frequency and of the deviation of the 
power transferred between the two sys¬ 
tems in relation to the program. 

The upper curve is that of the fre- 
quenc 3 "; tlie latter was maintained 
throughout the test within the 49.95 to 
50.05-cps band. The lower curve is that 
of the power deviation. Apart from ex¬ 
treme peaks (lltlO a.m., 12:05, 12:15, 
12:25, 1:25, 1:45, 2:05, 3:50 and 4:00 
p.m.) which result from modifications 
brought suddetily to the transfer pro¬ 
gram, it may be said that the power de¬ 
viation in relation to the program has re- 
mained within a band having a width 
smaller than ±20 mw. 

The aim of a second series of tests was 
to verify the smooth working of the con¬ 
trol method, the latter being applied 
simultaneously to two interconnected 
systems, one of which utilized two dis¬ 
tinct integrating regulators acting inde¬ 
pendently upon two groups of plants in 


control. For these tests, one of the sys¬ 
tems was the Belgian system in which 
three distinct steam plants were con¬ 
trolled by a single integrator installed in 
Brussels at the central dispatching ofi&ce 
of the Soci4t4 pour la Coordination de la 
Production et du Transport de ’ifilnergie 
^jl^ctrique. The other was the French 
system in which the two independent in¬ 
tegrating regulators of Paris, controlling 
the Paris area steam plants, and of Brive, 
controlling the hydroelectric plants in the 
Massif Central, were operated simultane- i 
ously. A single 150-kv line was the inter¬ 
connection link between the two systems; 
the load of this line was measured at the 
frontier and simultaneously transmitted 
by t^emetering to Brussels and Pans. 
In Paris, this power was compared with 
the program and the measured deviation 
transmitted direct to the Paris regulatoi^ 
and telemetered to the Brive regulator. 
Fig. 3 shows schematically the geographic 
location of the regulators and the tele¬ 
metering channels. The most recent test 
of this kind was made on August 26, 
1954; the characteristics of this test are 
shown in Table II. 

The test lasted from 9:46 a.m. to 5 :42 
p.m. Fig. 4 shows the recordings made 
of the frequency and of the power trans¬ 
ferred between the two systems. Fig. 5 
shows the load curves of the Bdgian and 
French systems during the day of August 
26. The upper curve is that of the fre¬ 
quency; the latter was maintained, for 
the duration of the test, within the 49.95 
to 50.05-cps band, except about 12 o’clock 
when the deviation reached 0.1 cps be¬ 
cause the control band of the French 
system, owing to unforeseen circum- 



Table II. Test of August 26,1954 


6«l|^ System 


French System 


thermal.half-thermal 

Production. .... half-hydroelectric 

Maximum power of the system diunhgthe ^ .. ^ ^ ^ .6,400 

. ' M",'LVJj'JLU'*" .to 43 from three power stations. .Paris; 225—^thermal 

Available, control band, mw. V .. Brive: 890 —hydroelectric 

615 

4.. 

* ■ ' 12.« . 

... 
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Generator output 
Individual controller 


stances, proved to be slightly insuffi¬ 
cient. 

The lower curve is that of the trans¬ 
ferred power. The transfer program is 
shown by a thicker Kne; the cUfference of 
the ordinates of the two curves represents 
the power deviation. Apart from two 
short periods, at 11:30 a.m. and about 
1:05 p.m., when a relay out of order tem¬ 
porarily disturbed the control, the power 
deviation in relation to the program re¬ 
mained within a band the width of which 
was smaller than ±20 mw. 

Moreover, during this test, the load 
distribution among the plants in control 
of the French system, controlled by the 
independent integrating regulators of 
Paris and Brive, was carried out under 
excellent conditions in conformity with 
expectations. It was the same with re¬ 
gard to the load distribution between the 
three Belgian plants controlled by the 
Brussels integrating regulator undeir con¬ 
ditions which will be described in the 
following. 

Subjectioii of Plants in Control to 
Integrating Regulators 

As was stated in the previous paper,^ 
the subjection of the output of the power 


stations in control to the integral of the 
difference of the controlled quantity, 
i.e., to the phase difference or A^o-)- 
(AW<)/X], may be achieved in different 
ways depending on the difference trans¬ 
mitted from the integrator near, more or 
less, to the regulating madiines. Figs. 8, 
9, and 10 of the previous report show 
schematically several instances ,of -the 
working out of this subjection. 

In the French, system, the solution 
adopted so far consists in utilizing a cen¬ 
tral integrating regulator for each group 
of plants in control and in subjecting, on 
the spot, the total power supplied by these 
plants to the phase difference. This ar¬ 
rangement is schematically represented 
by Fig. 6. The regulator compares the 
total power of the plants with the phase 
difference and verifies whether these two 
values conform with the control charac¬ 
teristic sought. If agreement has not 
been reached, the regulator emits a signal 
proportional to the error it has measured; 
this signal is trananitted to the plants 
and, inside the latter, to the machines 
through distribution systems of a con¬ 
ventional type, securing the desired load 
distribution among the machines taking 
part in the control operations. This 
method has been utilized in the French 


Fig. 6 (left). Utilization of a central integrating regulator for one 
group of generating plants; conventional load division 

Fig. 7 (above). Utilization of a central integrator for one group of 
generating plants; direct subjection of the output of each machine 
to the phase difference, level control 


system to take advantage of the existing 
installations of control signal transmis¬ 
sion, of power totalization, and of signal 
distribution to the plants and machines. 
It has the disadvantage of requiring be¬ 
tween the central regulator and the plants 
a double-link system transmitting in one 
direction the control signal and in the 
opposite direction the loads; moreover 
it makes it compulsory for the totalization 
of the latter to be made first at the plant, 
then at the central control station. 

It is possible to eliminate any return 
power triemetering, any totalization, and 
any distribution devices by sending the 
value of the phase differences measured 
by a central integrator to all the plants 
in control and inside each of these to 
all the machines, and by subjecting sep¬ 
arately the output of each of the machines 
to the phase difference by means of an 
individual regulator. This solution is 
schematically represented by Fig. 7. The 
individual regulator is a very simple de¬ 
vice which makes the comparison between 
a voltage proportional to the phase dif¬ 
ference and a voltage proportional to the 
difference between the power output of 
the machine and its basic load. When the 
law of subjection is fulfilled, the residual 
voltage is nil; when the law of subjection 
is no longer fulfilled, impulses of a dura¬ 
tion proportional to the residual voltage 
drive the turbine speed-changing motor 
in the correct direction. This method has 
been called level control. The level is a 
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current proportional to the phase dif¬ 
ference; it is transmitted to all the regu¬ 
lating machines, the loads of which are 
subjected to it. 

An installation of this kind has been 
experimented on for the first time in Bel¬ 
gium on the occasion of the regulation 
tests described in the foregoing. At the 
central dispatdnng ofiice in Brussels an 
integrator is installed which emits the 
current, the intensity of which charac¬ 
terizes the level; the latter is transmitted 
either by wire, or by carrier current, to 
the three plants in control; the individual 
regulators of the machines, designed ac¬ 
cording to the aforementioned principle, 


subject their loads to the level. 

The basic load of each machine and the 
rate of its participation in the control are 
adjusted in each power station by means 
of a small control board located in the 
control room. This control board also 
permits the operation of any marhi-nf^ hav¬ 
ing a constant program; to this end it is 
sufficient to set its participation rate at 
zero in the control. 

The controlling power a of the whole of 
the power stations in control is adjusted at 
the central dispatching ofiice; once the 
participation rates in control of all the 
regulating machine have been fixed, a 
is defined by the correspondence between 


the intensity of the current characterizing 
the level and the phase difference meas¬ 
ured by the integrator. The tests of this 
method of subjecting the load of the 
power stations in control to the phase dif¬ 
ference have been very satisfactory; its 
simple design and flexibility of utilization 
have been emphasized. Its application to 
the power stations in control of the 
French system is being contemplated. 

Reference 

1. Load-Phasb Control—Method of Auto¬ 
matic Frbqubncv Control of a Multiplb 
Gbnbrattng-Plant Systsm, Francois Cahen. 
AISE Transactions, vol. 73, pt. Ill, June 1964, pp. 
671-77. 


Voltage Gradients on High-Voltage 
Transmission Lines 


G. E. ADAMS 

ASSOCIATE MEMBER AIEE 


A KNOWLEDGE of the voltage gradi¬ 
ent which exists at the surface of a 
transmission-line conductor is necessary 
in many instances. This knowledge is 
especially important in studies regarding 
corona losses and radio interference,^”* 
The dimensions of laboratory models of 
transmission lines are often chosen so as 
to reproduce the voltage gradient which is 
to be actually encountered in practice.^ 
An indication of the electrostatic un¬ 
balance of a transmission line can also be 
gained from a knowledge of the voltage 
gradients. Results of such calculations of 
voltage gradients are presented here for 
several cases in the form of curves which 
make calculations unnecessary. These 
results are in agreement with the perti¬ 
nent portions of two other papers which 
have appeared upon this subject. ® 

The arrangements for which data are in¬ 
cluded are: single conductor above 
ground, single circuit horizontal, single 


Paper 55-22, recommended by the AIBE Trans¬ 
mission and Distribution Committee and approved 
by the AIEB Committee on Technical Operations 
for presentation at the AIEB Winter General 
Meeting, New York, N, Y., January 31—February 
4, 1966. Manuscript submitted October 21, 1964; 
made available for printing November 10, 1964. 
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circuit vertical, and double circuit ver¬ 
tical. The effect of conductor diameter, 
conductor spacing, conductor height 
above ground, ground wires, and con¬ 
ductor stranding upon the voltage gradi¬ 
ents can be determined from the curves 
presented. 

The information is presented in the 
form of curves from which the gradient 
factor of a particular transmission-line 
arrangement can be obtained. This 
factor when multiplied by the voltage ap¬ 
plied to the line yields the voltage gradi¬ 
ent at the conductor surface. A wide 
range of the pertinent variables has been 
investigated and the voltage gradients of 
existing and proposed lines can be easily 
obtained from the curves. 

Method of Analysis 

The voltage gradient at the conductor 
surface was calculated in two steps. The 
gradient was calculated first of all as 
though the conductors were infinitely 
long, were suspended above a perfectly 
conducting flat ground plane, and had 
smooth cylindrical surfaces over which 
the charges were uniformly distributed. 
The interconductor and conductor to 
earth spadngs were assumed to be con¬ 
stant and the effect of supporting struc¬ 
tures, near-by objects, etc., was neg¬ 
lected. The details of this calculation are 
presented in the Appendix. 


The results of this calculation are pre¬ 
sented in terms of a gradient factor Fi 
which is the ratio of voltage gradient to 
applied voltage. Fi has the units of volts 
per centimeter (cm) per kilovolt of applied 
voltage. Since the voltage applied to the 
line varies sinusoidally with time, the 
charges and the voltage gradient also vary 
sinusoidally with time. Fi has been ex¬ 
pressed as the ratio of the peak volts per 
cm to the applied rms voltage. This 
applied voltage is to be taken as line to 
ground for a single conductor and line to 
line for 3-phase conductors. 

The second step in the calculation was 
the determination of the ratio of the maxi¬ 
mum voltage gradient at the conductor 
surface for a stranded conductor to the 
voltage gradient of a smooth conductor 
having the same outside diameter and the 
same charge. This ratio is expressed as a 
a strand factor F?. The voltage gradient, 
of course, varies along the surface of a 
stranded conductor from zero at the 
points where the adjacent strands are in 
contact to a maximum at the points mid¬ 
way between. If it is assumed that the 
stranding does not change the capaci¬ 
tance'^ of the conductor appreciably, the 

Table L Comparison of Voltage Gradient 
on the Center Conductor as Influenced by 
Height Above Ground; Horizontal Arrange¬ 
ment Without Ground Wires 

d =»20 Feet. Base is Gradient for h =60 Feet 
(h=100 Gives Higher Gradient) 


Conductor % Difference in 

Diameter, Gradient Between 

Inches h-60 and h-100 


0.8.0.146 

1.2 .0,161 

1.6. 0,167 

2.0.0,176 

2,4......0.181 

2.8 ....0.186 

3.2. 0,194 
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Fig. 1. Variation of gradient 
factor Fi of a single-phase 
conductor with conductor di¬ 
ameter for various heighb above 
ground 


ma nimum gradient factor of a stranded 
conductor is given by F— FiFi. 

Results 

Figs. 1, 2, and 3 and Tables I through 
VII show the dependence of the voltage 
gradient upon line arrangement. The 
gradient factor Fi for a single conductor 
suspended at a height h feet above ground 
is given by Fig. 1 for a range of conductor 
diameters. This configuration is the one 
which is normally used for laboratory tests 
of conductors. This curve also gives the 


gradient factor for a conductor which is 
the inner member of a concentric cylinder 
arrangement. This latter configuration 
has also been used in laboratory tests of 
conductors.® 

The charge, and cor^quently the volt¬ 
age gradient, is uniformly distributed 
along the circumference of the conductor 
in the concentric cylinder arrangement. 
When the conductor is suspended above a 
flat ground plane, the charge becomes 
nonuniformly distributed over the sur¬ 
face. However, for values of h usually en¬ 
countered in practice, this distortion of or 


Table II. Percentage Difference Between 
Voltage Gradient of Center and Outer 
Conductor; Horizontal Arrangement Without 
Ground Wires 


h=60 Feet Base is Gradient on Center 
Conductor 


Conductor 

Diameter, 

Inches 

% Difference, Where d = 

10 Feet 

20 Feet 

40 Feet 

0.8. 

7.92... 

.,-6.36.. 

...-4.68 

1.2. 

8.63... 

..-6.81.. 

...-4.88 

1.6. 

..- 9.03... 

..-7.16.. 

...-5.11 

2.0. 

..- 9.45... 

..-7.47.. 

...-8.31 

2.4. 

..- 9.82... 

..-7.73.. 

...-6.48 

2.8. 

,.-10.16... 

..-7.97.. 

...-S.63 

3.2. 

..-10.46... 

...-8.19.. 

..,-5.77 


Table III. Comparison of Voltage Gradient 
on the Center Conductor as Influenced by 
Height Above Ground; Vertical Arrange¬ 
ment Without Ground Wires 


d = 20 Feet. Base Is Gradient for h = 60 
Feet (h = 100 Gives Higher Gradient) 


Conductor 

Diameter, 

Inches 

% Difference in 
Gradient Between 
h-60 and h-100 

n R . 

.0.290 

1 2. 

.0.307 

1 ft. ^. 

.0.320 

2 ft . 

.0.334 

2 4 . 

.0,348 

3.2. 

.0.365 


deviation from a uniform distribution is 
less than 0.1 per cent (%) and may be 
neglected for all practical purposes. 

Fig. 2 gives as a fimction of con¬ 
ductor diameter and spacing for the 
center conductor of a horizontal arrange¬ 
ment without ground wires. This set of 
curves was plotted for the particular case 
of height above ground k being equal to 
60 feet. Table I shows a comparison of 



































Table IV. Percentage Difference Between Voltage Gradient of Center and Upper and Center 
and Lower Conductors; Vertical Arrangement Without Ground Wires 

h=60 Feet. Base is Gradient on Center Conductor 


Conductor 

Diameter, 

Inches 

d = 

10 Feet 

d- 

20 Feet 

d 

»40 Feet 

Lower 

Upper 

Lower 

Upper 

Lower 

Upper 

0.8....... 

...-6.88.. 

.- 8.70. 

....-3.67.i 

.-7.98. 

.6.03. 

.-7.64 

1.2. 

...-7.48.. 

.- 9.34. 

....-3.91.. 

.-8.47. 

.6.28. 

.-8.03 

1.6. 

.. .-7.95.. 

.- 9.86. 

....-4.19.. 

.-8.88. 

.6.48. 

.-8.33 

2.0. 

... -8.36.. 

.-10.28. 

_-4.43.. 

.-9.19, 

.6.63. 

.-8.68 

2.4. 

...-8.71.. 

.-10.66. 

....-4.64.. 

.-9.47. 

.6.77. 

.-8.79 

2.8. 

.,.-9.03.. 

.-11.00. 

...,-4.83.. 

.-9.73. 

.6.90. 

.-8.98 

3.2. 

...-9.33.. 

.-11.31. 

....-6.01.. 

.-9.96. 

.7.01. 

.-9.15 


values obtained for &=* 60 feet and 100 
feet. (See also Fig. 7(A) of reference 5.) 
Since the difference is very small, it can 
be concluded that Fig. 2 can be used for 
all values of h encountered in high-volt¬ 
age practice. The height above ground 
becomes important only for abnormally 
small values of h. The voltage gradient is 
higher on the center than on the outer 
conductors. Table II gives the percentage 
difference between center and outer con¬ 
ductors as a function of conductor di¬ 
ameter and spacing. This difference 
varies as the ratio of conductor spacing to 
conductor dameter varies. The larger 
this ratio becomes, the smaller the dif¬ 
ference. 

Fig. 3 gives Fi as a function of con¬ 
ductor diameter and spacing for the center 
conductor of a vertical arrangement with¬ 
out ground wires. The height of the 
center conductor or the average height of 
the conductors is taken as 60 feet. Table 
III shows a comparison between values 
for A=60 and h -100 feet. The difference 
is approximately twice as large as for the 
horizontal arrangement but still is very 
small and can be neglected for practical 
purposes for values of h and d encoun¬ 
tered in practice. Since the upper and 
lower conductors are not at the same 
height above ground, the corresponding 
voltage gradients will not be equal. The 
voltage gradient on the bottom conductor 
will be larger than on the top conductor 
since it is closer to the ground. The 


center conductor, however, will have the 
largest voltage gradient except for ex¬ 
treme cases not usually encountered in 
practice when the lower conductor is very 
dose to the ground. Table IV gives the 
percentage difference between cent^ and 
upper and center and lower conductors. 
The minus signs indicate a gradient less 
than that of the center conductor. 

Table V gives a comparison of hori¬ 
zontal and vertical arrangements without 
ground wires having the same average 
height above ground and the same spac¬ 
ing. The difference between gradient 
factors on the center conductors and be¬ 
tween the average gradient factor of the 
three conductors is seen to be very small. 

Table VI gives the gradient factor for 
the horizontal arrangement with ground 
wires as shown in Fig. 4. The radius of 
the groimd wires r, the distance between 
ground wires 21, and the vertical distance 
between the p^ne of the ground wires and 
the plane of the conductors g was varied 
over a wide range. However, it is seen 
that the ground wire has little effect upon 
the gradient except when placed abnor¬ 
mally close to a conductor. In general, 
the ground wire increases the charge re¬ 
siding on and the voltage gradient of the 
nearest conductors and reduces the charge 
and gradient of conductors located fur¬ 
ther away. Hence ground wires placed 
near the outer conductors will tend to re¬ 
duce the electrostatic unbalance of the 
line.® This reduction, however, is very 


Table V. Comparison of Horizontal and 
Vertical Arrangements Having the Same 
Average Height Above Ground and the 
Same Spacing 

h=60 Feet/ d=20 Feet. Percentage Based 
on Horizontal Arrangement (Horizontal Ar¬ 
rangement Gives Higher Gradient on the 
Center Conductor) (Vertical Arrangement 
Gives Higher Average Gradient) 


Conductor 

Diameter, 

Inches 

% Difference 
in Gradient 
Factor on Center 
Conductor 

% Difference in 
Average Gradient 
Factor of Three 
Conductors 

0.8..., 


..0.219. 

..0.188 

1,2_ 


..0.219. 

.0.207 

1.6.... 


..0.222. 

.0.219 

2.0.... 


..0.225. 

.0.228 

2.4.... 


..0.231. 

.0.237 

2.8.... 


..0.240. 

.0.246 

-3.2.... 

... 

..0.243. 

.0.267 


small for practical spadngs as is shown 
in Table VI. 

Table VII gives the gradient factor Fi 
of the ground wire itself for the horizontal 
arrangement. It is seen that the ground 
wire gradient factor is very small com¬ 
pared with that of the conductor unless 
the ground wire radius is imusually small 
and the ground wires are placed unusually 
dose to the conductor. 

Fig. 6 shows the strand factor Fa as a 
function of the number of strands. This 
curve decreases from a value of r/2 for 
»=2 and approaches 1.40 as a dose ap¬ 
proximation as n becomes infinite.^®*^* 
Several intermediate values of n were in¬ 
vestigated with the aid of a d-c board and 
yielded values dose to 1.40. Fz depends 
only upon the number of strands and not 
upon diameter of the conductor. It 
can be seen from this curve that Fs— 
1.40 for nearly all conductors used in 
practice. Hence the. maximum voltage 
gradient whidi exists at the surface of the 
conductor will be approximatdy 40% 
larger than the value calculated as¬ 
suming a smooth conductor of the same 
outside diameter. 

The voltage gradients of double-circuit 
transmission lines have also been con- 


Table VI. Conductor Gradient Factor Ft. Horizontal Arrangement with Ground Wires; See Fig. 4 

r*= Ground Wire Radius in Inches 









Gradient Factor with Ground Wires 




Conductor 



Gradient Factor 
Without 
Ground Wires 


1=5 Feet 



1=10 Feet 



1=20 Feet 


Diameter, 

Inches 

Feet • 

Conductor 

raO.25 

r=0.S0 

r-1.0 

r = 0.25 

r-0.S0 

r = 1.0 

r»0.2S 

r = 0.50 

r = 1.0 

1.6. 

10... 
10... 
20... 


......72.04...... 

.66.88..'.... 

_72.04.. 

__66.88. 

..1...72.04. 

.66.88...... 

..60.06...... 

__66.68.__ 

......60.06. 

.66.68__ 

.,,...60.06.. 

.....66.68. 

,.74.27.. 

.,66.30.. 

..72.69.. 

..66.70.. 

..72.08.. 

..66.88.. 

..60.63.. 

..56.43.. 

..61.97.. 

..65.08.. 

..60.09.. 

.,66.68.. 

...74.46... 

...66.26... 

...72.63... 

..74.67.. 

..66.21.. 

..72.67.. 

....73.06.. 

....67.09.. 

....72.38., 

.,..66.93.. 

.,..72.06.. 

....66.91., 

....60.36.. 

.,..66.63.. 

....00.92.. 

....66.76.. 

....60.08.. 

....66.60. 

...73.13.... 
...67.13... 
...72.41... 
...66.94... 
...72.06... 
...66.91... 
...60.37... 
...55.64... 
...61.00... 
...66.79... 
...60.08... 
....66,61... 

..73.24.... 

..67.18.... 

..72.44... 

..66.96... 

..72.06... 

..66.91... 

..60.40... 

..56.65... 

.,61.08... 

..65.84... 

..60.08... 

..66.61... 

..71.46.. 

..69.10.. 
..71.93.. 
..67.51.. 

....71.41- 

.,..69.39... 

....71.92... 

...,67.58... 

..71.36 

..69.08 

..71.91 

..67.66 

2 . 

20.., 
40... 

40.. . 
TO... 

10.. . 
20... 

...72.08... 

...66.88.,. 

...60.66... 

...66.42... 

...62.13... 

...66.06... 

...60,09... 

...66.68... 

..72.08.. 

..66.88.. 

..60.60,. 

..66,41.. 

,.62.81,. 

..66.01.. 

,.60.09.. 

..66.68. 

,.72.01.. 
..67.00. 
...69.96. 

.,.66.13, 
...69.67. 

...57.64. 

,..60,03. 
...65.68. 

.72.01... 

....67,01... 

....69,96... 

,...66.18... 
..,.69.61... 
..,.67.74... 
.,..60.08... 
....65.69... 

. .72.00 
...67,02 
. .69.94 
...66.25 
...69.46 
...67,93 


20... 
40... 
40... 

.. .Outer... 

...60,00 

...66.79 
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Rg. 4. Horizontal arrangement with ground wires 


Rg. 6. Double-circuit arrangement, conductor diameter 1.6 inches 


sidered. The equations to be solved are 
more complex than for single circuits al¬ 
though the method is the same. In addi¬ 
tion, the gradients are affected by the 
choice of the conductor phasing. Dif¬ 
ferent phasing arrangements result in ap¬ 
preciably different voltage gradients. If 
the exact voltage gradient on each con¬ 
ductor is desired, it is necessary to make a 
detailed analysis. However, for practical 
spadngs a very close approximation to the 
gradient on the center conductors can be 
obtained by using either Figs. 2 or 3. The 
gradients on the upper and lower conduc¬ 
tors are affected by the relative conductor 
pha sing to a much larger degree than are 
those of the center conductors. Thus a 
calculation using Table IV might be a 
poor approximation. In general, the 
gradient is lower on the upper and lower 
conductors than on the center conductor. 
The details of the calculations for the 


particular double-circuit arrangement 
shown in Fig. 6 are given in the Appendix. 
The voltage gradients of all seven conduc¬ 
tors are given there for one particular set 
of instantaneous conductor voltages. If 
the voltage gradients are calculated for a 
range of values of time, the peak gradient 
on each conductor can be determined. 
This peak value of gradient, of course, 
occurs at a different time for each con¬ 
ductor. 

The consideration of two particular 
p h asing arrangements will serve to illus¬ 
trate ^e general remarks made in the 
foregoing. Assume that balanced 3- 
phase voltages are applied to the double¬ 
circuit arrangement as given in Table 
VIII. The peak voltage gradients which 
result for £=300 kv line to line are also 
given. The gradients on the center con¬ 
ductors (a2 and b2) differ from one an¬ 
other by less than 1/2 of 1%. Conductor 


phasing has little effect on the gradients 
of the center conductors. The average 
spacing d of this configuration is about 26 
feet. The peak gradient factor as ob¬ 
tained from Fig. 2 for a 1.6-inch conductor 
is 70. For 300 kv, the peak voltage gradi¬ 
ent thus obtained is 21,000 volts per cm 
as compared with the values in Table 
VIII. The double-circuit configuration 
affects the gradient of the center conduc¬ 
tor by less than 1%. It is easily seen that 
the conductor phasing does effect the 
gradients of the upper and lower conduc¬ 
tors considerably. The largest and small¬ 
est values of gradient shown differ by 
nearly 10%. The conductor phasing has 
a marked effect upon the ground wire 
gradient. However, even though the 
ground wire radius is small compared 
with the conductor radius, the ground 
wire gradient is very small compared with 
the conductor gradients. 



Practical Applications 

Fig. 7 gives the peak surface voltage 
gradient as a function of conductor di¬ 
ameter for various Une-to-Kne voltages. 
The average height above ground was as¬ 
sumed to be 60 feet and the spacing 20 
feet. While it is somewhat unrealistic to 
assume that the spacing does not vary 
with voltage, the curves shown were 
Rg. 5. Variation of plotted from the preceding curves and 

the strand factor F* with serve to illustrate their use. The gradient 

the number of strands was calculated using only the factor Fi. 
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Tabic VII. Ground Wire Gradient Factor Fi. Horizontal Anansement/ See Fig. 4 

r—Ground Wire Radius In Inches 


Conductor 
Diameter, g. 



(10.... 

17.82. 

.. 9.80.. 

..6.47.. 

..21.48.. 

..11.98.. 

..6.75.. 

..38.90.. 

..18.76.. 

..10.48 

1 a... 

•I 20 _ 

8.28. 

.. 4.63.. 

..2.66.. 

..14.92.. 

.. 7.85.. 

.,4.17.. 

..18.08.. 

.. 9.94.. 

.. 5.54 


( 40 .... 


.. 1.46.. 

..0.81.. 

.. 4.48.. 

..2.47.. 

..1.42.. 

.. 7.31.. 

.. 4.07.. 

.. 2.25 


(10.... 

18.57. 

..10.22.. 

..5.68.. 

. .22.35.. 

,.12.46.. 

..7.01.. 

..85.22.. 

..19.47.. 

..10.89 

2 0... 

, ^20_ 

8.54. 

.. 4.68.. 

..2.65.. 

..15.18.. 

.. 7.96.. 

..4.26.. 

..18.72.. 

. .10.33.. 

.. 5.76 


u:.:. 

2.65. 

.. 1.61.. 

..0.86.. 

.. 4.63.. 

., 2.59.. 

..1.48.. 

.. 7.69.. 

.. 4.21.. 

.. 2.33 


Table VIII. Applied Voltages dnd Peak Voltage Gradients for Double-Circuit Arrangement 

Example; See Fig. 6 

Conductor Diameter 1.6 Inches 


Applied Voltage Voltage Gradient {300 Kv) 

Conductor Arrangement I Arrangement 2 Arrangement! Arrangement 2 

.£ cos ui. E cos ml .19,879. 

a2.. . . . . . . . ..! .Ecos (ut- 120).E cos (cur-120).ort’afa.In’ao? 

aS .Ecos (m<+120) .Ecos («r+120).20.016. 20.207 

61 .£cos («r+l20).E cos ...20.Ml.18.621 

62 .£ cos »/.E cos t«<+120).20.M7.20.947 

63 .E cos M-120).E cos («<-120).20.066.20,207 

g .0 . 0000 . 0.0000 .. 4.879 . 


Space surrounding the conductor must be 
considered and are greatly influenced by 
the nature of the conductor surface. The 
nature of the conductor surface also af¬ 
fects the emission of electrons from the 
surface and secondary processes which 
are essential to the discharge. It should 
be remembered that, on the one hand, no 
conductor can be absolutely smooth, so 
that small sharp projections can increase 
the gradient beyond that calculated for 
either a smooth or stranded conductor, 
and therefore some disdiarge may exist 
at values of calculated gradient below the 
critical, and that, on the other hand, this 
discharge will itself affect the gradient, 
and will moreover contribute to the aging 
of the conductor. These factors tend to 
reduce the abrupt change which might 
otherwise be expected when the disrup¬ 
tive critical gradient is approached or ex¬ 
ceeded. 

Conclusions 


If the maximum peak voltage gradient for 
a stranded conductor is desired, the 
values of gradient obtained from the 
curve should be multiplied by 1.40. 

Fig. 8 gives for stranded conductors the 
values of rms line-to-line voltage which 
result in a maximum peak voltage gradi¬ 
ent of 30,000 volts per cm on the center 
conductor as a function of conductor di¬ 
ameter and spacing. According to Peek,^‘^ 
when this “disruptive critical voltage” is 
reached corona losses occur. This voltage 


results in a “disruptive critical gradient” 
which is constant at about 30 kv per cm 
for wires and cables having radii larger 
ffiflti 0.20 cm. This curve shows that 
large single conductors are necessary for 
high-voltage operation if the maximum 
gradients are to be kept below 30,000 volts 
per an. 

Of course, the maximum voltage 
gradient is not the only important factor 
which influences corona discharges. The 
cliaracteristics of the electric field in the 


1. The diameter of the conductor has the 
most signifi ca nt effect upon the surface 
voltage gradient for practical arrangements. 
An increase of conductor , diameter decreases 
the voltage gradient. Since the charge 
for a given voltage increases with increa^g 
diameter, the per-cent decrease in gradient 
will be somewhat smaller than the per-cent 
increase in diameter. The gradient will 
decrease about 0.8% for every 1% increase 
in conductor diameter. 

2. The conductor spacing has the second 
largest effect upon the voltage gradient. 
The gradient increases as the spacing is 



CONDUCTOR DIAMETER-INCHES 


Rg. 7 (left). 
Variation of the 
peak surface volt¬ 
age gradient on 
the center con¬ 
ductor of a hori¬ 
zontal arrange¬ 
ment with line- 
to-line applied 
voltage for a 
height above 
ground of 60 feet 
and a spacing of 
20 feet 


Fig. 8 (right). 
Variation of the 
disruptive critical 
voltage with 
conductor diam¬ 
eter and spac-. 
ingforastranded- 
conductor,single- 
circuit horizontal 
or vertical ar- 
rangmnent 


reduced. 

3. The height above ground has very 
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little effect upon the voltage gradient for 
practical arrangements. 

4. Ground -wires have very little effect 
upon the voltage gradient for conventional 
spacings. 

5. For the stranded conductors in use 
today (having 20 or more outer strands), 
the maximum surface voltage gradient is 
approximately 40% larger than that cal¬ 
culated on the basis of a smooth conductor 
of the same outside diameter. 

6. For the same conductor spacing and 
radius, the voltage gradient of the center 
conductor and the average voltage gradient 
for a horizontal configuration is only 
slightly different from the respective gradient 
of a vertical configuration of the same 
average height above ground. 

7. The center conductor has the largest 
voltage gradient for all commonly used 
configurations. 

8. For spacings and diameters of ground 
wires in common use, the ground wire 
gradients are very low as compared with 
those of the phase conductors. 

9. The curves contained herein can also 
be used to obtain the voltage gradient on 
the center conductor of a double-circuit 
arrangement to a dose approximation. 

10. The electrostatic unbalance of a 
transmission line becomes less as the 
conductor spacing is increased. For prac¬ 
tical spacings, ground wires reduce the 
unbalance very slightly. 

Appendix. Calculation of Volt- 
a0e Gradient 

N omenclatore 

height of conductor n above ground, 
feet 

iJn^raditts of conductor «, feet 

distance between actual conductors 
n and m 

“distance between actual conductor 
n and. image conductor m* 

Lns> logarithm to the base «=2.71828 

instantaneous value of potential be¬ 
tween ground and conductor n 
instantaneous value of charge on 
conductor n 

voltage gradient at surface of conductor 
n 

distance between adjacent conductors, 
feet 

Derivation of Working Equations 

Assume that the transmission line consists 
of n parallel conductors suspended above 
and parallel to the earth. Assume further 
that:^* 

1. The conductors are cylindrical in 
shape and of infinite length. 

2. The surface of the conductors is 
smooth. 

3i The surface of the earth is a perfect 
conductor of zero potential. 

4. The charge is umformly distributed 
over the surface of the conductor. 

5. The potential of the conductor is 
the same over the length considered. 

6. The interconductor and conductor 
to earth spacings are constant. 

7. The effect of supipOrting structures. 


near-by objects, and the character of the 
soil is neglected. 

It is well known^* that this S 3 rstem of 
conductors and ground can be replaced by 
an equivalent system composed of the 
actual conductors plus image conductors 
all of which are suspended in free space. 

The voltages from ground to the con¬ 
ductors are related to the ch^ges on the 
conductors by. Maxwell’s coefficients of 
capacitance.^* The equations are then 

ei“Aiigi-f-.4i2gj4-.. • ■{•AinQ.n, 

.-{•Aing.n (1) 

C«*»Ani3i+.4H22!+... 

where 



Anm’=‘2Ln — 
fnm 


When these equations are inverted, the 
charges are obtained as functions of the 
applied voltages. The equations become 

fii =Biiei -\-B 12 ei 4- •.. +5i«en 

( 2 ) 

Equations 2 are expressed in centimeter- 
gram-second units. If the applied voltages 
are expressed in statvolts, the charges 
obtained from equation 2 will be expressed 
in statcoulombs per cm of conductor length. 
If the charge is assumed to be uniformly 
distributed around the conductor, the 
electric flux leaving the conductor will be 
in a radial direction and 4v2 lines per cm of 
conductor length in magnitude. The elec¬ 
tric field intensity perpendicular to the 
conductor surface or voltage gradient is 
then given by 

statvolts per cm (3) 

R 

If equation 3 is multiplied by 300, the 
gradient will be expressed in volts per cm. 

The electric field intensity at the surface 
of a conductor as ^ven by equation 3 
depends upon the charge on idiat conductor 
alone. The other conductors of the trans¬ 
mission S3rstem also have charges which 
produce an electric field at the conductor 
surface. However, the distances between 
conductors are very large compared with 
the radius of the ccmductor and hence the 
electric field of the other charges is of the 
order of 1/2 of 1% or less of the electric 
field of the conductor charge itself.*** 
This second-order effect results in a non- 
uniform electric intensity around the 
periphery of the conductor. 

Numerical Example 

Consider a horizontal arrangement with¬ 
out ground wires. Assume the height above 
ground to be 30 feet, the conductor spacing 
to be 16 feet, and lie conductor diameter 
to be 0.1466 foot or about 1.76 inches. 
Also assume that 

ei^E cos cat, e 2 =‘E cos (w^—120), 

cos (wf-1-120) 

The calctilations proceed as follows 

An=A2z^An^2Ln-^ =13.4105 
U*U/oo 


.4„-2Ln.Jl+4g)‘ 

^„-2Ln^l+(|)’ = 


-2.71216 

1.60763 


5u=B38“ 0.0781541 


5*2=0.0804666 
Bu=J5j,=-0.0146227 
Bi,= -0.00682631 

5=0.0883786 cos w/-0.00761788 sin ut 
E 

5= -0.0475392 cos -1-0.0823402 sin cat 
E 

5= -0.0376920 cos -0.0803470 sin cat 
E 


=0.0887010 statcoulomb per statvolt 
=0.0950730 statcoulomb per statvolt 
=0.0887010 statcoulomb per statvolt 


=0.0810135 statvolt per cm per 
statvolt 


E 


=0.0868332 statvolt per cm per statvolt 


The units of the latter two quantities 
are obviously also volts per cm per volt. 
If the peak voltage gradient factor is 
desired, but it is more convenient to use 
nns values of applied voltage expressed in 
kilovolts, the gradient factors just given 
should be multiplied by lOOOv^^. If the 
applied voltage is expressed in line-to-line 
terms instead of line to grotmd, the gradient 
factor should be divided by -s/Z. The 
factor Fi as plotted on the curve sheets 
then becomes 


ft 

E 


ft 

E 


=66.1468 


ft 

E 


=70.8986 


The units of these gradient factors are 
peak volts per cm per kilovolt rms line-to- 
line voltage. 

If the line-to-line voltage were 300 kv, 
the peak voltage gradients would be 

«i“ft=19,844.0 volts per cm 


ft=21,269.6 volts per cm 

The maximum peak voltage gradient would 
be obtained by multiplying these values 
by 1.40, giving 27,781.6 and 29,777.4 volts 
per cm for outer and center conductors 
respectively. 

Double-Circuit Arrangement 
Calculations 

The A matrix of equation 1 for the 
double-circuit configuration of Fig. 6 with 
a conductor diamet^ of 1.6 inches and a 
ground wire diameter of 0.676 inches is 
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al 

a2 

a3 

61 

62 

63 

g 

al 

16.449 

4.4476 

3.0195 

3.9141 

3.1210 

2.6365 

4.4467 

a2 

4.4476 

16.030 

4.2008 

3.1210 

2.9072 

2.6813 

3.1030 

a3 

3.0195 

4.2008 

15.651 

2.5365 

2.6813 

2.8906 

2.3273 

^=61 

3.9141 

3.1210 

2.5366 

16.449 

4.4476 

3.0195 

4.4467 

62 

3.1210 

2.9072 

2.6813 

4.4476 

16.030 

4.2008 

3.1210 

63 

2.5365 

2.6813 

2.8906 

3.0195 

4.2008 

15.651 

2.3273 

g 

4.4467 

3.1030 

2.3273 

4.4467 

3.1210 

2.3273 

18.839 


The inverse of the A or the B matrix of equation 2 is 


LABORATOiiy —500-Kv Tbst Project op the 
American Gas and Electric Coupanv, G. D. 
Lippert, W. E. Pakala, S. C. Bartlett, C. D. Fahrn- 
kopf. Ibid., vol. 70, pt. I, 1051, pp. 251-60. 

4. Insulators and Line Hardware for Tido 
500 Hv Test Lines, I. W. Gross, R. L. McCoy, 
J. M. Skeadel. Ibid., vol. 66, 1047, pp. 1502- 
1602. 

5. Relative Surface Voltage Gradients of 
Grouped Conductors, M. Temoshok. Ibid., 
vol. 67, pt. II, 1048, pp. 1583-80. 

6. Capacitancb and Surface Voltage Gradient 
OP Transmission Lines, H. B. Dwleht, F. E. 



al 

a2 

03 

61 

62 

63 

g 

al 

0.071939 

-0.013096 

-0.0058169 

-0.0087569 

-0.0051853 

-0.0036882 

-0.010728 

a2 

-0.013096 

0.073272 

-0.013975 

-0.0061853 

-0.0047792 

-0.0049088 

-0.0046336 

03 

-0.0058169 

-0.013976 

0.072481 

-0.0036882 

-0.0049088 

-0.0076766 

-0.0026621 

5=61 

-0.0087569 

-0.0051853 

-0.0036882 

0.071939 

-0.013096 

-0.0068169 

-0.010728 

62 

-0.0051863 

-0.0047792 

-0.0049088 

-0.013096 

0.073272 

-0.013975 

-0.0046336 

63 

-0.0036882 

-0.0049088 

-0.0076756 

-0.0058169 

-0.013976 

0.072481 

-0.0026521 

g 

-0.010728 

-0.0046336 

-0.0026521 

-0.010728 

-0.0046336 

-0.0026621 

0.060328 


As an example take: 


€ai cos ut 

Cai=eift—E cos (at— 120) 
Caa cos («<+120) 


For 300-kv rms line-to-line voltage 


„ soo.oooV^ 


=244,950 volts=816.60 


statvolts 


ForMf=0 

al 

816:50 

a2 

-408.25 

a3 

-408.25 

«=61 

816.60 

62 

-408.25 

63 

-408.25 

g 

0.0000 


Then from 

Sal= 951 =62.932 statcoulombs per cm 
So 2 “ffM“ —35.180 statcoulombs per cm 
Sas=S68= —26.509 statcoulombs per cm 


Qa = —11.670 statcoulombs per cm 

From «=2(g/jf2), the electric intensities are 

etti = <51 “62.002 statvolts per cm=» 

18,600 volts per cm 

<aj“<6«“ —34.660 statvolts per cm = 

—10,398 volts per cm 

<aa=€ 5 « ® —26.117 statvolts per cm = 

—9,484 volts per cm 

The calculations were carried out with 
the aid of an International Business Ma¬ 
chines card programmed calculator. The 
availability of this machine made the 
collection of the foregoing results practical 
since it can solve the number of equations 
involved in a reasonable length of time. 

ReFerences 

1. Coruna Considerations on High Voltage 
Lines and Design Features of Tide 500 Kv 
Test Lines, C. F. Wagasr, Aatkony Waguer, 
E. L. Petarsoa, I. W. Gross. AIEE Transactions, 
vol. 66, 1947, pp. 1583-89. 

2. Progress Report on Tidd 500-Kv Test 
Project of the American Gas and Electric 
Company—Corona, Radio Influence, and 
Other Factors. Philip Spora, A. C. Monteith. 
Ibid., vol. 09, pt. 11, 1950, pp. 891-99. 

3. Radio Influence Tests in Field and 


Scheidler. Ibid., vol. 71, pt. Ill, Apr. 1952, pp. 
663-66. 

7. Influence, Upon the Effect of Corona, 
OF THE Diameter and Profile of Very High 
Voltage Aerial Lines, F. Cahen, R. Pelissier. 
Revue Generale de VEleclricite, Paris, France, July 
1949, pp. 279-90. 

8 The Mechanism of Corona on A-C Trans¬ 
mission Lines, R. Pelissier, D. Renandia. BuUe- 
tin, Sdciete Francaise des Electriciens, Paris, 
Prance, vol. 9, 1949, pp. 63-71. 

9. Transposition of High-Voltage Overhead 
Lines and Elimination of Electrostatic Un¬ 
balance to Ground, Brie T. B. Gross, Andrew 
H. VTeston. AIEE Transactions, vol. 70, pt. II, 
1961, pp. 1837-44. 

10. Discussion by Hillel Poritsky of Double 
Conductors for Transmission Lines, E. B. 
Dwight, B. B. Farmer, and Three-Phase Multiple 
Conductor Circuits, B. Clarke. Ibid., vol. 51, 
1932, pp. 821-22. 

11. The Two Dimensional Magnetic or 
Electric Field Above and Below an Infinttb 
Corrugated Sheet, H. H. LsRKton, N. Davy. 
British Journal o/ Applied Phi/sies, London, 
England, vol. 4, no. 5, May 1952, pp. 134-87. 

12. Dielectric Phenomena xn High Voltage 
Engineering (book), F. W. Peek, Jr. McGraw- 
Hill Book Company, Inc., New York, N. V., 
3rd ed., 1929, p. 192. 

13. Circuit Analysis of A-C Power Systems, 
Vol. 1 (book), B. Clarke. John Wiley and Sons, 
Ina New York, N. Y., 1243, p. 434. 

14. Principles of Electric and Magnetic 
Fields (book), W. B. Boast. Harper and Brothers, 
New York, N. Y., 1948, chap. 7 and 8. 


April 1955 


Adams—Voltage Gradients on H-V Transmission Lines 


11 










Oscillations of Coupled N^^indings 

P. A. ABETTI G. E. ADAMS F. J. MAGINNISS 
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SjlHopsis:. The oscillations of a single 
winding t^ve been extensively investigated, 
but actually the most important practical 
case, the oscillations of coupled windings, 
has received but scant attention. The 
wave shapes and natural frequencies are 
determined in this paper for two coupled 
windings of any turn ratio and with the 
same or opposite winding direction, in 
air or on an iron core. The integral 
equation and the equivalent circuit methods, 
previously developed for single windings, 
are extended to introduce the effect of 
the secondary on the primary, and then to 
investigate various winding combinations 
of turns ratio varying from 1 to 1 to 1 to 9. 
Good agreement is found between computed 
and measured values of the natural fre¬ 
quencies and wave shapes. 

E xtensive theoretical and experi¬ 
mental investigations of the oscilla¬ 
tions of single windings, in air or on an 
iron core, have been made in the past. 
To take into account completely and 
rigorously aU mutual inductance linkages 
between all the turns, previously neg¬ 
lected, two of the authors have developed 
the equivalent circuit method^ and the 
integr^ equation method.* The first 
method yielded all the natural frequencies 
of practical importance, but not the wave 
shapes; while the second gave both wave 
shapes and natural frequencies, but only 
for the fundamental oscillation. In both 
cases excellent agreement was obtained 
between calculations and measurements 
made on an experimental coil with air 
core or iron core, whose parameters could 
be varied over a wide range. 

Elnowledge of the normal functions of 
single windings is of fundamental im¬ 
portance for the determination of the re¬ 
sponse to impulse voltages and switching 
surges of air coils, iron-core coils, reactors, 
and generator windings. The most im¬ 
portant practical application, however, 
concams the behavior of transformer 
windings subjected to lightning, commer- 


Paper 55-29, recommended by the AIBE Trans¬ 
formers Committee and approved by the AIBB 
Committee on Technical Operations for presenta¬ 
tion at the AIBB Winter General Meeting, New 
York, N. Y., January 31-February 4,1956. Manu¬ 
script submitted October 19,1964; made available 
for printing November 16, 1954. 

P. A. AjBBTTi is with the Genwal Electric Company, 
Pittsfi^d, Mass, and G. B. Adams and P. J. Maoin- 
mss are with the General Electric Company, 
Schenectady, N. Y. 

All measurements were made by the staff of the 
High Voltage Engineering Laboratory of the 
Genmal Electric Company, Pittsfield, Mass. 


dal impulse tests, and switching surges. 
Since transformers have at least two 
windings, and often more, it is astonishing 
that so little attention has been given in 
the literature to the oscillations of coupled 
windings. Bewley* investigated more 
fTian 20 years ago the transient oscilla¬ 
tions of mutually coupled windings, and 
later Boyajian^ and Vitins® the spedal 
case of an oscillating high-voltage second¬ 
ary. All these authors assume that the 
wave shapes of the normal functions (or 
standing waves) are sinusoidal. It has 
been shown recently* from the solution of 
the integral equation, and confirmed by 
an extensive series of tests, that the nor¬ 
mal functions of a single winding are not 
sinusoidal, and there is no reason to be¬ 
lieve that the presence of another winding 
would alter this condusion. Further¬ 
more, Boyajian and Vitins neglected 
altogether the capadtances of the low- 
voltage winding and its oscillations. 

Re^ts obtained for single windings 
are generally used for transformers, and 
the mutual effect of the two windings is 
neglected altogether. In many practical 
cases this approximation yields astonish¬ 
ingly satisfactory results, but a theoretical 
justification is lacking, as well as the es¬ 
tablishment of the limits within which it is 
vaUd. For these reasons, methods used 
for the analysis of oscillating single wind¬ 
ings were extended, first to study the ef¬ 
fect of the secondary winding on the pri¬ 
mary osdllations and neglecting the less 
important secondary oscillations and, 
second, to analyze the osdllations of a 
system of two coupled windings, wherein 
both windings are considered on the same 
basis. 

Effect of the Secondary on the Mutual 
Inductance Function of the 
Primary 

First consider only the effect of the 
secondary winding on the fundamental 
osdllation of the primary. It will be 
assumed that: 

1. Both windings are uniform. 

2. The number of turns in the primary is 
much greater than the number of turns of 
the secondary. 

3. The capadtance from secondary to 
ground is much larger than the sum of 
the capadtances from primary to secondary 
and from primary to ground, in parallel. 


4. Primary and secondary series capad¬ 
tances can be neglected. 

The last assumption follows from the 
fact that we are considering only the 
fundamental oscillation of the primary 
and that series capacitance affects appre¬ 
ciably only the higher harmonics.*”^ 
Assumptions 2 and 3 allow the conclusion 
that while the primary winding is oscil¬ 
lating there will not be any appreciable 
voltage transferred by electromagnetic 
or electrostatic induction to the second¬ 
ary which, therefore, will always re m a in 
at ground potential. 

Let M{x,s)dxds be the mutual induct¬ 
ance of two elements of the primary 
winding located at points of abscissas x 
and s from one end of the winding, re¬ 
ferred to the length of the winding taken 
as unity. If there is no secondary wind¬ 
ing, this mutual inductance function* 
M{x,s) can be assumed both for air-core 
and iron-core coils to be a function only 
of the distance |ic— 5 ] between the two 
elements, and not of x and 5 separately. 
This leads to a discussion of the secondary 
winding and the study of its effects on the 
mutual inductance function. As long as 
the secondary is open-circuited no cur¬ 
rent can flow in it, and the function 



Fig. 1. Mutual inductance functions at 
center of an experimental coil 

1— ^Air core/ no secondary 

2— Iron core, no secondary 

3— Iron-core, short-circuited secondary 

4— ^Air or iron-core, copper screen 
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Fig. 2 (left). 
Mutual induct¬ 
ance function at 
ends of an ex¬ 
perimental coil. 
Same designa¬ 
tions as for Fig. 1 


Fig. 4 (right). 
Fundamental 
voltage distribu¬ 
tions of primary 
winding widi iso¬ 
lated neutral for 
large values of 
g/R “(gap/aver¬ 
age radius), short- 
circuited second¬ 
ary 


20 40 60 60 

PER CENT WINDING FROM NEUTRAL 


M(x,s) is not affected. However, if the 
secondary is short-circuited the current 
flowing in it will completely change the 
flux pattern and thus the function . 
Furthermore, it is dear that now the mu¬ 
tual inductance between two primary 
turns will depend not only upon their dis¬ 
tance, but also upon their location. Thus 
M{x,s) is a function of both co¬ 
ordinates X and s. It is interesting to 
note that within certain regions the func¬ 
tion M{x,s) will take negative values. 
Figs. 1 and 2 show the function Mix,s) at 
the center and at either end respectively 
of an experimental coil^-* for the following 
conditions: 1. With air core, secondary 
absent or open-circuited. 2. With iron 
core, secondary absent or open-circuited. 
3. With short-circuited secondary, with 
iron core. These curves were computed 
from Grover’s tables® and found to agree 
well with measurements. Similar re¬ 
sults have been obtained by Karasev and 
Sklyanin.’ It is seen that corresponding 
curves in Figs. 1 and. 2 have different 
shape only for case 3, since both windings 
are uniform. To facilitate comparison, 
the maximum value, which is the self- 

Table I. Self-Inductance of Single Turn of 
Experimental Coil 


Case 

Inductance, 

Microhenrya 

At Center At Ends 

1, Open-circuited secondary» 
air core.. 

...2.66.. 

...2,66 

2, Open-circtiited secondary, 
iron core. 

...3,60.... 

...3.61 

3, Short-circuited secondary, 
iron core. 

...1.83.... 

...2.84 

4, Copper screen, air core 
and iron core. 

...1.89.... 

...1.89 


inductance of a single turn, is taken as 
unity for all cases, and the actual values 
are given in Table I. 

It should be mentioned at this point 
that when a metal screen such as a copper 
cylinder is substituted for the secondary 
winding, the mutual inductance function 
is not the same as with short-circuited 
secondary. In fact Fig. 1 shows that the 
function M{x,5) with a screen, curve 4, 
decays much faster than for any other 
case and does not take negative values. 
The presence of the screen reduces the 
amount of mutual flux below the air-core 
value. Thus a coil with a short-circuited 
screen, with air core or iron core, behaves 
just as an air-core coil of much larger 
equivalent length to diameter ratio.’ 
Therefore, in general, it is not permissible 
to substitute a metal screen for the second¬ 
ary in the theoretical and experimental 
investigation of transformer transients. 
This confirms the results of a previous in¬ 
vestigation by field theory.® 

It may be concluded that when the 
secondary is short-circuited and the 


GROUND 

SHIELDS 


SECONDARY 






■g/R« I 
.— g/R*0.4l 

^g/R»0.23 - 

>\^/r. 0.16 


20 40 60 SO too 

PER CENT WINDING FROM NEUTRAL 


stated assumptions are valid, the primary 
winding can be treated as a single non- 
uniform winding with a self-inductance 
function’ 




Fig. 3. Concentric windings. R» average 
radius; g=gap. Both windings 48 inches 
high 


<r)d^a 


The integral equation method previously 
used® for nonuniform windings without 
secondary may also be used for uniform 
windings with short-circuited secondary. 

Effect of the Short-Circuited 
Secondary on the Fundamental 
Oscillations of the Primary 

For the calculation of the fundamental 
oscillations, the 1,800-turn winding pre¬ 
viously described® was considered to be 
the primary. Various secondaries were 
assumed to be located concentrically out¬ 
side the primary (Fig. 3) and the ratio 
g/R of the gap g between primary and 
secondary to their average radius R was 
varied between wide limits, encompassing 
the geometry of 2-winding transformers 
with concentric windings. Calculations 
were made of the fundamental wave 
diapes and frequencies for the two most 
important primary terminal conditions: 
for 1. both ends grounded, and 2. line end 
grotmded, neutral end isolated (obviously 
the role of the two ends is interchangeable 
because of symmetry). The results are 
summarized in Table II and in Figs. 4, 
6, and 7 for isolated neutral; in Fig. 6 
for grounded neutral. When the second¬ 
ary winding has a much greater radius 
than the primary, its effect is negligible 
and the same results are obtained as for 
the primary alone in air (case 1 in Table I 
of reference 1). 

First, consider the case of primary neu¬ 
tral isolated. As the short-circuited sec- 
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Table 11. Primary Fundamental Frequencies and Wave Shapes 


Short-Circuited Secondary 


Radius of 
Secondary, 
Inches 

Gap/ 

Mean 

Radius 

Isolated Primary Neutral 


Grounded Primary Neutral 

u(0.5)* 

u(0)* 

fivT^ 

Zmt 

u(0.2S)* 

Zmt 

fsVLCfft 

fg/fi 

eo ,, , 

..2.000... 

...0.646.. 

.. 1 . 

...0.256... 

.. 0... 

...0.667... 

..60.. 

...0.680... 

.2.31 

34.5 ... 

..1.000... 

...0.662.. 

.. 1 . 

...0.266... 

.. 0... 

...0.669... 

..60.. 

...0.680... 

.2.26 

17.5 ... 

..0.410... 

...0.724.. 

..0.999. 

...0.808... 

.. 2... 

...0.660... 

..50.. 

...0.680... 

.1.80 

14.5 ... 

..0.280... 

...0.836.. 

..0.989. 

...0.867... 

..21... 

...0.660... 

..60.. 

...0.680... 

.1.63 

13.5 ... 

..0.160... 

...0.888.. 

..0.847. 

...0.398... 

..28... 

...0.660... 

..60.. 

...0.680... 

.1.46 

12.5 ... 

..0.083... 

...0.962.. 

..0.621. 

...0.469... 

..89... 

...0.669... 

..60.. 

...0.680... 

.1.27 

12.125... 

..0.051... 

...0.982.. 

..0.446. 

...0.496... 

..44... 

...0.660... 

..60.. 

...0.681... 

.1.17 

11.75 ... 

..0.021... 

...0.995.. 

..0.197. 

...0.545... 

..48... 

...0.662... 

..60.. 

...0.683... 

.1.07 

11.6 ... 

.. 0 ... 

... 1 .. 

.. 0 . 

...0.580... 

..60... 

...0.660... 

..60.. 

...0.680... 

.1.00 


* «(0), m(0 .6) and m( 0.25) = voltages at neutral, mid-point, and quarter-points of the winding respectively, 
for the normalized wave shape of the fundamental. 


f Xm^ abscissa corresponding to maximum voltage, per-cent winding ‘from neutral, 
t L self-inductance of primary; Cgx total capacitance of primary to ground. 

fundamental frequencies for primary neutral grounded and isolated respectively. 
Note: radius of primary «11.5 inches. 


ondary is brought gradually closer to the 
primary, its effects are felt more and 
more. The voltage distribution becomes 
more peaked, the maximum voltage is 
found no more at the neutral end and the 
abscissa of the point with maximum volt¬ 
age gradually approaches the mid-point 
of the winding (Figs, 4 and 5). At the 
same time the fundamental frequency 
with isolated neutral increases over a 
range equal to 2.31, the ratio of the funda¬ 
mental frequencies with grounded and 
isolated neutral when the secondary is 
absent. These results are independent of 
turn ratio and relative winding directions. 
Usual values of the ratio g/R in power 
transformers vary between 0.2 and 0.04, 
so that the voltage distribution is by no 
means cosinusoidal, as generally assumed 
in the literature. As the gap is reduced 
to zero and the short-circuited secondary 
coincides with the primary, the funda¬ 
mental voltage distribution is the same 
as if the primary neutral were grounded, 
because of the perfect coupling between 
the two windings. (This limiting case is 


the same as case 1 of Vitins’ paper,® 
where the value 0.5 is obtained rather 
than 0.580 for fiVL Cg because of the 
simplif 3 dng assumptions "with respect to 
the mutual inductance function.) 

Now, in the case of primary neutral 
grounded, it is noted from Table II and 
Fig. 6 the surprising fact that when our 
ini t ial assumptions are valid the second-' 
ary has no effect whatever on the funda¬ 
mental oscillation of the primary. The 
minute diff erence s in the values of «(0.25) 
and of fg^L Cg are probably the result 
of slight inaccuracies in the evaluation 
of the kernels of the integral equation and 
in the iterative solution of this equation 
by means of digi'tal computers. The 
physical explanation of this interesting 
fact is that, because of the symmetry with 
respect to the mid-point of the current 
distribution along the primary winding 
grounded at both ends, the sum of the 
ampere turns is always zero. Thus the 
sum of the flux linkages of the secondary 
winding is zero and no voltage can be 



0 10 20 30 40 so 


PER CENT WINDING FROM NEUTRAL 
Fig, 6. Fundamental voltage distribution of 
primary winding with grounded neutral for 
g/R=0.083 

measuied between its open-circuited ter¬ 
minals. It will make no difference there¬ 
fore whether these terminals are isolated 
or connected together. Since almost all 
high-voltage power transformers have the 
primary neutral grounded, and our initial 
assumptions are at least approximately 
valid for the majority of cases, this ex¬ 
plains the hitherto unexplained fact that 
a circuit which “ignores the presence of 
the secondary circuits.. .strangely enough 
proves quite adequate to describe the in¬ 
ternal high-frequency transients of the 
winding under consideration, not only 
qualitatively, but quantitatively as well."* 
With secondary absent or open-cir¬ 
cuited, or •with a metallic screen, the 
ratio of fg/fi of the fundamental fre¬ 
quencies with grounded and isolated 
neutral can vary between 2 and very large 
values.* Values of about 2 are usually ob- 


— 
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f—j - g/R • 
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100 


Fig. 5 (left). 
Fundamental 
voltage diatribu- 
tions of primary 
winding with Iso¬ 
lated neutral for 
small values of 
g/R=(gap/aver¬ 
age radius)/ short- 
circuit second- 
«iY 


Rs* 1 (right). 
Comparison of 
computed and 
measured wave 
shapes for. g/R = 
0.083 
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Table III. Terminal Conditions for Two Coupled Windings 







Bqtuation Number 


Primary 

Secondary 

2-Element 

S-Element 

Case 

Line 

Neutral 

Line 

Neutral 

Total S* At 

Total 

S* At 

I-l. 

. isolated.. 

.. isolated. 

.isolated... 

.. isolated... 

...6 .4.2.. 

....12.. 

...6 .6 

1 -2) 

I-3J • •• 

. isolated.. 

. .isolated. 

grounded.. 
isolated... 

. isolated 
.grounded* * 

...5. 

....11 


1-4. 

. isolated.. 

.. isolated.... 

.grounded.. 

. .grounded.. 

...4.3.1.. 

....10.. 

...5.6 

II-l.... 

( grounded. 

.. isolated 

.isolated... 

.. isolated... 

...5. 

....11 



1 isolated.. 

.. grounded 




II-2.... 

(gETounded. 

.. isolated.... 

.grounded.. 

.. isolated... 

...4. 

....10 


(isolated.. 

.. grounded... 

.isolated.. . 

.. grounded 




II-3.... 

(grounded. 

... isolated.... 

.isolated... 

. .grounded.. 

...4. 

....10 


1 isolated.. 

.. .grounded... 

.grounded.. 

. .isolated 




II-4,... 

(grounded. 
1 isolated.. 

... isolated 
. .grounded* ’" 

.grounded. 

. .grounded. 

...3. 

.9 


III-l... 

• gn^ounded. 

... grounded... 

.isolated... 

.. isolated... 

...4.3.1. 

....10. 


III-2) 
III-3J • 

.grounded. 

... grounded... 

r grounded.. 
[isolated.. . 

. .isolated 
. .grounded" 

...3. 

.... 9 


III-4... 

. grounded. 

.. .grounded.... 

.grounded.. 

. .gurounded.. 

...2 .2.0. 

.... 8. 


* Symmetrical, 
t Antisymmetrical. 









Table IV. 

Description of Secondary Windings 






Self-inductance, 

Capacitance Values, Micromicrofarads, 




Microhenrys 

S-Element Representation 


Secondary Turn 












TC No. 

Core Turns Ratio 

Lpp 

Las 

Cpp Cas 

Cpg 

Cps Csg 

6... 

.. Air. 

200.9.00. 

.... 86.8. 

... 1.32.. 

...5.0....23.6... 

.32.0... 

.248_236 

7... 

..Air. 

704.2.66. 


... 15.0 .. 

...6.0_6.8... 

.32,0... 

.248..,.260 

8... 

..Air. 

1800.1.00. 

.... 86.8. 

... 99.7 .. 

...5.O.... 6.0... 

.32.0... 

.248....236 

9... 

.. Iron. 

210.8.67.. 

....305.0. 

... 4.16., 

...6.0....23.6... 

.82.0... 

.248 _236 

10 ... 

.. Iron. 

1800.1.00.. 

,.,.305.0. 

...317.5 .. 

...6.0,... 6.0... 

.82,0... 

.248_236 


tained with a screen, values of 2.2 to 2.9 
for air coils, of 6 to 12 for power and dis¬ 
tribution transformers. It is found that 
when the secondary is short-circuited this 
ratio will always be less than when the 
secondary is absent or open-circuited, 
and that for power transformers it will 
vary between 1.1 to 1.6. Since the leak¬ 
age flux is essentially in air, it will make 
no difference whether both windings are 
in air or on an iron core. The self-induct¬ 
ance function was computed for the twO' 
windings in air, and Fig. 6 shows that the 
computed distribution for g/R=0.083 
and primary neutral grounded is in excel¬ 
lent agreement with the distribution 
measured on the same windings (1,800- 
tum primary, 210-tum secondary), first 
in air and then on an iron core. The 
computed values of/„/<(in KC) SLadfg/fi 
for this case are 19.0, 16.0, and 1.27 re¬ 
spectively; and the measured values 19.5, 
15.6, 1.26 respectively. Measured and 
computed distributions with primary 
neutral isolated for the same ratio of 
g to R, but with an 1,800-tum secondary 
and iron core, are compared in Fig. 7. 
There is a general agreement in the wave 
shapes and in the neutral voltages (com¬ 
puted and measured values both 62 per 
cent (%) of maximum) and the differehces 
result from the 1-to-l turn ratio, which 
does not agree with the initial assump¬ 
tions. The general conclusions obtained 
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here concerning the ratio of the funda¬ 
mental frequencies agree wdl with tests 
made on eight power transformers, rang¬ 
ing from 500 to 20,000 kva per phase. 
The measured frequency ratio A/fi varied 
between 5.7 and 10.5 when the secondary 
was open-circuited, and between 1.11 
and 1,62 when the secondary was short- 
circuited. Similar experimental results 
have been obtained by Karasev and 
Sklyanin^ with two windings on an iron 
core. The measured frequency ratios 
were 7.3, 1.26, and 2.16 respectively for 
open-circuited secondary, short-circuited 
secondary, and secondary replaced by a 
copper screen. These values also agree 
very well with the theory presented here. 


Determination of the Natural 
Frequencies by Equivalent Circuit 

For a general solution of the problem 
of the oscillations of two coupled wind¬ 
ings, it is dear that both windings must 
be treated on an equal basis, subordinat¬ 
ing one to the other as was done in the 
previous section. The problem is also 
complicated by the fact that a large num¬ 
ber of terminal conditions must be inves¬ 
tigated, as indicated in Table III. Be¬ 
cause of symmetry some conditions yidd 
identical solutions, and when the roles of 
the primary and secondary (arbitrary but 
convenient designations) are inter¬ 
changed, cases 1-4 and III-l, are the 
same; 1-2 or 1-3 and II-l are the same; 

II- 2 and II-3 are the same; and II-4 and 

III- 2 or III-3 are the same, so that six 
different conditions must be investigated 
analytically. This number should be 
doubled since the two windings can be 
wound in the same or in the opposite 
direction, but it will be suflident to define 
all mutual inductances as numbers with 
their own signs, which will all be positive 
or negative depending on the rdative 
winding directions. It will be shown that 
another terminal condition, thatof second¬ 
ary short-drcuited but isolated from 
ground, can be derived from two of the 
six conditions just discussed. 

The equivalent circuit method^ has 
been extended to determine the natural 
frequences of an arbitrary ntunber of 
coupled windings, and will be explained 
for the case of transformers with two 
concentric windings. First, each winding 
must be subdivided into a number of ele¬ 
ments, and the degree of accuracy of the 
natural frequencies will depend upon the 
number of elements used. For this in¬ 
vestigation it was desired to calculate the 
fundamental frequency with at least 10% 
accuracy, and the second and third har¬ 
monic frequencies with at least 20% ac¬ 
curacy, and thus five elements were 
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Table V. Computed and Measured Natural Frequencies 

Both Ends of Primary Grounded 


Frequeacy, Kilocycles 


Ratio inlti 


TC No. 

Secondary Terminals 

n* 

c(S)t 

c(2)t 


m§ 

c(S)t 

mS 

6 , 7.8... 






. 27.6 ... 


...1 

.... ... 

9! 




. 62.0 ... 


...2.25 



3 




.101.0 ... 


...3.67 



4 




.143.0 ... 


. ..5.19 

6 A. 

...: Both isolated. 

_1... 

...22.1 . 

.19.5 .. 


. 24.2 ... 

_1 

.. .1 



2 ... 

...43.2 . 



. 46.4 ... 

_1.95... 

...1.92 



3... 

...69.6 . 



. 79.8 ... 

_8.16... 

...3.29 

6 A. 

_Both grounded... 

...1... 

...19.6 . 

.18.4 .. 


. 20.7 ... 

_1 

. ..1 



2 ... 

...43.2 . 



. 46.6 ... 

_2.20... 

.. .2.24 



3... 

...68.9 . 



. 77.7 ... 

_3.61... 

...3.76 



4... 

...91.0 . 



.112.6 ... 

_4.66... 

...5.44 

AT) 


.1... 

.. .16.3 . 



. 18.4 ... 

_1 

. ..1 



2 ... 

...36.4 . 



. 41.7 ... 

_2.23... 

..2.26 



3... 

...68.6 . 



. 70.3 ... 

_3.59... 

.. 3.81 



4.... 

...76.9 . 



.102.0 ... 

_4.71... 

...5.55 



. 1... 

...17.3 . 



. 19.0 ... 

_1 

.. .1 



2 ... 

...27.9 . 



. 28.7 ... 

_1.61... 

. .1.51 



3... 

...48.7 . 



. 57.8 ... 

_2.82... 

...3.04 



4.. . 

...68.6 . 



. 68.9 ... 

_8.38... 

...3.62 

7B. 

.... Both grounded... 

...1... 

...12.9 . 



. 13.2 ... 

_1 

.1 



2 ... 

...29.1 . 



. 30.4 ... 

_2.25... 

...2.29 



3... 

...47.3 . 



. 62.4 ... 

_3.65... 

. . 3.96 



4... 

...62.6 . 



. 78.4 ... 

_4.82... 

...6.91 

8 A. 

.... Both isolated. 

...1... 

...20.6 . 

.16.3 .. 


. 23.6 ... 

_1 

.. .1 



2 ... 

...21.2 . 



. 24.7 ... 

_1.04... 

...1.05 



3... 

...43.6 . 



. 62.0 ... 

_2.12... 

...2.21 



4... 

...46.7 . 



. 64.6 ... 

_2.28... 

...2.32 

8 A. 

.., .Both grounded... 

...1... 

...17.1 . 

.15.8 .. 


. 17.8 ... 

_1 

...1 



2 ... 

...36.6 . 



. 39.8 ... 

_2.14... 

. 2.23 



3... 

...37.9 . 



. 40.6 ... 

_2.22... 

. .2.27 



4... 

...60.6 . 



. 81.0 ... 

_3.54... 

...4.56 

8 A. 

... .One grounded,... 

...1... 

...11.1 . 

.9.96.. 


. 12.2 ... 

_1 

...1 


one isolated 

2 ... 

...21.1 . 



. 24.0 ... 

_1.91... 

...1.96 



3... 

...27.6 . 



. 40.2 ... 

_3.89... 

...3.28 



4,.,. 

...46.0 . 



. 63.0 ... 

_4.06... 

...4.32 

SB. 

.... Both isolated. 

...1,.. 

...12.4 . 

. 9.34.. 


. 16.0 ... 

_1 ... 

. 1 



2 ... 

...16.2 . 



. 17.4 ... 

_1.30... 

.. 1.16 



3... 

...28.7 . 



. 87.6 ... 

_2.80... 

...2.50 



4... 

...38.8 . 



. 40.6 ... 

_3.12... 

.. .2.70 

8 B. 

.... Both grounded... 

...I... 

... 8.38. 

. 7.8 .. 


. 8.70... 

_1 

. .1 



2 ... 

...19.0 . 



. 20.0 ... 

_2.26... 

...2.80 



3... 

...31.0 . 



. 89.8 ... 

_3.69... 

...3 94 

SB. 

.... One grounded,... 

...1... 

... 7.66. 

. 7.29.. 


. 7.80... 

_1 

. ..1 


one isolated 

2 ... 

...16.2 . 



. 17.0 ... 

_2.02... 

...2.16 



3... 

...22.4 . 



. 26.8 ... 

....2.97... 

...3.44 



4... 

...32.2 . 



. 89.0 ... 

_4.21... 

...6.00 

n in... . 


.. .1... 




. 17.0 ... 


. . .1 



2 ... 




. 48.6 ... 


...2.85 



3. . 




. 90.0 ... 


. ..5.30 



4. . . 




.134.0 ... 


. ..7.88 

OA. . 


.. ,1. . . 

...12.2 . 




....1 




2 ... 

...32.2 . 




..*..2.64 




3... 

...60.9 . 




_4.17 




4... 

...78.3 . 




_7.01 


OB. 

.,.. Both isolated. 

...1... 

...13.1 . 



. 17.4 ... 

_1 

...1 



2 .,. 

...26.4 . 



. 37.6 ... 

_2.01... 

...2.16 


'' 

3... 

...43.3 . 



. 71.0 ... 

_3.30... 

...4.07 



4... 

...60.8 . 



.107.6 ... 

_4.64... 

...6.17 

fiB. 


... 1,.. 

...13.1 . 



. 19.6 ... 

_1 ... 

.. .1 


and isolated 

2 ... 

...26.6 . 



. 41.0 ... 

_2.02... 

...2.10 



3... 

...43.3 . 



. 75.0 ... 

_2.30... 

...3.84 



4... 

...60.8 . 



.110.0 ... 

_4.64... 

...6.63 

UB ... 


.. .1... 

... 9.98. 




....1 




2 ... 

...20.6 . 




_2.66 




3... 

...42.3 . 




....4.23 




4... 

...60.8 . 




_6.08 


10 A. 


.. .1... 

...13.6.. 



. 14.6 ... 

_1 

...1 



2 ... 

...23.7 . 



. 23.6 ... 

_1.74... 

...1.62 



3... 

...48.3 . 



. 43.8 ... 

_3.40... 

...2.99 



4... 

...66.2 . 



. 62.6 ... 

_4.86... 

...3.62 

lOA. 

,.. .Short circuited. .. 

...I... 

...13.6 . 



. 16.2 ... 

_1 ... 

...1 


and isolated 

2 ... 

...28.9 . 




_2.12 




3... 

...46.3 . 



. .52.6 ... 

_3.40... 

...3.42 



4... 

...66.6 . 




....4.81 


lOA. 


...1... 

...11.1 . 




....1 




2 ... 

...28.9 . 




...:2.60 




3... 

...45.8 . 




_4.12 




4... 

...65.5 . 




_5.89 


lOB. 


...1... 

... 5.19. 




... .1 




2 ... 

...13.8 . 




_2.66 




8 ... 

...22.1 . 




_4.26 




4... 

...31.8 . 




_6.12 



* Harmonic order. 

t Computed with S-elememt representation. 
t Computed with 2-element representation. 
( Measured. 


chosen to represent each winding. As 
previously, mutual inductances were in¬ 
cluded between each element and every 
other element, as well as the series and 
shunt capacitances of both windings. 

For simplicity, the equations will be 
set up for a 2-element representation of 
each winding, as in Fig. 8. Subscript p 
refers to the primary, ^ to the secondary 
and g to ground, represented by the core 
and the tank. The equations describing 
the circuit of Fig. 8 can be written more 
simply on the nodal basis than on the 
loop basis. In fact, the system consists 
of 7 nodes, 17 elements, and 1 separate 
part: hence the number of independent 
node pairs if 6, while the number of in¬ 
dependent loops is 11. The nodal equa¬ 
tions for the system of Fig. 2 are derived 
in the Appendix and are easily adapted to 
the various terminal conditions. If a 
terminal is grounded, the corresponding 
voltage is set equal to zero and the corre¬ 
sponding nodal equation is no longer valid 
and hence is disregarded. For instance, 
if terminal pa is grounded, Vpa is zero and 
the first column and first row in the 
impedance matrix 11 of the Appendix are 
eliminated. Therefore the number of 
required equations depends upon the 
terminal conditions and is listed in Table 
III. 

During the free oscillations of this sys¬ 
tem of coupled windings, a finite set of 
voltages will satisfy the equations only 
if the determinant of. the impedance 
matrix is zero. This will happen for dis¬ 
crete values of the frequency «, which 
are the natural frequencies of the system. 
Since the order of the determinant is 
equal to the number of equations, 2 to 6 
for this simplest case, and 8 to 12 for the 
5-element representation, the calcula¬ 
tions can be done only with modern digi¬ 
tal computers. Even so, the calculations 
become quite laborious as the order of the 
determinant increases and it is important 
to reduce the system of equations to be 
solved to the lowest order possible. This 
can be done by taking full advantage of 
the symmetry in some configurations of 
the boundary conditions. The equations 
(11) of the system are of such form that 
they group naturally into combinations 
having the sums and differences of the 
voltages as variables. As shown in the 
Appendix, the set of six equations is 
now broken into two independent sets of 
lowCT order which will 3 ddd the same 
natural frequencies as the original set 
and also the same wave shapes, if these 
are symmetrical with respect to the 
mid-points of the windings. The set of 
equations obtained by addition yidds 
the S3nnmetrical harmonics for which 
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Fig. 9 .(left). 
Wave shapes of 
first harmonic. 
Ail terminals 
grounded for TC 
6A and 8A. 
Primary terminals 
grounded^ sec- ‘ 
ondary terminals 
isolated for TC 
9B 

Fig. 11 (right). 
Wave shapes of 
second harmonic. 
All terminals 
grounded for TC 
6A. Primary 
terminals ground¬ 
ed, secondary 
terminals isolated 
forTC9B 
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Vpa—Vpe Vsa—Vse ( 2 ) 

The set obtained by subtraction yields 
the antisymmetrical harmonics for which 

Tpa = and — yise (^) 

The calculation of the natural frequencies 
and wave shapes is greatly simplified by 
this artifice, and Table III shows the 
cases when tliis is possible and the manner 
into which the equations are divided. 
The unequal distribution of equations 
into the two sets (s 3 anmetrical and anti- 
S3anmetrical) is due to the fact that an 
even number of eluents has been used 
to represent the windings. If an odd 
nmnber of elements is used the two result¬ 
ing sets will have the same number of 
equations. 

The method described here for a 2- 
element representation is easily extended 
to the 5-element representation to. be 
used for the computations. There are 
now 13 nodes, 38 elements and 1 separate 
part, so that the number of independent 
node pairs is 12. A total of 15 different 


self- and mutual inductances must be 
considered, the 2 self-inductances of each 
element of the primary and secondary, 4 
mutual inductances between primary ele¬ 
ments and 4 between secondary elements, 
and finally the 6 mutual inductances be¬ 
tween primary and secondary elements. 
The number of equations, to be solved 
for the various terminal conditions, is 
given in Table III. The number of 
natural frequencies is equal to the order 
of the determinant, and they can be 
found by two different methods. The 
roots of the determinant can be deter¬ 
mined by well-known numerical methods, 
or else a cut-and-try procedure can be 
used. In the latter case, several fre¬ 
quencies are assumed and the correspond¬ 
ing values of the determinant are calcu¬ 
lated: then the frequencies are varied 
until the values of the determinant be¬ 
come zero. 



40 60 

PERCENT WINDING 



+ 160 

+ 120 

+ 80 

o +40 

Fig. 10 (left). 

Wave shape of 

second harmonic. 

< 

TC8A. All ter¬ 

J 

2 O' 

minals grounded 

> ^ 

1- 

5 *40 

u 

K 

UJ 

a -80 

Fig. 12 (left). 


Wave shape of 

-120 

third harmonic. 


TC8A. All ter¬ 
minals grounded 

-leo 


40 60 

PERCENT WINDING 


Determination of the Wave Shapes 
by Equivalent Circuit 

In addition to the natural frequencies 
of the first three harmonics, it was desired 
to calculate the wave shapes (or standing 
waves, or natural modes, or eigenfunc¬ 
tions) corresponding to these oscillations 
in order to gain a better understanding of 
the physical phenomena. Lanczos' 
method,®'^® which )delds both the eigen¬ 
values and eigenvectors, corresponding to 
the natural frequencies and wave shapes 
respectively, was used for this purpose. 
It was first necessary to reduce the circuit 
equations to a form in which only the 
terms on the main diagonal contain a 
constant minus the square of the angular 
frequency, while all other terms are con¬ 
stant. This form is obtained by multi¬ 
plying the equations through by the 
negative of the inverse of the terms in 
\=aj®, which are the capacitance terms. 
The result is an uns 3 mimetrical matrix of 
the form 

||(^-lX)y=0|| . (4) 

The characteristic equation of this sys" 
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Fij. 13. Wave shapes of 
third harmonic/ all terminals 
grounded for TC 6A. Primary 
terminals grounded, secondary 
terminals isolated for TC 9B 


tern can be generated and solved for the 
eigenvalues X or natural frequencies, and 
the eigenvectors y or wave shapes can 
also be found. The computations are 
iterative and can be carried on to the de¬ 
sired degree of approximation by means 
of digital computers. In the calculation 
of the wave shapes, relative voltage 
values are obtained only for the five nodal 
points of each winding. While it is con¬ 
venient to connect these points with con¬ 
tinuous curves for visualization purposes, 
it must be realized that these curves are 
necessarily arbitrary. 

Example: Natural Frequencies of 
Coupled Windings in Air or 
on Iron Core 

The equivalent circuit method was 
used to compute the first three or four 
natural frequencies of various combina¬ 
tions of two coupled windings in air or 
on an iron core. The primary winding, 
23 inches in diameter and 48 inches 
long, has 1,800 turns and has been de¬ 
scribed previously.^ Various secondary 
windings, 25 inches in diameter and 48 
inches long, were located concentrically 
to the primary. 

Two grounded concentric electrostatic 
shields represented the core and tank 
groxmd planes; see Fig. 3. The dif¬ 
ferent winding combinations are desig¬ 
nated as test conditions (TC). Each TC 
is referred to by a number and by a letter. 
The numbers from 6 to 10 (1 to 6 were 


used previously*'^ for single windings) de¬ 
note the turn ratio and the presence or 
absence of the iron core; the letter A de¬ 
notes that both windings are wound in 
the same direction; B in opposite direc¬ 
tions. A brief description of the second¬ 
ary windings is given in Table IV. All 
the capacitances, and the self- and mutual 
inductances were computed for the 
various test conditions, using equivalent 
air-core coils* for TC 9 and 10, which have 
an iron core. 

Since almost all high-voltage power 
systems in the country operate with 
grounded neutral, all computations were 
done for this case which corresponds to 
both primary terminals grounded. 
Various secondary conditions were inves¬ 
tigated: 1. both terminals isolated; 2. 
both grounded; 3. terminals short-cir¬ 
cuited but isolated from groimd; 4. one 
terminal grounded, one isolated. The 
natural frequencies and their ratios, 
computed with the 5-dement representa¬ 
tion as well as the measured frequencies 
and ratios, are tabulated in Table V. This 
table includes also a few fundamental fre¬ 
quencies computed with the 2-element 
representation. To have a complete 
picture of the effect of the secondary, the 
measured frequencies are included with 
secondary absent for air core (correspond¬ 
ing to TC 6,7, and 8) and for iron core (cor¬ 
responding to TC 9 and 10). The com¬ 
puted wave shapes are shown on Figs. 9 


through 15, as indicated in Table VI. 
The maximum primary voltage is taken 
asunity, and the ratioof maximum second¬ 
ary voltages to maximum primary volt¬ 
ages, as obtained from the curves, is 
also given in Table VI. Of interest also 
are the measured ratios*/^//i of the funda¬ 
mental frequencies with grounded and 
isolated primary neutral for the various 
secondary terminal conditions. These 
ratios are given in Table VII. 

The very interesting data contained in 
Tables V, VI, and VII and in Figs. 9 
through 15 lead to the following obse^a- 
tions: 

1. There is excellent agreement between 
computed and measured values of the first 
three harmonic frequencies and of the ratios 
of the higher harmonics to the fundamental, 
except for TC 9B. For TC 6, 7, and 8 
(air-core) the standard deviations of the 
meastured and computed values of the funda¬ 
mental, second, and third harmonic are 
10.4%, 10.1% and 16.9% respectively, of 
the fibrst three harmonics together 12.8%. 
The standard deviation of the computed and 
measured frequency ratios is 9.7%. The 
agreement of the frequency ratios is more 
significant than the agreement of the fre¬ 
quency values, since the former are less 
affected by possible errors in the calculation 
of the coil capacitances. In accordance 
with theoretical considerations, the com¬ 
puted frequencies are less than the measured 
frequencies and the difference increases 
with the harmonic order.* 

2. There is good agreement between com¬ 
puted and measured wave shapes for TC 
9B, for which the first and second har¬ 
monic were measured. For the second 
harmonic, computed relative voltages at 
20 and 40% winding from the neutral end 
were 100 and 69% for the primary, 12 and 
8% for the secondary. Corresponding 
measxured values were 100 and 68.8% for 
the primary, 11.8 and 8.1% for the sec¬ 
ondary. 

3. In considering the effect of the second¬ 
ary winding the absolute values and the 
ratios of the natural frequencies should be 
discussed separately. Presence of the 
secondary reduces the nattural frequencies 
with respect to the values with secondary 
absent. This effect is felt more and more 
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Table VI. Ratios of Maximum Secondary and Primary Voltages 


Both Primary Terminals Grounded 


TC 

Secondary Terminals 

n 

Figure 

Ratio 

Calculated Measured 

6 A, turn ratio 1/9. 


...1 _ 

. 9. 

.1:9 



2 .... 

.11. 

.1:10 



3.... 

.13. 

.1:7 



4.... 

.15. 

.1:10 

8 A, turn ratio 1/1. 



. 9. 

.6:4 



2 .... 

.10. 

.1:11 



3.... 

.12. 

.3:2 



4.... 

.14. 

.4:3 

9B, turn ratio 1/8.57... 


_1_ 

. 9. 

.1:2.67.1:2.6 



2 .... 

.11. 

.1:8.67.1:7.6 



3.... 

.13. 

.1:8.6 



4.... 

.16. 

.1:6.7 


as the turn ratio approaches unity. It 
increases when the secondary terminal 
conditions change as follows: 1. both 
isolated; 2. short-drcuited and isolated; 

3. both grounded; 4. one grounded, one 
isolated. The effect of the secondary is 
also more important when the secondary 
is wound in the opposite direction to the 
primary than when it is wound in the same 
direction. For instance, the novel and 
interesting fact is revealed that the funda¬ 
mental frequency for TC 8B is half the 
value for TC 8A, when both secondary 
terminals are grounded. 

4. The ratios of the natural frequencies 
show less variation than the absolute 
values. For instance, the ratio of the 
second harmonic to the fundamental is 
the same whether the secondary is absent 
or present with both terminals grounded, 
despite variations of the order of 2.5 to 1 
in the frequency values. This is because 
the sum of the primary ampere turns is 
zero for these modes of oscillation. The 
ratio of the second to the first harmonic 
is reduced by the presence of the secondary 
with isolated terminals, and this effect 
increases as the turn ratio approaches 
unity. For unity turn ratio the value of 
the second harmonic is only slightly greater 
than the value of the first harmonic. 

5. If we look at the voltage distributions 
for TC 8A with both secondary terminals 
grounded (Figs. 9 and 10) it is seen that 
both first and second harmonics have the 
same wave shapes, and correspond approxi¬ 
mately to half a sine wave encompassing 
each winding. However, the secondary 
amplitude is 6/4 of the primary amplitude 
for the first harmonic, but only 1/11 for 
the second. The third-harmonjic frequency 
is a little larger than the second, but its 
wave shape. Fig. 12, shows that approxi¬ 
mately two half sine waves encompass 
each winding. 

6. For taansmission lines the harmonic 
order is equal to the number of half sine 
waves "standing” on the winding. This 
concept is incorrect for single windings 
with mutual inductance, but may be still 
used for visualization purposes. For two 
coupled windings the harmonic order is 
simply the order in which the natural 
frequencies appear and cannot be corre¬ 
lated with the number of standing sine 
waves. 

7. The set of S 3 rmmetrical equations is 
the same for both secondary terminals 


isolated or short-circuited and isolated. 
Also the set of antis 3 unmetrical equations 
is the same for both terminals grounded or 
short-circuited and isolated. Thus the 
natural frequencies for the case of the 
secondary short-circuited and isolated are 
obtained from the values computed for 
the other two conditions. 

8. The ratio fg/ft of the fundamental 
frequencies with grounded and isolated 
neutral is in agreement with the conclusions 
obtained in the preceding.sections of this 
paper. This ratio is about the same (about 
2.4 for air core, 3.4 for iron core) for sec¬ 
ondary absent or isolated at both ends, 
with the exception of TC 8A (unity turn 
ratio). This ratio becomes considerably 
less (1.01 to 1.37) when the secondary is 
short-circuited, and it makes little difference 
whether the connected terminals are 
grounded or isolated. When one secondary 
terminal is isolated and one grounded, 
this ratio varies between 0.56 and 2.69 
and thus in some cases is less than unity. 
This ratio also depends upon which terminal 
is grounded, either the terminal adjacent 
to the primary line end or to the primary 
neutral end. It is difficult to obtain a 
physical picture of these extensive varia¬ 
tions. 


Conclusions 

The following conclusions can be drawn 
from the theoretical and experimental in¬ 
vestigation of the oscillations of two 
coupled windings presented. 

1. A method is presented for the determi¬ 
nation of the fundamental frequencies and 
wave shapes of a primary winding with 
short-circuited secondary. This method is 
. applicable to windini^ in air and iron core, 
if the turn ratio is considerably different 
from unity. 


2. An equivalent circuit method is pre¬ 
sented for the determination of the funda¬ 
mental oscillation and of several successive 
harmonics, valid for two windings in air 
or ‘on iron core, of any turn ratio, and for 
many different primaty and secondary 
terminal conditions. 

3. When the turn ratio is considerably 
different from unity, short-circuiting the 
secondary affects the frequencies with 
primary neutral isolated, but not the fre¬ 
quencies with primary neutral grounded. 

4. In power transformers the ratio of the 
first natural frequencies with grounded 
and isolated neutral usually varies between 
5 and 12, if the secondary is absent or 
open-circuited. If the secondary is short- 
circuited this ratio depends mainly upon 
the gap between primary and secondary, 
and usually varies between 1.1 to 1.6, as 
verified by measurements. 

6. The values of the frequencies of two 
coupled windings with primary neutral 
isolated decrease gradually as the secon¬ 
dary terminal conditions change as follows: 
both terminals isolated; short-drcuited and 
isolated; both grounded; one groimded 
and one isolated. 

6. Measured and computed values of tbe 
first three harmonics of two coupled wind¬ 
ings in air, with turn ratios varying from 
1-to-l to l-to-9 and for various secondary 
terminal conditions, were in excellent 
agreement. The standard deviation of 33 
pairs of computed and measured values 
was 12.8%, of 22 ratios of the second and 
third harmonic to the fundamental, 9.7%. 
Satisfactory agreement was obtained for 
frequencies and wave shapes of two wind¬ 
ings with iron core. 

7. As the turn ratio approaches unity, the 
effect of the secondary is more pronounced 
when the two windings are wound in oppo¬ 
site directions than when they are wound in 
the same direction. 

8. The computation of impulse voltages 
in a power transformer may be done with 
good approximation as heretofore, con¬ 
sidering only the impulsed winding, pro¬ 
vided that the neutral of the impulsed 
winding is grounded and the turn ratio 
differs considerably from imity; for in¬ 
stance, is greater than 4 to 1. These 
conditions hold for most, but not all, 
practical cases. 

9. If the neutral of the impulsed winding 
is isolated, or if the turn ratio is not sub¬ 
stantially different from unity (particularly 
if the two windings are wound in opposite 
directions) both windings must be con¬ 
sidered for the determination of the m- 
pulse voltages in either winding, employing 
the methods advanced in this paper. 


Table VII. Ratio of Fundamental Frequencies with Primary Neutral Grounded and Isolated 


Secondary Tenxdnals 



Test Condition 



6A 

6B 

7B 

8A 

8B 

9B 

lOA 

Absent... 

...2.38.. 

..2.38.. 

..2.38.. 

..2.38.. 

..2.38... 

..3.43.. 

..3.43 

Both isolated... 

...2.38.. 

..2.47.. 

..2.33.. 

..3.09.. 

..2.38.. 

..3.22.. 

.,3.45 

Short-circuited and isolated. 

...1.30.. 

..1.25.. 

..1.16.. 

..1.34.. 

..1.03.. 

..1.26.. 

..1.12 

Both grounded.... 

...1.37.. 

..1.28.. 

..1.14.. 

..1.01.. 

..1.04.. 

..1.26 


Neutral grounded, line isolated.... 

...2.69.. 

..2.21.. 

..1.56.. 

..2.91.. 

..1.37 



Line grounded, neutral isolated.... 

...2.01.. 

..2.60.. 

..2.31.. 

..0.68.. 

..2.14,. 


..0.56 
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Appendix. Two-Element Representation 


The voltage drops across the inductances in the circuit of Fig. 8 can be expressed in terms of the winding currents since all inductance 
elements are assumed to be coupled magnetically. 


Vpha 

Vpa — Vpb 

Lpp 

Mpi 

Mpai 

Mpai 

Ipi\ 

Vpeb ** 

Vpb Vpe 

^j(a Mpi 

Lpp 

Mpai 

Mpai 

X Ipi 

Vela 

Vaa-Vab 

Afpai 

h/Lpai 

Laa 

Mai 

lal 

Vabb 

Vab-Vae 

ifpai 


Mat 

Maa 

lai 


These equations can be inverted to obtain the currents in term of the voltages 


Ipi Tpp 

Tpi 

Tpai 

Tpaa 


^pi Fyi 

Tpp 

Tpat 

Tpai 

X 

I si Tpsi 

Tpaa 

Taa 

Tai 


Isi I'pat 

Tpai 

Tai 

Taa 



To write the nodal equations, the total current flowing away from each node, and associated with an inductive element, must be found 
in terms of the node voltages 


Ipal 

Ipi 

Tpp 

Tpi~Tpp 

-Fpi 

Tpai 

Fpg2“ Fpgi 

Fpg2 


Ipbt 

Ipa~Ipi 

Tpi—Tpp 

2(Tpp—Tpi) 

Fpi“ Fjjp 

Tpaa — Fjjsi 

2( Fpgi “ Fpgj) 

Fpga”* Tpai 


Ipei *» 

-Ipa =1 

— Fjji 

Tpi—Tpp 

Tpp 

~ Fpsj 

Fpg2~ Fpgi 

Tpai 

X 

laal 

lal joi 

Fpsi 

Tpaa—Tpai 

— Tpaa 

Fg* 

Fii — Fgg 

-Tai 


labl 

laa — -fsi 

Tpaa — Tpsi 

2( Tpsi — Fps* ) 

F paa Fjisi 

Fsi~Fgs 

2(F,g-F,i) 

. Fgi— Taa 


Laol 

-laa 

~ Tpaa 

Fpss Fpsi 

Fpsi 

-F,i 

Fgi —Fgg 

Fgg 



The capacitive currents associated with the various nodes are also (by inspection from Fig. 8) 

_r I r IT _\ tt ; rt tr 


Ipae ~{‘^pae “f'-fjm ‘ 






^pJte ~~^ppi~~^ppi~{'Ipbff '\'Ipsi Cpg -f" Cpt “|-2Cpj») Vpi —'joiCpp Vpa ~j<>>Cpp Vpe ~jtoCps Vsib 

ipec = -’Ippi •{•Ipsi ^ 2 ^ ^ ^PP ^P^ 


-j<»CppVpi--j<0^Vsc 


Itao “•Tmi '\‘Iiag 


-T -• (£ 

y 2 I — j ■ .u j——oo. .V 2 ’ 1'“ 

Xs6c 7w( CfQ “1“ Cp*'4‘2Cs*) l^aj“7wCsa Vja ~j<DCss Vgo~j(>>Cpt Vpb 

laec’^ ~It»i-{'Iseg~’Ipta —j<a ~ hCg*^ Fac“J«C'ssF*6—jw —^ Vpe 


+Ca,^ Vsa-joaCgg Vsl,-j<o ^Vpa 


Vac ~j< 


+ C,a]Vac-jo>CsaVab-j<o-^ Vpe 


The nodal equations are formed by simply stating that the sum of the currents flowing away from any node is zero 

^pal'^lpae~0 Ipbl~{~^pbc^0 ^pcV^^pee~0 Iaal~\~Iaac — 0 Iabl'\~Isbe^^ ^acl ~\'^aco~^ (9) 

Since each inductive term contains a factor l/jw, the equations can be simplified by multiplying both members by jw. All capacitive 
terms will have a factor X=co*. If the following abbreviations are used 

Cpi=* ~ \~Cppj Cpi—Cpg-\-Cpa~\-2Cpp 

( 10 ) 

C„=iJ2±&+C„; C.-C„+C„+2C„ 
then there is the following system of equations 

lloll llriMi—CfliX rirt“r«ii ”r«i ro*i , c,,.. rog2“ri»*i ,11 liFnoll 


+Cpp\ 


r,,i+-^x 


Fpt — Fpp 
*^Cpp\ 

— Fpi 

Fpgi _|.Cpg^ 

2 

Fpg2—Fpgi 

— Fpg2 . 


Vpa 

2(Fpp—‘Fpi) 

“ CpiX 

Fpi~” Fpp 

+CppX 

Fpg2 — Fpgi 2(Fpgi Fpgi) 
+CpgX 

Fpga Fpgi 


Vpb 

Fpi“Fpp 
+ CppX 

Tpp ^piX 

■” Fpg2 

Tpaa—Tpai 

Fpgi Cpg 

X 

Vpe 

Fpg2— Fpgi 

”Fps2 

Fgg — CgiX 

Fgi—Fgg 
+CggX 

-r,. 


Vaa 

2( Fpgi —■ Fpgi). 
+CpgX 

Fpg2~Fpgi 

Fgi — Fgg 
+ CggX 

2(Fgg—Fgi) 
— CggX 

Fgi — Fgg 
+CggX 


Vab 

Fpg2—Fpgi 

Fpgi Cpg 

-Fgi 

Fgi—Fgg 
+CggX,. 

Fgg—CgiX 


Vac 


Abetti, Adams, Magmniss—Oscillations of Coupled Windmgs 


April 1955 



Two new sets of equations can be formed from these by adding or subtracting equations in pa and pc, sa, and sc and by multiplying 
the equations in pb and sb by two in order to retain ssunmetry 


0 



2( Fpi Fpp) 

Fpsi — rp*2 

2(Fps2— Fpsi) 




Vpa+Vpc 



CpiK 

-|-2CppX 



• 




0 


2(rj>i“ Tpp) 

4(rpp-^rpi) 

2(rpj2~ Fpsi) 

F psi “ Fpa2) 




Vpi 



•\‘2Cpp'K 

—2CpiK 


•4-2CpaX 





0 


Tpii Fpjj 

2(rpj2 — Fpji) 

Fij— Til 

2(F,i-F„) 



X 

Vsa +Vgo 

0 




C^iX 

■l~2CssX 







2(rps2— Tpsi) 

4( Fpji rpj2) 

2(F,i-r„)- 

4(F„-F„) 




Fgft 

0 



-l-2CpsX 

-t-2C„X 

-~2Cs2X 

Fpp-HFpi 

Fpsi-i-Fpg2- 


Vpa- Vpc 







“ CpiX 

-t-^*x 

2 



0 


• 




Fpii-}-Fpg2 

FssH-Fgi 


Vsa- V,c 







+£pj X 

2 

~ CgiX 
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High-Current Testing of Air-Disconnect 

Switches 


BELGRAVE F. GOSTIN 

MEMBER AIEE 


T ennessee valley Authority’s 

rapidly expanding power system and 
the construction of several large-capacity 
steam plants have increased the incidence 
of short-circuit currents to an extent con¬ 
siderably greater than formerly experi¬ 
enced at the Authority or elsewhere. 
This requires new features in the design 
and performance of air-disconnect 
switches which are used to isolate break¬ 
ers, bus sections, and transmission lines. 

The possible magnitude of the fault 
current caused by a close-in fault to one 
of the new steam plants has reached a 
value that is impossible for at least some 
switch manufacturers to duplicate in 
their test laboratories. They find it more 
and more difficult to design a switch on 
paper that will successfully meet the rigor¬ 
ous requirements. 

Since manufacturers could not always 
supply the information required for ap¬ 
plication to Tennessee Valley Authority’s 
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system, it was decided that a high-current 
test laboratory should be built and a 
series of tests undertaken on a number of 
various makes of disconnect switches in 
order to obtain the desired data under ac¬ 
tual physical conditions. 

Scope of Tests 

- A number of manufacturers were in¬ 
formed of the proposed tests and invited 
to submit three groups of switches for test 
purposes as follows: 

Group 1, consisting of standard 161-kv 
switches, rated at 1,2(X) and 1,600 amperes. 

Group 2, consisting of standard 69-kv 
switches, rated at 600 amperes. 

Group 3, consisting of standard 46-kv 
switches, rated at 600 amperes. 

In each group an alternate design 
switch, if desired, could be submitted. 

The proposed tests were planned as 
follows: 


1. In all cases there would be applied to 
the switch under test a magnetic force 
equivalent to that which would occur at 
normal phase spacing. 

2. In all cases the test current applied to 
the switches would be a fully offset wave 
(msiximum transient). 

3. All 161-kv switches would be subjected 
to an initial test current equivalent to a 
short-circuit fault on a 10,000-mva system. 

4. A temperature test would then be made 
on the switch to determine the extent of 
damage and the adequacy of design. 

6. The switch would then be retested at 
a value of current equivalent to a short- 
circuit fault on a 15,CjOO-mva system or 
it might be tested to destruction in order 
to determine its ultimate capacity. 

.6. All 69-kv and 46-kv switches would be 
tested at values of current recommended 
by National Electrical Manufacturers Asso¬ 
ciation standards. 

Since it was necessary to build the com¬ 
plete high-current laboratory from ex¬ 
isting or readily obtainable material, it 
seemed advisable first to make such 
laboratory tests as would be required to 
determine the configuration of a single- 

Paper 55-13, recommended by the AIEE Switch- 
gear Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Winter General Meeting, New 
York, N. Y., January 31-February 4,1956, Manu¬ 
script submitted September 20, 1964; made 
available for printing October 29, 1954. 

Belorave F. Gostin is with the Tennessee Valley 
Authority, Chattanooga, Tenn, 
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Fig. 1 (left). High-speed closing switch. Spring-operated, solenoid reset 
switch is capable of closing its contacts in 5 cycles, ±10 degrees, 
after initiating the closing operation 


vided in the center bus, within the 33- 
foot minimum length, in which would be 
phase high-current bus to meet the test closing automatically any desired number installed the disconnect switches under 

specifications. of times. test. By var 3 ring the length of bus and 

The next consideration was to design a the spacing, the loop impedance; could be 

Preliminary Design bus structure which would act as a current set to limit the current at any desired 

limiter and at the same time provide the value. Also, by setting the two outside 

The first requirement to be considered required magnetic forces. The dimensions busses at different distances from the 

was that of providing for the fully offset of this bus structure were worked out center bus, any desired resultant force 

test current. This could be obtained only from laboratory tests on a scale model could be applied on the center bus and 

by closing the power supply circuit at operated at greatly reduced current. It hence to the disconnect switch under 

zero voltage on the rising half-cycle. In- was determined that this structure should test; see Figs. 8 and 4. 

vestigation disclosed that this require- consist of three parallel busses arranged There were available two furnace trans- 
ment could be met by a spring-operated so that the center bus would be fixed and formers each rated 2,776 kva at 12 kv to 

solenoid-reset air switch of special de- the two outside busses could be varied in 190-volt 17,000-ampere continuous duty, 

sign. This switch. Fig. 1, was rated 12 spacing from a 1-foot minimum to a 5- These transformers could be connected 

kv at 1,200 amperes, it would dose in 5 foot maximum. Also, there would be in series on the low-voltage side and, on a 

cydes ± 10 degrees, and would reset in 20 provided a short-circuiting bar which momentary basis, would supply a test 

cydes. The devdopment laboratory then could be placed anywhere between 33 current of 150,000-amperes rms into the 

built an electronic timer and sequence feet and 51 feet from the transformer end bus structure. It remained then to dear 

operator which would close this switch of the bus. the fault, once it had been established by 

at the proper instant and provide for re- A 12-foot test section. Fig. 2, was pro- the high-speed air switch. This was ac- 


Fig. 2. Test section of bus showing e 46-kv 600-empere disconnect Fig. 4. ' Closeup of high-current bus. Note short-circuiting bar in 

switch installed and ready for test. Test controls are located in the center and backup supports on the two outside busses. Center bus is 

room directly behind the switch supported only at the extreme ends 
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Fig. 3 (above). General view of high-current bus and supporting structure. 
All three busses are adjustable in length and separation 

















NITRATE 

PLANT 

FEEDER 

Nai 



DISCONNECT 

237 

12 KV 2000 AMP 


-636,000 AC8R LENGTH 268 FT. 


--h OCB NO. 200 

* 6.E. TYPE FLO 

9 % I 12 KV-600 AMR 


6.E. OT. ^ 
2000/5 AM^ 


PRI. RT ATX 
12 KV-120 V. 
SBC. PT. AT Y 
480 V-120 V. 


SYNC. CLOSING SWITCH 
8PE0IAL-I8KV-I2O0 AMP 


POWER TRANSFORMERS 
G.E.TYPE WC-I 
12 KV-190 VOLTS 
2775 KVA 6.3 « X 


<S) 8P0L. C.T 26,000/5 AMR 
11 ^3/8*X4* COPPER STRAP 


Fig. 5 (left). Sche¬ 
matic diagram of test 
bus and power sup¬ 
ply. All testing was 
done on single¬ 
phase basis. Maxi¬ 
mum momentary cur¬ 
rent approached 
200,000 - ampere 
peak 

Fig. 6 (right). Cir¬ 
cuit impedance 
curves for high-cur- 
rent bus. From these 
curves bus con¬ 
figuration could be 
determined to give 
any desired short- 
circuit current, and 
resultant magnetic 
forces could be cal¬ 
culated quickly 


BUS DIMENSIONS 
(ALL ADJUSTABLE) 
A SB, 12*70 60* 
C. 21' TO 49' 



3 l^* IPS ALUMINUM TUBE 


^8‘X4.* COPPER STRAP 


coraplished by the use of a 15-kv 600-am¬ 
pere oil circmit breaker which had a mo¬ 
mentary rating of 10,000 amperes. 

Finally, it was necessary to provide 
suitable instrumentation to accomplish 
two things. First, a positive indication 
was needed of the point on the 60-cycle 
voltage wave at which the high-speed air 
switch closed. This was attained by us¬ 
ing a double-channel direct-writing Brush 
oscillograph with one pen recording the 
transforms: low-side fault current, and 
the other the transformer low-side volt¬ 
age. 

Second, there had to be accurate meas¬ 
urement of the fault current, the power 
transformer high and low voltages, and 
the air switch trip voltage. These meas¬ 
urements were attained vrith the use of a 
PM-IS photographic-type oscillograph 
connected to a 26 , 000 / 6 -ampere current 
transformer for recording the fault cur¬ 
rent, and to suitable potential transform¬ 
ers for recording the power transformer 
voltages. Later it was found that valuable 
additional information could have been 
obtained from a single-phase watt galva¬ 
nometer connected to record the total 
power into the test bus. However, such a 
galvanometer was not available. 


CIRCUIT IMPEDANCE VS. CONFIQURATION 
f\f\A _FT. 



* 12-12 24-24 36-36 48 - 4860-60 

SYMMETRICAL BUS SPACING IN INCHES 


going was constructed of SVa -iuch alu- 
mintim tubing with 3/8 by 4-inch copper 
used for the short-circuiting bar and the 
transformer-end jumper. 

The force equation for this double loop 
arrangement, operating single-phase, is 


43.2(J()Ji) 43.2(Iofi) 
‘A(IO^) £>*(10") 


pounds-per-foot 
length (1) 


where 


In addition to this instrumentation, two 
Bell and Howell ty^-GSAP 16-milli¬ 
meter automatic cameras were mounted 
in the test bay of the bus structure and 
were set to photograph the hinge and 
break ends of the discoimects under test. 
These cameras operated successfully at 
their maximum speed of 62 frames per 
second. However, a higher speed, such 
as 180 or 240 frames per second, would 
have been quite an advantage. 

Test Bus Structure 

The test bus shown schematically in 
Fig. 6 and described briefly in the fore- 


J==rms current of first half-cycle 
P= spacing of bus, inches 
F=* force developed in pounds-per-foot 
length of bus 

The effective impedance of this double 
loop, including transformer connections, 
was measured at reduced current and 
plotted as shown in Fig. 6. From this 
fanuly of curves the configuration could 
be determined to provide a given fault 
current. Also, the data obtained during 
impedance measmements gave the divi¬ 
sion of current through the two outside 
busses for all sjnnmetrical the nonsym- 
metrical spacings. Some of these data 
are reproduced in Table I. 

Eristing disconnect switches installed 
on the 161-kv system were designed for a 


Tabic I. Part of Test Data Obtained During Original Calibration of High-Current Bus 


Langth, Spacing, 

Feet Inches 


Amperes 


Amperes 


36.. .......36-36. 

38.. .......38-36. 

30.. ..:....38-38. 

80..36-32. 

80.. ..__36-28. 

30...36-24, 

80. .24-24. 


.1,139,6.. 


South Bus, 
Amperes 

Bus, 

Volts 

Bus, 

Impedance 

..1,098.4...... 

.10.60..., 

_0.00494 

..1,143.8. 

.10.36... 

_0.00452 

..1,172.7. 

. 9.96... 

_0.00426 

..1,232.7. 

. 9.96... 

_0.00404 

..1,260.0. 

. 9.89... 


..1,870.8. 

.. 9.37... 

_0,00340 

..1,440.4. 

.. 9.30... 

_0.00332 

..1,615.5. 

.. 9,18... 

.0,00323 

..1,609.6. 

.. 9.00... 

.0.00311 

..1,500.0. 

.. 8.79... 

.0.00289 


These tests were made at greatly reduced current to simplify instrumentation. 
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Fig. 7. Schematic 
diagram of control 
unit. Motor-driven 
micro switches con¬ 
trol sequence of 
operation of air 
switch and oil circuit 
breaker while thyra- 
tron controls the In¬ 
stant of closing of 
air switch 


momentary fault current of 40,000 am¬ 
peres rms, and assuming a symmetrical 
3-phase fault, the magnetic force de¬ 
veloped is 55 pounds per foot of length of 
bus or switch blade. When this value of 
force, the desired fault current, and the 
division of current corresponding to an ar¬ 
bitrary selection of bus spacing were 
substituted back into force equation 1, it 
was determined that the bus configura¬ 
tion for a 60,000-ampere momentary 
test would be: length, 33 feet; spacing, 
36/27 inches. 

For momentary tests on the 46- and 69- 
kv disconnect switches it was found that 
by disconnecting one of the outside 
busses and moving the other to 5-foot 
spacing (standard for this operating volt¬ 
age) the available transformers would 
supply wthout difficulty the desired cur¬ 
rent into this relatively large loop. Thus, 
aH tests on these two groups of switches 
were made at standard phase-spacing and 
National Electrical Manufacturing As¬ 
sociation current values. In the final 
analysis, the exact value of current 
reached on each test shot was calculated 
from the PM-13 oscillograph fihns ac¬ 
cording to the AIEE standard No. 22.^ 

Controls and Instrumentation 

The design of all control equipment was 
based on the premise that the high-speed 
air switch would be consistent in its oper¬ 


ation and would initiate a fully of set test 
current on every shot. Like all mecha¬ 
nisms, this switdi was subject to some 
variations and required considerable 
maintenance to keep it in top condition. 

It was subject to variation caused by 
ambient temperature changes and in 
cold weather (30 to 40 degrees Fahrenheit) 
would vary as much as 1/2 cycle in its 
closing times. This variation was finally 
eliminated by enclosing the switch in a 
plywood housing and maintaining its 


temperature at 90 degrees Fahrenheit. 

Another source of variation was the er¬ 
ratic operation of the oil shock absorber. 
On single test shots spaced several min¬ 
utes apart, the oil shock absorber is satis¬ 
factory. However, for quick reclosing 
shots, spaced 2 or 3 seconds apart, this 
type of shock absorber is very erratic be¬ 
cause of the presence of air bubbles in the 
oil. An air-damped type of shock ab¬ 
sorber would be very much better for this 
mode of operation. 



Fig, 8. Temperature test on a 161-kv 1,200-ampere disconnect switch showing placement of 
thermocouples. Current regulator and test instruments located outside test room 
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However, for the entire series of tests 
covering 560 test shots the average tran¬ 
sient factor (ratio of rms of first loop to 
rms of steady state) was 1.48, a very good 
record indeed. 

The control unit for the high-current 
laboratory, shown schematically in Fig. 
7, consists essentially of two parts: 1. 
a synchronous motor-driven contactor 
whidi controls the sequence of oper¬ 
ation of the oscillographs, cameras, 
high-speed air switch, and 12-kv oil cir¬ 
cuit breaker, and 2. the thyratron timer 
circuit, which controls the tripping time 
of the high-speed air switch. 

The motor driven contactor, controlled 
by a starting push button and a lock-in re¬ 
lay is so arranged that a momentary 
operation of the push button starts the 
contactor and seals in its control relay. 
The contactor continues to run for one 
revolution and then locks out. Starting 
with the high-speed air switch open and 
the oil circuit breaker closed, the following 
events take place in the order given; 

1. Cameras and oscillographs are started. 

2. The high-speed air switch is closed. 

3. The 12-kv oil circuit breaker is opened. 

4. The high-speed air switch is opened. 

6. The 12-kv oil circuit breaker is closed. 
6. Cameras and oscillographs are stopped. 

The contactor automatically locks out 
at the completion of these events. Shoul d 
it be desired to make a series of test shots 


representing the automatic reclosing of a 
breaker, it is only necessary to hold the 
starting push button closed for the de¬ 
sired number of test shots. 

The elapsed time between reclosings of 
the test circuit is limited to the operating 
time of the contactor. In the equipment 
described, this operating time was 80 
cycles. It was based on the over-all oper¬ 
ating times of the high-speed air switch 
and the 12-kv oil circuit breaker. Any de¬ 
crease in this operating time would have 
caused considerable difficulty in obtain¬ 
ing the proper sequence of events. 

The electronic timer consists essentially 
of a phase shifter, a peaking transformer, 
and a grid-controlled thyratron tube. 
The trip coil of the high-speed air switch 
is directly in the plate circuit of the th 3 n:a- 
tron tube. Since the thyratron plate sup¬ 
ply is obtained from a station battery, it is 
necessary to use an auxiliary switch on the 
high-speed air switch to open the plate 
circuit upon completion of the tripping 
operation so that the grid bias may regain 
control of the th 3 rratron. 

The peaking transformer converts the 
sine wave grid signal voltage to a single 
sharp pulse for each half-cycle of the sine 
wave. In stand-by,operation the bias 
voltage is always greater than the posi¬ 
tive pulse of signal voltage and thus the 
th 3 nratron tube is blocked. When the 
starting push button is depressed, the 


grid bias voltage is reduced to a value 
which is less than the positive pulse of 
signal voltage and thus the th 3 rratron tube 
fires, closing the trip circuit to the high¬ 
speed air switch. 

The positive pulse of signal voltage is 
shifted with respect to the sine wave 12- 
kv supply by means of the phase shifter, 
making it possible to adjust the over-all 
circuit so that the high-speed air switch 
contacts close just as the 12-kv supply 
goes through zero. This is the setting 
which gives maximum transient current 
into the test bus. 

Temperature tests were made only on 
the 161-kv group of disconnect switches. 
The switches were operated at rated cur¬ 
rent, and the temperature was measured 
at from 15 to 20 points on the current- 
carrying parts of the switch by means of 
copper-constantan thermocouples and a 
portable potentiometer. The test current 
applied to the disconnect switch was sup¬ 
plied through an induction relator and a 
loading transformer having a low-voltage 
winding rated 5 volts at 2,000 amperes. 
Fig. 8 shows one of the disconnect switches 
set up on temperature test. Some of the 
results of these tests will be discussed in a 
subsequent article. 

Reference 

1. Ant Switches, Insoi-ator Units, and Bos 
SoTPORTa AIEE Standard No. 22, July 1952. 


Effect of Synchronous-Macliine Transient 
Rotor Saliency on Cnanges in 
Terminal Voltage 

C. CONCORDIA 

FELLOW AIEE 


Synopsis: This paper presents the results 
of calculations made to determine the 
magnitude of the error in measurements of 
changes in bus voltages resulting from the 
assumption of a symmetric-rotor synchro¬ 
nous machine as usually made in transient 
stability studies on the a-c network ana¬ 
lyzer. It is found that in some cases the 
effect of transient rotor saliency is im¬ 
portant. (See the Appendix for explana¬ 
tion of terms.) In such cases the curves 
of this paper may be used to help estimate 
the magnitude of the error involved. 

I N MOST studies of power system 
disturbances made on the a-c network 


analyzer, the transient rotor saliency of 
the synchronous machines is neglected. 
The validity of this assumption is well 
established. However, in some cases 
it has been desirable to measture the 
variations in several of the bus voltages 
during the disturbance. When the bus 
is electricaUy near to a synchronous 
machine (in the limit, when the voltage 
in question is at the terminals of one of 
the synchronous machines) the validity 
of neglecting saliency may be questioned. 
The paper presents curves of voltage 
variation at the terminals of a synchro¬ 


nous machine both including and neglect¬ 
ing machine saliency. From these 
curves, an estimate of the error involved 
in particular cases may be obtained. 

System Considered 

The system analyzed consists of a 
synchronous machine, tied through re¬ 
actance to an infinite bus. Three initial 
load conditions on the synchronous 
machine were considered: 

1. Full load, unit terminal voltage, 0.8 
power factor (pf). 

2. Full load, unit terminal voltage, 1.0 pf. 

3. Zero load, unit terminal voltage, zero 
current. 

Paper SS-3, recommended by the AIEE Eotating 
Machinery Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Winter General Meeting, New 
York, N. Y., January 31-February 4, 1966. Manu¬ 
script submitted March 24, 1954; made available 
for printing October 27, 1954. 

C. Concordia is with the General Electric Com¬ 
pany, Schenectady, N. Y. 

The calculations upon which this paper is based 
were made by Mrs. M. S. Dyrkaez of the General 
Electric Company. 
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Fig. S. Voltage phasor diagram 


The initial tie-line reactance was taken 
as 0, 0.2, 0.4, and 0.8 per unit on the 
machine base. The direct-ads reactance 
Xi of the machine is 0.3 per unit. (This 
will almost always be interpreted as the 
transient reactance.) The quadrature- 
axis reactance Xq of the machine was 
given three values: 0.3 (no saliency, to 


correspond to the usual assumption made 
m transient stability studies), 0.6, and 
1.2. These three values of should 
cover the range found in most applica¬ 
tions. The value of xa is larger than 
may be found at the terminals of a 
turbine-generator, but is taken as being 
possibly the most nearly representative 
value for a range of cases. A schematic 
diagram of the system is shown in Fig. 1. 
In this figure, is the madiine terminal 
voltage and 6$ is the equivalent voltage 
back of the system reactance 
The voltage phasor diagram of this 
system is shown in Fig. 2. From this 
diagram the initial values of system 
voltage fis and machine field flux E,' may 
be determined. Both and Eq are 
assumed constant during the subsequent 
disturbance, and the resulting value of 
terminal voltage et calculated. Two 
kinds of disturbanas are considered: 

1. The angle 5 of the machine relative to 
the system is varied, corresponding to a 
swing of the machine. 

2. The system reactance is varied, 
corresponding to the switching out or in 
of some line or other part of the system. 

Method of Calculation 

The initial conditions are calculated 
from the phasor diagram of Fig. 2 by the 
relations 

e,*=(««—«,* sin yY+ixti cos 7 )® (1) 

Eq^—Het+Xqi sin ■y)*+(xfl4 cos 7 )* ( 2 ) 


where 7 =initial power factor angle. 


. Xai cos 7 

a=tan~i — - - — 

arjssin 7 

(3) 

. Xni cos 7 

j8= tan-i ■— - — 

el^{•Xq^ sm 7 . 

(4) 

5 = q!-|-j8 

(5) 

id=»isin(/3+7) 

( 6 ) 


(7) 

The terminal voltage et following the 

disturbance is calculated, with Eq’ 

and 

et as previously determined, from 
relations 

the 

Eff'—a*cos5 

— /I 

( 8 ) 

. et sin 5 

aCff+JC* 

(9) 


( 10 ) 

. _. id 

6 = tan ‘ T 

H 

( 11 ) 

,^=5—6=angle between i and a* 

( 12 ) 

et^—(et—Xti sin ^)*+(»sS cos 0 )® 

(13) 


where either or 5 is changed from the 
initial conditions. 

Also, the power is 

eti cos <ft (14) 

Results 

The principal results are shown in 
Figs. 3 through 19. 



Fig. 3 (left) and 
Fig. 4 (right). 
Effect of syn¬ 
chronous - ma¬ 
chine transient 
saliency on varia-. 
tion of terminal 
voltage with 
angle 

Initial conditions: 


€i = 1.0; 

pf= 

1 . 0 / i= 1 . 

.0 

In Fig. 3, 


0 . 2 / for 

Xq = 

0.3/ 80 = 

28.0 

degrees (®); 

r for 

Xq^O.6/ 


42.3®/ for 

Xq = 

1.2, »o=61.5® 

In Fig. 4, 

Xt=» 

0.4/ for 

Xq“ 

0.3/ 5o=38.5®/ 

for Xq'S'O.d/ 

50= 

52.8®/ for 

Xq = 

1.2/ «o=72.0® 
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Figs. 3 through 11 show transient 
terminal voltage e* as a function of 
angular swing S—da (from the initial value 
So) for various degrees of saliency. 

Figs. 3 through 6, for unity terminal 
pf before the disturbance, indicate that 
the actual transient change of terminal 
voltage for a salient-pole machine is 
somewhat smaller than that obtained 
neglecting saliency when the system 
reactance is fairly small (3ff, = 0.2, Fig. 3), 
but may be slightly greater for positive 
angular swings when the system reactance 
is large (»a=0.8, Fig. 6). 

Figs. 6 through 8, for 0.8 terminal pf 
(overexcited) before the disturbance, 
show that the system behaves qualita¬ 
tively just the same as for unity pf. 

Figs. 9 through 11 for zero initial load 
and current show, first, that for small 
angular changes the voltage changes are 
negligible and, second, that for larger 
angular changes consideration of rotor 
saliency actually may cause the voltage 
to increase rather than decrease. Thus, 
neglect of saliency may in this case 
actually cause the indicated voltage 
change to be of the wrong sign. 

Figs. 12 through 19 ^ow the transient 
terminal voltage «« as a function of 


Fig. 5 (above left). Fig. 6 
(above right), and Fig. 7 
right). Effect of synchro- 
nous-machine transient 
^saliency on variation of 
terminal voltage with angle 

Initial conditions for Fig. 5: 
€fc=1.0, pf=1.0/ l«1.0 

In Fig. 5, Xi=0.8; for 
Xq=0.3, 5o“55.4°/ for 
xq=0.6, eo»69.6®/ for 
x,=1.2, ««»88.9’’ 
Initial conditions for Figs. 
6 and. 7: et=1.0; pf=* 
0.8/ i=1.0 

In Fig. 6, x.=0.2/ for 
x<,=0.3, «o=21.8®; for 
xq=0.6, «*=29.7"; for 
xq«=1.2, «*=39.5‘* 

In Fig. 7, x«=»^0.4; for 
Xq“0.3, 5 o“34.3®/ for 
x=q0.6, 5o=42.3®/ for 
Xq«1.2, 8o“52.0'* 
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system reactance x, (writh the angle 8 
fixed), as the system reactance is changed 
(presumably by switching in the network) 
to various vsdues. The point on each 
curve corresponding to the initial re¬ 
actance (before switching) is circled for 
convenient identification. Note that the 
case is now included of system reactance 


This was, of course, not neces¬ 
sary when the angular swing was being 
considered, since then et=e, always. 
On the other hand, the case of zero initial 
load and current is now left out, since 
then a sudden change of system reactance 
does not produce any change in terminal 
voltage. 
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Fig. 14 (above left). 
Effectofsynchronous- 
machlne transient saU 
iency on variation of 
terminal voltage with 
system reactance 

Initial conditions: 
et=1.0/ pf=1.0; 

i=1.0 


05 I.0 1,5 

SYSTEM REACTANCE 


Figs. 12 through 16, for unity terminal 
)f initially, show that now the transient 
roltage change of a salient-pole machine 
s greater than would be obtained neglect- 
ng saliency, and is, moreover, in the 


Fig. 15 (left). Effect 
of synchronous-ma¬ 
chine transient 
saliency on varia¬ 
tion of terminal 
voltage with system 
reactance; Xa=’0.8 

Initial conditions; 

et^l.O; pf=®1.0; 
i=1.0 


opposite direction. There is really little 
resemblance between the actual change 
(assuming the machine actually has 
greater than and the change cal¬ 
culated neglecting saliency. 


Figs. 16. Effect of synchronous-machine 
transient saliency on variation of terminal 
voltage with system reactance; Xt^O 

Initial conditions: et=1.0; pf“0.8; i**1.0 


Figs. 16 through 19, for 0.8 terminal 
pf, overexcited, ^ow an opposite effect. 
Now the transient voltage change in¬ 
cluding saliency is somewhat less than 
that calculated neglecting saliency, and 
the differences are not so great. 

Finally Figs. 20 and 21 are included 
to show a few examples of the effect of 
synchronous-machine rotor saliency on 
the transient power angle characteristic. 
These curves of power versus angle 
change in general confirm the validity 
of neglecting saliency in the usual 
transient-stability swing curve. For 
instance, in the range of positive incre¬ 
ments in angle 1(5—5o)>0] saliency does 
not seem important, and this is of course 
the range in which a machine whose 
stability is critical will usually be swing¬ 
ing. 

Conclusion 

It is not possible to dismiss completely 
the effect of synchronous-machine tran¬ 
sient rotor saliency as far as variations 
in voltage are concerned. Saliency may 
be negligible in some cases, but it is 
suggested that in general the curves of 
this paper may be used to help determine 
whether or not saliency is significant. If 
it is, then it either can be properly taken 
into account in the study, or these curves 
may be of assistance in obtaining esti¬ 
mates of correcting factors. The effect 
of saliency is most pronounced in those 
cases where sudden changes in system 
reactance, as viewed from tlie machine 
in question, are involved, as compared to 
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those oases where only angular swings Appendix. Explanation oF 
are involved. Terms 

The results reported do not invalidate 
the usual practice of neglecting syn¬ 
chronous machine transient saliency as “Rotary saliency” as used in this paper 
far as stability limits are concerned. is a general term meaning that the quad- 



Fig. 17 (left). Fig. 
18 (below left)/ and 
Fig. 19 (below 
right). Effect of syn¬ 
chro nous-machine 
faransient saliency on 
variation of terminal 
voltage with system 
reactance 

Initial conditions: 

pf=0.8/ 

!= 1.0 

In Fig. 17, x.“0.2 
In Fig. 18, Xb=0.4 
In Fig. 19, x»=0.8 


SYSTEM REACTANCE x, RU. 


rature-axis (or interpole-axis) reactance is 
different from the direct-axis (or pole- 
axis) reactance. This concept may be 
applied to the subtransient, transient, or 
st^y-state condition. However, the quad¬ 
rature-axis and direct-axis reactances must 
be defined under the same conditions. The 
word “saliency” derives from its usage in 
the steady state since the difference be¬ 
tween quadrature-axis and direct-axis re¬ 
actance in the steady state usually arises 
because of the presence of salient poles. 
During transient or subtransient conditions, 
the difference in the electrical characteristics 
of the rotor windings in the two axes, 
rather than the difference in magnetic 
permeance, causes the two reactances to 
be different. Further definition and dis¬ 
cussion of the terms quadrature-axis and 
direct-axis reactance will be found in 
reference 1, 

The numerical values of reactance 
actually used in this paper are not intended 
to correspond directly to any particular 
machine but are merely designed to cover 
a range. Any actual case can be obtained 
by interpolation or extrapolation. The 
quadrature-axis transient reactance is 
usually taken as either equal to or only 
slightly less than the quadrature-axis syn¬ 
chronous reactance. • This is because 
transient reactance only differs from S 3 m- 
chronous reactance because of the presence 
of a field winding, and there is, of course, 
no field winding in the quadrature axis. 
Thus, no actual machine has its quadrature- 
axis transient reactance equal to its direct- 
axis transient reactance. However, such a 
symmetric-rotor machine is very often 
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Fig. SO (left) and 
Rg. 21 (right). 
Effect of synchro¬ 
nous - machine 
transient saliency 
on variation of 
power with angle 

Initial conditions: 
i=1.0; 
Xs=*0.4 

In Fig. 20^ pf=* 
1.0 initially 
In Fig. 21/ pf=> 
0.8 initially 
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assumed for the purpose of simplifying the 
calculations in engineering studies. 

The effect of transient rotor saliency on 
variations in terminal voltage during 
disturbances arising from changes of 
machine angle or of system reactance has 
been shown in this paper. The effect of 
transient rotor saliency on changes in 
terminal voltage arising from the sudden 
application of shunt loads has already been 
shown in references 2, 3, and 4, and has 
been more completely discussed in chapter 
9 of reference 1. 
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A Method of Measurement of Carrier 
Characteristics on Power Cables 

B. J. SPARLIN J. D. MOYNIHAN 

MEMBER AIEE MEMBER AIEE 


T here is an increasing use of carrier 
channels over power cables. The de¬ 
sign and application of carrier channels 
require complete electrical information of 
the cables at carrier frequencies. By use 
of simplifying assumptions/ the param¬ 
eters can be approximated but not ac¬ 
curately qplculated. In general, the 
power factor of the insulation and the re¬ 
sistance of the conductor and sheath can 
be approximated at carrier frequencies. 
If individual conductors are used, it ap¬ 
pears that each phase conductor can be 
considered as a coaxial cable, but this has 
not yet been completely verified by field 
tests. The many unknown quantities 
necessary for accurate calculations of the 
transmission parameters of the cable make 
further fidd tests advisable. The purpose 


theoretical considerations given to the 
test procedure. This test method has 
given values which are consistent with es¬ 
tablished theory. 

The general theory of attenuation and 
phase shift is based on transmission equa¬ 
tions that are well known. These are 

Ea^Er cosh ly/ZY-^IrZo sinh l^ZY (1) 
Is «=Ir cosh l-y/ZY+^ sinh l^/z Y (2) 

Zt 

The characteristic impedance of a trans- 
mission line is defined as _ 

Paper 55-77, recommended by the AIEE Carrier 
Current Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Winter General Meeting, New 
York, N. Y., January 81-February 4,1966. Manu¬ 
script submitted June 15, 1964; made available 
for printing November 18, 1954. 


Zo=VZIY (3) 

where 

Ea =sending-end voltage 
Is = sending-end current 
Er = receiving-end voltage 
If = receiving-end current 
Z-(,R+jaL) per unit length of line 
Y=(G+jaC) per unit length of line 
1 length of line in same units 

The significance of the terms Z and Y, 
as applied for carrier channels in equa¬ 
tions 1, 2, and 3, are sometimes over¬ 
looked. Z is generally assumed to be 
jo)L of the Une and Y is assumed to be 
jaC of the line. In carrier applications 
this assumption cannot be made since R 
and G are no t ne gligible. As a result, 
VzF and '^Z/Y usuall y com plex 
numbers. Very seldom does ZfY take 
on the purely resistive value as is com¬ 
monly assumed, even though it sometimes 
approaches this value. is defined 

as the propagation constant y, which is 
also defined as a+ji5» where 

a “the attenuation constant, nepers per unit 
length 

j3“the phase shift, radians per unit length 

It is significant to point out that Zo in 
equation 4 can be purely resistive only 
where Z and Y have the same phase angle 
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of this paper is to present a test method 
which has been used and some of the 
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FIs. 2. Attenuation per mile as a function of frequency for a typical 
cable circuit 


Zo = V^^V(Ji+j^Z)/(a+j^C) (4) 

It should be noted that equal 
angles are the essential factor, not the fact 
tliat i? and G are negligible. It is further 
interesting to note that in the considera¬ 
tion of the propagation constant 

7- V(^-h/a,£)(G-h;«C5 =oi-K;/S(S) 

If i? and G are assumed to be negligible 
as mentioned m the foregoing, the expres¬ 
sion for 7 is purely reactive and the at¬ 
tenuation factor becomes zero. Since it is 
accepted that the attenuation a can not 
be zero, it must be acknowledged that i? 
and G are not neghgible. If i2 and G are 
not negligible, then it will only be the ex¬ 
ceptional case of (i? -hjcoL) and (G+JuQ 
having the same phase angle that will 
3 tield a characteristic impedance Zo that is 
purely resistive. 

^ There is at present little known or pub¬ 
lished information about the character¬ 
istics of cables at carrier frequencies. 
Therefore, the conductance which takes 
into account the leakage resistance, di¬ 
electric absorption losses, and displace¬ 
ment current is a very difficult value to 
calculate. Also the fact that Ji is nor¬ 
mally small compared withJcoZ, and G is 
normally small compared mthJaC, makes 
comparatively accurate values essential 
to arrive at a reasonable value for the 
phase angle of Zo and an attenuation 
factor. It is with these basic concepts in 
mind that the methods of measuring 
^0, a, and are proposed. 

Characteristic Impedance 

There are several methods for measur¬ 
ing Zo, the most common of which are the 
substitution method and the open-circuit- 
short-circuit method. The substitution 
method becomes somewhat cumbersome 
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when substituting both an H component 
and an JC component. Measuring the 
cable impedance and phase angle at the 
sending end does not give a dear indica¬ 
tion of the magnitude of change neces- 
^ the i? or Z tennination at the re- 
^®ving end to m a k e the two unpedances 
equal. This method therefore becomes a 
trial-and-error method. Fig. 1 shows im¬ 
pedance and phase angle as a function of 
frequency. 

The open-drcuit-short-drcuit method 
is a mu^ more direct method and for this 
reason it was chosen. From the equation 

Z .•"put-— sinh yf) 

Z (Zo cosh yl-t-Zr sinh yl) 

(6) 

it can be shown that 


By using an impedance bridge which 
wU measure the impedances Zgg and 
including their respective phase angles, it 
is a simple matter to calculate both the 
characteristic impedance and the char¬ 
acteristic phase angle. Measuring the 
sending-end voltage and current for the 
two conditions is not suffident unless a re¬ 
liable means of determining the phase 
angle is also used. U a Ime is suffidently 
long, the input impedance will almost 
equal the characteristic impedance re- 
prdless of the termination. For instance, 
if al is 2.3 nepers or more, the input im¬ 
pedance of a line will be within 2 per cent 
of the Zo even for the extreme termina¬ 
tions of open circuit and short drcuit. 

Attenuation 

To measure the attenuation by measur¬ 
ing either received voltage or current, the 
line must be terminated in the same im- 
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pedance as the input impedance, i.e., the 
characteristic phase angle and magnitude. 
Fig. 2 shows attenuation as a function of 
frequency. 

The attenuation normally is given in 
dedbels (DB) and is calculated as fol¬ 
lows 


DB=.101ogio(P,/P,) 


DB =» 10 logio 


Eoy(Rs+jX,) 

^^(Rr+jXr) 


( 8 ) 


If (R, +jX,) is equal (Rr +jXr), then 
DB =20 logic (P,/P,) (p) 

It is suggested that a known voltage be 
applied at the sending end and this volt¬ 
age be measured across the characteristic 
impedance at the receiving end with a 
frequency selective voltmeter. It is sig¬ 
nificant to point out that errors oan be 
avoided by the use of a frequency selec¬ 
tive voltmeter. Oftentimes, ground cur¬ 
rents will cause a difference in potential 
along the sheath of the cable, and the re¬ 
sultant current flow in the cable will give 
a false reading when read on a broad-band 
voltmeter. The sending end can usually 
be monitored with a broadrband volb 
meter when the applied voltage is rela¬ 
tively high. 


Phase Shift 


To measure phase shift in the field is 
somewhat more difficult than the two pre¬ 
viously discussed quantities. It was 
found tha1;,two phases of installed cable 
could be jumpered at the far end so that 
the transmitting and receiving terminals 
of the cable were both at one location. 
Then the applied voltage and received 
voltage can both be applied to an oscillo¬ 
scope, 

As the frequency is increased, the 
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+jXr), then 
(9) 
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i standing waves will pass from in phase 
I (represented by a straight line on the 

I scope) to 180 degrees out of phase (ap- 

i pearing as a straight line perpendicular to 
the in phase line). The frequency-scan- 
I ning should be started at a low enough 
f' frequency to insure that the first in-phase 
frequency observed is that of a single 
f standing wave. This frequency then can 

* be plotted against velocity of propaga¬ 

tion. As eadi in-phase frequency is ob¬ 
served, it too can be plotted. By plotting 
each frequency and recognizing that there 
can be no sharp discontinuity in the curve, 
it is possible to tell where, if any, mul¬ 
tiples of the fundamental did not appear 
because of the complex reactance of the 
circuit. 

This method leaves room for error if 
not executed by an individual familiar 
■with the technique but, with a little ex¬ 
perience, this method gives reliable re¬ 
sults without elaborate or unusual test 
equipment. 

Test Procedure 

The following method has been used 
several times and has given consistent re¬ 
sults. A step-by-step procedure is given 
I for the sake of darity. 

I 1 . Connect drain coils between each of 'the 

8-phase conductors and the cable sheaths 
I at each end of the cable. 


2. Open the grounding disconnects on 
the cable at each end. (Allow sufficient 
timft fear cable to discharge before step 2.) 

3. Connect an impedance bridge across 
the drain coil of one cable phase to be 
measured. 

4. Measure impedance of this cable phase 
with the remote end open- and short- 
circuited at 5-kc intervals from 40 to 200 kc. 

6. Compute the characteristic impedance 
Zo at each of the 5-kc interv als by means 
of the equation Za^^VZoeZte- 

6. If either or both of the other phase 
conductors are of different construction, 
measure them as in steps 3 through 5. 

7. Disconnect impedance bridge from 
cable. 

8. Connect signal generator and vacuum- 
tube voltmeter to the phase to be measured. 
Connect variable R, L, and C and frequency 
selective voltmeter to the receiving end of 
this phase. 

9. Terminate the cable in its characteristic 
impedance by adjusting jR, L, and C to 
the characteristic impedance. 

10. Transmit a known reference level of 
signal and measure the received level 
across the terminating impedance with the 
frequency selective voltmeter. 

11. Steps 9 and 10 are repeated at 6-kc 
intervals from 40 to 200 kc. 

12. Steps 8, 9, 10, and 11 are repeated 
for any phase conductor that is different 
from the first one measured. 

13. Two phase conductors of the same 
construction are jumpered at the remote 
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Field Current Sources for Electric 
Defibrillation 



PAUL L. BETZ 

• MEMBER AIEE 


U NDER certain conditions, the heart 
may lose its rhythmic pumping ac- 
and cease to maintain circulation of 
the blood. This situation is known as 
ventricular fibrillation and may occur 
during surgical procedures or as a conse¬ 
quence of dectric shock. When ventric¬ 
ular fibrillation occurs in the hospital 
operating room, a countermeasure is to 
open the chest and massage the heart to 
reestablidi blood circulation and then to 
employ a defibrillation procedure that 
consists of passing a suitable electric cur¬ 
rent through the heart itsdf. This is 
done by applying electrodes to the surface 
of the heart and passing a 60-cycle alter¬ 
nating current of about 1.5 to 2.0 am- 
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peres (amp) through the heart for about 
0.5 second (voltage between 120 and 135 
volts). Current so applied brings the 
heart to rest and holds it at rest until the 
current is interrupted at which time the 
heart will usually resume its normal 
rhythmic pumping action provided the 
elapsed time of fibrillation is not exces¬ 
sive. 

When ventricular fibrillation occurs 
outside of the operating room, conditions 
do not permit opening the chest to expose 
the heart for the application of elec¬ 
trodes. Kouwenhoven and Milnor^ have 
explored a method of defibriUation that 
may be applied 'with the chest intact and 
under field conditions. The proposed 


end. Assuming these are phases B and 
C, it is now possible to transmit locally on 
phase B and receive the signal locally on 
phase C. 

14. Terminate C locally with the R, L, 
and C adjustment for approximate charac¬ 
teristic impedance termination. 

15. Steps 9 and 10 are repeated at a few 
frequencies to ascertain that normal ground 
currents have not influenced the previous 
attenuation measurements. 

16. Connect the cable input and cable 
output to the horizontal and vertical 
inputs of the oscilloscope. 

17. Adjust the frequency of the oscillator 
to give a series of in-phase and 180-degree 
out-of-phase indications to determine the 
propagation velocity of the cable. 


Conclusion 

An attempt has been made to set up a 
test procedure that is consistent 'with 
transmission line theory. Test equip¬ 
ment commonly available has been used, 
and the results obtained have been con¬ 
sistent “within the accuracy of the test 
equipment. The results are also consist¬ 
ent with transmission line theory and the 
meager amount of information presently 
available. 

Reference 
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Everltt. McGraw-Hill Book Company, Inc., 
New York, N. Y., 1937. 


method emplo)^ electrodes that axe placed 
on the surface of the body and through 
which an electric current is passed, the 
magnitude of which is sufficient to ac¬ 
complish defibrillation, pro-vided the heart 
is not cyanotic. 

Electric utility companies are especially 
interested in a defibrillation method which 
can be applied in "the fidd, since electric 
shock is an ever-present hazard and is a 
subject to which continuous attention is 
given. It is recognized that mudi will 
have to be accomplished before defibril- 
lating procedures may be practiced by 
nonmedical personnel but, to evaluate the 
possibilities of the method, it is necessary 
to have a source of electric current suit¬ 
able for use in the field where commercial 
power may not be available. During the 
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Rg. 1. Current eourcet for field use 


ment was $20,000 by one 
$47,000 by another. E 
expenditures would be es 
vide the first unit and si 
would be at considerablj 
In one case, the cost of £ 
was estimated at about $ 
10. The estimated weigh- 
is 60 pounds. 
Consideration was give: 
compressed air to operate 
instead of the turbine ada 
lantrcharge op^ation. H 
of containers for the com 
limiting factor unless exti 
pressure is used, in which < 
comes a consideration. I 
would be bulky at moders 
and difficult to handle in 
this reason, the compress 
not given extended consi 
sibly, a unit of this typ 
veloped which would ni< 
safety requirements. 


past 2 Vs years, the author has undertaken 15 amp at the required voltage and fre- Consideration was gr 

to explore the possibilities of obtaining quency and, if the lower current values storage batteries to opera 

a suitable field power source while Kou- may be employed, some reduction in the eratorset. The ordinary a 

wenhoven has concentrated on the de- size of equipment may be possible. storage batt^ was consid 

velopment of defibrillation methods using In addition to the electrical require- limited capacity to proyidi 

electrodes applied to the surface of the ments listed in the foregoing, there is the 6 kw of electric output e^ 

body. The purpose of this paper is to further requirement that the power sup- “i&kt be s^tained for a i 

outline briefly the various sources that ply be available for use promptly. Dur- Consideration was given i 

were investigated and to point to those ing ventricular fibrillation, blood drcula- battery developed dur^ 
that appear to meet best the requirements tion ceases and physiological damage may whwffi requir^ unmwsi 

of the field defibrillation method. be minimized by holding the period of activation. This batteiry 

fibrillation to a minimum. Some delay is whw dry 

Electrical Requirements unavoidable in reaching a shock victim mersed, provides high dec 

and in preparing for the defibrillation pro- single discharge. Diffici 
The dectrical requirements for heart cedure. Additional time to make the testing defibrillation equi 

defibrillation can be stated in terms of re- power source available for use if required battery si 

quirements as determined from animal must be hdd to a minimum. Hence, a fur- equipment would require 

experiments,, since this method has not ther requirement for the power supply is the battery and there ma 

been applied to human subjects. Experi- that it must be capable of bdng started or tainty as to the capabil 

ments were performed -using anesthetized made to function within about 10 seconds battery, 

dogs^ and from these the following re- and, preferably, within a shorter time Information was obtai 
quirements for the power source were ob- period. stbrage battery capable of 

tdned: voltage = 480 volts; current discharge, rates together 

capability=15 amp; frequency=60 cy- Current Supplies for Field Use low wdght. This battery 

des; and load time=1 second. and zinc as.plate material 

A power source meeting these require- Fig. 1 shows the various arrangements of furmshing 1,350. amp fc 
ments has been found to give satisfactory of current sources that have been investi- 630 amp for 5 minutes. A 

results with dectrodes placed on opposite gated and which are discussed in the fol- (tells having an. output of 

sides of the chest. O-ther experiments lowing. sidered suitably for dn-vu 

using a different electrode position, as de- 1. Considerationwasgiv'entotheuseof ator devices. A.battery o; 

Sji^bed by Kouwenhoven and Milnor,^ an a-c generator connected to a turbine approximately $2,400 an* 

U^i|te. that defibrillation may be ac^ driven by a compressed gas such as air or 67 pounds. , ^ 

cimrp^hed^yyith currmts on the order of by hot gases from the burning of a pro- Consideration has be|n: 
v , 4 ^ pdlaht charge. The latter type of turbine of a fly wheel tQ^"astis|;’ 

ybli^j^and ftequency^v The opinion has has been developed for aviation use and it meeting the high dem^d; 

been fekf^essed th^t the cutr^nt necessary was found that it appears feasible to fibrillation^ Such 

for human he^^^brillation will not ex- adapt a unit of this type to drive a gener- mechanical energy have 

c^d.that in hfi^ experi- ator for defibrillation use. This would re- practical applications but, 

malts, i,e.,,’it^vill be^^;,^fange of 4 to 6 quire a development contract according the weight of the fly. whei 

amp. The field curfqit^bUrces that have to several manufacturers i of this equip- excessive for portabiJkyv 

been in-vestigated ai^,^ased on delivering ment. Estimate of the cost of develop- becomes unnecessary; in 
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use. is made of the high discharge rate up the voltage to 480 volts for defibrilla- 
storage battery. tion and also to reduce the voltage to 110 

Having found the high-output storage volts for other uses. A wheelbarrow-type 

battery which appears to be satisfactory base is contemplated together with a suit- 

for the proposed use, an investigation was able gasoline engine to drive the generator 

made of the cost and weight of a motor- such as a 2-cylinder 4-cycle engine. There 

generator set to operate with 24 volts d-c is advantage in the wheelbarrow mounting 

on the motor and to have an output of in that the unit may be left at the work 

480 volts, 60 cycles a-c. It was found that location while the truck proceeds to other 

such a motor-generator set could be pur- operations. The cost of the complete 

.chased in the price range of $950 to $1,400. unit is approximately $700 and the weight 

Thus, the cost of the silver-zinc battery is approximately 530 pounds. If desired, 

and a ^itable motor-generator set would a small hand winch can be instal le d on the 

be in the range of $3,350 to $3,800. The truck to simplify movement of the unit 

weight of the motor-generator set alone into and out of the truck. 

,woul^ be about 250 pounds; and total One matter of concern is the prompt- 
weight, including the storage battery, ness with which this power source would 
would be about 320 pounds. be able to supply defibrillation current. 

3. Consideration has been given to To be satisfactory, the gasoline eng^ine 
the use of an a-c generator which is suit- should start on the first attempt. Where 
able for operation froth the fan belt of a the engine generator is a stand-by unit for 
truck engine, from a power take-off on the defibrillation use only, there would be 

truck, or by a separate engine. Such a grave concern in regard to starting. This, 

generator is available having 3-phase situation would be improved were the 

output in 3-, 5-, and 10-kw ratings at 220 unit to be used frequently, such as where 

volts, 60 cycles per second. Tests on a 3- it would be called on to supply energy for 

kw unit indicated that tlie j.single-phase routine field uses. A portable engine-gen- 

overload capacity is sufficient to provide erator set such as this could be used to 

defibrillation current for the required time operate miscellaneous hand tools, fans, 

when operated at overspeed correspond- lights, heaters, etc.; and this might prove 

ing to a frequency of about 90 cycles per of great value in field operations. The set 

second arid, when using a transformer to could also be used with a suitable recti- 

step up the voltage to 480 volts. The 5- fier to charge storage batteries for radio 

kw unit will meet defibrillation require- communication. Frequent use of the 

njents at normal speed (60-cycles per engine-generator set for these purposes 

S^ond butput) and, on single-phase load, would improve the starting reliability of 

this generator will supply 15 amp at 220 the set diould defibrillation use be re¬ 
volts or 80 amp at 110 volts; the useful- quired. There would be a good possibility 

ness of the latter is described' in the fol- that the unit would be in operation at the 

lowing. A transformer is provided to step critical time. 


4. Consideration was also given to the 
use of a generator of the type in which a 
permanentmagnet is moved longitudinally 
through a series of coils to induce a limited 
number of cycles of alternating current 
suitable for use in defibrillation. An all 
ternative would be to move the coils with 
respect to a fixed permanent magnet. In 
either case, the movable element could be 
operated by hand, by aspring, or by ex¬ 
plosive charge. This type of device is not 
seen to have advantage over rotating de¬ 
vices such as the a-c generator already 
discussed. The latter has the advantage 
of being capable of providing more cycles 
of alternating current. 

5. Consideration was given to the use 
of a vibrator-typeinverter driven by a stor¬ 
age battery. The current requirements of 
such a device could not be met by the 
ordinary storage battery but the high- 
output storage battery previously men¬ 
tioned could be used. There is uncer¬ 
tainty as to the ability of the contacts 
employed in the vibrator of the inverter 
to give reliable performance under such 
drastic operating conditions. For this 
reason vibrator-type inverters were given 
only passing consideration. 

6. Consideration was given to the use 
of a multitapped transformer having input 
voltage taps for standard voltages up to 
2,400 volts and an output winding to give 
480 volts and 15 amp. The basis for using 
such a transformer may be found in the 
following statements which are believed 
to cover the facts: 

a. Fibrillation would be unlikely to occur 
where the electric shock is from voltages in 
excess of 2,400 volts. In this connection, 
it is to be noted that fibrillation is induced 
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amperes) through the heart and, at voltages 
in excess of 2,400 volts, the current reaching 
the heart would be in excess of the values 
that produce fibrillation. 
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b. Shocks obtained from circuits at 2,400 
volts and lower do not occasion current 
flows suflBcient to open associated fuses or 
circuit breakers. Hence, the circuit that 
gave the shock would remain energized and 
be available after the shock. 

c. A circuit exposed sufficiently to permit 
shock through accidental contact would be 
available to ground as an energizing source 
for the multitapped transformer. 

Weatherproof transformers having in¬ 
put voltage taps at 120, 240, 480, and 
2,400 volts and having an output voltage 
of 480 volts and current capability of 15 
amps suitable for defibriUation use may be 
obtained for about $60. Such a unit 
would weigh about 50 pounds. 

7. While the aim has been to obtain a 
60-cycle output from the field power unit, 
consideration has been given to the design 
of a capacitor discharge type of device 
using radio B batteries as the current 
source. Devices of this type were built 
and tested. In one of these units, banks 
of capacitors were charged to 450 volts d-c 
and these were discharged through a pro¬ 
gramming switch to the electrode circuit. 
The switch in the first unit provided a dis¬ 
charge from one set of capacitors and then 
changed the connections to supply a dis¬ 
charge from another bank of capacitors in 
the opposite direction. Fig. 2 is an oscillo¬ 
gram of the discharge current through a 
dummy resistance load simulating the 
heart load. The results with this device 
in the defibriUation experiments were 


satisfactory when the delay between onset 
of fibrillation and application of defibril¬ 
lation current was short (30 seconds). 
They were not as reliable for longer delay 
times as when 60-cycle current was used. 
This apparatus was then modified to pro¬ 
vide 4 half-cycles of discharge, each suc¬ 
ceeding cycle being of opposite polarity. 
Fig. 3 is an oscillogram of this type of dis¬ 
charge to the dummy load. The results 
with this modification were inferior to the 
l-cyde device. It was concluded that 
simulated alternating current by capacitor 
discharge is inferior to a 60-cycle source. 

8. Other types of energy sources are 
under consideration which require further 
development before their feasibility can be 
determined. These have not yet reached 
the stage to be included in this discussion. 

Conclusions 

The various current sources that have 
been discussed are indicated diagrammati- 
cally in Fig. 1. Following the order given 
in Fig. 1, the systems that appear to be 
most suitable for defibriUation in the 
field are as follows: 

1. Turbogenerator unit driven by propel¬ 
lant charge. Units of this tsrpe would have 
the advantage of low weight (approximately 
60 pounds). Their chief disadvantages are 
high development cost, minimum of $20,000, 
and relatively high unit cost, $1,800 each 
in lots of 10. 

2. Motor-generator set using high-output 


storage batteries. The t 
arrangement would be abo 
weight about 320 .pounds. 

3. Separate engine-driven 
unit would be available for 
routine uses such as batter; 
tion of power tools, lighi 
etc. The unit cost would 
$700 in single lots decreas; 
in lots of 10. The weigl 
approximately 530 pounds 

4. The multitapped tra 
input voltage taps for IS 
2,400 volts and an output \ 
providing 480 volts at 15 
of such a transformer is a 
and the weight about < 
disadvantage is that this 
not be immediately avail 
requires connection to th 
ministered the electric shi 
be inaccessible or even un 
time defibrillation is requii 
head lines are involved, 
connection is increased, 
cost considerations are qu 

At the present time, it 
most practical unit for de 
separate en^ne-driven g 
wliich is used in routine 
as well as for defibrillatio; 
prompt starting is yet t 
in relation to the require 
lation. 

Reference 

1. Blbctric Dsfebrillatio 
boven, W. R. Milnor. AIEB 
pt. Ill, 1965 {.Paper 55-95). 


Supervisory Control and Associated 
Telemetering Equipment—A Survey 
o[ Current Practice 

AIEECOMMinSE REPORT 


S upervisory control had its incep¬ 
tion in the early 1920’s. The use of 
supervisory control increased gradually in 
the succeeding years as more operating 
companies became acquainted with it and 
the benefits that could be realized by its 
use. Its use has increased at an acceler¬ 
ated rate since the end of World War II, 
indicating a greater trend toward cen¬ 
tralized control of power systems. The 
availability of improved telemetering 
equipment to operate in conjunction with 
supervisory control has accderated the 
use of both because it has made possible 


bringing control, indication, and metering 
of dfetant substations and equipment to a 
centralized control point. This has re¬ 
sulted in reduced operating costs and 
improved system efficiency. 

Questionnaire 

A working group of the Automatic and 
Supervisory Control Subcommittee pre¬ 
pared a questionnaire regarding employ¬ 
ment and characteristics of supervisory 
control and telemetering systems in use. 
This questionnaire was distributed early 


in 1953 to 119 represei 
companies throughout t 
Eighty replies to the qi 
received. The purpose 
naire was to determine 
both manufacturers and 
relative usage and the 
usage of supervisory c 
metering and charactei 
equipments. 

Question 1 

The first question a^< 
the various types of s 
without supervisory cor 
Table I. The purpose 
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Table I. Stations or Substations According to Types 

1 2 3 4 5 6 

Unattended 


Total 

Number 


A-c substations 

Distribution.10,889. 

Bulk Power. 1,266. 

Switching. 409. 

Total a-c substations.. .12,564. 
Synchronous condensers.... 171. 

Hydrogenerators. 738. 

Power rectifiers. 81. 

Synchronous converters .... 297. 

Motor generators. 105. 

Grand total.13,956. 


Automatic Automatic Total Attended 

Without With Supervisory With - 

Supervisory Supervisory Control Supervisory Manually 

Control. Control, Only, Control, Controlled. 

Per Cent Per Cent Per Cent Per Cent Per Cent 


61.4. 

.. 2.4. 

. 1.9. 

. 4.3.... 

....34.3 

36.8. 

.. 6.1. 

. 7.8. 

.13.7.... 

....49.6 

46.4. 

..12.6. 

.18.8. 

.31.3.... 

....22.8 

68.6. 

.. 3.1. 

. 3.0. 

. 6.1.... 

....35.3 

33.3. 

.. 4.1. 

. 7.6. 

.11.7.... 

....56.0 

20.3. 

.. 6.6. 

. 6.8. 

.12.4.... 

....67.0 

61.7. 

..13.6. 

.0 . 

.13.6.... 

....24.7 

27.6. 

.. 9.1. 

.0 . 

. 9.1_ 

....63.3 

20 . 

..15.2. 

. 6.7. 

.20.9.... 

-59.1 

56.8. 

.. 3.5. 

. 3.2. 

. 6.7.... 

....38.0 


Table II. Distance and Type of Channel Supervisory and Telemetering 


Length of Channel 


No. of Total Channel Minimum Maximum 
Channels Miles Miles Miles 

Leased telephone line.482. 4,196.0.06 . 75 

Owned telephone line.680. 3,156. 0.085. .126 

Power-line carrier.306.17,950.3.0 ..!. .38o! 

Telephone-line carrier.... 42. 2,364... 2 8 300 

Microwave.. 61.. 6,234.!4.‘o .45o!!!! 


Average 

Miles 

. 7.83 
. 4.64 
.58.6 
.56.3 
.85.7 


Table HI. Size of Unattended Automatic and Unattended Supervisory Stations 




Time to Get to Station 



Range, 

Kilovolt-Amperes 

Minimum, 

Minutes 

Maximum, 

Minutes 

Average, 

Minutes 

No. of 
Replies 

Largest unattended automatic sta¬ 
tion in use. 

. 1,250 tn 200 000 

15 

.73. 

• 

...26.5... 

...77 ’ 

43 

Largest unattended automatic sta¬ 
tion considered feasible. 

. 3,000 to 300,000. 


Largest supervisory controlled sta¬ 
tion... 

. 900 to 210,000.. 

.15 

50 


...78 

...36 

Largest supervisory controlled sta¬ 
tion considered feasible. 

.10,000 to 800,000. 





the extent of usage of supervisory control 
and telemetering for various applications. 

The following definitions were estab¬ 
lished as a guide for answering this ques¬ 
tion: 

1. A bulk power station transforms power 
from the transmission system to the sub¬ 
transmission circuits which supply the 
distribution stations. The transmission 
circuits transmit power from the generating 
stations to the bulk power stations and may 
also transmit power between generating 
stations. 

2. A distribution station consists of a 
source of supply to the primary circuits 
which feed distribution transformers or in¬ 
dustrial loads. The industrial or network 
substations should not be included. The 
distribution station may or may not in¬ 
volve a transformation. 

3. A switching station permits switching of 
circuits (usually at the transmission voltage 
level) and there are no transformations. 

Table I shows the use of supervisory 
control as reported by 77 users involving 
approximately 936 supervisory systems. 
The majority of supervisory and tele¬ 
metering is used in control of a-c substa¬ 
tions with the highest percentage on bulk 
power and switching stations. Column 5 


shows the total percentage of substations 
using supervisory control (total of columns 
3 and 4). 31.3 per cent of the switching 
stations used supervisory control. On 
an over-all basis 6.7 per cent of the sta¬ 
tions or substations were reported as 
supervisory controlled. Since the ques¬ 
tionnaire was not sent to transportation 
companies, the information obtained on 
power rectifiers, syndnronous converters, 
and motor generators is less than that 
obtained for the other applications. 

Question 2 

The second question asked the users to 
list distances and types of channe ls in use 
for supervisory control and telemetering. 
Table II is a tabulation of distance and 
types of channels used with supervisory 
control and telemetering by 76 users. It 
shows that the majority of channds are 
line wire but that power-line carrier chan¬ 
nels are very numerous and represent by 
far the largest number of channel miles. 
This is to be expected as supervisory sys¬ 
tems are applied to more and more distant 
stations. The number of microwave 
channels show a favorable reception con¬ 


sidering the short time that they have 
been available, and the indications are 
that this type of channel is being used for 
longer distances than any other types of 
channels. 

Questions 3 and 4 

The users were adeed to state the kilo¬ 
volt-amperes of the largest unattended 
automatic station and the largest super-' 
visory controlled station on their systems, 
the largest they would consider for each, 
and the time required for an operator to 
reach the station. Table III shows the 
range of replies to these questions. The 
tabulation indicates that automatic and 
supervisory control is already in use to 
control fairly large stations or substations. 
It also indicates that users have realized 
sufl&dent reliability and econbmy of 
operation with supervisory equipment to 
warrant its being applied to control much 
larger stations and substations. 

Question 5 

Users were asked whether or not they 
considered automatic or supervisory con¬ 
trolled stations as reliable as those manu¬ 
ally operated. Out of 76 replies, 79 per 
cent answered “yes” and 21 per cent 
answered "no.” Out of 76 users, 4 re¬ 
plied that automatic or supervisory con¬ 
trolled stations had been changed to 
manual for the following reasons: 

1. Two stations were temporarily changed 
because of policy and will later be restored 
to supervisory control. 

2. One user discontinued use in urban 
areas as he could not tolerate delays. 

3. One station was changed because of" 
obsolete equipment. 

4. One station outgrew circuit-breaker 
ratings with reclosers. 

It is noted that only one user reported 
discontinued use of supervisory control 
for a reason which might be a reflection 
against the equipment. Details of this 
case were not reported by the user. 

Question 6 

Users were asked to chedc the types of 
telemeter readings (such as kilowatts) 
they used with supervisory control and to 


Table IV. Use of Telemetering with Super¬ 
visory Control . 


Number of Users Using 

Continuous Selected 

Readings Readings 


Kilowatts. 

.32. 

.29 

Kilovars. 

.23. 

.25 

Bus voltage. 

.23. 

......38 

Feeder current. 

. 6. 

.24 

Position. 

.12. 

.20 

Water level. 

.10. 

.8 

Kilowatt-hours. 

.11. 
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list whether the readings were continuous 
or selected. Table IV shows the number 
of users of supervisory using the various 
t 3 rpes of telemeter readings. The ma¬ 
jority of use is in reading kilowatts, kilo- 
vars, and voltages. Although not ap¬ 
parent from the table, it was found that 
out of 79 users of supervisory control, 
approximately 81 per cent use telemeter 
readings of some sort. 50 per cent of the 
telemeter users employ both continuous 
and selected readings. Approximately 30 
per cent of the tdiemeter users employ 
selected readings only, while approxi¬ 
mately 20 per cent use continuous readings 
only. This table shows that telemetering 
has become of major importance in the 
use of supervisory control and is an 
important factor responsible for its rapid 
growth. 

Question 7 

Users were a^ed to indicate whether or 
not automatic synchronizing or synchro¬ 
nism check is used on tie-line circuit 
breakers closed automatically or by 
supervisory control. Out of 78 users of 
automatic or supervisory controlled sta¬ 
tions, approximately 76 per cent of the 
users employ automatic synchronizing or 
synchronism check equipment. This in¬ 
dicates that automatic synchronizing or 
synchronism check equipment is also an 
important adjunct to supervisory sys¬ 
tems and that supervisory is extensively 


used to dose tie-line breakers and con¬ 
nect a-c generators to the system. 

Question 8 

Users were asked to list the source of 
power used for supervisory control. Out 
of 77 users of supervisory control, 74 use 
batteries for control power. Eighteen of 
these users also have supervisory control 
operated freon a-c station service. Of the 
74 users employing batteries for control 
power, approximatdy 36 per cent use 
both station control batteries and sepa¬ 
rate supervisory control batteries, 39 per 
cent use station control batteries only, 
and 25 per cent use separate control bat¬ 
teries only. This indicates that battery 
control power is most extensively used pri¬ 
marily because of its reliability. How¬ 
ever, it also indicates that in some cases 
it is preferable from the user’s standpoint 
to use a-c station service as a control 
power source, Some such installations 
use an emergency supply such as a motor 
generator operated from a battery to 
generate alternating current for the 
supervisory equipment in case of failure 
of the normal a-c station service. The 
use of separate control batteries for 
supervisory control reduces the possibili¬ 
ties of grounds in the control circuit with 
the resulting troubles. - 

In some cases, it is easier to maintain 
separate supervisory system batteries at 
constant potential at both the master and 


remote station because of the steady drain 
imposed by supervisory equipment de¬ 
vices. Most supervisory systems are 
now available for operation on 48 or 125 
volt d-c. This permits the use of the sta¬ 
tion control battery in many cases which, 
of course, reduces the initial battery costs 
and the resultant maintenance and re¬ 
placement costs. 

Conclusion 

The replies to the questionnaires dis¬ 
tributed indicate that supervisory control 
and associated telemetering is now being 
used very extensively by operating com¬ 
panies. The design of supervisory equip¬ 
ment, its utilization of modem telemeter¬ 
ing equipment, and its adaptation to a 
variety of channels to cover great dis¬ 
tances have kept pace with the require¬ 
ments of the power industry. It is ex¬ 
pected that the usage of supervisory con¬ 
trol will increase considerably in the 
future because of its versatility and the 
recognized advantages of centralized 
control for efficient system operation. 
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Eccentricity, Vibration, and Shaft 
Currents in Turbine Generators 

L. T. ROSENBERG 

MEMBER AIEE 


T he operation and maintenance of 
modem high-speed turbine-driven gen¬ 
erators require a thorough knowledge of 
their construction, as well as the ability to 
recognize the symptoms and understand 
the causes of impending injury and failure. 
In the preparation of the proposed AIEE 
Guide for the Operation and Maintenance 
of Turbine Generators, it was decided cer¬ 
tain topics that do not readily fall into 
any major classification could be grouped 
together into a miscellaneous section. 
Under this heading the Working Group 
for the Preparation of Operating and 
Maintenance Guide for Turbine Gen¬ 
erators has listed: 

1. Eccentricity of rotor in stator. 
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2. Axial position of rotor with respect to 
stator. 

3. Vibration. 

4. Shaft currents and bearing insulation. 

It was further decided that the substance 
of this section of the proposed guide be 
submitted to the membership in the form 
of suitable papers. It was hoped this 
would bring forth discussions from among 
operators as well as manufacturers that 
could be incorporated into the proposed 
Operating Guide before final publication. 

This paper discusses the four subdivi¬ 
sions of the miscellaneous section from the 
standpoint of diagnosis, causes, corrective 
measures, and preventive maintenance, 
in order to be applicable to air-cooled as 


well as hydrogen-cooled machines and 
both bracket-bearing and pedestal-bear¬ 
ing types, the construction features of the 
four largest American turbine-generator 
manufacturers were studied, and the rec¬ 
ommendations of each relating to these 
topics were carefully considered. No at¬ 
tempt has been made to include the steam 
turbine except in so far as it may be a con¬ 
tributing factor to generator behavior. 

Eccentricity of Rotor in Stator 

The initial assembly of a turbine-gen¬ 
erator unit involves careful alignment of 
the generator rotor with the turbine 
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spindle, as well as accurate positio ning of 
the stator with respect to the rotor. 
Eccentricity of the rotor is more serious 
on 4-pole machines than on 2-pole units, 
because the flux in the region of the small 
gap is in parallel with that in the region 
of the long gap rather than in series and 
hence subject to more variation per revo¬ 
lution. Even in 2-pole units, however, 
the flux density wave becomes higher 
near the pole center as it approaches the 
region of the small gap and the magnetic 
pull is appreciably greater in this region. 
In addition to the pulsating unbalanced 
magnetic forces, the changes in flux dis¬ 
tribution cause induced currents in rotor 
winding, wedges, and surface, and cir¬ 
culating currents between parallel stator 
circuits witli consequent increased losses 
and temperatures. Excessive inequality 
in the gap can also adversely affect the 
fringing fluxes at the core end region and 
may result in abnormal local tempera¬ 
tures in clamping plates or retaining rings. 
The maintenance of accurate centering is 
also important to be sure of Tnaintaimtig 
uniform clearances at oil wipers, fans, 
baffles, etc., where tolerances are often 
small. 

Concentricity is initially established by 
careful measurement of the air gap in at 
least four positions at each end of the 
generator. The procedure and allowable 
tolerances will vary somewhat depending 
on the air-gap length, the number of poles, 
whetlier the unit is air- or hydrogen- 
cooled, and whether the rotor is sup¬ 
ported in pedestal- or bracket-type bear¬ 
ings. 

In some bracket-bearing machines the 
adjustment of the air gap as well as the 
clearances at oil wipers, baffles, seals, fan 
shrouds, etc., is accomplished at the fac¬ 
tory prior to shipment. In other types, 
these adjustments may be made or re¬ 
checked during installation of the unit, 
and should preferably be done under the 
supervision of the manufacturer’s erection 
engineer. In any case, the procedure and 
allowable tolerances recommended by the 
manufacturer should be followed in the 
initial installation as well as in subse¬ 
quent reassemblies. 

Once properly centered, the rotor is not 
likely to shift suddenly except in the case 
of accident. With separately supported 
pedestal bearings, settling or growth of 
the foundation or grouting over an ex¬ 
tended period may disturb concentricity, 
as well as the alignment between rotor 
and turbine spindle. Abnormal wear of 
the babbitt will also tend to bring about 
these same results. Checking the gap for 
uniformity at regular inspection periods 
is therefore advisable and can often be 
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done quickly by tapered feelers, thickness 
gauge, or pin gauge either in the air gap or 
between rotor bearing fit and outer frame 
ring bore if the position of the latter is pre¬ 
viously determined relative to the stator 
inner frame bore. If measurements are 
made in the gap, care must be exercised 
to be sure the gauge is in contact with a 
tooth rather than a dot wedge and far 
enough from the core end to avoid the 
tapered or stepped end laminations if em¬ 
ployed. 

Axial Position of Rotor with 
Respect to Stator 

The rotor should be reasonably well 
centered axially with respect to the 
stator under all operating conditions. Ap¬ 
preciable asymmetry not only produces 
an end thrust but can seriously affect the 
end fringing flux and produce abnormal 
local heating of the fingerplates and re¬ 
taining rings. 

If the generator has bracket-type bear¬ 
ings supported from the end covers, the 
correct axial location of the rotor can 
usually be obtained by an adjustment 
relative to the bearing center lines. These 
are permanently located in relation to the 
stator core and yoke by the machined end 
cover fits against the stator. In this type, 
the fan shrouds, seals, baffles, oil wipers, 
etc., may sometimes be adjusted at the 
factory before shipment to suit the bear¬ 
ing positions and in such cases should 
need no further checking. Adequate pro¬ 
vision is usually made for axial movement 
of the coupling due to thermal changes in 
the turbine, and for any additional ex¬ 
pansion of the rotor when the unit is 
loaded, as well as for any necessary axial 
clearance for disengaging the coupling. 

For machines with separate pedestal- 
type bearings initial axial centering is 
often accomplished after the rotor has 
been lined up and coupled to the turbine 
by adjustment of the stator position on 
the base plate. If this had not been done 
previously at the factory, or if for any 
reason the stator was not suitably dow- 
elled or keyed to the base plate, axial cen¬ 
tering must be done when the unit is in¬ 
stalled. 

Since the method of adjustment and 
permissible tolerances depend upon in¬ 
dividual design details, the manufac- 
.turer’s recommendations should be fol¬ 
lowed for eadb. unit. Once the correct 
stator location has been established, sub¬ 
sequent checking of axial positioning is 
seldom necessary unless either the thrust 
bearing or the stator has been moved from 
its initial setting. The adjustment of fan 
shrouds, baffles, etc., however, may be 


necessary whenever they are disturbed, or 
after the rotcxr is removed and replaced. 

When the axial centering of the rotor 
must be rechecked, measurements should 
be made between stator c»re ends and 
some reference point on the rotor such as 
the outer end of the retaining rings if they 
are equally spaced from the rotor body. 
Measurements at several points around 
the periphery are reccmunended to allow 
for uneveness in the punchings. 

Vibration 

The vibration of a turbine-generator 
unit may originate from a number of 
widely different causes. The most cmn- 
mon source of rotor vibration arises from 
physical diss 3 mmetries in the rotor when 
built that result in nonuniform weight 
distribution around the geometric axis. 
To overcome roughness from this source 
turbo-generator rotors are carefully, bal¬ 
anced at the factory before shipment. 
Touch-up balancing is often necessary 
after installation becxiuse of the infltipnce 
of the foundations and of the turbine 
spindle if solidly coupled. Other clauses 
of rotor roughness have been traced to 
thermal or magnetic sources and to the 
inequality in rotor stiffness in the direct 
and quadrature axes, as well as to im¬ 
proper adjustment of bearing clearances, 
oil whip, and other factors related to 
lubrication. 

Measurement of rotor vibration is most 
commonly made at the bearings. There 
are several types of instruments in general 
use that accurately measure or record the 
amplitude of movement. Experience has 
shown that a single set of permissible 
bearing vibration amplitudes cannot be 
established that would safely cover all 
types and ranges of ratings. Conse¬ 
quently, the manufacturer’s recommenda¬ 
tions ^ould be followed in each case. 

Vibration in the stators of 2-pole gen¬ 
erators sometimes results from the mag¬ 
netic pull between rotor and stator in the 
air gap, the force being greater in the 
direct axis than in the quadrature axis. 
The rotating magnetic pull tends to de¬ 
form the stator elliptically, thus creating 
a double frequency component of stator 
vibration. Adequate rigid bracing to 
limit the magnitude of the core distortion 
on large 2-pole machines proved imprac¬ 
tical from the standpoint of shipping 
clearances, stator weight, and appearance. 
In most large modern 2-pole machines the 
core vibration is therefore usually isolated 
from the outer wrapper and foundation 
by means of some form of flexible sup¬ 
port. 

If the core is tightly clamped from the 
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ends, the laminations will be supported as 
a continuous ring that will have a natural 
frequency well above the 120*eyde forced 
frequency. Under this condition the 
amplitude of the core vibration will usu¬ 
ally be well within safe limits, and little 
or no objectionable double frequency 
vibration is likely to be transmitted to the 
foundations. Occasionally, some parts of 
the outer wrapper plate or lagging may 
resonate at or near 120 cycles and the 
acceptable vibration amplitude of these 
parts will in most cases depend upon their 
manner of support or the nuisance value 
in the form of unpleasant noise, provided 
the core vibration is known to be safe. 
Proportions of 4-pole stators have been 
such that core vibration has seldom been 
troublesome. 

The sudden appearance of new vibra¬ 
tion or an increase in existing amplitude 
may be of greater significance to the 
operator than the steady continuous type 
of vibration. For this reason a history of 
vibration amplitudes is believed desir¬ 
able for all machines. One of the first 
signs of shortrCircuited rotor turns may be 
increased rotor vibration. Removal of 
excitation will often indicate whether the 
effect is electromagnetic. Measurement 
of rotor resistance is seldom a reliable in¬ 
dication unless the exact temperature is 
also known. If the rotor has a tempera¬ 
ture recorder the chart should be ex¬ 
amined for indications of a sudden drop in 
rotor resistance at the time, vibration ap¬ 
peared. The rotor impedance with 110 
volts, 60 cycles, applied to the rings is 
sometimes useful for detecting rotor turn 
short circuits provided an initial reading 
with no short-circuited turns is available 
for comparison. Most rotors will not take 
more than 6 to 10 amperes at 110 volts 
and hence can be tested from the lighting 
circuit if the rotor winding is not grotmded. 

Unlike short-circuited turns in the 
stator, short-circuited rotor turns do not 
necessarily require reinsulation immedi¬ 
ately if a satisfactory balance can be 
adiieved. Rotors have been known to 
operate for years with a few short circuits 
between successive turns in one or more 
coils. Experience has shown that short- 
circuited rotor turns are not usually pro¬ 
gressive in nature and are more apt to re¬ 
duce the temperatures in their respective 
coils than increase them. Of course, they 
do require more excitation amperes, and 
hence the rotor temperature as a whole is 
increa^d even though a temperature in¬ 
dicator may show the reverse. 

If short-circuited turns cause a thermal 
unbalance, the -vibration will vary with 
temperature and hence -will lag any in¬ 
crease in excitation by the length of time 


required for heating to occur. If varia¬ 
tion from the cold to the hot condition is 
not too gr^t, weight adjustments can 
sometimes be made to keep the amplitude 
entirely within a sati^actory range for all 
temperatures. 

Location of the slots containing short- 
circuited turns or coils may be possible 
in solid rotors without retaining ring re¬ 
moval by measuring the leakage flux 
across the top of the slot wedge with an al¬ 
ternating voltage applied to the collector 
rings and comparing the readings for the 
various slots. With nonmagnetic wedges 
a single short-circuited turn out of 20 or 
30 turns will reduce nearly 60 per cent the 
alternating voltage induced in an explor¬ 
ing coil held above the slot wedge. Slots 
with magnetic wedges should be compared 
with eadi other as their leakage flux is 
quite low. An oscilloscope is often useful 
to measure the low exploring coil voltage 
if a 110-volt a-c supply is used across the 
collector rings. Other means are some¬ 
times also used such as an a-c potenti¬ 
ometer. After location of the slots af¬ 
fected, thermal balancing may be possible 
by partial restriction of the ventilating 
ducts in the region of these slots. If 
axial ducts are not provided or accessible, 
the use of paint or other surface treatment 
for thermal balancing may be possible but 
this would probably be a trial and error 
process. 

Increased rotor vibration could also in¬ 
dicate a displacement of rotor coil block¬ 
ing or physical damage to the shaft or 
fans. A fiber bafle rubbing the shaft 
at one point has been known to cause 
severe shaft -vibration. Such cases are un¬ 
affected by the removal of excitation and 
after tripping often continue during re¬ 
tardation. 

A sudden appearance of stator -vibra¬ 
tion or noise might indicate high voltage, 
unbalanced load, or a loosening of the 
core to a point where some of the lamina¬ 
tions have ceased to act as a rigid ring. 
It could also mean a loosening of some 
parts, either internal or external, that 
have become resonant at the frequency of 
the applied force or are being rattled 
about by the ventilating gas. In double¬ 
winding machines, a characteristic noise 
can be heard clearly when load is suddenly 
removed from one of the -windings. 

The appearance of vibration has also 
been traced to such external factors as 
the shifting of the foundation because of 
settling or thermal changes, coupling mis¬ 
alignment or uneven wear, roughness 
transmitted from the turbine spindle, un¬ 
equal expansion of turbine and generator 
bearing supports, and it even has been 
traced to other machines in the same 


power plant. As an example of remotely 
induced -vibration, internal inspection of a 
35,000-kw hydrogen-cooled turbo-gener¬ 
ator once revealed a continuously -vibrat¬ 
ing cooler tube while the unit was at rest 
with its rotor removed. The source of 
vibration was found to be a compressor 
operating in the basement of the power 
plant. Another interesting case consisted 
of a -vibrating noise which after months of 
speculation was finally traced to a loose 
valve handle below the generator that 
was resonant to the minute -vibration of 
the shell. 

• 

Shaft Currents and Bearing 

Insulation 

The most common cause of induced 
shaft voltages is the inequality in reluc¬ 
tance of the parallel flux paths linking the 
rotor and the consequent pulsations in this 
component of flux. If both bearings are 
in electric contact -with eadi other through 
a frame or base plate, substantial currents 
may flow through bearing oil films and 
may damage the shaft journals and the 
babbitt surface, as well as gears or other 
metallic parts in contact with the rotor or 
turbine spindle. Under certain conditions 
sludging of the lubricating oil may also 
occur. 

By suitable combination of partings, 
lamination segments, and munber of 
poles, the voltages from this source can 
sometimes be minimized, but the choice 
of these design details is greatly restricted 
in turbogenerators. Consequently, the 
outboard end of the rotor is usually in¬ 
sulated from ground, induding the bear¬ 
ing, all. piping connections, exdter cou¬ 
pling or bearings, hydrogen seal, etc. 

Shaft currents can also result from a 
magnetized shaft, bearing pedestal, or end 
cover or from -windings or end connec¬ 
tions that produce axial flux in the rotor. 
The currents induced from these sources 
do not always flow from bearing to bear¬ 
ing, but can flow from shaft to babbitt at 
one end of the bearing and back again at 
the other. The bearing insulation will 
not prevent this type of circulating cur¬ 
rent. Fortunately, this condition is not 
common and the currents from it are not 
usually very great. It can often be de¬ 
tected by the characteristic scratdies ap¬ 
pearing at the extremities of the bearing 
jommal, and its correction is usually pos¬ 
sible by demagnetization of the affected 
parts. Cases of magnetized shafts, bear¬ 
ings, and end covers have been known to 
result from the dryout of stator -windings 
using direct current or from double ground 
faults in rotors. 

Bearing currents have also been found 
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to originate from electrostatic charges 
generated within the steam turbine. Pit¬ 
ting or abnormal wear of worm gears as 
well as objectionable radio and television 
interference have been traced to this 
source. The remedy in such cases is a 
grounding brush somewhere on the shaft 
or spindle. 

The use of grounding brushes at both 
ends of the unit to short-circuit the shaft 
currents induced along the shaft has not 
been uniformly effective since the brushes 
themselves often have an appreciable con¬ 
tact potential drop. Damage to gears 
near the front end of the turbine has been 
reduced, however, by installation of a 
grounding brush near the gear. 

With pedestal-type bearings or with 
bracket bearings where the outboard 
bracket is insulated from ground, there are 
various means to check the insulation of 
the outboard bearing while the unit is 
running. Perhaps the simplest consists 
of two successive measurements of volt¬ 
age using an a-c d-c millivoltraeter, the 
first from a sliding contact on the shaft 
to ground at the outboard end of the rotor, 
and the second from the pedestal (or in¬ 
sulated bracket) to ground with a dead 
short circuit from a sliding contact on the 
shaft to the pedestal (or insulated brac¬ 
ket) . If the bearing insulation is satisfac¬ 
tory both readings will be alike; if not, 
the second will be lower than the first. 

To chedk the insulation of pipe joints 
while the unit is running, a couple of dry 
cells or a storage battery may be con¬ 
nected from the pedestal (or insulated 
bearing bracket if bracket type) to a point 
on the pipe 2 or 3 feet beyond the insu¬ 
lated flange. A d-c millivoltmeter con¬ 
nected across the 2- or 3-foot length of 


The most important factor in the op- 
® eration of a circuit breaker under fault 
conditions is the current the breaker must 
interrupt. The purpose of this paper is 
twofold: To indicate and discuss the fac¬ 
tors involved in the appraisal of inter¬ 
rupting duty of existing system circuit 
breakers; and to discuss relative magni¬ 
tudes of currents for the different types 
of faults that a breaker must interrupt. 
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pipe between flange and battery connec¬ 
tion will indicate whether any current is 
flowing through the insulated joint. 

If the bearing is mounted within the 
end cover the insulation is sometimes 
located between the bearing pads and the 
bearing or between the bearing ring and 
end shield. In hydrogen-cooled machiriPs 
seal insulation may be located between 
the seal and either the vents, bradcets, 
or end shields. No separate seal insula¬ 
tion or bearing insulation is necessary if 
the bracket itself is insulated. In some 
types, oil seals are also insulated, and in 
some cases both hydrogen seals or both 
ends of the rotor may be insulated rather 
than only one. The insulation of such en¬ 
closed parts should be checked individ¬ 
ually as each part is assembled. The in¬ 
sulation of thrust-bearing-type seals may 
be rechecked by pressing the seal ring 
back away from the shaft flange before 
the top half of the bearing is assembled. 
The main bearings and circular-type seals 
may be rechecked by lifting the rotor a 
few mils and sliding a thin sheet of insu¬ 
lation under the journal. Care must be 
exercised to avoid damaging oil wipers or 
other stationary parts by excessive lifting 
of the rotor. The condition of insulation 
with either bracket- or pedestal-type bear¬ 
ings can sometimes be checked while 
the machine is running by touching a 
grounded wire to the shaft to see whether 
a spark occurs. The absence of spa rking 
may be an indication of faulty insulation 
unless the machine is known to be en¬ 
tirely free from shaft voltages. 

The most common causes' of faulty 
bearing or seal insulation are metallic 
chips or slivers in bolt holes or across small 
internal clearances. Embedded thermo¬ 


The basic or symmetrical rms current 
that the breaker must interrupt is calcu¬ 
lated by the standard method of sym¬ 
metrical components. Circuit conditions 
that may modify these basic current 
values are asymmetry of the current or 
d-c offset which increases the basic cur¬ 
rent value, and fault resistance which de¬ 
creases the basic current. 

The standard method of fault calcula¬ 


couples, graphite or paint on insulating 
material or pipe flanges, and low resist¬ 
ance gasket material, as well as other 
forms of dirt, moisture, or foreign matter, 
have also been found to cause trouble. 
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order of 6 to 8 per cent for times of 3 to 
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RATrO Xq/X, 

Rg. 1. Relationship of total fault current for 
various types of fault as a function of the Xo/Xi 
fault-impedance ratio 



praisal of the amount of phase current 
interrupted by the circuit breaker, the 
branch current which does not go through 
the breaker to the fault is not interrupted 
and should be subtracted,from the total 
value. This is a simple matter for the 
phase faults but becomes more involved 
for the ground faults. The phase-current 
distribution must be determined for the 
bus fault and the branch currents sub¬ 
tracted to determine the appropriate cir¬ 
cuit-breaker current. 

For ground faults, the ground-current 
magnitude is a function of all three im¬ 
pedance networks but its distribution is a 
function of the zero-sequence impedance 
network only. The determination of 
the phase-current distribution requires 
the sequence-current distribution of both 
the positive- and zero-sequence networks. 
The following equations may be used to 
determine the phase-ciffrent distribution 
from the sequence-current distribution. 

1-phase-to-ground fault 

Branch phase current Jx=2Xtotal loX 

branch I 3-phase fault , . , _ 

- -|- branch io 

Total 1 3-phase fault 


6 cydes near generating plants. 

The Appendix shows the standard equa¬ 
tions and connotation for the calculation 
of the basic fault currents. These are 
the total currents to the fault. For 
ground faults, the total fault current Ig 
is equal to the summation of the phase 
currents to the faul t. The circuit residual 
current is the summation of the zero- 
sequence currents in the three phases of 
the circuit and is equal to 3Jo; however, 
this current does not flow in a single con¬ 
ductor to be interrupted by the circuit 
breaker except for a radial circuit to the 
fault point. For the majority of faults, 
the actual current to be interrupted by 
the first opening breaker is the phase cur¬ 
rent or current flowing through the con¬ 
ductor. This current is a combination 
of the sequence currents which are dis¬ 
tributed according to their own network 
impedances. To determine the current 
to be interrupted by the first opening 
breaker, it is necessary to calculate the 
pl^e current through it by combining the 
various sequence currents in proper order. 
The second opening breaker for a 2-ter¬ 
minal circuit has a duty equal to that of a 
radial line breaker. 

Fig. 1 shows the relationship of total 
fault currents for the various types of 
fault. 11 Xx^Xi-Xfi, ail faults are of 
equal magnitude except the phase-^to- 
phase fault which is equal to 0.866 times 
the others. If Xa is greater than Zj, the 
total ph^ current Tot the ground faults 


Fig. 2. Relationdiip of total residual fault 
current for single- and double-phase-to-ground 
faults as a function of the Xo/Xi fault-imped¬ 
ance ratio 

is less than the 3-phase fault current, as 
shown in the curve. If Xo is less than Xi, 
the total phase current to the ground 
faults is greater than the 3-phase fault 
current with ideal limits of three times 
greater for the 2-phase-to-ground and 1.6 
times greater for 1-phase-to-ground fault. 
The practical limits are approximately 
1.36 to 1.4 corresponding to a ratio of 
Xfi/Xi of 0,2. From the curve it is ap¬ 
parent tliat the most severe total fault 
current results from either a 3-phase or 
phase-to-ground fault except for extreme 
low ratios oi X^/X\. 

Fig. 2 shows the relationship of total 
residual or ground currents for the two 
types of ground faults. The same current 
limits are reached as for the phase cur¬ 
rents for the theoretical lower ratio limit 
of zero. It will be noted that for the 1- 
phase-to-ground fault the total phase 
current and ground fault curves are 
equal. 

In circuit-breaker application, it is the 
phase current which is interrupted in all 
cases. In special cases such as radial 
circuits, the phase current equals the 
residual or ground current for ground 
faults, since the radial current is the total 
fault current. This is not true when 
fault current is contributed from more 
than one path to the fault. In the ap¬ 


2-phase-to-ground fault 

JjB branch phase current 

I branch 3-phase fault /^ 

I total 3-phase fault \Ki 

Ip branch 1-phase-to-ground faitlt ^^^ ^ 
Jo total 1-phase-to-ground fault ^ 

where 





XxXi 

Xi-l-Xi 


Xi+2Xg 

_ 

® Xi'-\-2XX^ 

o *- 0 . 6 - 1-/.866 
o*=>-0.5-J.866 

The values of reactance are the total 
system sequence reactance to the point of 
fault. While the foregoing equations 
look cmnbersome, they reduce down to 
simple calculations when the numerical 
values are known for a given location. 

To determine the phase-current dis¬ 
tribution for a 2-phase-to-ground fault, 
the data required are the 3-phase fault- 
current distribution and total positive- 
sequence impedance for a 3-phase fault 
and the zero-sequence current distribution 
any total zero-sequence impedance for a 
1-phase-to-ground fault. This assumes 
that Xx and X^ are equal. The imped¬ 
ance constants may be computed and ap¬ 
plied to the equation to evaluate the 
brandi-faulted phase current for a 2- 
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phase-to-ground, fault which is the current expected for the 2-phase-to-ground fault 
to be interrupted by the circuit breaker. compared to the 1-phase-to-ground fault. 

An example of a simple computation is This is shown by the calculated values, 
shown in Figs. 3 and 4 equation. These 

represent a generator and high-side System Circuit-Breaker Analysis 
grounded-neutral transformer on each 

end of a single-circuit transmission line. A survey of 334 high-voltage circuit 
The fault is assumed on the line side ter- breakers on the Bonneville Power Ad- 
minals of the circuit breaker near the ministration solidly grounded system 
branch A bus. Assumed reactance and show the following relative interrupting 

calculated current values are shown in duties for 3-phase and single-phase-to¬ 

per-unit values. The basic data required ground faults. This study includes all 
to determine the phase-current distribu- circuit breakers of the main system except 
tion for both single- and double-phase-to- the circuit breakers at the Bonneville, 
ground faults are the phase-current (Ii) Hungry Horse, and Grand Coul4e gener- 
distribution for a 3-phase fault and the ating plants. Table I shows the type of 

zero-sequence current (Iq) distribution for faults producing the most severe drcuit- 

a single-phase-to-ground fault. These breaker duty and the number of breakers 
basic calculated data are shown. Ap- involved. Only 3-phase and single-phase- 
plication of the conversion equation per- to-ground faults were studied since their 

mits calculation of the faulted phase cur- duties were the most severe. The data 

rents for both types of ground faults. indicate that about an equal number of 

The residual currents 3Jo are also shown the system breakers will receive their 

for comparative purposes as is the totai greatest duty from each type of fault, 
fault current Ig. The Xo/Xi ratio of this Also the data show that the rdative 

example is 0.41. From the curve for this position of the Une, transformer, or other 

ratio, a lower total phase current and a breakers does not modify the general 

greater total ground current is to be picture of distribution of duty and type of 

Table I. Number and Type of Fault ProduciiiS Most Severe Circuit-Breaker Duty 


230 Ev 

115 Ev 

57 to 09 Ev 

S-Phase l-Phase-to- 
Fault Ground Fault 

3-Pha8e l-Phase-to- 
Fault Ground Fault 

3-Pha8e 1-Phase-to- 
Fault Ground Fault 


Line breakers. 

...29. 

.34. 

_64..,.. 

....,66.... 

....17. 

.23 

Transformer breakers.. 

....10. 

.16.. 

.12,.,.. 

..,,,14........ 

.... 6.,... 

.8 

Others.....'.. 

... 8. 

.6. 

.16. 

.....14. 

.... 2. 

.2 

Total......... 

...47. 

.66. 

.91. 

.83........ 

....26. 

.38 


fault. Other positions indude shunt 
capadtor, bus tie, and bus-sectionalizing 
circuit breakers. 

Table II shows the average and maxi¬ 
mum ratios of phase current through the 
breaker for a single-phase-to-ground fault 
to the phase current through the breaker 
for a 3-phase fault where the ground fault 
was more severe. Table III shows the 
average and maximum ratios of phase 
fault to phase current through the breaker 
for a 3-phase current through the breaker 
for a single-phase-to-ground fault where 
the 3-phase fault was more severe. The 
57-to 69-kv values are omitted from the 
all-breakers average because the ground¬ 
ing banks and remote ground sources re¬ 
sult in high-fault zero-sequence imped- 

Table II. Ratio of Ic^ Current for Ground 
Fault to l-Phase Current for 3-Phase Fault 

AUHigh- 

Voltage 

230 115 57 to Circuit 

Ev Ev 09 Ev Brealters 

Average ratio... .1.414. .1.184. .1.106... ,1.107 
Maximum ratio. .1.488. .1.538. ,1.348... .1.538 

Table III. Ratio of Current for 3-Phase 
Fault to 1^ Current for Ground Fault 

All Hiah- 

230 115 57 to Voltage 

Ev Ev 09 JIv Breakers’)* 

Average ratio... .1.132. .1.193. .1.0401*.. ,1.170 
Masdmum ratio.. 1.400.. 1.663.. 5.0001* ...1.663 

1* These values are high because of grounding banks 
and remote ground rcurrent sources. 
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ance and high ratios of Xa/Xi. This 
condition is not representative of a solidly- 
grounded ^stem. 

These data indicate that, for a solidly 
grounded po-wer system, the relative 
average differential in severity of duty or 
phase current through the breaker be¬ 
tween a 3-phase and single-phase-to- 
ground fault is 13 to 19 per cent with 
maximums of 40 to 66 per cent when the 
3-phase fault is the more severe. 

The circuit-breaker duty is determined 
by the actual phase (mrrent passing 
through it to the fault. This is not the 
residual current for a ground fault except 
for the case of a radial position with no 
backfeed of either positive- or zero-se¬ 
quence currents. Erroneous breaker du¬ 
ties will result when residual currents are 
used to determine breaker duties. A 
study of the fault currents where the 
ground fault exceeded the 3-phase fault 
indicates the relationship between phase 
currents and residual currents present in 
the breaker positions; see Tables IV, 
V. and VI. 

These data indicate that unless the 
phase current is used for determining the 
breaker duty, for single-phase-to-ground 
faults, the average breaker duty calcu¬ 
lated would have been 9.6 per cent too 
great -with a maximum error of 43 per 
cent for approximatdy h a lf the S 3 rstem 
breakers and 6.7 per cent too small with a 
maximum error of 44.6 per cent for the 
other half. It also shows that for 32' 
of the systems breakers the phase current 
on the average was 6.8 per cent greater 
than either residual current for a 1-phase- 
to-groimd fault or phase current for a 3- 
phase fault -with a maximum of 18.3 per 
cent greater. These data may or may 
not be important in the application of 
new circuit breakers but they are im¬ 
portant in appraising the duties to be 
expected of existing system breakers. 
Phase current through the circuit breaker 
should always be used to determine the 
actual circuit-breaker duty. The main 
purpose of this paper is to discuss the 
factors involved in the appraisal of 
interrupting duty of existing system 
circuit breakers. The application of new 
breakers would be based on the same 
fundamental data but adequate allow¬ 
ance must be made for system expansion. 
A study of existing breakers on an ex¬ 
panding system should be made periodi¬ 
cally to make sure that they may not be 
seriously overstressed by fault. 

When the maximum symmetrical cur¬ 
rent possible for the breaker to be re¬ 
quired to interrupt is determined, there 
are still other factors to be considered, 
Normally zero-fault resistance is used for 


Table IV. Phase Current Less Than Residual 
Current for i -Phase-to-Ground Fault 



230 115 57 to 
Ev Ev 69 Ev 

AU High- 
Voltage 
Breakers 

Average ratio 

Wh . 

Miaimum ratio.. 
No. of cases. 

.0.904..0.912..0.885. 
.0.626..0.676..0.570. 

. 56 .. 87 .. 26 . 

...0.906 
...0.670 
... 168 

Table V. Phase Current Greater Than 
Residual Current for l-Phase-to-Ground Fault 


230 115 57 to 
Ev Ev 69 Ev 

All High- 
Voltage 
Breakers 

Average ratio 

H/h . 

Maximum ratio.. 
No. of cases. 

.1.098..1.060..1.012. 
.1.554..1.454..1.136. 
. 46 .. 87 .. 29 . 

...1.067 
...1.654 
... 162 

Table VI. Phase Current Greater Than Either 
Residual Current for l-Phase-to-Ground Fault 
or Phase Current for a S-Phase Fault 


230 115 57 to 
Ev Ev 69 Ev 

All High- 
Voltage 
Breakers 

Average ratio 

Maximum ratio.. 
No. of cases. 

..1.056..1.080..1.036. 
..1.109..1.183..1.136. 
. 16 .. 9 .. 8 . 

...1.058 
...1.183 
... 32 


ground-fault calculations; however, 
tower-footing resistance may limit the 
possible fault current reducing the breaker 
duty.^ In appraising the possible fault 
duty of a circuit breaker, probability 
factors should be considered. One factor 
is the exposure involved. The amount of 
physical exposure to fault for a bus 
sectionaUzing, capacitor, or transformer 
breaker is much smaller lhan that of a 
bus tie breaker, used as a line breaker, or 
line breakers. The chances of a fault 
occurring are therefore less; however, if 
the fault does occur, it is more likely to 
approach the maximum calculated value. 
The probability of a fault occurring on the 
terminals of a line breaker are remote. 
Since the breaker duty decreases as the 
fault-location distance increases from the 
breaker location, it is logical to apply a 
probability factor to line breakers espe¬ 
cially for ground faults on lines protected 
by a section of overhead ground wire ad¬ 
jacent to the stations. 

As 3 rmmetry of fault current to be 
interrupted should be considered when 
the circuit breaker is sensitive to d-c 
offset, especially for high-speed breakers 
located near generating stations.* The 
degree of fault-current asymmetry is a 
function of the phase poation of the volt¬ 
age at the time of fault. If the fault 
occurs at maximum voltage, there is no 
offset but if the fault occurs at the zero 
point of the voltage wave, complete offset 


results. The offset of the fault current 
varies within these limits resulting 
usually in an increase of the symmetrical 
current values. 

For 230-kv 3-cycle oil circuit breakers 
at Grand Coulee, an offset of approxi¬ 
mately 60 per cent should be considered 
which increases the rms fault current by 
22 per cent. Similar breakers away from 
generating plants can expect a maximiun 
offset of 30 to 40 per cent or less, which is 
equivalent to a 10 to 16-per-cent increase 
in fault current. 

Conclusions 

It is important in the appraisal of 
circuit-breaker fault-current interrupting 
duty to use the actual phase current 
through the breaker. The most severe 
total fault current wiU result for a 3- 
phase fault if the X^/Xi ratio is greater 
than unity. The most severe total fault 
current will result for a. single-phase-to- 
ground fault if the Xq/Xi ratio is less 
than unity and greater than approxi¬ 
mately 2/lOth. Lower ratios will pro¬ 
duce the greatest fault current with a 
2-phase-to-ground fault. 

All faults with the exception of the 
phase to phase fault are of equal magni¬ 
tude if the Xtt/Xi ratio is unity. Other 
factors to be considered in the determina¬ 
tion of the maximum probable fault 
current to be interrupted are possible 
fault resistance, possible asymmetry of 
fault current, and degree of physical 
exposure of associated circuits to faults. 


Appendix. Standard Equations 
for Calculation of Basic Fault 
Currents 


3-pliase fault 



where 

1 . 1=1 

Ic=l 

Phase-F-to-phase-C fault 



E 

Xi+Xi 


» 0.6 


where 

Ia^O 

Ib=-70.866 
Jc=7 0.866 

Phase-.4-to-ground fault 


Ii=7a=7o 


E 

Xi+Xi+Xo 


=0.333 


where 
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Ib—0 

Jc=0 

PIiase-5-to-pliase-C-to-grouad fault 


is+Jo* — Jl‘ 


■X‘i+ 


JCaXo 

Xi+X, 


=0,667 


where 

Ia=0 

Is =-0.5 -70.866=1 
/c=-0.5+70.866=1 


Nomenclature 

.X’i=positive-sequence reactance 

.?*=negative-sequence reactance 

.^To* zero-sequence reactance 

/i=positive-sequence current 

7i=negative-sequence current 

7o=zero-sequence current 

^,=Z,=Xo=l 

7a=/i+7s+7o 

7b= a*7i +o7j +7o 

Jo= oil +0*71 + Jo 

£=1 

JA=phase-.4 current 


JB=phase-5 current 

Jo=phase- C current 

iB^It =3Jo=ground or residual current 

o=-0.5+70.866 

o2=-0.5-70.866 
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T his bibliography is a continuation of 
similar bibliographies of relay litera¬ 
ture which have been published previously 
and are contained in the following volumes 
of the AIEE Transactions: 

1927-1939, vol. 60, 1941, 1435-47. 
1940-1943, vol. 63,1944, 705-09. 

1944-1946, vol. 67, pt. I, 1948, 24-27. 
1947-1949, vol, 70, pt. I, 1951, 247-50. 

The papers listed include those in the 
field of relaying, as well as in associated 
fields, published in this country. In¬ 
cluded are articles covering relaying, as 
well as service restoration, testing, system 
stability, methods of calculation, instru¬ 
ment transformers and other auxiliary 
devices, which are available in Science 
Abstracts, Section B, and in other digest¬ 
ing or indexing periodicals, as well as in 
the original magazines listed. 

Depending upon the general substance 
of each article, the listing of the titles is 
subdivided into 13 sections. The entries 
in each section are numbered consecu¬ 
tively and listed by year in alphabetical 
order, the name of the first au^or deter¬ 
mining the alphabetical position. Though 
some of the papers referred to may cover 
material in various sections, each title 
is listed in only one section. A list of 
periodicals which have been cited and 
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Turbine Generator Operation and 
Maintenance Practice of Philadelphia 
Electric Company 


E. I. GALLAGHER 
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T his paper shows the practice in a 
t 3 rpical large power system and is one 
of a group of papers requested by the 
Committee on Rotating Machinery, Syn¬ 
chronous Machinery Subcommittee, in 
connection with IJieir work in preparing a 
proposed AIEE guide for the operation 
and maintenance of turbine generators. 
It is presented primarily for the purpose 
of focusing attention on this subject and 
of stimulating discussion of any points 
involving a difference of opinion or prac¬ 
tice. 


Description of System 

The Philadelphia Electric Company 
system includes seven steam and one 
hydro generating stations with a total in¬ 
stalled capacity of 2,286 megawatts (mw). 
The Company is a member of the Penn¬ 
sylvania-New Jersey Interconnection 
which operates installed capacity of 7,756 
mw. The Company’s generating capac¬ 
ity by steam is distributed among 32 
units, ranging in size from 14 to 182 mw. 
Seven of these generators exceed 100 mw 


capacity. Generator voltages are all at 
13,800 volts except the latest addition 
which is 20,000 volts. 

The 1953 system peak was 1873 mw 
with 978 megavars (mvar). There are 
five synchronous condensers of 30 mvar 
each and approximately 50 mvar of fixed 
static condensers on the system. An addi¬ 
tional 75 mvar are available on the 60- 
cycle motors of the frequency converters 
which supply the railway and streetcar 
load. The system power factor varies 
from 84 per cent at heavy-load periods to 
91 per cent during light-load periods. 

Scheduling of Load 

The units are loaded on an incremental 
cost basis. This means that only those 
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units required for generation and local 
area or interconnection reserve are in 
service. All other units are taken off the 
line as load conditions permit. As a re¬ 
sult, about nine machines are put on the 
line every morning. Some units may be 
put on twice a day for short periods over 
the peaks. Others have a 24-hour demand 
.and are taken off only when necessary. 
One unit operated continuously for over 
6 months and was taken off at the manu¬ 
facturer’s recommendation to test the 
overspeed trip mechanism. 

Reactive is adjusted on the generators, 
converters, and synchronous condensers 
to attain the best conditions. Generators 
are never operated with leading power 
factor; as far as possible tlie reactive is 
carried in the area where it is required. 
This reduces transmission line loading and 
losses. The maximum loading of the gen¬ 
erator is limited by the name-plate rating 
for field or armature current, or Tnaxinnnn 
permissible coil temperature. None of 
these values is ever exceeded. Normally, 
the maximum loading is determined by 
the field or armature current. Mflyi-m iiTn 
coil temperatures run up to 90 degrees 
centigrade (C) on some generators at full 
load. However, the ma xim um on most 
generators is about 70 C. 

Operation of Units 

The system is operated on 13- and 33- 
kv bus voltage schedules for the various 
locations. The generators carry the re¬ 
quired voltage to maintain the scheduled 
bus voltage and the necessary reactive. 
In acccMnplishing this the generator ter¬ 
minal voltage may be 6 per cent over the 
rated voltage for the marine. 

Voltage regulators are used on nearly 
all the generators. Rheostatic and the 
vibrating type of regulators control volt¬ 
age on the older generators while the 
static type with fast response control 
voltage on the newer large generators. 
They have been very satisfactory. The 
regulators are cleaned and inspected on a 
routine schedule. The larger units are 
provided with a minimum excitation 
limit to prevent instability. 

The funda m ental generator protection 
is a current differential relay on the wind¬ 
ings. Some of the generators have phase 
and ground overcurreut relays for back-up 
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protection. Several units have reverse 
power relays which are primarily for tur¬ 
bine protection. On loss of field the pro¬ 
cedure is to trip the unit immediately. 
Loss of field relays are being installed on 
the larger units. 

Condensing units from 60 to 182 mw 
capacity are taken off nightly for as short 
a time as 4 hours. These units are re¬ 
turned to service in 20 minutes after 
shutdown of less than 8 hours. The limit¬ 
ing factor in the rate of loading the unit 
is the turbine conditions. The generator 
is not considered. Generally, units going 
on the line are loaded at a rate of not 
more than two per cent per minute of the 
full load rating. After they are on the 
line, and operating conditions are normal, 
larger rates of change are made. Pre¬ 
heating of the field in starting has been 
used for three large units on recommenda¬ 
tion of the manufacturer. 

Cooling of Generators 

The cooling systems of air-cooled gen¬ 
erators are operated to maintain substan¬ 
tially constant coil temperatures. Cool¬ 
ing water is adjusted manually to accom¬ 
plish this. Several air-cooled systems 
have electric heaters in the air ducts to 
maintain a temperature high enough to 
prevent condensation while the unit is off 
the line. This also helps to maintain con¬ 
stant coil temperature. 

Hydrogen-cooled generators maintain 
a constant ambient. This is done by 
holding the cold gas temperature con¬ 
stant, usually at about 36 C. Control is 
by manual adjustment of the cooling 
water. 

The hydrogen pressure carried on any 
particular unit depends upon the load dis¬ 
patcher’s requirements for reactive. The 
generating station is informed of the esti¬ 
mated kva required from the unit, and 
sufficient hydrogen jaressure is maintained 
to carry the estimated load on the gener¬ 
ator. This procediue reduces hydrogen 
consumption and leakage. Normally the 
maximum kva required from a generator 
will not vary much from day to day on 
units capable of operating at 15 pounds 
per square inch gauge or higher hydrogen 
pressure. These, being the newer and 
more efficient units, will carry full load 
daily. In the event that more reactive is 


required, the hydrogen pressure can be 
quickly increased. 

At present, there has been no occasion 
to operate above 15 pounds per square 
inch gauge hydrogen pressure except for 
generator capability tests. At 15-pounds- 
per-square-indi gauge, hydrogen leakage 
may amount to 260 cubic feet per day on 
large generators. Hydrogen consumption 
is watched closely and any increase is 
noticed immediately. Leakage is checked 
with an explosimeter type of detector. 

Maintenance of Generators 

Generator maintenance may be divided 
into electrical and mechanical phases. 
The maintenance section inspects for 
physical damage to the generators. They 
look for loose wedges, broken supports, 
core movement, coil distortion, tape sep¬ 
aration, loose retainer rings, and any 
other visible defect. Collector rings are 
never ground or polished tmless they are 
giving trouble. Nothing is done to them 
on the basis of appearance. Generator 
fields on closed cooling systems are not re¬ 
moved at every inspection period. 

The field-winding resistance is care¬ 
fully measured during complete inspec¬ 
tions. Variations from the original value 
are carefully noted and any appreciable 
change is investigated. This has shown 
up loose connections in the field leads of 
several machines. 

The station forces megger the armature 
and field at 500 volts every month or 
when possible. No routine high-voltage 
tests are made except when there is sus¬ 
pected damage or repairs or replacements 
in the electrical circuit. At present, 
several generators have difficulty with 
tape separation and they are given a hi- 
pot annually. Absorption tests are made 
for 10 minutes during each complete in¬ 
spection period, in general with the use of 
500 volts for the field, and 1,000 and 10,- 
000 volts for the armature. 

Conclusions 

Since internal inspections after the first 
year have shown relatively little trouble, 
the period between complete inspections 
is being extended to as much as 5 years. 
No generator-forced outages have been 
attributed to operating practices. 
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on Large Power Transformers 
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T he completion in 1954 of the world’s 
largest anechoic chamber as part of 
General Electric’s transformer sound lab¬ 
oratory focussed attention on the efforts 
being made to reduce transformer noise. 
The noise produced by transformers, 
while not a new problem, has become in- 
careasingly important with the rapid 
growth of the electric power industry and 
the expansion of residential districts. 
The advantages of the unit substation 
and other economic factors have brought 
about a trend toward the installation of 
more, and in many cases larger, trans¬ 
formers in residential areas. The result¬ 
ing noise complaints have made it evident 
that noise must be given special considera¬ 
tion in the design of a transformer instal¬ 
lation. For many applications trans¬ 
formers with noise levels considerably 
below the National Electrical Manufac¬ 
turers’ Association (NEMA)^ standard 
limits are required. 

The use of cold-rolled core steel with 
its improved loss characteristics has per¬ 
mitted manufacturers to produce smaller, 
lighter, and less costly transformers to 
meet given electrical specifications, but 
in many cases this has caused the noise 
level to be higher than that of earlier 
tmits built of hot-rolled steel. It is now 
recognized that noise level may be a limit¬ 
ing design criterion. 

None of the methods presently availa¬ 
ble to the transformer design engineer 
for reducing noise level are particularly 
effective when measured in terms of in¬ 
cremental cost per decibel (db). A 10- 
per-cent reduction in operating flux den¬ 
sity in the core, e.g., results in only about 
3 db reduction in noise level, but it repre¬ 
sents an appreciable increase in cost. 

.Thus two factors, (1) the need for 
special attention to noise because of the 
nature of the ultimate environment of the 
transformer, and (2) die anergence of 
noise level as a critical design specifica¬ 
tion, have led both users and manufac¬ 
turers of power transformers to devote 
considerable time and effort to the inves¬ 
tigation of the transformer noise problem. 

This paper describes some of the de¬ 
tails of the design, construction, and op¬ 
eration of the first anechoic chamber 
built for noise testing large power trans¬ 


formers. It is shown how the acoustic 
treatment of the test area and new de¬ 
velopments in instrumentation contrib¬ 
ute to unprecedented accuracy in the 
measurement of transformer noise. Bet¬ 
ter data will provide a more complete 
understanding of the problem and lead 
to new methods for its solution. 

Facilities Required 

One of the main difficulties facing the 
manufacturer in the investigation of noise 
problems is the procurement of accurate 
data which are independent of tlie par¬ 
ticular surroundings in which the meas¬ 
urements are made. For convenience, 
the sound testing activities may be 
divided into two categories, acceptance 
testing and development work. 

Acceptance Testing 

The well-known NEMA standards for 
transformer noise are the basis of all ac¬ 
ceptance tests although the standard 
limits are often modified in accordance 
with customer specifications. It has long 
been recognized that the NEMA stand¬ 
ards are far from ideal, but they do 
represent a means for obtaining reasona¬ 
ble estimates of noise performance with 
a minimum of special facilities. 

There are two important requirements 
which must be fulfilled by the space in 
which noise measurements are made if 
accuracy is to be obtained. First, the 
ambient noise must be low enough to 
keep it from contributing appreciably to 
the readings, and second, the reflection of 
sound from walls or near-by objects must 
be controlled to prevent excessive errors. 

The NEMA standards recognize the 
second requirement by stating that all re¬ 
flecting surfaces should be 10 feet or 
more from the transformer. This re¬ 
quirement can be satisfied by dearing a 
space on the factory floor; however, the 
noise of numerous other sources, such as 
transformers in the vicinity undergoing 
dectiical test, generators supplying power 
to the test area, and overhead cranes, 
produce an ambient noise levd much too 
high to allow satisfactory noise testing. 
Therefore the only alternatives are (1) 
to make the tests at a time when these 
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other noise producing activities have been 
suspended, (2) to provide a special acous¬ 
tically treated room, or (3) to make the 
tests at some remote outdoor site. The 
first two methods have been used at 
Pittsfidd. Units up to 5,000 kva were 
tested in a small “noise room.’’ The 
larger units were tested on the floor of 
the factory on week ends or holidays and 
required spedal scheduling 

Development Work 

Tests must be performed to provide in¬ 
formation for transformer design engineers 
to enable them to calculate noise levds, 
to evaluate changes in the design or the 
manufacturing process, to determine, the 
physical laws governing the generation, 
transmission, and radiation of transformer 
noise, and to determine the reaction of 
people to noise. Frequently a variety of 
d 3 naamically scaled models of trans¬ 
formers and assodated structures sudi as 
barriers require study. The experiments 
usually require spedal measurements such 
as frequency analyses. The greatest pos¬ 
sible accuracy is necessary so that small 
changes which may be quite important 
can be evaluated with a minimum number 
of samples. 

The accuracy of a sound level reading 
in the presence of reflecting objects is 
greatly affected by the distance between 
the microphone and the sound source; 
the standard deviation increases quite 
rapidly with the distance. It is hi^y 
desirable in many instances to measure 
the sound level as a function of space but 
this cannot be done with uniform ac¬ 
curacy in a room with reflecting surfaces. 
For developmental purposes it is highly 
desirable to have available a special room 
with low ambient sound level, free from 
reflections, and providing a large working 
space. These needs, coupled with those 
for acceptance testing large power trans¬ 
formers on a more orderly schedule, led to 
the dedsion to build an Einechoic (without 
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Fig. 1. Exterior view of sound laboratory 


concrete foundation which has been de¬ 
signed to allow maxunum coverage by 
acoustic absorbing materials. Fig. 3 
shows the interior of the anechoic cham¬ 
ber. 

There are two consoles of instruments 
in the control room. One contains the 
sound measuring instruments and the 
other the controls for the power circuits 
which supply the excitation to the trans¬ 
former being tested. There is an obser¬ 
vation window next to each of the con¬ 
soles so that the operators may view ac¬ 
tivities in the anechoic chamber. 

The auxiliary transformer rooms con¬ 
tain the step-up transformers which are 
used to supply power to the transformer 
being tested, the circuit breakers, poten¬ 
tial and current transformers, and other 
auxiliary power sources. 

Anechoic Chamber 


echo) chamber which could accommodate 
the largest transformers now anticipated. 

Sound Test Laboratory 

A study of the trends in transformer 
development and other forcasts of future 
sound testing requirements resulted in 
specifications for a noise test building. 

Specifications 

It appears reasonable to expect that 
transfonners weighing 400 tons and meas¬ 
uring more than 37 feet by 27 feet and 33 
feet high will be built and will require 
noise tests. Such units may have a rat¬ 
ing in excess of 500,000 kva. The noise 
test chamber must be large enough to 
provide safe electrical clearance from the 
bushings of the largest transformer and 
also to allow accurate sound level readings 
to be taken at least 6 feet from the string 
contour of the transformer. 

It is necessary that the ambient sound 
level be less than 40 db on 40-db weight¬ 
ing. A level of less than 30 db is .desira¬ 
ble. To simulate tests on the open 
ground a hard floor and reflection-free 
walls and ceiling are necessary. For 
other tests it is desirable to approach 
anechoic conditions. 

The sound level meters and other in¬ 
struments should be the most stable and 
accurate permitted by the state of the art. 
Facilities must be provided for easily 
checking and calibrating the instruments. 

General Description 

The sound laboratory depicted in Fig. 1, 
built at a cost of approximately SI,500,000 
meets all of the specifications just given. 
As shown in Fig. 2, it consists of four 


major sections: the entrance chamber, the 
anechoic chamber, the control and storage 
rooms, and the auxiliary transformer 
rooms. 

Normally a fully assembled transformer 
is placed on a special transfer car and 
transported on standard gauge rails 
through the entrance chamber into the 
anechoic chamber. The entrance cham¬ 
ber provides a working space and tem¬ 
porary storage for equipment awaiting 
test. The transformers to be tested can 
be brought into this diamber and the 
outer door closed before the door to the 
test chamber is opened. Thus the ane¬ 
choic chamber is protected from adverse 
weather conditions. Forced-air heat ex¬ 
changers in the entrance chamber are used 
for heating the anechoic chamber when 
the intervening doors are opened. 

The anechoic chamber is a reinforced 
concrete building with all structural sup¬ 
porting members of the walls and roof 
on the outside. This provides a room 66 
feet long, 56 feet wide, and 50 feet high 
with smooth. unobstructed interior sur¬ 
faces. The actual working area, after 
the acoustic treatment has been added, is 
about 7 feet less than these dimensions. 
The transformer and transfer car are 
supported by rails which rest on a massive 


To provide a low ambient sound level 
and high absorption coefiicient, the walls, 
floor, and ceiling are massive, multilayer 
structures covered with sound absorbing 
material. The doors are similar and 
have special hardware and gaskets to seal 
them. Fig. 4 shows a cross section of the 
walls. They consist of 12-inch reinforced 
concrete, 2-inch Fiberglas, 8-inch solid 
concrete blocks, 0.030-inch copper sheet, 
6-inch air space, and 28-inch Fiberglas 
wedges. The concrete block wall is tied 
to the 12-inch wall by resilient connectors. 
The floor and roof are very similar except 
that the concrete blocks are replaced by 
6-inch reinforced concrete slabs and minor 
changes are necessary in the method of 
supporting the structures. 

The copper sheet provides radio-fre¬ 
quency shielding so that measurements 
may be made of the radio and television 
interference caused by transformers. 
The shield is continuous with all joints 
interlocked, rolled flat, and solde*ed. 
The copper sheet is omitted from the steel 
doors but continuous electric ground con¬ 
nections are provided. Even the obser¬ 
vation. windows are covered with fine 
mesh copper screens. All power lines 
entering the anechoic chamber have 
radio-frequency filters. Lighting fixtures 
are incandescent, not fluorescent, and all 


Fig. 2. Layout of buildings 
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A—12-inch concrete wall 
B—^2-inch Fiberglas 
C—8-inch concrete block wall 
Fig. 3. Interior of anechoic chamber D—0.030-inch copper sheet 

E—6-inch wood frame and air space 
F—^2-inch angle-iron wedge support 
G—28-inch Fiberglas wedges 

metal parts of the acoustical treatment at the frequencies of interest. This 

are grounded. means that less than 1 per cent of the 

A notable feature of the building is the sound energy striking the surface is re- supporting small groups of people. This 

main door, made up of two leaves cover- fleeted. Fiberglas wedges are the most floor does not impair the anechoic quality 

ing an opening 30 feet wide by 37 feet practical treatment which will provide of the room. 

high. Since each leaf of the door weighs this degree of absorption at a frequency To simulate the condition of a trans- 

about 30 tons a sliding door was con- of 120 cycles per second (cps), which is former installed on a reflecting surface, 

sidered more practical than a hinged sus- the fundamental noise component of most such as a hard floor or the ground, a re¬ 
pension, Each leaf is carried on power- transformers.*"* movable plywood floor has been pro- 

driven wheels operating on rails. The The wedges are installed on all the vided. This floor is supported just above 
doors consist of two 4-inch thick com- walls, the floor, and the ceiling of the the wire floor by a pipe and angle frame 

partments constructed of structural steel anechoic chamber and cover these sur- and is entirely independent of the spring 

channels and 1/4-inch thick steel plates. faces as completely as possible. The floor. 

The outer compartment is filled with dry main doors have wedges installed on them 

sand and the other is filled with Fiberglas. and portable wedges are available to Transfer Car 

The seal around the door frame consists cover the tracks in the center of the Fpr normal acceptance testing a trans- 
of a rubber tube which can be inflated room. Part, of the door frame and the former is completely assembled, filled 

with compressed air and a strip of foam small personnel doors are covered by a with oil, loaded on the transfer car, and 

rubber forms the seal between the two Fiberglas blanket. The only surfaces moved into position in the anechoic dbrnn- 

leaves of the door when they are closed. which have not been treated with absorb- ber. The transfer car has been specially 

The observation windows between the ing materials are the two observation designed to carry 400 tons and to support 

control room and anechoic chamber con- windows and several junction boxes which the transformer during the test. This 

sist of two wood frames, one set in the 12- contain outlets for microphone cables eliminates the need for crane facilities in 

inch concrete wall and the other in the 8- and auxiliary power circuits but they the anechoic chamber but it does require 

inch concrete block wall. A 1/2-inch have a negligible effect on the acoustic that the transfer car provide a dynami- 

thick plate glass and a 3/8-inch thick' quality of the room because of their rela- cally rigid support, particularly at 120cps. 

plate glass are set in the first frame about tively small size. Hydraulic jacks which have been built 

8 inches apart but not parallel to each The working floor to support the opera- into the car bear on the rails and lift the 

other. In the other frame is a 6/16-inch tors and small test equipment consists of car about IV 2 inches. Aluminum shims 

thick plate glass. This construction is 3/32-inch galvanized stranded aircraft are placed between the car frame and 

similar to that used in radio studios and cable interwoven on 2-inch centers each the concrete foundation so that when the 

greatly attenuates any sound transmitted way. The cables are individually spring- car is lowered it rests on a solid support, 

through it. supported and are normally under a ten- The frame of the car is a rigid structure 

To approach anechoic conditions, all sion of 450 potmds. The floor is usually and has been designed so that it has no 

surfaces of the rooni must have acoustic 10 inches above the tips of the wedges modes of vibration in resonance near 120 

absorption coefiSdents of 0.99 or better but may sag as much as 6 inches when cps. 


CDE F 6 


Fig. 4. Cross section of wail of anechoic 
chamber 
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ANECHOIC RM.' CONTROL RM. TO AUXtUARY INSTRUMENTS 


Fig. 5. Block 
diagram of instru* 
mentation serving 
one side of ane- 
choic chamber 


venient standardization so that in service 
complete reliance can be placed on each 
set of readings taken. Consideration 
must also be given to the need for obtain¬ 
ing large numbers of readings rapidly, 
since measiu-ements may involve as many 
as 40 microphone positions around a 
transformer, with frequency analyses at 
many positions and possible repetitions 
of all measurements at several levels of 
excitation voltage. 



Measotung Equipment Layout 

Fig. 6 shows in block diagram form the 
layout of the basic measuring system. 
There are two such systems, which 
operate from the north and soutli sides of 
the anechoic chamber simultaneously and 
independently. 

The two microphones shown in Fig. 5 
are mounted on a single boom, Fig. 6, 
which automatically maintains one micro¬ 
phone directly above the other. The 
separation between microphones is made 
one-third of the tank height of the trans¬ 
former under test. White cloth tapes 
are drawn taut around the outer limits of 
the transformer radiators to show the con¬ 
tour at one-third and two-thirds tank 
height. The wheeled tripodal stands 
supporting the microphone booms are 
then rolled toward the transformer until 
there is a visual 1/2-inch clearance be¬ 
tween the contour tapes and the hori¬ 
zontal rings of HVrinch radius which 
surround each microphone, thus assur¬ 
ing the microphone distance of 1 foot 
specified by NEMA.^ 

The microphones feed into separate 
line amplifiers in the anechoic chamber. 
The amplified outputs are fed into the 
main measurement console in the control 
room; see Fig. 7. The right-hand panel 
at center height serves the north side of 
the anechoic chamber and provides con¬ 
trols for switching in either of the micro¬ 
phones and obtaining sound level meas¬ 
urements at the desired weighting, usually 


Fig. 6 (left). Mi¬ 
crophones end sup¬ 
porting boom 


Fig. 7 (below). 
Console of sound 
measuring instru¬ 
ments 


Power Supply 

The NEMA standards specify that 
transformers must be excited at rated 
voltage and frequency with no load ap¬ 
plied for noise tests. It is expected that 
units even larger than 500,000 kva will re¬ 
quire noise tests, hence a 12,000-kva 3- 
phase, 60-cycle generator has been pro¬ 
vided to assure good voltage wave form. 

A 10,000-kva bank of single-phase 
transformers in the auxiliary transformer 
room step the voltage up to the required 
level. They are 3-winding transformers 
with series-multiple arrangements for the 
high-voltage and intermediate-voltage 
windings. With suitable tap and wind¬ 
ing connections and control of the gen¬ 
erator voltage it is possible to provide 
any voltage up to 69 kv. 

The generator is controlled by ampli- 
dynes which hold the voltages and fre¬ 
quency to better than 0.1 per cent of the 
values set by the operator. Instruments 
and appropriate instrument transformers 
are provided to allow the operator to 


read the voltage, current, and frequency 
of the excitation at any time. 

Auxiliary power is available in the ane¬ 
choic chamber to operate fans, oil pumps, 
or other equipment. Three-phase 60- 
cycle power from 92 to 503 volts is ob¬ 
tained an autotransformer and induc¬ 
tion voltage regulator. A motor-genera¬ 
tor set supplies up to 250 volts d-c. 


Instnimentation 


Given a test chamber of adequate 
quality, the burden of minimizing toler¬ 
ances in sound level measurements falls 
upon the instrumentation. As previously 
shown, tests on completed large power 
transformers and development tests per¬ 
taining thereto both place a high premium 
on each db of measured level; a corre¬ 
sponding economic outlay for high ac¬ 
curacy in the measiuing equipment is 
warranted. 

The design of the measiurement console 
must provide for high stability and con- 
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40-db. Corresponding equipment at the 
left side of the console serves the south 
side of the anechoic chamber. 

For rapid routine frequency analyses, a 
band-pass filter set is provided below the 
sound level measuring panels, which can 
be switched in to pass 120 cps and suc¬ 
cessive harmonics thereof individually 
as a dial switch is advanced. A standard 
octave band filter set, above the measure¬ 
ments panel, is also provided since octave 
band information is of increasing interest 
in transformer noise measurements. The 
output meter for indicating sound levels 
is a rapid-acting true rms instrument, 
inherently more accurate in showing the 
rms value of highly peaked waves than 
the instruments found in conventional 
sound levd meters, as win be explained 
later. 

It is recognized that comparative meas¬ 
urements win sometimes be made on 
transformers after instahation in the 
field, tipi Tig conventional sound level 
meters. To delineate the possible ex¬ 
tent of measurement error due to wave¬ 
form considerations, a true average meter 
has been supplied in the measurement 
berth. Readings from this meter are for 
reference purposes only, the ofi&cial meas¬ 
ured level being that suppUed by the rms 
meter. 

Thus rapidity of measurement is 
achieved by the use of four microphones 
placed semiautomatically, rapid switch¬ 
ing, and quick-acting output meters. 
The end result is that two test operators 
are kept continuously occupied at the 
measurement console, recording the levds 
of total noise and components thereof 
throughout the test period. 

Although rapid measurements are de¬ 
sirable, high accuracy is the paramount 
interest. Whereas an accuracy in abso¬ 
lute sound pressure measurements of 
±2.0 db serves satisfactorily in many in¬ 
dustrial appli{;ations, an over-all accuracy 
of ±0.6 db is demanded here. This in 
turn requires a still smaller tolerance in 
each of the components of the measuring 
system, now to be described. 

Microphones 

Western Electric 640AA condenser 
microphones were selected for all routine 
. work in the anechoic chamberi Largely 
employed in industry as laboratory stand¬ 
ards, these microphones are charac- 
teriaed by high stability. For example, a 
teniperature change at the microphone 
from 25 to 35 degrees centigrade produces 
a change in sei^tivity of approximately 
0.1 db. The same temperature change in 
the case of the crystal microphone Ap¬ 
plied with conventional sotmd levd meters 


causes a change in indicated level of ap¬ 
proximately 2.4 db, when operated with a 
typical 25-foot microphone cable. 

Amplifiers 

The microphone preamplifiers and line 
amplifiers in the anechoic chamber were 
designed by the Western Electroacoustical 
Laboratory and are distinguished by high 
stability and large dynamic range. The 
measurement berth amplifiers in the con¬ 
trol room were designed by the Measure¬ 
ments Unit of the Pittsfield High Voltage 
Laboratory to have high stability and 
very low distortion. The frequency re¬ 
sponse is within 0.1 db of being flat from 
80 to 8,000 cps. All amplifiers are a-c 
powered and free from the effects of ordi¬ 
nary changes in line voltage. To remove 
all possibility of instability from line 
voltage surges, a separate generator has 
been provided to supply the instruments. 

A thyratron guar^an circuit is applied 
to the line amplifier to signal the test 
operator if the amplifier saturation levd 
is approached during any part of the 
signal cyde. In the comparatively rare 
case where this may occur an insertion 
loss of 20 db is inserted at the microphone 
preamplifier and readings are corrected 
accordingly. 

Networks 

In accordance with standard practice, 
three weighting networks are provided, 
which discriminate against high and low 
frequency in a manner similar to the 
human hearing medianism at three levels 
of prevailing sound. By selection of the 
proper network the indicated sound level 
is made more nearly representative of the 
sensation of loudness at the ear. 

The flat, 70-db, and 40-db weighting 
networks have been adjusted to offer an 
identical insertion loss at 1,000 cps and a 
tolerance of ±0.3 db from the American 
Standards Association (ASA) design ob¬ 
jective® over the important frequency 
range from 120 to 1,200 cps. This toler¬ 
ance may be contrasted with the ±2.0 to 
3.0 db deviation permitted in conven¬ 
tional sound level meters of the same 
range by ASA standards. 

Over the range 80 to 8,000 cps the toler¬ 
ance of the amplifiers and weighting net¬ 
works has also been held to ±0.3 db, 
based on a nondirective microphone. A 
separate compensating circuit has been 
included to apply a free-field correction 
for the 640AA microphone at high fre¬ 
quencies, with a maximum deviation in 
the range 1,000 to 5,000 cps of 0.3 db 
from the computed correction curve. A 
high-pass filter m optionally available 
with a cutoff frequency slightly bdow 120 


cps and a maximum deviation of 0.3 db 
from flat frequency response at frequen¬ 
cies above 120 cps. 

Output Meter 

The output meter is a true rms indicat¬ 
ing instrument having a rapid response. 
Its sensitivity is within ±0.2 db of a con¬ 
stant value from 80 to over 4,000 cps. 

Many sound level measuring systems 
attempt to approximate an rms response 
by operating an inherently average-read¬ 
ing instrument on the curved characteris¬ 
tic of a driving circuit. The circuit may 
have the form of a copper oxide rectifier 
or a specially biased vacuum tube. A 
major shortcoming has been the insta¬ 
bility of the reference characteristic with 
change in temperature, polarizing volt¬ 
age, and age. This situation is reflected 
in the ASA specifications which permit an 
error of ±0.5 db in the rms addition of 
two equal voltages in nonharmonic rela¬ 
tion. The superiority of the use of an 
inherently true rms meter with suitable 
frequency-compensating network is indi¬ 
cate by a maximum observed error of 
only 0.1 db when making this test at 
various points on the instrument scale. 

A second consideration is the ability of 
the instrument to give an rms response 
to highly peaked waves. In this regard, 
ASA specifies two tests, the more severe 
of which requires (after inserting a con¬ 
stant loss between the meter terminals 
and driving circuit) that two voltages, 
each initially capable of causing full-scale 
deflection, be first doubled and tlien 
simultaneously applied. The permitted 
deviation from rms addition in conven¬ 
tional sound level meters is ±1.5 db. 
The measured error in the equivalent test 
on the true rms system is 0.3 db. This 
ability of the instrument to handle peaked 
waves is important in power transformer 
measurements, where, with fans inopera¬ 
tive, the noise is concentrated at discrete 
frequencies in harmonic relation. 

Filter Sets 

The electronic band-pass filter sets for 
rapid routine frequency analyses were 
custom built by tlie Western Electro- 
acoustical Laboratory to provide an at¬ 
tenuation of 26 to 40 db to neighboring 
harmonics while passing individual har¬ 
monics of 120 cps up to the sixth. At 
the same time, each passband is main¬ 
tained within 0.5 db of flat for a frequency 
range of at least ±7 per cent from the 
center frequency. This permits check¬ 
ing transformers for any troublesome 
resonances of parts by varying the elec¬ 
tric excitation frequency from 66 to 64 
cps and identif)ring the offending har- 
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monic of noise. The octave filter sets 
are of standard manufacture, conforming 
to ASA specifications.® 

System Checks and Standardization 

It is imperative that dependable meas¬ 
urements always be obtained on the first 
attempt. The steps taken in design to 
insure stability have already been out¬ 
lined. There remains a possibility in an 
electronic system of a component failure, 
causing an error of several db. 

To insure that such a condition would 
be detected during tests, means are pro¬ 


vided in the measurement console for the 
routine injection of an electric signal of 
known strength into the microphone 
channel prior to every series of measure¬ 
ments. A resulting normal indication 
certifies the correct gain in the amplifying 
and measuring system. Similarly an 
acoustic chedc is provided daily or when¬ 
ever desired by means of a small hood 
enclosing a calibrated loudspeaker which 
is slipped over each microphone in turn. 
While not regarded as a standard, the 
hood detects any change in microphone 
sensitivity in excess of 0.6 db. 


AH microphones receive accurate cali¬ 
brations under anechoic conditions 
monthly against the Pittsfield Works 
Standard, another 640AA microphone 
set aside for the purpose. This is com¬ 
pared semiannually with the General 
Electric Standard at Schenectady and 
cross checks are made with leading sound 
laboratories. 

Auxiliary Instrumentation 

A complement of accessory equipment 
has been provided to cover such non¬ 
routine measurements as may be required 
of the anechoic chamber. Among the 
items included are: crystal microphone 
channels for measurements at very low 
levels or in applications where micro¬ 
phones must be considered expendable; 
a 2,500-watt audio amplifier for core vi¬ 
bration studies and other purposes; a 
moving strip camera and osdlloscope for 
transient noise studies; a Bruel and Kjaer 
spectrometer-recorder, and other instru¬ 
ments for general noise analysis work. 

Evaluation of Anechoic Chamber 

To evaluate the effectiveness of the de¬ 
sign of the room, extensive measurements 
have been made to indicate the degrees 
of isolation and absorptivity achieved. 
While much data remain to be analyzed, 
results can be presented with reference to 



DISTANCE FROM SOURCE IN FEET 


Fig. 10 (left). Comparison of measured 
sound level to inverse square laW/ Pitts¬ 
field anechoic chamber. Microphone 
and point sound source 20 feet above 
centerline of transfer tracks 


several salient matters. 

Isolation 

The ambient noise level in the test 
room is approximately 19 db at 40-db 
weighting and .42 db without weighting. 
The effectiveness of the observation win¬ 
dows in providing isolation is shown by 
the curves of Fig. 8. It will be observed 
that over the frequency range from 120 to 
3,000 cps the difference in average sound 
levels at a 3-foot distance from the two 
sides of the window is in excess of 52 db^ 
The curve of Fig. 9 shows the minimum 
attenuation provided by the large rolling 
doors at the chamber entrance, with 
gasket seals inflated. 


Fig. 11 (right), o o ' 
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Absorption 

The proximity to a true anechoic condi¬ 
tion is indicated by the nearness of the 
measured curve of sound intensity versus 
distance to inverse square law; a point 
source of sound is employed. Fig. 10 
shows such data taken with source and 
microphone on a line 20 feet above the 
center line of the railroad track within the 
chamber. The maximum measurement 
error involved in these data is estimated 
at ±0.3 db of sound level and ±1 per 
cent of distance. It will be noted that in 
the critical range from 120 to 840 cps the 
minimum distance at which 1 db of devia¬ 
tion occurs is in excess of 16 feet. 

In contrast with anechoic chambers 
previously constructed, the purposes of 
this room require that it have a railroad 
trade with massive concrete supports, ex¬ 
tending for nearly the full length of the 
room along its centerline. This structure 
extends upward among the permanently 
installed absorptive wedges of the floor, 
with the upper surface approximately 1 
foot above the tips of the surrounding 
wedges. To minim ize reflections which 
might otherwise occur from this structure, 
particularly at the higher frequencies, a 
set of portable glass-wool wedges is moved 
over the exposed track structure when 
full anechoic properties are desired. 

To test the effectiveness of these 
wedges, a point sound source was placed 
at various heights above the center of the 
working area of the room. At each 
height, a microphone was caused to sweep 


through a horizontal orbit of constant 
radius about the source. On a given 
sweep the standard deviation from the 
mean sound level is a measure of the 
nonuniformity of absorption. If the 
area were completely free of absorption 
anomalies the measured sound level would 
be a constant, independent of angular 
position. The results of measurements 
for a height of 8 feet above the track 
structure are shown in Fig. 11. It will 
be observed that the standard deviation 
from the arithmetical mean level amounts 
to less than 0.8 db for radii as large as 9 
feet, at the frequencies of interest in test¬ 
ing model and full-scale transformers. 

Conclusions 

It has often been said that measuring 
a transformer’s noise level does not make 
it quieter. By the same reasoning, more 
accurate readings obtained in an anechoic 
chamber will not make the noise any less 
fltin nying. However, more accurate data 
necessarily will provide a better under¬ 
standing of the problem and will lead to 
new methods for its solution. The sound 
laboratory allows more rapid accumula¬ 
tion of data because tests can be made 
with greater speed and because more 
transformers can be made available for 
testing. 

The elimination of reflections and the 
reduction of instrument errors permit the 
detection of changes of the order of 1 db 
in transformer noise level. These might 
formerly have been attributed to errors. 


Reliable evaluation of dianges in the 
manufacturing process which affect sound 
level shows that only 1 or 2 db will have 
an important cumulative effect. 

Though the sound laboratory has been 
in operation only a few months, it has al¬ 
ready provided new infonnation which 
will prove helpful to the users of power 
transformers. Dynamically scaled models 
of transformers and various .endosing wall 
configurations have been tested to give 
more accurate information for the design 
of such barriers. The possibility of using 
auxiliary sound sources to modify the 
radiation pattern of a transformer and 
reduce the noise in a particular direction 
has also been investigated.'^ 
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S UPERCHARGED cooling of turbine 
generators was introduced in 1951 
with the installation of a 60-megawatt 
(mw) unit having ducts milled in the rotor 
copper, through which the hydrogen was 
forced at high vdodty by the use of a 
2-stage centrifugal blower. Several simi¬ 
lar machines have since been placed in 
operation and their combined operating 
experience now exceeds 6 years, De¬ 
tails of design and performance of these 


units now in service have been fully 
covered in previous papers, and a gen¬ 
erator with both stator and rotor super¬ 
charging was described a year ago.®*^ 
This fully supercharged generator was 
built with redesigned mechanical, mag¬ 
netic, and cooling features to permit 
maximum utilization of this new ventila¬ 
tion prindple. As a result, the genera¬ 
tor is spedfically designed in all respects 
for conductor cooling and is more than 


simply an adaptation of conventional 
design to the improved ventilating tech¬ 
niques. Many of the component parts 
of the unit were subjected to laboratory 
tests before assembly to make sure of the 
high standard of rdiability deemed neces¬ 
sary in such machines. Although its 
rating is 40 mw at 30 pounds per square 
inch gauge (psig), tests show tiiat it will 
carry over 60 mw at 45 psig with maxi¬ 
mum temperatures well below the allow¬ 
able limit. 

Building the generator on a develop¬ 
ment order afforded the opportunity to 
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Fig. 1. Fully supercharged generator on test 


test thorouglily and make improvements 
at all stages of manufacturing without 
the usual concern for a required delivery 
date. Shop tests included many differ¬ 
ent heat runs at a wide range of gas 
pressures up to 70 psig as well as the usual 
characteristic curves, reactances, wave 
form, losses, vibration, and blower per¬ 
formance in air and hydrogen. Nearly 100 
temperatiue measurements were made 
as often as every 30 minutes during each 
heat run by means of embedded resist¬ 
ance-type, thermocouple-type, and mer¬ 
cury tliermometers placed throughout the 
entire machine and at various external 
points. The machine was equipped with 
pipe fittings and valves for five manom¬ 
eters to study the performance of the 
newly developed single-stage blower. 
The results of these exhaustive tests are 
given here. 

Characteristic Curves and Losses 

Using the initial test setup pictured in 
Fig. 1, the zero power factor heat runs, 
the no-load and full-load saturation 
curves, open-circuit core loss, direct- and 


Table I. Comparison of Short-Circuit and 
Conventional Generator Currents 



Fully 

Super- 

Con- 


charged 

ventional 

Three-phase symmetrical, 



. rms amperes. 

Single-phase line-to-line, 

..11,800.. 

..21,000 

amperes. 

..10,200.. 

..18,200 

Single-phase line-to-neutral, 


amperes. 

Mechanical forces at instant 

..13,600.. 

..24,000 

of fault, % . 

.. 31 ,. 

.. 100 


quadrature-subtransient and zero-se¬ 
quence reactances, and windage and fric¬ 
tion loss tests were obtained. 

The no-load and full-load saturation 
curves and the synchronous impedance 
curve are shown in Fig. 2. The calcu¬ 
lated no-load saturation was based on 
ordinary silicon steel punchings because 
the availability of grain-oriented silicon 
iron was not certain at that time. The 
improved core material was obtained, 
however, and the saturation curve as well 
as the core loss was more favorable as a 
result. The improved permeability and 
reduced loss agree closely with compara¬ 
tive tests on other machines built with 
both types of core iron. 

It was originally thought that the fully 
supercharged generator would require 
well over twice the exciter capacity of the 
equivalent conventionally cooled genera¬ 
tor. Tests indicate 170 kw are required 
at full load, which is substantially less 
than twice. A good share of this im¬ 
provement is credited to the carefully 
designed magnetic circuit which departs 
appreciably from convfentional design. 

It was anticipated that with high gas 
pressure overloads approaching 200 per 
cent (%) would be possible, so the fields 
were designed to permit enough excita¬ 
tion for this load without exceeding 250 
volts. Normal generator load is there¬ 
fore carried with a low exciter voltage, 
thus accounting for the apparently high 
field amperes. 

The sudden short-circuit currents based 
upon test values of reactances are com¬ 
pared in Table I with those of the equiv¬ 
alent conventional generator. The last 



Fig. 2. Saturation and synchronous imped¬ 
ance curves 

A. No-load saturation curve 

B. Full-load amperes at zero power factor 

C. Full-load amperes at 85% power Factor 

D. 125% load amperes at 85% power factor 

E. 160% load amperes at 85% power factor 

F. 200% load amperes at 85% power factor 

G. Synchronous impedance curve 


line of the table gives the mechanical 
forces during a fault in % of those of the 
conventional generator. 

As stated in an earlier paper, ® the gener¬ 
ator nominal rating is based on equalling 
conventional machine efficiency at full 
load rather than on temperature limita¬ 
tions. The temperature tests presented 
in the next section confirm this condition 
and also show that, if desired, a portion of 
this temperature margin may be ex¬ 
changed for even higher efficiency by oper¬ 
ating at reduced gas pressure. This step 
raises the full-load efficiency as well as 
the fractional load efficiencies well above 
those for conventional cooling. 

Temperatures 

In the previous paper® it was predicted 
that the temperature rise of the stator 
coil strands for full load in 30 psig hydro¬ 
gen would be that given by curve A of 
Fig. 3. Curve B shows the test values of 
temperature rise of the hottest strand as 
measured by thermocouples located along 
the length of the coil. These measure- 


STATOR CORE 
LENGTH 



PER CENT CONDUCTOR LENGTH 

Fig. 3. Temperature distribution along stator 
coil at full load in 30 psig hydrogen 

A. Expected temperature rise of stator coil 

strands 

B. Test temperature rise of hottest stator coil 

strand 
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Fig. 4. Operating temperatures as a function 
of hydrogen pressure 

A. Maximum stator strand rise by thermo¬ 

couple 

B. Maximum stator coil rise by detector 

(located at discharge end of core) 

C. Rotor rise by resistance 

ments were taken during operation at 
rated kilovolt-amperes, zero power factor, 
in 30 psig hydrogen. Since the thermo¬ 
couples are located on the hottest strand, 
the temperatures measured include the 
effect of eddy loss in the hottest strand. 
Such temperatures are usually not ade¬ 
quately given by temperature detectors 
between coil sides or under slot sticks. 
The strand temperature rise at the dis¬ 
charge end of the coil is sb'ghtly less than 
that in the dot portion because the re¬ 
duced eddy-current losses in the coil ends 
more than offset the increase in gas tem¬ 
perature. 

The effect of hydrogen pressure .on the 
operating temperatxires of the fully super¬ 
charged generator is clearly given by Fig. 
4. The test points throug^h which these 
curves were drawn were derived from 
measurements of temperature rise on many 
heat runs at loads ranging from no load to 
60 megavolt-amperes, at voltages up to 
16,200, and at hydrogen pressures of 5,10, 
16, 20, 30, 46, 60, and 70 psig. These 
curves indicate extremely effective venti¬ 
lation for this fully supercharged ma¬ 
chine, not only at higher hydrogen pres¬ 
sures but even at pressures as low as 6 
psig. The nearly constant 6-degree tem¬ 
perature difference between hottest ther¬ 
mocouple and hottest temperature de¬ 
tector in the same region is of particular 
significance, since it indicates that there is 
very little heat flow through the stator 
coil insulation and only a small tempera¬ 
ture differential between the coil and the 
core. This fact, coupled with the low 
av^age temperature along the length of 
the coil, as ^ovm in Fig. 3, and the rela¬ 
tively short length of the machine, as¬ 
sures that differential expansion will be 

tniTiirniypd. 

From tihe considerations of the preced¬ 
ing paragraph, it is apparent tihat this 
machine will have overload capacity at 


increased hydrogen pressures far in ex¬ 
cess of conventionally ventilated ma¬ 
chines. This was expected and clearly 
stated in the earliest publication.' Fig. 6 
gives a comparison between expected and 
actual capacity as a function of gas pres¬ 
sure, based on a constant copper tempera¬ 
ture corresponding to full load at 30 psig. 
As rotor temperature is farther below 
acceptable limits than stator temperature, 
the latter may be assumed to govern. 
Curve D shows permissible load versus 
pressure for a hot-spot stator copper tem¬ 
perature rise of 76 degrees centigrade (C), 
which is still 16 C bdow the proposed re¬ 
vised AIEE Standard No. P and Ameri¬ 
can Standards Association Standard C- 
50.^ Although it is realized that the over¬ 
load capacity in kilowatts can seldom be 
fully utilized, due to turbine or boiler 
limitations, the increased kilovolt-am¬ 
peres available from the fully super¬ 
charged generator make it an attractive 
machine from the standpoint of kilovar 
overloads. 

Temperature rises of the mechanical 
parts of the fully supercharged machine 
were also very favorable. Of special in¬ 
terest are the temperatiure rises of some 
of the components considered to be design 
innovations.^ These may be briefly dis¬ 
cussed as follows: 

Collector Rings and Brushes. These 
were painted with special temperature 
sensitive paint. This paint indicated, 
after all heat runs had been completed, 
that no part of the rings had reached 116 
C total temperature, which was the cali¬ 
bration of the lowest temperature paint 
available. The rings had operated dming 
five heat runs for whidi the excitation 
kilowatts were 44% above full-load ex¬ 
citation. Tests on this unit and on other 
3,600-rpm generators show that 80 to 90% 
of the collector ring heat loss is due to sur¬ 
face friction, hence resistance loss is not 
the limiting factor as it is on slower speed 
machines. The small diameter ring used 
on this machine reduces the major heat 
loss, so that cooler rings as well as brushes 
result. The brush holder temperature 
rise by thermocouple at the highest field 
current was 30 C. 

Finger Plates. Temperatures of the in¬ 
dividual tooth finger plates* were meas¬ 
ured by thermocouples. The temperature 
rise at either end of the core did not ex¬ 
ceed 43 C at full load under the lowest 
hydrogen pressure of 6 psig. This result 
is quite encouraging and proves that the 
high ampere conductor loading of the 
fully supercharged machine is no hardship 
for these clamping fingers. 

Bushings. The radiator-type jet^cooled 
bushings also were highly satisfactory. 



Fig. 5. Expected and actual capacity as a 
function of hydrogen pressure 

A. Expected capacity at full-load tempera¬ 

tures 

B. Test rotor capacity at full-load rotor 

temperature 

C. Test stator capacity at full-load stator 

temperature 

D. Permissible load for IS C stator hot-spot 

rise 


The maximum temperature rise of the 
bushing itself, measured by a thermo¬ 
couple located at the outer extremity of 
the stud, was only 27.4 C at 60-megavolt- 
amperes, 30 psig. The temperature rise 
of the outer shell near the bushing was 
19.4 C. 

Operation of Seals and Other 
Design Features 

Many of the design improvements merit 
individual comment, but as this is beyond 
the scope of the present paper only a few 
observations and test results will be 
given. As previously described,® the 
stator windings are suitable for a range of 
voltage ratings by the omission of frac¬ 
tional turns. One turn per phase was cut 
out during the shop tests. The long air 
gap was believed well suited for such 
winding modifications and the test results 
did not indicate excessive rotor tempera¬ 
tures. Utilization of this feature is only 
possible because of the liberal stator coil 
thermal margin as substantiated by 
tests. 

One of the purposes of testing over a 
wide range of gas pressures was to ob¬ 
serve the behavior of the hydrogen seals. 
Test floor facilities limited operation to 
70 psig. At this pressure in either air or 
hydrogen the sight flow gauges indicated 
only a mere tridde of oil was being ad¬ 
mitted to the hydrogen side of the seals. 
The hydrogen le^age at 70 psig was 
within shop safety requirements despite 
the many pipe connections for manom¬ 
eters and thermocouples that were 
thought out of the generator. 
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Vibration records were made at many 
points on the generator shell, bearings, 
and elsewhere and, as expected, were 
found to be well below sunilar measure¬ 
ments on the relatively large convention¬ 
ally cooled machines of equal rating. Ob¬ 
servations during assembly and tests 
showed that the end cover V-damps, 
the air gap baffle, seals, and auxiliary 
parts were easy to install or dismantle and 
conformed in every way to expectation. 

Improvements relating to the rotor 
were equally successful. The maoli inp 
was in good mechanical balance at all 
loads and temperatures. The long air 
gap and internal cooling of the windings 
permitted omission of the usual rotor sur¬ 
face grooving. The lower noise level of 
the smooth rotor was especially notice¬ 
able during shop balancing runs. 

Perhaps the most gratif 3 H[ng of all test 
results was the splendid performance of 
the new single-stage blower developed 
after a series of experimental tests with 
quarter-scale models. Pressure measure¬ 
ments exceeded by 20% the highest meas¬ 
ured pressure on any of the 2-stage 
blowers previously tested, while power in¬ 
put per cubic foot per minute was materi¬ 
ally lower. The improved blower ef¬ 
ficiency pennits this machine to operate 
safely in air because the air temperature 
undergoes only a moderate rise in passing 
through the single-stage blower. With 
adequate cooling water of low tempera¬ 
ture, substantial loads may be carried in 
air. 

The behavior of the axial flow coolers 
was also found to be highly satisfactory. 
As most of the test floor cooling water 
supply was needed for the 66-mw unit 
with which the load heat runs were made, 
the fully supercharged maclune had to be 
tested with the limited drinking water 
supply. Less tlian 25% of rated water 
flow was provided, but since its tempera¬ 
ture was somewhat below the specified 
value, inlet hydrogen did not exceed 40 C 
except during the 60 and 70 psig tests 
where it rose to 42 C and 43 Crespectively. 
Inlet temperature in air at 2 psig was less 
than 40 C under the test conditions with 
reduced water flow. 


The exciter for this generator is to be of 
the a-c commutatorless type similar to one 
built and tested a year ago^ for a 35-mw 
unit. In addition to eliminating the 
commutator, brushes, and all rotating 
windings, the device incorporates a con¬ 
tinuously acting voltage regulator of 
superior speed and reliability. Also it 
permits direct-connected 3,600-rpm ex¬ 
citers on fully superdiarged generators of 
any capacity now contemplated. 

Conclusions 

It may be concluded from the fore¬ 
going that the shop tests of the fully 
supercharged generator confirm tiie com¬ 
plete adequacy of its design and substan¬ 
tiate the predictions presented in earlier 
papers. The new single-stage blower 
yielded considerably more pressure than 
the earlier 2-stage blowers and a substan¬ 
tial efficiency improvement. The excita¬ 
tion requirements are well below expected 
values and temperatures are low on both 
stator and rotor. 

The efficiency at normal gas pressure 
is equal to that of the conventionally 
cooled unit at full load and higher at re¬ 
duced loads. Because of the temperature 
margin, operation at low hydrogen 
pressures is shown to be permissible 
and to raise efficiencies at all loads. 
This pressure adjustment may be gov¬ 
erned by temperature of the embedded 
resistance detectors between coil sides at 
the discharge end of the stator, as these 
temperatures are only 6 C below those of 
the hottest strands. If tanperatures are 
allowed to approach within 15 C of per¬ 
missible standards, an enormous overload 
is possible either in kilowatts or kilovars. 
Because of the high blower efficiency, the 
tests indicate operation in air to be pos¬ 
sible at a load depending upon the tem¬ 
perature and quantity of cooling water 
available. 

The fully supercharged, generator is 
considered a great forward step because 
of its many economies and advantages to 
the utility. Among these are savings in 
power plant space; lower crane, founda¬ 
tion, and switchgear costs; reduced dif¬ 


ferential expansion; and less mainte¬ 
nance. Ratings up to 200 mw can be 
built of this design without exceeding the 
physical size of the 3,600-rpm conven¬ 
tionally cooled rotors previously built by 
Allis-Chalmers. High-quality rotor forg¬ 
ings at this size are more easily obtained 
than the larger sizes. The cooling ducts 
milled in the copper conductors permit re¬ 
ducing the stresses in rotor bore, tooth 
root, wedges, and retaining rings. The 
200rmw unit could be shipped assembled 
from the factory without resorting to the 
cartridge design of the stator. 

The gas volume of the supercharged 
generator with its compact, axially cooled 
stator core and external cooler housings 
will be a small fraction of that of the con¬ 
ventional type, and therefore pressure 
changes with load to keep efficiency high 
at all loads are economically possible. 

With materials now available, it is safe 
to say that fully supercharged generators 
up to 300 mw are possible at 3,600 rpm. 
Application to 1,800 rpm is definitely 
feasible but will require separately driven 
high-speed blowers since adequate pres¬ 
sure at 1,800 rpm would involve a pro¬ 
hibitive blower diameter. 
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Steam Turbine-Generator Operating and 
Maintenance Methods of the Southern 
California Edison Company 
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Synopsis : This paper provides selected 
information related to the operation and 
maintenance of steam turbine generators, as 
practiced on the Southern California Edison 
Company system. The methods outlined 
are the result of years of progressive de¬ 
velopment and necessarily reflect the pre¬ 
dominant characteristics of the system 
which they serve. Certain of these charac¬ 
teristics will be outlined as the basis for a 
better understanding of the existing operat¬ 
ing methods. 

The System and Its Operation 


The System 

Graphically, the Edison major 220-kv 
transmission system is wye-shaped, Fig. 1, 
with the principal sources of generation 
at the extremities of the wye, and with 
the major load center at the convergence. 
One arm of the wye, extending 250 miles 
northward, terminates at Big Creek, in 
the Sierra Nevada Mountains of Central 
California. In the Big Creek area some 
530 megawatts (mw) of hydrogeneration 
are located. Five 220-kv substations are 
located along the four parallel trans¬ 
mission lines which comprise this arm of 
the wye, supplying power to intermediate 
loads. In addition, one 250-mw inter- 
cormection with the Pacific Geis and 
Electric Company is made at the approxi¬ 
mate mid-point of the arm, while a 110- 
mw interconnection with the same utility 
exists closer to the Big Creek generation 
area. 

The alternate arm of the wye crosses 
the Mojave Desert, extending 300 miles 
eastward to Hoover Powerhouse on the 
Colorado River. Approximately 400 mw 
of generation are available at this loca¬ 
tion. Of the three 220-kv transmission 
lines which comprise this arm of the wye, 
two reach the load center in Southern 
California without intermediate taps, 
while the third line has interconnection 
points with the state of Arizona at Davis 
and Parker Powerhouses and, in addition, 
serves two groups of pumps on the Metro¬ 
politan Water District Aqueduct between 
Parker and the Edison Highgrove Sub¬ 
station in Southern California. 

The stem of the wye, approximately 20 


miles in length, connects the Long Beach 
Steam Plant No. 3 (220 mw) and the 
Redondo Steam Plant No. 2 (156 mw) to 
the 220-kv. system. Available in the 
same area, at 66 kv, are the Long Beach 
Steam Plant No. 1 (22 mw), the Long 
Beach Steam Plant No. 2 (174.5 mw), 
and the Redondo Steam Plant No. 1 (288 
mw). The Etiwanda Steam Station (280 
mw), located near the eastern edge of the 
major load center, supplies power to the 
220-kv system and to the local 66-kv load. 

Pacific Southwest Power Area 

The Pacific Southwest Power Area, of 
which the Southern California Edison 
Company is a contributing member, 
embraces an area of approximately 
380,000 square miles. On October 1, 
1954, there existed a total installed ca¬ 
pacity of 8,800 mw of generation, about 
equally divided between hydro and steam. 
The coincident peak during the summer 
of 1954 amounted to 7,737 mw. 

The Edison system contains 2,187,420 
kw of effective operating capacity of 
which 52 per cent is steam. Dtuing the 
first seven months of 1954, steam produc¬ 
tion amounted to 58 per cent of the 
system total. Edison operates in parallel 
continuously with three other systems 
and, from time to time, with two addi¬ 
tional systems under automatic tie-line 
load control. It is present practice that 
one of the systems will assume frequency 
regulation of the combined systems, usu¬ 
ally emplo 3 dng time-error correction, 
while the other systems control their 
ties with the frequency-regulating system, 
normally using tie-line bias colitrol. 

Under prevailing conditions, the load 
changes on the systems and interchange 
of power across the interconnecting ties 
will on occasion impose rate-of-generation 
changes of 25 to 30 mw per minute for 
periods of relatively short duration. The 
use of multiple plant regulation within 
any one of the systems has not been 
adopted, the load control, or frequency 
regulation, being assigned to one generat¬ 
ing plant at a time. While the indicated 
rate of change in generation is sporadic. 


it does require that the regulating or 
controlling station be capable of manipu¬ 
lating its generating units appreciably. 

On the Redondo Steam Plant No. 1, 
which has automatic combustion control, 
no difficulty is experienced in handling the 
indicated load changes. The control is 
less satisfactory when using some of the 
older steam plants where the limiting 
factors are often related to thermal ex¬ 
pansion and contraction phenomena in 
the steam cycle and, in some cases, to the 
auxiliary equipment, especially the boiler 
feed pumps. 

Load Allocation 

The problem of load allocation between 
hydro and steam generation and between 
numerous and varied generating plants is 
complex. To attempt to detail accu¬ 
rately the many factors which must be 
evaluated to define wholly the procedure 
is beyond the scope of this paper. How¬ 
ever, it may serve the intended purpose 
to indicate some of the more influential 
factors. 

In hydrogeneration it is important that 
maximum utilization of available water 
be accomplished even though it is not 
possible to know with certainty when such 
water will become available, either from 
rains or melting snow. This requirement 
assumes particular significance in the case 
of stream-flow plants, which have no 
storage facilities. Adding to this prob¬ 
lem is the need for meeting contract 
commitments for release of water to users 
in the lower valleys, and the further need 
for staying within maximum permissible 
limits for storage of water. Experience 
indicates that about 85 per cent of the 
normal runoff will occur between April 1 
and July 30. Further complicating the 
water-use problem is the diversity of 
available water sources where certain 
generating plants in tandem arrangement 
effect joint use of water and where con¬ 
verging streams in the lower canyons add 
to the supply available to lower canyon 
plants. 

Much of the planning and scheduling of 
steam generation and maintenance is 
hinged on the aforementioned factors. 
In the dry years, as much steam as possi¬ 
ble is operated as base load generation, 
and capacity factors tend to approach 
unity. To make certain that sufficient 
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fuel will be available for these maximum 
requirements for steam generation, mini¬ 
mum-use provisions are included in fuel 
contracts. During wet years, these pro¬ 
visions force the use of steam generation 
at times when the economics of the situa¬ 
tion might not so dictate and must accord¬ 
ingly be considered, along with the 
hydro limitations, in arriving at a load 
allocation schedule. The steam genera¬ 
tion plants serve as a source of kilowatt 
capacity to meet system load require¬ 
ments, including spinning reserve re¬ 
quirements associated with either normal 
or emergency operation, although steam 
is not the sole sotuce of spinning reserve. 
Steam generation also must provide the 
kilowatt-hours of energy to meet system 
load requirements which are beyond the 
ability of hydro sources to provide. 

The more modern steam plants on the 


Edison system operate with a capacity 
factor approaching 90 per cent, and have 
on a few occasions exceeded this figure, 
while the older plants operate with a 
capacity factor less than 90 per cent. 
As implied previously, this factor is 
directly related to the water peld in 
hydro. The over-all steam division ca¬ 
pacity factor for the last 4 years has 
fluctuated between 46 and 80 per cent. 
Additional items influencing the yearly 
capacity factor are the programmed and 
unprogrammed outages required to main¬ 
tain the extensive auxiliaries involved in 
steam generation. 

The sequence of loading and unlnadin g 
the steam generating plants conforms to 
rigid economy factors. Thus, the load 
increases are normally made at the plant 
which can make them at the lowest incre¬ 
mental cost rate. Conversely, the load 
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reductions are usually made on the plant 
operating at the highest incremental cost 
rate. The steam plants are responsible 
for the placement of assigned loads to 
the individual units according to incre¬ 
mental heat rates. 

Wherever practical, block-loading incre¬ 
ments are assigned on the basis of operat¬ 
ing the units at the wide-open valve 
positions. This philosophy applies as 
w'ell at the full load point of the genera¬ 
tor, except where limited by boiler ca¬ 
pacity. This practice is followed to 
minimize the effect of the throttling losses. 

System Separation 

During periods of general instability or 
persistent low speed, the system is set up 
to separate automatically into load areas, 
each area containing suf&dent generation 
to carry the isolated load, with some spare 
capacity. One such load area is that 
associated with the group of steam gener¬ 
ating plants. In case the automatic 
separation does not occur within 15 
seconds and the instability still persists, 
a manual separation is performed at all 
main separation stations where such in¬ 
stability is being observed, without regard 
to the indicated frequency at the*station. 
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If, following the main separations, it is 
found that one of the steam plants is out 
of step with the other steam plants in the 
isolated steam load area, then further 
manual backup separations can be made 
to isolate the case of trouble, thereby 
maintaining maximum continuity of 
service. These delayed manual backup 
separations are not made until after at 
least 20 seconds have elapsed. Within 
isolated systems formed by separations, 
if instability still persists, the 220-kv 
switching centers may order load dropped 
or further sectionalizing. 

In the generating stations with multiple 
generators, generators which are not ob¬ 
viously out of step with each other but 
which have rejected load and are appar¬ 
ently out of step with the system are 
kept on the line for at least 1 minute 
unless there is some compelling reason to 
do otherwise. Every effort is made to 
restore and maintain normal speed, as 
indicated by machine tachometers, on aH 
generators remaining on the line during 
periods of instability. 

During periods of low speed which are 
not accompamed by instability (suggest¬ 
ing the possibility of the loss of a block 
of generation), manual separations are 
made if the speed remains below 67 cycles 
with no evidence of immediate recovery, 
or if the speed is falling rapidly at 57 
cycles. 

Var Loading 

With remote sources of hydrogenera¬ 
tion and long intervening transmission 
lines transferring large amounts of bulk 
power, the problems of voltage level and 
reactive generation assume importance. 
Complicating the picture somewhat are 
the high-capacity ties with the adjoining 
utilities. These ties operate without 
the benefit of load ratio control on the 
main transformer banks, thereby em¬ 
phasizing the need for controlling the 
220-kv transmission voltage level to 
prevent undesirable reactive interchange 
over the tie lines. This aspect of the 
problem is in addition to the more usual 
and compelling reasons of reduction in 
transmission real power losses and of 
increased stability normally associated 
with adequate voltage level control. 

The existing sources of reactive power 
on the Edison system are: 1. synchronous 
condensers, 90 per cent of which are 
located at the 220/66-kv substations; 

2. static capacitors, which are applied 
at the distribution voltage levels; 3. 
transnussion lines ; and 4. reactive power 
realized by operating tiie generators over¬ 
excited. 

The availabilify of load ratio control 


at the majority of the 220/66-kv sub¬ 
stations makes it possible to vary the 
condenser kilovar generation over a wide 
range and still maintain desired 66-kv 
bus voltage. The 66-kv stations having 
load ratio control are given condenser 
reactive generation schedules which in 
general call for maximum boost during 
the heavy-load period, and ma xim um 
buck, or a value of reactive generation 
which will bring the 220-kv banks to 
unity power factor, during the light-load 
period. 

The steam station generators are oper¬ 
ated close to unity power factor, generally 
in the range of 0.98 to 0.99 lag. Basi¬ 
cally, they are considered as a reserve 
source of reactive generation. During 
periods when there exists an abnormal 
system reactive demand, or when a forced 
outage of a large S3mchronous condenser 
or long transmission line occurs, steam 
station generators are then called upon to 
provide the required reactive generation. 
Representative of the heavy-load period 
operating requirements, with a block of 
679-mw of on-line steam generation a total 
of 119 megavars of reactive was supplied 
at the terminjds of the steam turbine 
generators. With approximately 500 
megavars of bucking capacity available 
in synchronous condensers, it has not 
yet been found necessary to resort to 
tmderexcited operation of the steam 
generators. 

Steam Turbine-Generating Stations 

Basic Design Features 

An analysis of basic design features of 
Southern California Edison steam turbine¬ 
generating plants constructed since 1945, 
and representing 67 per cent of available 
steam generation, reveals the following 
common characteristics; 

1. Generators are 3,600 rpm. 

2. Generators operate with ungrounded 
neutrals, and have single-phase potential- 
type transformers connected between the 
neutral and ground for ground detector 
alarms. 

3. Generators are hydrogen-cooled, and 
most have maximum hydrogen presstue rat¬ 
ings of 30 pounds per square inch (psig). 

4. Generator armature voltages are 13.8 kv 
or 18 kv. 

6. Field excitation is provided at 260 volts 
d-c or 375 volts d-c. 

6. With a few exceptions, field excitation is 
supplied by motor-generator sets, usu^y 
one per unit with common spare, and 
operating with rotating amplifier type of 
voltage regulators. 

7. Generators are wye-connected and sup¬ 
ply power to the S 3 ^tem through main 


transformer banks which are delta-con¬ 
nected on the low-voltage winding, and 
wye-connected on the high-voltage winding. 

8. The largest single generator carries a 
1/2-psig hydrogen rating of 147,069 kva at 
18 kv, with the smallest unit rated 70,588 
kva at 13.8 kv. 

9. With the exception of the Redondo 
Steam Plant No. 1, power for auxiliaries is 
supplied at 4,160 volts from auxiliary gener¬ 
ators located on the shaft of the main uni t, 
with reserve backup from the system 
through step-down transformers. 

10. Relay protection for the main gener¬ 
ators consists principally of generator 
differential protection and unit differential 
protection. The latter establishes a pro¬ 
tective zone encompassing both generator 
and transformer and generally serves as 
backup for the faster generator differential 
relays. Negative-sequence relays are being 
installed on three large units on a trial basis. 

11. Steam conditions on the earlier Re¬ 
dondo Steam Plant No. 1 units are 900 de¬ 
grees Fahrenheit and 850 psig at the 
throttle, while the more recent units are 
1000 degrees Fahrenheit and 1,800 psig at 
the throttle. 

12. The unit system of boiler-turbine- 
generator exists at all of the modern steam 
plants except Redondo Steam Plant No. 1, 
where seven boilers supply the steam re¬ 
quirements of four tinrbines. 

The eight remaining steam turbine 
generators totaling 416,167 kva with 
initial operating dates varying between 
1924 and 1943, are for tire most part air¬ 
cooled, operate at 1,800 rpm, range in 
size from 6,000 to 100,000 kva, have 
multiple boilers, and have steam condi¬ 
tions at the throttle of the order of 375 
psig and 700 degrees Fahrenheit. In 
general, the control of the auxiliaries in¬ 
volved in the steam cycle is not as fully 
automatic as found in the modern steam 
plants; this situation constitutes a limit¬ 
ing factor in the use of such generation for 
other than block loading. 

Generator Cooling 

Certain of the older generators operate 
with closed-system, forced-air cooling. 
With such systems, multiple fans are 
provided to permit variation in the 
amount of cooling with generator loading. 
The practice is followed of maintaining 
the temperature differential between the 
hot air leaving the generator and the 
relatively cold air entering the generator 
within a range of 20 degrees centigrade 
(C). Experience indicates that the nor¬ 
mal armature temperatures for these units 
lies within the range of 60 to 75 C, and 
that the normal field temperatures are in 
the range of 70 to 90 C. Alarms are set 
to operate when the armature tempera¬ 
tures reach 85 C, with supplemental 
instructions not to exceed 100 C, while 
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the alarms on the field are set at 110 C 
with instructions not to exceed 125 C. 

The generating plants of more recent 
design operate with hydrogen-cooling of 
the generators, based on maintaining 
acceptable cold gas temperatures. Nor¬ 
mally, the cold gas temperatures are not 
allowed to exceed 40 C. If the cold gas 
temperature exceeds. 40 C, additional 
hydrogen is added. When the cold gas 
temperature drops below 40 C, the first 
step taken is to remove the more costly 
condensate cooler from service. If fur¬ 
ther action is required, the hydrogen 
pressure regulator valve is set at a lower 
value, and the machine pressure allowed 
• to decrease by normal leakage. At loads 
below 60 mw on 78-mw units, decreases 
are made in hydrogen pressure to a 
minimum of 1/2 psig, when justified by 
prevailing cold gas temperature. 

Emergency Procedures 

With auxiliary generators located on 
the shafts of the main units, and also 
constituting the normal source of energy 
for the auxiliaries, any departures in speed 
of the main units are directly reflected 
in similar departures in speed of the 
auxiliaries. This is an important factor 
in establishing emergency operating pro¬ 
cedures. 

In the event of loss of field of a main 
generator, th6 following instructions 
apply. As soon as it has been verified 
that loss of excitation has occurred, most 
of the net load on the unit is removed as 
rapidly as possible, using the fast position 
of the load limit followed' by immediate 
opening of the circuit breakers connecting 
the unit to the system. The unit speed 
is then re-restablished at its normal 
3,600-rpm value to restore the speed of 
auxiliaries. This is particularly impor¬ 
tant for certain key pumps. All im¬ 
portant supervisory instruments are 
checked for possible clues as to the source 
of trouble, or any damage which may 
have resulted therefrom. The system 
dispatch^ is notified as to the location of 
the loss in generation. 

If the supervisory instruments do not 
indicate that damage to the unit has 
occurred, an attempt is made to restore 
excitation to the unit, using the spare 
exciter where available. If successful, 
the unit is synchronized to the system 
and reloaded, meanwhile observing its 
performance during the loading pdio^ 
If unable to restore ^citation, and 
supervisory instruments and other checks 
indicate no known mechanical trouble, 
the unit is allowed to idle, canying its 
auxiliary load, while an investigation is 
made. Subsequent procedure is then 
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determined by facts established for the 
individual case. 

The operating procedure in the event of 
out-of-step operation, assignable to causes 
other than loss-of-field, are generally 
identical with those indicated in the fore¬ 
going for that condition. Because t he 
influence of out-of-step generators may be 
detrimental to the satisfactory operation 
of other machines on the line at the time, 
it is generally considered preferable that 
such unstable machines be removed from 
the system as rapidly as practicable to the 
extent permitted by spitming reserves and 
other emergency procedures which may 
be invoked. Where single generators 
are out of step with other generators in 
the same plant, ordinarily indicated by 
high unit speed and low kilowatt load, 
the unit is immediately removed from the 
line and resynchronized as soon as possi¬ 
ble, following a few precautionary checks 
of supervisory instrumentation. When 
multiple generators in the plant are not 
obviously out of step with each other, 
but have rejected load and are apparently 
out of step with the system, usually the 
generators are kept on tlie line for at 
least 1 minute unless there is some com¬ 
pelling reason to do otherwise. Every 
effort is made to restore and mai ntain the 
normal speed (as indicated by machine 
tachometers) of all of the generators re¬ 
maining on the line during period of in¬ 
stability. 

If a generator relays on differential, 
and the generator is not urgently needed 
for system operation, the generator and 
all related and pertinent equipment are 
thoroughly checked for contributory 
causes before restoring the generator to 
service. When a generator relays on 
differential, and the generator is urgently 
needed for system operation, the following 
procedure applies; 

1. If the relay operation is known to be 
faulty or accidental, and there is no accom¬ 
panying voltage dip such as would be pro¬ 
duced by a short circuit, an attempt is made 
to restore normal speed and voltage and, 
if successful, to return resynchronized to 
the system. 

2. If the cause of the relay operation is not 
immediately known, the relayed equipment 
is inspected for evidence of trouble. If the 
inspection suggests that the contributory 
causes are related directly to the generator, 
thorough tests are made before restoring the 
pnerator to service. If the inspection 
indicates that the trouble is external to the 
generator, efforts are made to correct or 
isolate the trouble to permit restoring the 
generator to service. If the inspection re¬ 
veals no apparent cause for the relay opera¬ 
tion, the system dispatcher is so advised and 
preparations are made to restore normal ’ 
machine speed and voltage and retuni to 
service. 


Start-up Procedures 

In the startup of steam turbine gener¬ 
ators from a cold start, very little differ¬ 
ence exists in procedure applicable to 
generators of varying age and manu¬ 
facture, The essential difference being 
in the point of application of field to the 
generator. In the 1,800-rpm category, 
field is applied on Edison units at 350 
rpm, while in the 3,600-rpm group, two 
selected points of field application obtain, 
these being 50 rpm on one block of gener¬ 
ators and 3,000 rpm on another block, 
conforming to manufacturers’ recommen¬ 
dations. 

The following description is illustrative 
of start-up practice on a selected group 
of 3,600-rpm generators, and is predi¬ 
cated upon all of the requirements of a 
rather extensive procedure for preparing 
the turbine and related auxiliaries for 
operation having been met satisfactorily. 

With the unit on turning gear, an 
inspection is made of certain critical items 
such as lube oil levels, hydrogen pressure 
and density, ^aft eccentricity, and a test 
of admission valves for freedom of opera¬ 
tion. The unit speed is increased to 50 
rpm and tripped, and an audio check is 
made for possible rubbing or binding in 
the turbine generator. The speed is 
thereafter increased to 400 rpm over a 
10-minute period. This speed is main¬ 
tained for 30 minutes and, in the interim, 
the shell temperature, vibration, and 
eccentricity are observed on the unit 
recorders. If operation appears satis- 
■ factory, the speed is then increased 
gradu^y to 3,000 rpm, and field current 
is applied to the generator. Further 
increase in speed to 3,600 rpm is made and 
the unit placed on governor control. The 
time interval from 400 to 3,600 rpm 
requires approximately 40 minutes. Thus 
a total of 80 minutes have elapsed from 
the initial roll to the point when the unit 
is placed under governor control. This 
typical 78-megavolt-ampere generator is 
then synchronized to . the system and 
loaded to 10 mw and held at that load for 
20 minutes while certain major items are 
re-examined, following wliich the unit is 
released for normal operation. The prac¬ 
tice of field preheating on steam turbine 
generators is not employed on the Edison 
system. 

Shut-down Procedures 

Under normal conditions, the existing 
load on the generator is removed at a rate 
of 1 mw per minute. When unloaded, an 
undarspeed release test is made and the 
field removed from the generator. Trip 
tests are performed for low vacumn, low 
oil, and over-speed conditions. After a 
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test of governor range, the unit speed is 
readjusted to 3,600 rpm and the unit 
tripped manually. 

In the case of the older units, when the 
generator is off the line with the throttle 
valve tripped and the machine decelerat¬ 
ing, the field current is reduced to near 
minimum, and this field entirely removed 
about 30 seconds before the unit stops 
rolling. It is a general rule, applicable 
to steam generating units on the Edison 
system, that it is permissible only in an 
emergency to increase the field current to 
shorten the deceleration period. In an 
extreme emergency, when an immediate 
shutdown of a unit is necessary, the 
turbine throttle valve, or stop valves, are 
tripped closed as quickly as possible and 
the generator circuit breakers are opened 
immediately. The decision to increase 
the generator field current to force the 
machine to decelerate in a shorter period 
or the decision to open the generator field 
breakers of the older generators and allow 
them to come to rest without a field is 
left to the judgment of the operating 
personnel on shift, who are guided by the 
nature of the emergency. 

Generator Maintenance 
Procedures 

It is the objective of the maintenance 
program, as followed by the Southern 
California Edison Company, to confine 
failures to determinable periods consistent 
with operating schedules to the fullest 
extent possible. To realize this objective 
requires added emphasis on the preventive 
aspect of maintenance and the use of test 
procedures which on occasion may appear 
to be severe, particularly to those who are 
remote from the over-all problem. 

Routine Outages and Overhauls 

Routine outages on main units are 
conducted at all plants on a maximum 
interval of 90 days. These outages are 
usually confined to an 8-hour period, 
intended to provide an opportunity to 
check all functional equipment intimately 
related to operation of the units and is, 
in effect, a verification test of turbine- 
generator safety, devices. The basic 
90-day interval may be shortened if 
adverse insulator contamination should 
develop. Trip tests are performed on 


routine outage procedure as well as a part 
of the routine overhaul. 

Overhauls on main units are conducted 
on a basic 3-year interval. On alternate 
overhauls, the generator rotor is removed 
to permit a more extensive inspection. A 
detailed account of items covered during 
overhauls is outlined in the following. 

Preliminary Examination 

Prior to the routine overhaul, the oper¬ 
ating records are examined for informa¬ 
tion suggesting a need for a more de¬ 
tailed inspection of the subject generator. 
Historical reference is made to the super¬ 
visory instrumentation covering main 
bearing vibration, bearing oil pressures, 
hydrogen pressure, purity, losses and 
temperature, and a correlation of these 
factors with generator loading. An in¬ 
spection is also made to determine the 
amount of maintenance work directly 
required for the supervisory instruments. 

Main Bearing and Seals 

Bearing and seal clearances have 
varied sufficiently throughout the life of 
the generators to justify inclusion in the 
overhaul program. In general, maximum 
permissive clearance limits in the range of 
iVa to 4 mils per inch of shaft are con¬ 
sidered satisfactory, the exact value de¬ 
pending on certain qualifying factors such 
as the age of the machine. Bearings are 
inspected for high spots, wear, pinching 
caused by excessive shims, and for foreign 
matter imbedded in the babbitt. The 
bearing insulation is carefully wiped, 
washed with naphtha or solvent, and 
dried and meggered. 

Bearing Oil System 

Bearing oil pressiues are compared 
with standard factory recommendations. 
This item has not been a source of trouble. 
An inspection is made for indication of 
exterior leakage around the bearings and 
piping, and for cleanliness of lube oil 
coolers, strainers, and tanks. The condi¬ 
tion of the bearing oil is observed. More 
exhaustive oil analysis is made by operat¬ 
ing personnel as a part of normal opera¬ 
tion. 

Hydrogen System Inspection 

If comparison of hydrogen losses with 


leaks to ascertain that the valves are 
operable. Coolers are examined for tube 
deposits and wire brushed if neces¬ 
sary. The use of condensate has min¬ 
imized the amount of cleaning required 
in the coolers. Hydrogen cooler vents 
are checked for proper functioning, for 
placement, and for loose or broken joints 
in the vent lines. 

Following overhaul, the hydrogen sys¬ 
tem is tested under operating pressure by 
soaping in the disturbed area, or with a 
haloid torch and freon gas with the unit 
in air, the choice dependent on the t 3 q)e 
of unit. The instruments associated 
with the hydrogen system are calibrated 
each time the system is purged. Hydro¬ 
gen alarms are tested before returning to 
service. 

General Check List 

Generator moisture detectors and 
alarms are examined. Shell tempera¬ 
tures are checked when returning the 
generator to service. The control wiring 
is inspected and meggered where practi¬ 
cable. Voltage regulators are serviced 
and tested. The supervisory instruments 
and associated remote pickups are in¬ 
spected, tested, and calibrated. 

On the older units, tlie generator bus is 
meggered; this test is omitted on the 
newer units emplo)n[ng numerous post¬ 
type insulators because it has not pro¬ 
duced consistent results. Necessary test¬ 
ing and preventive maintenance work is 
performed on associated exciters, main 
circuit breakers, field breakers, and rheo¬ 
stats. Added emphasis is placed on the 
importance of circuit-breaker work, espe¬ 
cially as related to possible single-phase 
operation of the generators. 

Generator Stator, Rotor in Place 

The stator winding is meggered in 
hydrogen. If conditions appear favor¬ 
able, the established a-c overvoltage test, 
computed as 150 per cent of the highest 
a-c operating voltage, is applied. Among 
the determining factors in the application 
of the overvoltage are the general level 
of the megger readings, the rdated polar¬ 
ization index, and any unusual conditions 
observed during the megger tests. If it 
appears reasonably certain that applica¬ 
tion of the standard a-c overvoltage test 
will result in breakdown of the winding. 


circuit breakers; governor operation is permissible limits suggested by the manu- a preliminary test using direct current 

checked; brushes, slip rings, and commu- facturer indicate excessive use, a thor- may be performed, 

tators are closely inspected; insulators ough check of coolers and piping is made The generator is purged of its hydrogen, 

are washed or wiped; and safety devices and corrective action is taken. Varia- and the hydrogen coolers are removed for 

are carefully tested. Some short-time tions as great as twice normal in such the remainder of the inspection. The 

work is accomplished during the outage. • losses have been experienced. general appearance is checked for oiliness. 

The steps outlined in the foregoing for Piping and valves in the related cooling moisture, or unsatisfactory infintfl-ting 

normal shutdown constitute a part of the water system are inspected for visible varnish. Winding is inspected for any 
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insulation abrasion which might indicate 
presence of foreign material. 

Coil ends are examined for possible 
distortion. The security of all lashings, 
spacer blocks, and coil support brackets 
is established. Coils are inspected for 
tape separation, progressive balling of 
insulation, and for excessive sponginess. 
Conditions found are recorded on a chart 
for future reference. Coils are examined 
for evidence of corona attack. 

Any progressive armor separation in 
the conducting paint belt is noted. 
Wedges and filler strips are checked for 
movement or looseness. Immediate 
area is searched for broken pieces of 
laminations, wedges, or foreign metallic 
particles. The stator iron is inspected to 
the extent possible for working, arid for 
indications of moisture or of hot spots. 
Tightness of core bolts and finger plates 
is determined by inspection and tests. 

Generator Stator, Rotor Removed 

In addition to a more comprehensive 
examination of the requirements outlined 
in the foregoing, the generator stator is 
further inspected for the following condi¬ 
tions: 

1. Coil movement in slot. 

2. Damaged, missing, or loose wedges. 

3. Foreign material in ventilating ducts. 

4. Stator iron for indication of hot spots 
and moisture. 

6. Iron oxide deposits adjacent to brackets. 


Generator Rotor, In Place 

The rotor winding is meggered in 
hydrogen. A routine d-c overpotential 
test is applied to the field winding. This 
test voltage has been established as 180 
per cent of the a-c test value formerly 
employed, the exact value being related 
to maximiun operating field voltage. 
The coupling faces are checked with 
feelers for alignment, and a coupling rim 
check is made with feelers and a non¬ 
magnetic dial tester. Coupling bolts 
and rotor fan blades are diecked for 
tightness. Collector ring insulation, stud 
assemblies, and brush assemblies are 
checked for alignment, clearances between 
brush box and ring, and for wear, clean¬ 
liness, and mechanical integrity. 

Generator Rotor, Removed 

In addition to a more comprehensive 
examination of the requirements pre¬ 
viously outlined, the generator rotor is 
further inspected for these conditions: 

1. The retaining rings and centering rings 
are inspected for tightness and for evidence 
of working, burning, and for discoloration, 
particularly between ring fit and rotor body. 

2. Clearances between wedges and retain¬ 
ing rings are checked. 

3. The rotor surface is examined for indica¬ 
tion of foreign matter haying been in the 
air gap, and for evidence to local heating. 

4. The winding bracing blocks are in¬ 
spected for movement, and the winding for 
general appearance. 


6. All ventilating passages ate checked fof 
cleanliness. 

6. The bearing journals are inspected for 
wear, eccentricity, and grooving, partic¬ 
ularly if the unit has been operated for any 
appreciable periods on turning gear. 

7. Shaft and retaining rings are magna- 
fluxed. 

Conclusions 

The policies and procedures outlined 
have been in effect on the Southern Cali¬ 
fornia Edison Company system since 
about 1945. During this period no 
generators have failed in service. 

It is hoped that this exposition of the 
operating and maintenance procedures 
applying to a system involving widely 
separated, mixed hydro and steam gener¬ 
ating plants, and long, high-voltage trans¬ 
mission lines will be of value to other 
power system engineers. 
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Development ot Small Hydroelectric 
Sites in Western North Carolina 
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I T HA'S been economically possible to 
develop several small hydroelectric 
sites in Western North Carolina during 
the past 5 years by incorporating in the 
structures only those mechanical, struc¬ 
tural, and electrical components that are 
actually required to produce electricity 
safely and reliably with a minimum of 
operating and maintenance expense. 
The use of the rock fill, earth-faced type 
of construction for the dams has been a 
major factor in providing a low-cost de¬ 
sign. Also, the installation of supervisory 
control and telemetering to permit opera¬ 
tion of the new plants by personnel 
located at existing plants has greatly re- 


duced operating costs, thereby contribut¬ 
ing to the economical development. The 
use of protective coatings of stainless steel 
on vulnerable turbine pmrts has been a 
major factor in reducing long-term main¬ 
tenance costs. 

Electrical Design Features 

All of the recent installations have 
utilized remote control in some form to 
eliminate the need for operators at the 
new plants. For those plants that have 
been located within a radius of approxi¬ 
mately 1 mile from an existing attended 
station, it has been fotmd most economical 


to transmit the power output of the plant 
at generator voltages to the attended sta¬ 
tion where the generator oil circuit 
breaker is located, along with the associ¬ 
ated metering, relaying, and syndironiz- 
ing equipment. With such an arrange¬ 
ment, the remote station can be con¬ 
trolled by a 19-conductor cable of no. 
19/26 American Wire Gauge utilizing the 
battery voltage supplied from the control 
station, thus eliminating even the need 
for a station battery at the remote plant. 

Those plants that are located too dis¬ 
tant from the control station for the eco¬ 
nomical transmission at generator voltage 
are controlled by supervisory and tele- 
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1 . etering equipment operating over a 
pair of telephone wires or over a single 
carrier-current channel. Since the ap¬ 
plication of such supervisory control and 
telemetering equipment has already been 
described/'® a detailed explanation of the 
functions and operations of this equip¬ 
ment will not be given. It should suffice 
to point out that, consistent with the 
basic design consideration of limiting the 
installation to equipment that is actually 
required for safe and reliable generation, 
the supervisory and tdemetering equip¬ 
ment Ims been kept to a minimum. With 
the multitude of functions that can be 
accomplidied by supervisory control and 
telemetering, it is usually difficult to 
determine just where to stop with such 
an installation. It is obvious that if an 
unnecessarily large amount of such 
equipment is installed, it becomes in¬ 
creasingly more difficult and expensive to 
maintain, and the added cost of the un¬ 
necessary equipment offsets a portion of 
the economical gains that it should nor¬ 
mally afford. 

For these installations, supervisory con¬ 
trol is used to accomplish the following: 

1. Start and stop the unit. 

2. Adjust the kilowatt output of the unit. 

3. Adjust the kilovars of the unit. 

4. Open and dose transmission-line sec- 
tionalizing devices in the substation when 
such are installed. 

5. Sound an alarm for operation of any of 
the relays or for indication of high or low 
reservoir elevation. 

Telemetering is used for the following 
indications: 

1. Generator kilowatt output. 

2. Generator kilovar output. 

3. Generator voltage. 

4. Levd of water in reservoir. 

It win be noticed that only one an¬ 
nunciator alarm indication is used. This 
decision was based on the conviction that 
in case of an alarm a man must be dis¬ 
patched to the station to correct the 
trouble, and that little added benefit 
would be gained by providing the opera¬ 
tors at the control plant with specific 
information as to the exact nature of the 
rdaiy operation. When the attendant 
reaches the remote plant, he can deter¬ 
mine the cause of the operation from the 
station annundatOT and report to the 
controlling station. In the meantime, 
the operators at the controlling station 
can detennine the Seriousness of the 
alarm by checking their telemetered read¬ 
ings or by checking to see if the marhinp 
will restart if it has been automatically 
shut down. The protective circuits at 
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the remote plant are arranged so that the 
machine locks out for relay operations 
indicating serious trouble, such as opera¬ 
tion of the differential relays, generator 
ground relay, low battery voltage, hot 
bearings, etc. 

It will also be noted that no supervisory 
control or telemetering is used for opera¬ 
tion of the taintor gates. They are con¬ 
trolled by float-operated devices which, 
when the lake has reached its maximum 
operating level, automatically position the 
taintor gate to discharge the stream flow 
in excess of the turbine discharge. Such 
automatic devices not only save consider¬ 
able investment cost in supervisory con¬ 
trol and telemetering but also relieve the 
operator at the remote station of the time- 
consuming chore of constantly checking 
the lake elevation and adjusting the tain¬ 
tor gate opening during periods of high 
flows. A high water alarm is incorpo¬ 
rated in the annunciator circuit to sound 
an alarm should the water in the reservoir 
rise above a predetermined level, indi¬ 
cating that the taintor gate controls had 
not functioned properly. 

All of the recent developments have 
been single unit stations. The need for 
station service supply when the generator 
is shut down has prevented the applica¬ 
tion of a unit transformer-generator instal¬ 
lation with high-voltage circuit breaker, 
and it has been necessary to install the 
oil circuit breaker between the generator 
and the step-up transformer bank. Since 
this low-voltage oil circuit breaker could 
provide all the protection required except 
for faults within the transformer itsdf or 
on the transformer busses, which faults 
should be ve^ rare in occurrence, a high- 
voltage oil circuit breaker has been omitted 
and a combination air break switch 
and ground switbh utilized. In case of 
operation of the differential or case ground 
relay on the transformer bank, the high¬ 
speed ground switch places a fault on the 
line which trips the feeder breaker at a 
remote substation and simultaneously 
initiates the trip circuit to the gang- 
operated air break switch so that it will 
be opened before the line can be manually 
redosed. 

Generator protection is provided by a 
conventional neutral ground current 
transformer and rday and by double-pri¬ 
mary current transformers whidi operate 
a sensitive plunger-type overcurrent re¬ 
lay for differential protection. By using 
a low ratio on this double-primary current 
transformer, more sensitive rdaying can 
be obtained at much less cost than with 
the conventional generator differential 
rday. 

Another somewhat unconventional elec¬ 


trical design feature is the use of the sta¬ 
tion service secondary voltage for supply¬ 
ing synchronizing potential on the trans¬ 
former side of the generator breaker. 
This eliminates the need of additional 
potential transformers for this purpose 
and has proved entirely satisfactory in 
actual operation. 

Mechanical, Structural, and 
Hydraulic Design Features 

The powerhouses for these projects 
have been built large enough to accom¬ 
modate the unit with its assodated switch- 
gear with provision for only enough 
unoccupied space to store the rotor when 
the unit is disassembled. No control 
rooms or offices have been included in 
view of the fact that the plants are all 
remotely operated. The switchgear and 
switchboards are placed on the generator 
floor which is usually level with the top 
housing of the generator stator. 

For those installations where a steel 
pipe line is required, the design has taken 
into consideration the inherent self-sup¬ 
porting strength of the pipe to require a 
minimum of supporting bents. On one 
installation whidhi required 2-foot diam¬ 
eter pipe, the bents were spaced at 64 
feet, and in order to provide a uniform 
grade for the pipe, the supporting bents 
varied from a few feet to as much as 50 
feet in height. 

At all of the developments where a 
tuimel was required to divert the river 
during construction, the project has been 
designed so that this diversion tunnel is 
subsequently used for carrying the water 
from the reservoir to the powerhouse. 
This required that the intake be located 
at a very low level in the reservoir, and it 
therefore created considerable pressure on 
the intake gate. To overcome the diffi¬ 
culty of raising such a gate against pres¬ 
sure, fifler valves were built into the face 
of some of the intake gates for filling the 
tuimel or pipe line to equalize the pressure 
before the gate is opened. This filler 
valve is moved by the same cable that 
operates the gate and therefore auto¬ 
matically opens first and closes last. 

Tunnds are tmUned except for short 
lengths at the intakes, at the do-wnstream 
ends, and at a few locations where bad 
ground was encountered. It is more 
economical to drive the tunnels to a large 
section, permitting truck haulage and 
keeping wa-ter vdocities low, than to 
drive small sections giving higher vdod- 
ties and requiring lining. There are no 
inlet valves at the powerhouses at Tucka- 
segee. Cedar Cliff, and Bear Creek, and 
unwatering for maint^ance is accom- 

April 1955 


Gnuse, Jr,—Development of Small Hydro Sites in Western N, C. 


1 ^^ 








pushed satisfactorily by use of the intake 
gates. No surge tanks or pressure relief 
valves are used at Cedar Cliff or Bear 
Creek even though the conduit lengths 
are 1,152 feet and 1,484 feet respectively. 
Effective control of speed and pressure 
rises is maintained by the governors. 

Considerable savings in initial construc¬ 
tion costs of many of these projects has 
been realized by designing the controlled 
spillway structures, such as taintor gates, 
to pass flows of 26 to 50-year flood magni¬ 
tude with rdatively inexpensive washout- 
type fuse plugs for larger, less frequent 
flows. Before the fuse plugs would be 
washed out, the flood flow would have 
reached such magnitude that the addi¬ 
tional discharge from the lake storage 
through the fuse plugs would not contrib¬ 
ute excessively to the flood peaks down¬ 
stream. These fuse'plugs are usually 
earth fills that are easily replaced when 
and if they are washed out. 

Rock Fill Dam 

The development of the rock fill dam 
has probably been the greatest factor in 
reducing construction costs of small 
hydroelectric projects. On small streams 
where the flood flows can be passed 
around the dam through low saddles be¬ 
tween adjoining hills or through spillway 
and cascade sections cut into the rock 
abutments at the ends of the dam, the 
rock fill t 3 rpe of construction provides a 
very economical structure which in many 
cases costs less than one-third as much as 
a concrete structure. 

The reason for the reduced cost is 
fundamental and very obvious. Rock 
can be quarried from the spillway and 
cascade area and placed in ^e dam for 
about $1,50 per cubic yard, whereas 
concrete would cost about $20.00 per 
cubic yard, depending on the availability 
of cement and-suitable concrete aggre¬ 
gate. Thus, per cubic yard, the rock fill 
costs less than one-twelfth as much as 
concrete, and since the rock fill requires 
only about four times as much yardage 
as a gravity concrete dam, the economy 
of the rock fill dam is evident. Com¬ 
pany studies indicate that concrete can 
be justified only at locations that lend 
themselves perfectly to a thin section arch 
dam. Even in such cases, the rock fill 
would usually be competitive. 

There are many additional advantages 
that the rode fill construction possesses: 

1. The rock fill dam can be constructed on 
foundations that are completely unsuitable 
for concrete structures. Unit loads are 
much less and foundation conditions less 
critical, thus permitting a wider choice of 
site and reduction of foundation treatment. 


2. The rock fill dam of the earth-faced type 
is practically immune to damage by earth¬ 
quakes or sabotage. The elasticity of the 
impervious clay fill makes it self-healing and 
it actually tightens and improves with age. 
Leakage is therefore held to a minimum. 
One engineer has estimated the life at one 
noillion years and states that after that he is 
not concerned about what happens to the 
structure. 

3. Construction of a rock fill dam does not 
require much equipment other than the road 
building type, and requires very little high 
cost, expert supervision, control, and inspec¬ 
tion, wUch means that more contractors are 
qualified to perform the work. Design 
costs are also less tha n for concrete struc¬ 
tures. 

4. The material for a rock fill dam is prac¬ 
tically always available at the site in moun¬ 


tainous regions. The quality of rock is not 
critical since tlie design can be modified to 
use almost any type of rock and earth that 
is available. There are never any national 
emergency restrictions on the use of rock 
and earth such as often exist for cement and 
reinforcing steel. 

5. Loads and stresses in the dam and 
foundation are low and free from abrupt 
changes. The water load is carried into the 
foundation directly by the shortest path, 
thus eliminating stability problems. 

6. Danger from uplift is eliminated by the 
free draining rock fill. 

The Bear Creek Development 

The Bear Creek development is typical 
of several of the projects that have been 


Gnuse, Jr.—Development of Small Hydro Sites in Western N. C, 


Apsil 1965 


67 




Table I. Summary of Pertinent Data on Five Projects Completed Since 1948 or now Under 

Construction 


Name of Project 


Queens 

Creek 

Tuckasegee 

Cedar 

CUff 

Bear 

Creek 

Tennessee 

Creek 

1,800 

3,333 

7,600 

. 10,000 . 

12,000 

929 

117 . 

169 . 

224 . 

486 

6,000 

13,200 . 

. 24,300 . 

32,400 . 

. 40,700 

3.6 

.rockfill, earth, 
faced 

78 

64.7 . 

.concrete arch. 

61 . 

80.7 . 

.rock fill, earth, 
faced 

166 . 

75.3 

.rock fill, earth, 
faced 

216 . 

40.1 

.rock fill, earth 
faced 

. 180 and 140 

310 

300 . 

220 . 

280 

360* 


Average net head on unit, 

feet. 

Average annual generation, 

megawatt-hours_ 

Drainage area, square 
miles. 


Height of dam, feet. 

Cost per installed kilo¬ 
watts, dollars. 


*This project also provides storage benefiting downstream plants. 


designed and constructed in recent years. 
It is the middle of a series of three Ha-mg 
which develop most of the hydroelectric 
potential of the East Fork of the Tucka- 
segee River in Jackson County, N.' C. 
Above this dam site, there are 75.3 square 
miles of drainage area which provide an 
average runoff of'225 cubic feet per 
second. 

The dam is approximately 215 feet 
high, 750 feet long, and the quantities 
measured as placed include about 850,000 
cubic yards of rock, 70,000 cubic yards of 
filter material, and 165,000 cubic yards 
of impervious clay fill. It creates a res¬ 
ervoir with a useful storage of 2,287 day- 
second-feet. 

Additional storage is provided by an 
upstream development so that by utilizing 
the smaller storage on this stream with 
the much larger storage capacity of a 
development on the West Fork of the 
Tuckasegee River the daily and seasonal 
variations in stream flow can be effec¬ 
tively regulated to provide a satisfactory 
output throughout the year. The spill¬ 
way and cascades were cut through rock 
on the right abutment of the dam; the 
volume of these excavations was designed 
to provide the required amount of rock 
for the dam and actually an almost per¬ 
fect balance was obtained in construction 
with no rock wasted other than a rela¬ 
tively small amount of unsuitable de¬ 
composed rock that was taken out of one 
of the cascade sections. The spillway 
includes one electrically operated taintor 


gate which will pass approximately 10,000 
cubic feet per ^cond. A washout type 
of fuse plug is installed between the tain- 
tor gate and the abutment of the dam to 
pass an additional 50,000 cubic feet per 
second in the event of extreme floods. 
All of this flood water- is discharged 
around the dam over cascades that are 
cut into the solid rock abutment. The 
initial coffer-dam serves as a portion of 
the completed structure of the dam. The 
main portion of the dam was constructed 
in three lifts. The first stage was the 
placement of the upstream rock toe to 
elevation 2,435, following which the filter 
material, impervious and upstream rock 
blanket were all completed to the same 
elevation. This, in effect, allowed work 
to be completed in the seal trencli at ap¬ 
proximate elevation 2,360 in the river 
bed at an early date and as the fill in- 
leased in height provided additional 
insurance against overtopping of the 
coffer-dam by floods. During the second 
stage of construction, the rock was 
dumped from elevation 2,540 across the 
entire length of the dam, following which 
the filter material, impervious and up¬ 
stream blanket were competed to this 
elevation. The final stage involved the 
construction of the crown from elevation 
2,540 to elevation 2,580. In this section 
all material was brought up simul¬ 
taneously. 

The turbine, rated 13,000 horsepower, 
at 230-fpot head, drives a 10,000-kva 
generator at 90-per-cent power factor. 


4,160 volts, 400 rpm. The powerhouse is 
only 30 feet 6 inches by 40 feet 9 inches, 
yet it contains all the necessary equip¬ 
ment, including switchgear and switch¬ 
boards, with enough storage space for the 
generator rotor. Of particular interest 
might be the method of cooling the gen¬ 
erator which provides for the admission 
of outside air through a 6-foot by 6-foot 
inlet damper near the top of the power¬ 
house wall with the discharge of hot air 
from the generator through an opening 
below the generator floor level. By-pass 
dampers are used to warm the powerhouse 
during cold weather. 

The switchyard is located immediately 
adjacent to the powerhouse and consists 
of a small steel structure 16 feet by 20 
feet in plan. In order to save space, 
substation steel, and 66-kv bus, two cir¬ 
cuits have been arranged vertically enter¬ 
ing the station on the same bay. A 
motor-operated air-break switch provides 
for sectionalizing the transmission line 
which extends to the Tennessee Creek 
project approximately 4 miles upstream. 
A single-pole grounding switch and 3- 
pole motor-operated air-break switch are 
installed for protection of the Bear Creek 
transformer. 

Fig. 1 is a single-line a-c schematic dia¬ 
gram of the station. Most of this ar¬ 
rangement is conventional except, as ex¬ 
plained in a previous paragraph, for the 
differential protection of the generator, 
protection of the transformer bank, and 
use of station service supply for syn¬ 
chronizing potential. The relaying, su¬ 
pervisory, and telemetering equipment has 
been kept to the minimum that was con¬ 
sidered practical to provide adequate pro¬ 
tection and satisfactory control from the 
remote attended station. Table I sum¬ 
marizes data on five projects from 1948 
to the present. 
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Vibration in 2-Pole Induction Motors 
Related to Slip Frequency 


ERNEST W. SUMMERS 

ASSOCIATE MEMBER AIEE 


V IBRATION and noise in a 3-phase 2- 
pole a-c motor quite often are charac¬ 
terized by a pulsation or beat in the am¬ 
plitude, i.e., the amplitude of the vibra¬ 
tion and noise increases and decreases at a 
uniform frequency which is related to the 
slip of the rotor. In many applications, 
these pulsations are not detrimental to the 
performance of the machine, but they 
have an adverse psychological effect upon 
anyone in the vicinity of the machine be¬ 
cause a noise which pulsates is much more 
noticeable than one which is steady. Per- 
fonnance can be influenced in applications 
where an a-c motor is built into a common 
frame with another machine such as a d-c 
generator. With this construction, the 
pulsations can cause a variation in com¬ 
mutation or in the generator output volt¬ 
age. 

Vibrational pulsations of this nature 
encountered in 2-pole motors are of the 
order of from 1/2 to 10 cycles per second 
(cps) depending upon the slip of the rotor 
and the type of pulsation. A normal 
human ear cannot hear vibrations much 
under 16 cps, but these pulsations are defi¬ 
nitely audible. Therefore, it is reasoned 
that the pulsations are not a single funda¬ 
mental frequency but must be the result of 
co-operation between two different fre¬ 
quencies at least one of which is in the 
audible range. 

Two types of pulsations are encoun¬ 
tered most frequently. The most common 
one varies at two times slip frequency, and 
the second varies directly with slip. The 
purpose of this paper is to describe the 
fundamental conditions which must exist 
to produce pulsations of the nature de¬ 
scribed and how in 2-pole a-c motors cer¬ 
tain mechanical and electrical dissym¬ 
metries co-operate to produce vibrational 
driving forces which meet these condi¬ 
tions. 
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The conclusion is reached that a per¬ 
fectly S 3 rmmetrical machine will not have 
vibrational pulsations, and that to mini¬ 
mize the driving forces all parts of the 
machine must be made as symmetrical 
as practical both mechanically and elec¬ 
trically. Also, to minimize the response 
to the driving, forces, the natural fre¬ 
quency of all parts of the machine must be 
kept away from running frequency and 
twice line frequency. 

The Nature of Low-Frequency 
Pulsations 

Fundamentally, low-frequency pulsa¬ 
tions in electric motors can be caused in 
two different ways. First, the amplitude 
of a given vibrational force wave may be 
modulated by another vibrational force 
which has a frequency different from that 
of the first. A typical fully modulated 
wave is shown in Fig. 1. Here, the car¬ 
rier frequency wave is modulated by a 
wave which hasa relatively low frequency. 
The amplitude of the carrier wave in¬ 
creases and decreases uniformly or pul¬ 
sates as dictated by the modulating wave, 
but its frequency remains constant. The 
general equation for a sinusoidally modu¬ 
lated wave is 

sin wiO sin w/ (1) 

where 

.<4 o=* maximum amplitude of unmodulated 
wave 

Bm “maximum amplitude of modulating 
wave 

wi“ modulating frequency 
carrier frequency 

Second, if two vibrational driving 
forces exist simultaneously having ap¬ 
proximately the same frequency, they al¬ 
ternately aid and buck one another caus¬ 
ing the phenomenon of beats. The fre¬ 
quency of the beat or pulastion is the dif¬ 
ference between the two frequencies. 
Since the addition of two sine waves of 
slightly different frequency does not pro¬ 
duce the same curve as when two sine 
waves are multiplied, the resultant wave 
will not look exactly the same as the 
modulated wave in Fig. 1, but the en¬ 
velope of the amplitude will have pre¬ 
cisely the same characteristic. Thus, it is 


impossible to listen to a machine and de¬ 
termine whether a pulsation is the result 
of a modulation or a beat. 

Two Times Slip Frequency 
Pulsations 

In any 2-pole a-c machine, many vibra¬ 
tional driving forces, both mechanical and 
electromagnetic, exist simultaneously and 
can co-operate to produce both phe¬ 
nomena just described. Assume a motor 
which is perfectly symmetrical mechani¬ 
cally. The radial magnetic force between 
the rotor and stator core at each of the 
magnetic poles tends to distort the core 
periodically as the magnetic field rotates. 
Since a force of attraction exists regard¬ 
less of the polarity of the pole, a vibra¬ 
tional force of twice line frequency al¬ 
ways results. This second harmonic 
driving force is independent of the number 
of poles, but is more prominent in 2-pole 
machines because the distance between 
poles is relatively greater. Now con¬ 
sider a 2-pole madiine in which the center 
of rotation of the rotor coincides with the 
center of the stator, but in which the rotor 
is not round. This means that there is a 
point of minimum air gap which travels 
at rotor speed. In a 60-cycle 2-pole ma¬ 
chine, the revolving field rotates at a speed 
of 60 revolutions per second (rps), or 
3,600 rpm. If it is assumed tliat the rotor 
speed is 59 Tps, and that the point of mini¬ 
mum air gap starts at time zero in the . 
center of the north pole, then, when the 
north pole has made on revolution, the 
point on the rotor will have made 69/60 
of a revolution. The rotor will keep fal¬ 
ling behind and when the field has made 
30 revolutions, the point on the rotor 
will have made 29.6 revolutions and so 
will line up with the south pole. When 
the field has made 60 revolutions, the 
rotor will have made 69, and. the point 
will coincide with the north pole again. 
Thus, in 1 revolution of slip, the point of 
minimiun air gap has come under the in¬ 
fluence of maximum flux density twice 

-Ai mimmim 



Fig. 1. Sinusoidally modulated wave 

A—Carrier wave unmodulated 
B—Modulating wave, 1V 2 cycles 
C—Modulated wave 
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and, therefore, the frequency of the un¬ 
balanced magnetic pull between the rotor 
and stator is twice slip frequency. This 
vibrational driving force is superimposed 
on the normal twice line frequency driv¬ 
ing force and modulates it at twice slip 
frequency. 

A revolving point of miniTnutn air gap 
can be caused by other diss 3 rmmetries 
such as a bent shaft, or dynamic unbal¬ 
ance ccanbined with a weak shaft. With 
dynamic unbalance, the geometrical 
center of the rotor does not coincide with 
the axis of rotation but lies on a circle 
about this axis. The diameter of tfiis 
circle depends upon the amount of un¬ 
balance arid the stiffness of the shaft. 

Electrical dissymmetries in the rotor 
such as a defective bar will also cause 
modulation. This can be explained 
briefly in the following manner. Nor¬ 
mally the ampere-tums of the stator and 
rotor tend to balance one another except 
for the excitation ampere-tums. If it is 
assumed, however, that a rotor bar is open 
circuited, then the current flowing in it 
and, thus, the ampere-turns produced will 
be greatly reduced. The net unbalanced 
stator ampere-tums will produce an air- 
gap flux density greater than normal at 
the point of the defective bar. This in¬ 
creased flux density will cause a h igh er 
induced voltage and, thus, a higher cur¬ 
rent in the bars adjacent to the defective 
bar; hence the net effect is that the stator 
and rotor ampere-turas still balance one 
another, but the flux distribution in the 
air gap is altered. This change in flux 
distribution is most pronounced when the 
defective bar is under a magnetic pole and 
least effective when it is between poles. 
Since the defective bar is passed by a mag¬ 
netic pole twice for each revolution of 
slip, the inherent twice line frequency 
vibration is modulated at two times slip 
frequency. Obviously, the motor torque 
will also pulsate at this same frequency. 

Pulsations caused by modulation can be 
summarized as follows : 


As the field rotates, it passes a point of 
minimum air gap twice each revolution 
and, thus, produ<»s a vibrational force of 
twice line frequency. If the rotor and 
stator are both round but the rotor is not 
perfectly centered in the stator, the same 
frequency vibration results. 

Several mechanical driving forces exist 
which can cause two times running fre¬ 
quency vibrations. A shaft which has 
noncircular cross sections, caused by key- 
ways for example, or elliptic bearings are 
the two most important examples.® This 
second harmonic driving force is not par¬ 
ticularly important except in 2-pole 
machines in whidi the harmonic differs 
from twice line frequency by two times 
slip frequency. Thus, these two driving 
forces alternately reinforce and interfere 
with each other and produce a beat. The 
conditions producing this beat can be 
summarized as follows: 


rps for a 60-cycle 2-pole machine. With 
ten poles revolving at 12 rps, a vibrational 
driving force of 120 cps is produced which 
is exactly the same as the fundamental. 
In the same manner it can be shown that 
all of the stator harmonics will produce 
radial forces of twice line frequency. This 
is one reason why they make the pulsa¬ 
tion worse. 

There is, however, a more important 
aspect of the situation. The frequency of 
the voltage induced in the rotor by a space 
harmonic is equal to the line frequency 
times the slip of the rotor with respect 
to the harmonic. < In the Appendix it is 
shown that for the 6th harmonic which 
rotates in the opposite direction of the 
fundamental 

/2=/i(6-65i) (2) 


inherent magnetic 
radial forces 

a-c stator bore not round 

a-c rotor not centered 
in the stator bore 


produces two times 
line frequency 
vibrational 
forces 


keyways etc., in shaft 
elliptic bearings 
couplings 


produces two times 
running frequency 
vibrational forces 


co-operate to 
produce beat 
of two times slip 
frequency in 2-pole 
machines 


Another factor which must be induded 
when considering the causes of the beat 
phenomenon is the space harmonics in the 
main flux wave. ® Parasitic torques will be 
produced by these harmonics, but they 
also produce parasitic radial forces whidi 
tend to cause noise and vibration. As an 
example, consider the stator 5th harmonic 
which travels around the stator in the 
direction opposite to that of the funda¬ 
mental. The 6th harmonic has five times 
as many poles as the fundamental, or ten 
poles. The time variation of all the 
stator harmonics in the air-gap flux is the 


where 

/i= frequency of the fundamental 
5i=>slip of the rotor with respect to the 
fundamental 

For the 7th harmonic, which travels in 
the same direction as the fundamental 

/2=/i(-6-1-75i) (3) 

If a slip of 6 per cent or 3 rps for a 60- 
cyde 2-pole machine is assumed, the fre¬ 
quency induced by the 6th harmonic in 
the rotor is 

/2.=(60)(6-6X0.05)=345 cps 


a-c rotor not round 
bent shaft 
dynamic unbalance 

defective bar in rotor—•—— 


point of minimum' 
air-gap travels 
at rotor speed 


Consider next the vibrational forces 
that contribute to the phenomenon of 
beats. ^ In addition to the inherent twice 
line frequency vibrations mentioned pre¬ 
viously, certain mechanical dissymmetries 
will also cause twice line frequency driv¬ 
ing fcrt'ces. Assume that the center of 
rotation of the rotor coinddes with the 
cent» of the stator and that the rotor is 
round, but the stator is slightly elliptical. 


causes two times slip 
frequency modulation 
of double line 
frequency driving force 


same as for the fundamental since they are 
all produced by the same current. There¬ 
fore, with sinusoidal impressed voltages, 
the revolving harmonic component fields 
in the air-gap flux caused by the windings 
revolve more slowly than the fundamental 
field. Thus, the 6th harmonic revolves 
one-fifth as fast as the fundamental, or 12 


The frequency induced by the 7th har¬ 
monic is 

/2>=(60)(-6-|-7X0.06)»-339 cps 

Numerically, these two frequencies differ 
by 6 cps, or two times slip frequency. 
The negative sign for the 7th harmonic 
merely means that its motion relative to 
the rotor is opposite that of the 6th har¬ 
monic. Thus a point on the rotor sees 
two revolving fields which are aiding one 
another when they are in phase and buck¬ 
ing when they are out of phase. The net 
result is that a torque pulsation occurs 
which: varies at two times slip frequency. 
Other harmonics such as the 11th and 
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Fig. 2, Dynamic unbalance modulated by 
magnetic unbalance 

13th, 17th and 19th, 23rd and 26th, etc., 
also beat with one another at the same 
frequency. 

It is well known that the magnitude of 
the space harmonics can be suppressed by 
the proper winding pitch. The most 
desirable pitch is 83 per cent which re¬ 
duces the 6th and 7th harmonics to about 
26 per cent of that with full pitch. Since 
small 2-pole machines are very difSicult to 
wind with this long a throw, the best com¬ 
promise is 66 to 67 per cent which reduces 
the 7th harmonic to a small value. It is 
important to note that, if the winding is 
such that prominent space harmonics are 
present, the pulsation can occur even if 
the rotor, stator, and air gaps are per¬ 
fect. 

Pulsations Which Vary Directly 
with Slip or as a More Complex 
Function 

Certain combinations of mechanical 
and electromagnetic forces can cause 
other pulsations which vary with slip. For 
example, assume that the rotor is dynam¬ 
ically unbalanced and that it is not per¬ 
fectly centered in the stator, as shown in 
Fig. 2. When a magnetic pole (either 
north or south) lines up with the mini¬ 
mum air-gap point and the mechanical 
unbalance vector is 180 degrees from this 
point, the unbalanced magnetic pull will 
tend to reduce the mechanical unbalance. 
Assume again that the field rotates at 60 
rps and the rotor at 69 rps. When the 
field has made 16 revolutions, the rotor 
will have made 14.75 revolutions, or will 
have slipped 1/4 revolution, as shown in 
Fig. 2(B). Later, when the field has made 
30 revolutions and the rotor 29.6, the 
mechamcal unbalance vector lines up with 
the south pole, as shown in Fig. 2(C), and 
the two force vectors are in space phase. 
The rotor keeps slipping further behind 
until it has slipped 1 full revolution and 


the mechanical unbalance vector once 
more lines up with the north pole, as 
shown in Fig. 2(E). 

Note that the magnetic unbalanced 
force vector remains stationary in space 
and exists only when a magnetic pole is at 
the small air gap, while the mechanical 
unbalanced force vector revolves with the 
rotor. Thus, the running frequency 
vibration caused by dynamic unbalance 
will be modulated by the unbalanced mag¬ 
netic force. The frequency of the modula¬ 
tion will vary with slip, but is not a con¬ 
tinuous function of slip. This modulation 
requires that a point on the rotor and the 
revolving field coincide with a point on the 
stator periodically, and thus it has 1 de¬ 
gree less of freedom than the two times 
slip frequency modulation. For certain 
values of slip, the three points may never 
coincide. Using the same example as pre¬ 
viously, if the revolving field has a veloc¬ 
ity of 60 rps, and the rotor 69 rps, then a 
magnetic pole will pass a point on the 
rotor two times per second. Furthermore, 
the point on the rotor and magnetic field 
will always meet at the same points on the 
stator, and it is possible that none of them 
are the point of minimum air gap. 

This depends on the initial relative 
position of the three points. If the initial 
conditions are correct, th^ the running 
frequency will be modulated at exactly 
slip frequency. If not, no modulation, or 
only slight modulation will occur at slip 
frequency. With the rotor speed of 49.1 
rps, a pole will pass a point on the rotor 
1.8 times per second and they will meet at 
progressively different points on the 
stator. Thus, the rotor and field may 
eventually coincide or come dose to coin- 
dding with a particular spot on the stator, 
but the frequency of the modulation will 
be less than slip frequency. It is difficult 
to write a mathematical expression to 
prove this, but a graph which shows the 
position of a point on the rotor and the 
magnetic field with respect to the stator 
at any instant will illustrate it. If several 
types of dissymmetry are involved, the 
situation is even more involved. Actu¬ 
ally, an arc of the stator should be con¬ 
sidered rather than a point because, if the 
rotor is off center, the gap will be small for 
an appreciable part of the drcumference. 
For this reason, and Uie fact that the slip 
is not absolutely constant, the pulsation is 
usually slip frequency or dose to slip fre¬ 
quency. 

Often an a-c motor is combined with a 
generator in a unit frame 2-bearing set. 
Some generators sudi as d-c machines 
with half as many commutating poles as 
main poles, and some types of high fre¬ 
quency generators, have a condition where 


the armature and the frame are at differ¬ 
ent potentials magnetically. This can 
cause a d-c flux to flow through the shaft, 
a-c rotor, air gap, and core and back 
through the frame to the generator. If 
the a-c motor were not exdted, this flux 
would be distributed uniformly around 
the a-c air gap, but with the motor ex¬ 
dted it will be concentrated at either the 
north or south pole depending upon the 
polarity of the d-c flux. With more than 
two poles the magnetic attraction between 
the rotor and stator will remain balanced, 
but with two poles an unbalanced mag¬ 
netic force exists because of the difference 
in flux density in the two diametrically 
opposite air gaps. This unbalanced force 
rotates at synchronous speed and thus 
passes a point on the rotor once for each 
revolution of slip. Now, if the rotor 
is dynamically unbalanced, a situation 
similar to the previous one exists, i.e., the 
unbalanced magnetic force alternately in¬ 
creases and decreases the amplitude of the 
running frequency vibration. The fre¬ 
quency of this pulsation is always slip 
frequency since it is independent of posi¬ 
tion with respect to the stator. If, in ad¬ 
dition, the rotor is not centered in the 
stator, then the slip frequency pulsation 
also could be modulated at some lower 
frequency. 

Identification and Elimination of 
Pulsations 

Whenever a pulsation is encotmtered, it 
can be determined which of the two gen¬ 
eral types it is by accurately measuring 
the slip and the frequency of pulsation. 
Further evidence can be obtained by meas¬ 
uring the frequency of the vibrations in 
the machine. If a prominent vibration of 
approximately twice line frequency exists, 
and it pulsates, then it is the first general 
type. However, if a predominate run¬ 
ning frequency vibration exists which 
pulsates, it is the second general type. 

Thus far, only the vibrational driving 
forces which exist have been considered, 
but the final amplitude of vibration is de¬ 
pendent upon both the amplitude of the 
driving forces and the vibrational re¬ 
sponse of the various parts. Therefore, 
the pulsations can be eliminated by cor¬ 
recting either or both factcxrs. Once the 
type of pulsation is determined, changes 
can be made to minimize the driving 
forces, listed previously, causing it. It is 
impossible to diminate all of the driving 
forces but, unless the mechanical or elec¬ 
trical dissymmetries are quite large, the 
forces tending to produce the pulsations 
will be relatively small and excessive vi¬ 
bration will not occur unless some part of 
the machine is resonant. 
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It is very important that the natural 
frequency of all parts of the machine and 
particularly the shaft he something other 
than running frequency or twice line fre¬ 
quency. The shaft frequency can be be¬ 
tween the two frequencies, but it would be 
desirable to have it at least 10 per cent 
•above twice line frequency. 

Conclusions 

It is obvious from the previous analysis 
that a perfectly symmetrical 2-pole 3- 
phase a-c motor would not be afflicted 
with vibration pulsations, although it still 
might vibrate. The conclusion is reached 
tJmt to dominate vibration pulsations the 
following things must be done: 

1. Mate stator bore, air gaps, and rotor 
as accurate and uniform as practical. 

2. Make the shaft straight, without non- 
circtdar cross sections, and with perfectly 
round ball-bearing fits. These factors are 
of less importance if the natural frequency 
of the shaft is well removed from twice 
running frequency. 

3. Keep the natural frequency of all parts, 
but particularly the shaft and stator core. 


away from running frequency and twice 
line frequency. 

4. Make rotor ssmmetrical electrically, 
and use a stator winding pitch which 
suppresses the space harmonics and par¬ 
ticularly either or both the 6th and 7th 
harmonics. 

Appendix. Slip of Rotor with 
Respect to Harmonics 

The slip of the rotor with respect to a 
stator space harmonic is equal to the 
difference between the speed of the harmonic 
field relative to the stator and the speed of 
the rotor relative to the stator divided by 
the speed of the harmonic field; thus, the 
slip of the rotcw with respect to the 5th 
harmonic is 


„ 5Pi Pr 
- 2A - 

where 

Pi = number of poles of the fundamental 
fi and Si are as defined previously 

The frequency of the voltage induced in 
the rotor by the 5th harmonic is 


/8=/i(6-55i) (2) 

In the same manner, the slip of the rotor 
with respect to the 7th harmonic can be 
calculated as 

„ 7P, Pi^ 

S, --- -6+7Si (5) 

7Pi 

and for the 7th harmonic 
/2=/i(-6-|-75i) (3) 
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Improved Field Conductor Materials pi-ticdefonna 


for Turbine Generators 

C. H. HOLLEY R. E. SAVIDGE 
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1. The stress exceeds the elastic limit of the 
material as defined by the compressive stress 
strain curve at operating temperature. 

2. The high loadings obtained at these 
tepuperatures exceed the compressive creep 
strength of the material. 


T he present demands for large unit 
ratings in 2-pole high-speed turbine 
generators have dictated that the field 
winding conductor materials be unusually 
strong to withstand the various me¬ 
chanical stresses applied during the opera¬ 
tion of the machine. At the same time, 
high electrical conductivity must be 
maintained so that the material can be 
utilized most efifidently. 

Some 10 . years ago the General Elec¬ 
tric Company embarked on a program to 
improve existing conductor materials and 
to develop new alloys, which would pro¬ 
vide design engineers with greatly im¬ 
proved conductor materials permitting 
generator design to keep pace with the 
industries’ demands. 

In the past, fidd conductor distortion 
was one of the limitations in designing a 
thoroughly reliable large turbine-genera¬ 
tor fidd. Various authors^ have ade¬ 
quately described the causes of and the 
difficulties from such conductor distor¬ 


tion, but this problem is again briefly 
stated for purposes of reference in the 
following. 

Conductor distortion results from a 
cycle beginning when the generator 
starts to rotate after a shutdown. At 
this time, the field conductors, which are 
cold, are thrown outwards by centrifugal 
force and being restrained by the wedges 
gradually become lodced in by this force 
at approximately two-thirds rated speed. 
When synchronous speed is reached, field 
current is applied, the genttatdr is con¬ 
nected to the ^stem, and load is picked 
up. During this increased application of 
field current, the conductors heat up and 
attempt to ecpand. However, since they 
have previously been locked in, due to 
the centrifugal force, the thermal expan¬ 
sion is restrained and a resulting compres¬ 
sive stress is applied to the conductors. 
At these elevated temperatures [hot-spot 
temperatures may vary from 100 degrees 
centigrade (C) to 140 C] the compressive 


Each of these phenomena may produce a 
minute but significant upsetting in the 
conductor material. As this cycile is re¬ 
peated (i.e., beginning from a cold start) 
the upsetting is again introduced and the 
effect is additive. 

The results of this conductor distortion. 
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Fig. 1. View of end winding conductor 
distortion showing lower turns of coils pulled 
in towards field body 


as illustrated in Fig. 1 , have been ob¬ 
served on generators built by various 
manufacturers in this country* and in 
Europe.^'® The effect has been pro¬ 
nounced on field windings made with an¬ 
nealed tough-pitch copper and annealed 
electrical conductivity (E.C.) grade alu¬ 
minum. The authors’ company has ap¬ 
proached the distortion problem in three 
ways: 

1. By the development and use of im¬ 
proved conductor materials which have high 
physical properties and resistance to creep 
capable of withstanding any stress imposed 
during the operation and life of a turbine 
generator. 

2. By the design and use of improved field 
winding ventilation methods which keep 
both the hot-spot and average field tem¬ 
perature to a minimum and thereby reduce 
the stress on the conductors due to lower 
differential expansion and at the same time 
increase the life and reliability of the insula¬ 
tion. 

3. By preheating*'® which is an effective 
preventative of distortion in generator 
fields. 

This paper will deal directly with item 1, 
i.e., the development and use of superior 
field conductor materials. 



A 2-step development program to pro¬ 
duce the required field conductor ma¬ 
terials was initiated as foUows: 

a. An intensive test program to determine 
the physical properties (including compres¬ 
sion creep at elevated stresses and tem¬ 
peratures) of commonly used field conductor 
metals and those developed under item b. 

b. The development of high conductivity 
copper and aluminum alloys with a com¬ 
pressive yield strength of 12,000 pounds per 
square inch (psi) or better at 140 C and 
with negligible creep at this loading and 
temperature. 

The results of this program have been 
encouraging. 

Silver and cadmium bearing coppers 
are now available and in use that have 
compressive yield strengths at 140 C of 
about 20,000 psi, or more than three times 
that of annealed tough-pitch copper. 
These alloys undergo less than 2 per cent 
(%) the amount of deformation in com¬ 
pression creep of annealed tough-pitch 
copper at stress levels existing in genera¬ 
tors with no sacrifice in electrical con¬ 
ductivity. 

An aluminum alloy (Cond-Al) is in 
commercial use which has a compressive 
yield strength at 140 C of 15,000 psi or 
about four times that of annealed E.C. 
aluminum. Cond-Al suffers less than 1 % 
as much deformation in compression 
creep as annealed E.C. at machine stress 
levels and 10% the creep of annealed E.C. 
which has been 20 % cold worked and 
stress relieved. The electrical conduc¬ 
tivity of Cond-Al is withm 2% of E.C. 
aluminum. 

Test Program 

The foregoing analyas of the problem 
shows that the principal mechanical 
properties in question are compression 
yield and creep strengths. It was decided 
to study creep with the stress applied in 
compression since this most nearly du¬ 
plicated the conditions in the generator. 


and it was desirable to avoid errors due to 
the Baushinger effect (the phenomenon 
. by which plastic deformation of a metal 
raises the yield strength in the direction 
of plastic flow and decreases the yield 
strength in the opposite direction). 

Since no commercial apparatus was 
available for such tests, a compression 
creep machine was designed.® In tliis 
madiine the load is applied to the ends 
of a 1 -inch by 6/16-inch by 6 V 2 -inch 
specimen through a yoke arrangement. 
The specimen is supported on the sides 
just enough to prevent buckling without 
producing noticeable friction. Tube and 
push rod extensometers transmit the 
changes in the 6 -inch gauge length from 
tlie sides of the specimen to two dial indi¬ 
cators above, which are graduated in ten- 
thousandths of an inch. The average of 
the two readings is used to plot the creep 
curves. With this equipment, a study 
of the compression creep properties of the 
commercially available high conductivity 
materials was begun immediately. De¬ 
velopment alloys were run as soon as they 
were available. 

Copper Program 

A review indicated that more favorable 
results would be expected if the copper 
were strengthened by using some cold 
work and with the addition of silver or 
cadmium to raise the recrystallization 
(softening) temperature. Five % cold 
work was established as a reasonable 
amount for two reasons: 1 . the softening 
temperature decreases witli increasing 
cold work, and 2 . springy copper is diffi¬ 
cult to assemble during the winding opera¬ 
tion. Fig. 2 shows the effect of silver on 
the annealing temperature of copper.’ 
The comimercial alloy containing 8 to 10 
ounces of silver per ton of copper was 
chosen because the very large rise in soft¬ 
ening temperature in the early part of 
this curve is adequate for the purpose. 


Fig. 2 (left). Effect of 
silver on softening tem¬ 
perature of copper. 
Data taken from refer¬ 
ence 7 


Fig. 3 (right). Com¬ 
pression creep of some 
coppers and Cond-Al 
at 140 C (284 F) and 
8,000 psi 
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Table I. Mechanical Properties of Some Coppers 



Material 

Copper Alloy Condition 


Tough-Pitch 


Silver 8 to 10 ounces per ton 


0.2% cadmium 

0.025% phosphorus 
0.5% selenium 


Annealed’*'. 

Cold Drawn 5%. 
Cold Rolled 5%. 
Cold Rolled 20% 

Annealed’*'.___ 

Cold Drawn 5%. 
Cold Rolled 5%. 

Annealed’*'.. 

Cold Drawn 5%. 
Cold Drawn 10%. 
Cold Rolled 5%.. 
Cold Drawn 5%. 
Cold Rolled 5%.. 


Cold Drawn 5% 
Cold Rolled 5%. 
OFHC plus 10 ounces silver Cold Rolled 5%. 
OFHC plus 0.2% cadmium Cold Rolled 5%. 


^Annealed at 500 C for 1 hour. 


_ ^ 140 C—Compression 

Room Temperature Tensile __ 


Ultimate 

Strength, 

Psi 

0.2% Yield 
Strength, 

Psi 

% 

Elongation 

Stress for 
0.1% Creep 
in 1,000 
Hours, Psi 

0.2% Yield 
Strength, 
Psi 

.31,000... 

- 6,800.... 

....74.0. 

. 4,700.... 


.32,200... 

...14,700.... 

....58.6. 

. 6,900.... 

.... 9,200 

.32,200... 

...19,100.... 

....67.6. 

. 7,200.... 

....10,900... 

.40,850... 

...40,850.... 

....33.6. 

.11,800.... 

...33,000 

.31,100... 

... 6,240.... 

....80.5. 

. 6,200.... 

.... 6,400... 

.32,000... 

...23,100.... 

....53 . 

.16,000.... 

....22,000 

.33,700... 

...29,600.... 

....47 . 

.17,300. 

....28,000... 

.33,800... 

...14,230.... 

....73.0. 

.13,400. 

_14,900... 

.34,400... 

...26,200.... 

....55 . 

....17,300. 

....19,400 

.41,600... 

...41,000.... 

....26 ..... 

....21,200. 

....32,500 

.33,000... 

...22,800_ 

....66 ..... 

....16,700. 

....19,400... 

.33,450... 

...24.700. 

....64.6. 

....16,600. 

....21,300 

.32,425... 

...15,390. 

....62 ...,. 

.... 8,600. 

.... 9)000 

.31,925... 

...14,810..... 

....66.6. 


....10,600 

.31,600... 

...14,370. 

....66.6. 

.... 6,800. 

....10,600 

.37,350... 

...33,250. 

....41.5. 

....17,600. 

....29,000 

.34,200... 

...25,300. 

....46 . 

....13,800. 

....22,000 


200 C Tens. 


I)000-Hour 1-Hour 

Rupture . Softening 

Strength Temperature, C 


.15,000 

.350 

.20,000 

.450 

.27,000 


.500 


An alloy of copper with 1 % cadmium 
was available but the 87% conductivity 
of this alloy was too low for this end use. 
Data prepared by Smart and Smith* 
show that the addition of 0.2% cadmium 
lowers the conductivity only about 1.6% 
and increases the softening temperature 
of tough-pitch copper by 200 C. Tests 
were made of a copper alloy containing 
the nominal amount of 0.2% cadmium. 
There was no reason to suspect that 
OFHC, phosphorous-deoxidized, or se¬ 
lenium-bearing copper would prove to be 
any improvement over tough-pitch, but 
since no data were available these were 
included in the tests. 

Tjrpical creep curves which were ob¬ 
tained for several of the coppers are 
shown in Fig. 3 and the compiled data 



for all the coppers tested are shown in 
Table I. In both comparisons the im¬ 
provement in creep properties, rupture 
strength, and softening temperature be¬ 
cause of the addition of silyer or cadmium 
is obvious. 

The phosphorous-deoxidized copper 
provides an increase in creep strength, 
but this high residual phosphorous re¬ 
duces the electrical conductivity to about 
80%. Phosphorous, cadmium, and silver 
all have the effect of raising the recrystal¬ 
lization temperature of copper. 

As was expected, the 0.6% selenium 
copper alloy was not different from 
tough-pitch. Selenium has virtually no 
solid solubility (mixing of solids where 
the components are atoms), in copper and, 
consequently, no noticeable effect on the 
mechanical properties. 

This investigation did not show OFHC 
copper with silver or cadmium to be any 
better than tough-pitch copper with 
sflver or cadmium. Evidently, the ef¬ 
fects of these two addition elements over¬ 
shadow any effects which might be due 
to the insoluble oxides of copper. This 
agrees with the results of other investi¬ 
gations.® 

In Table I the tough-pitch copper cold 
rolled 20% appears to be an improvement 
over the 5% cold rolled at 140 C as well 


firmed by our work on aluminum reported 
later in this paper and by recent work on 
our aluminum alloy, Cond-Al. It is well 
known that there will be a considerable 
difference in the response of copper to 
cold work due to grain size, minor im¬ 
purities and their distribution, and alloy¬ 
ing dements. Much more extensive work 
would have to be done to separate tb e p p 
variables before any significant conclu¬ 
sions could be drawn. 

-^uminum Program 

Aluminum fidd windings extend the de¬ 
sign possitulities in generators by de¬ 
creasing the load on the retaining rings 
and rotcff forgings and permitting the 
manufacture of large diameter rotors. 
Aluminum has about 61% of the volume 
conductivity and a specific gravity of 31% 
that of copper so that for equal conduct¬ 
ance only 61% as much weight of alumi¬ 
num is required. 

After a considerable number of genera- 



Rg. 5. Compression creep versus stress relief 
teniperature of E.C. aluminum with 30% cold 


1000 


10 20. 

% COLO REOUerrON 



as at room temperature. Other plots of 
the data, hot induded here, show that 
|bis improvement is not tnainf^iTiPri for 
prolonged times at 140 C. Tensile creep 
tes^ reported by others® confirm 


Fig. 4. Compression erttp versuf % ^^Id 
reduction of E.C. aluminum a| ionid.,ind 
stress relieved 

♦Creep is total plastic strain In microinches 
per inch in the first 100 hours at 140 C and 
5^130 psi 


■^♦^.•’■jesidts. 


The^ tests did not show any significant 
deference in the creep properties due to 
roiling versus drawing. In their tension 
creep work, Benson, McKepwn,. and 
Mends* did not find any effect due to the 
type of cold work, and this is again con- 


♦Same as Fig. 4 
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Fig. 6. Compression creep of Cond-AI and 
(284 F) and 5,000 psi 


tors had been wound with E.C. grade 
aluminum, it was found that these wind¬ 
ings were susceptible to failure by com¬ 
pression creep, but the advantages of 
aluminum were so outstanding that work 
was begun to improve this property in 
E.C. aluminum. The program to im¬ 
prove the compression creep properties 
of E.C. aluminum included work on cold 
drawing, cold rolling, and stress relief 
treatments. Tests of drawing versus 
rolling did not show any significant dif¬ 
ference, but it was found that E.C. alumi¬ 
num could be made more creep resistant 
by alterations in the usual manufacturing 
cycle. . One of the tests is described now. 

Six pieces of an annealed bar were cold 
rolled by different amounts in 6 % incre¬ 
ments up to 30% reduction. Part of 
each piece was tested as rolled and part 
was tested after it was stress relieved at 
260 C [482 degrees Fahrenheit (F) ] for 6 
hours, except the bar which was rolled 
30%, from which additional samples were 
taken and stress relieved at 175 C (347 F), 
200 C (392 F), and 225 C (437 F). The 
results are plotted in Figs. 4 and 6. 

These data show that there is an op¬ 
timum condition for minitniim creep in 
all three cases. This effect was also found 
by Zschokke^® in his work on some steels. 
In the curve for as-rolled material in Fig. 
4, the strengthening effect of cold work is 
noticeable up to 15%. Above this the 
cold work has lowered the softening tem¬ 
perature so that 140 C is enough to pro¬ 
duce softening during the test. In the 
other ctuve of specimens stress relieved 
at 250 C, the testT temperature has vir¬ 
tually no further softening effect. Thje 
prior softening has lowered the strength 
and creep resistance of the specimens with 
greater than 20% cold work, but 250 C 
is not enough to soften specimens effec¬ 
tively with less than 20% cold work. A 
stress relief has taken place without ap- 


E.C. aluminum at 140 C 


predable softening and the strengthening 
effect of the cold work is still in evidence. 

This effect of prior annealing is again 
shown by Fig. 5. It is already estab¬ 
lished that softening takes place during 
the test of the 30% cold reduced speci¬ 
mens. The maximum stress relief with 
minimum softening is represented by the 
lowest creep in this curve. For stress 
relief temperatures bdow 226 C additional 
softening takes place during testing; 
above 225 C the alloy is already too soft 
to give the maximum resistance to com¬ 
pression creep. 

Part of the difference in level of the 
two curves in Fig. 4 fe probably due to the 
Baushinger effect. The specimens have 
been made weaker in compression by the 
cold work in the opposite direction and 
stress relieving nulMes this effect. The 
rest of the difference must result from 
the softening during testing of tlae cold 
worked specimens. 

The program to develop an al umin um 
alloy with the required properties has 
been described.® Briefly, studies of re¬ 


Rg. 7. Compression creep of Cond-AI at 10,000 psi and 140 C 


crystallization, electrical conductivity, 
and rupture strength due to single ad(fi- 
tion metals*^ provided data to make trial 
alloys. The alloy selected after exten sive 
tests of several compositions is now 
known as Cond-Al.“ 

Cond-Al is an age-hardenable alloy 
with the nominal composition of 0.55 iron, 
0.33 magnesium, 0.12 silicon, and the re¬ 
mainder aluminum. The processing of 
Cond-Al follows the sequence of hot roll¬ 
ing, cold drawing, solution heat treat¬ 
ment, cold rolling 10 to 20%, and age 
hardening. After this, the alloy is ready 
to be wound into field coils. 

The creep qualities of field coils made 
of Cond-Al can be seen by referring to 
Fig. 3. At the stress level of 8,000 psi 
this alloy falls between cold worked 
tough-pitch and cold worked silver bear¬ 
ing copper. The improvement in com¬ 
pression creep of Cond-Al over the best 
condition which we were able to produce 
in E.C. aluminum, as described in Fig. 4, 
is shown by Fig. 6. The first E.C. 
aluminum field coils used in generators 
were made of annealed material. The 
values for annealed E.C. could not be 
plotted in Fig. 6 since the creep rate is so 
fast at 5,000 psi stress that it is impossible 
to obtain consistent data. It was desira- 


Table 11. Comparison of Compression Creep Data for Three Aluminums 


Creep in the first 1,000 hours at 140 C and 6,000 

psi in 0.001 inch per inch.. 

Creep in the first 1,000 hours at 140 C and 10,000 


B.C. 

Aluminum 

Annealed 

B.C. Aluminum 
Cold RoUed 
Stress Relieved 

Cond-Al 

...2,000. 

.4,000. 

....8,000 


.4.6 .. 

_0.6 

>. .'.failed. 

.failed. 

.... 2 

...4,000. 

.8,000. 

....15,000 


Table III. Tensile and Fatigue Strength of Three Aluminums 


Tensile 

Strength, 

Psi 

Yield 
Strength 
0.2% Offset 

Elongation, 

% in 2 inches 

Fatigue Strength 
800,000,000 
Cycles, Psi 

.22,800.... 

.19,300.. 

.22.0. 

.12,000 

.13,260.... 

. 8,360.. 

.43.0. 

. 8,400 

.10,800.... 

.2,62d.. 

.68.0. 

. 3,800 
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t>i riiukt* ;i direct comparison between 
Mill CN»nd-Al, and since annealed E.C. 
cannot be tested at 5,000 psi, 
a 5 ? i..tiU in compression before this value 
!. fc;i. hed. Table II was made from the 
cnep data. The large improvement of 
l!» ra w alloy. Cond-Al, is now easily seen. 

l;str.»[<*«lations of short-time data are 
n-.f always accurate; therefore, a long- 
tunt' creep test of Cond-Al at 140 C and 
psi is t)eing nin. The curve of 
tins test, which has run for 5,600 hours at 
the time t>f this writing, is shown in Fig. 7. 
1 he creep rate in microinches per inch per 
Imur which is still diminishing was 1.2 at 
PiKi hours, O.aO at 1,000 hours, and 0.14 
at hours. A failure such as occurs 
in tensile creep would nev^er be expected 
in this test since the specimen becomes 
iargifr in cross section and the stress 
tiecreases. 

I n addition to creep, generator windings 
may al.s*;» be subject to fatigue stresses; 
therefore, this property was measured in 
Cond-AI and annealed E.C. aluminum. 
These results are shown in Table III. 
Annealed properties were measured be- 
cjiuse part of the end of the field coil is 
snjftened so that it can be formed to the 
shaj^e of the rotor during the winding op¬ 
eration. Here again the tests show that 
Cond-Al is superior. 

The electrical conductivity of Coud-Al 
is International Annealed Copper 
Standard. The temperature coeflScient 
of resistance of Cond-Al was found to be 
the same as copper, 0.00385 ohm per ohm 
Ijer C between 25 and 144 C. The coeffi¬ 
cient of linear thermal expansion is 13.1 
X IO“* lietween 68 and 212 F. 

l>i8ctissioii 


Silver-bearing copper has been used : 
turtMne-generator field windings for a] 
proximately 15 years. The addition < 
the silver has raised the recrystallizatio 
or softening temperatiue so that the ii 
erased creep strength, due to the pn 
vi^y mentioned cold reduction, is mail 
tained at temperatures above those et 
«Mmtered in service. The silver-bearin 
aJioy also has increased the ruptui 
stOKi^gth and has eliminated various t 3 me 
^cradring. which have been found o 
Old machines originally wound with at 
toogh-pitch copper. Thus th 
«ver.beBring copper has enabled th 
J^tordeagner to areate generate 
mek are limited in diameter onl 
y fifflitations on the steel rote 




Fig. 8. Conductois for direct-cooled genera¬ 
tor field windings. Silver-bearing copper on 
the left and Cond-AI on the right 


and critical speeds as established by the 
bearing spans. 

The use of cadmium copper has been 


limited principally because of the re¬ 
stricted supply and higher cost. Its 
slightly better physical properl ies have 
made it attractive for use as amori i.sseur 
windings on large special turbine genera¬ 
tors for such application as single-phase 
loading, r^ftrimium copper, because of 
its higher recrystallization temperature 
than silver-bearing copper, stands ready 
for use as field winding material when new 
high temperature field winding insula¬ 
tions, which are now being developed, arc 
applied. 

Of the various aluminum alloys so far 
developed, die one that stands out for this 
application is Cond-Al. To date, there 
are 31 generators running with Cond-Al 
field windings with an additional 20 gen¬ 
erator fields shipped or on order. The 
oldest Cond-Al winding from the point of 
service has been operating for over 5 
years. Cond-Al has been used widely in 
the replacement of original soft E.C. 
aluminum windings, some of which have 
been in service for 16 years, but princi¬ 
pally it has permitted the extension of 
generator capability approximately 20% 
higher than that possible with copper 
windings, while maintaining conventional 
insulation and ventilation methods. 


ratio adva.ntage over copper of almost 
to 1, permits the design of larger diameh 
generator fields within the stress limiti 
tions on the steel retaining parts tha 
have been possible with copper. 

Cond-Al has not been used as a subst 
tute for copper windings but has bee 
used pnncipdly to permit the design an 
use of machines which were not possibl 
with copper. However, the avaflabilit 
oa a commffcBl scale of this new alio 
^ro«^d a w^thy backup materh 
copper again become unavailabl 

or msh^ supply for defense rea^' 

The advent of direct-cooling..,!! . 
generator stators and rotors has dso h^ 


a great influence on the metallurgical 
program. In conjunction with the 
various suppliers of materials, extruded 
shapes of silver-bearing copper, as shown 
in Fig. 8, have been developed and used 
for direct-cooled field windings. Simi¬ 
larly, so that the area of direct cooling 
may be extended further upward in rating, 
a hollow extruded Cond-Al lield winditig. 
Fig. 8, has been developed. Tests indi¬ 
cate that the two can meet the rigorous 
operating stresses itnprc.sscd on such a 
winding. 

This paper may he considered as a pnjg- 
ress report on a continuing development 
program. Further improveancuts and 
new alloys in both copper anti almninuiii 
are now being pursued. 


References 


1. DKITOKMATION OI' 'rtlKlIO'Al.TKKNATOR RciTdK 
WiNIlINOM 1)WB TO TlCHl'KKATnKK Rl»B, G. A. 
Julilitt. Journal, ItiHtitiitiim nf Klectrlcul ItiiKi- 
neers, T.ondon, I<;nKluniI, vol. 85, IMJII), i». ,<544. 

2 . Tub Opbration or Larok Turbo-Abtisk- 

NATOKH TO RBOUCB RoTMR WtNtlINO DBRORMA- 
TIOM, R. H. CoBtea, B. C. Pylo. Ihid., vol. »:». i»t. 
II, Apr. 1040. i>t«. 102 212. 

3. 'I'ukdo-Ai.tkrnatok Rotor Con, .SiiRiNKAriB, 
W. D. Horalay. Ueatan Journal, Ncwcustio 
Upon Tyne, ItiiKluntl, vol. 4, no. 23, IPltt. 

4. PKRVBNTION or ROTOR-WlNOINIi PBROKMA 
TioM ON TtfRno Ornkratomb. J. G. Noeat. AIKK 
Tramactiunx {lUectrkal Enuinetrinn), vol. 03, July 
1044, pp. 514 -10. 

5. KiKI.I) PRRIlKATtNO ROH l.AROB TtlKlUNK- 
GBNRRATOR8, W. J. Gilaon, Jr., H. D. Taylor. 
AIRIL TratmuiUm, vol. 73, pt. HI, Dec. 1054, pp. 


0. CoNt> At—A Taibom Mapm AtUMiNtru Abbov 
OR lIlOH CRBRR STRBNtITtI ANP CoNPirCTlVlTV, 
L. B. Barker, C. H, Holley, R. H. Harrington, M, F. 
Sayre. Metal Progrexx, Clcvelttml, Ohio, vol. 
03, no. 6, Mny 1068, pp. 00 04. 

7. Ar 8BNICAB ANO ARUBNTIRKKOtfa CORlOgR, 
J. L. Gregg. Chemical CHtalogue CutnpHuy, Inc., 
New York, N. Y., 1034, 

8. BRRBCT or CBKTAm FiRTU PBRUID liBilMKNTH 
ON SoM« PrORRRTIKH or HtOII PORITV CORPKR, 
J. S, Smart, A. A. Smith. Tethnical Publication 
No. i567, Americuii Inatitute of Mining uml 
MetBlIurglCHl Knglnccr*. New York, N. Y., Fch. 
1043. 


0. Tub Crbkp anp Sortbnino Prorrrtibh or 
C oi^KR ROR Abtrrnatur Rotor Winuinoh, 
W. n. Benaon, J. McKeown, D. N. Menda. Jour¬ 
nal, Inatitutc of MetaiN, l,on(]na, KnKiniul, vol. 80, 

1061-62, pp. 131-42. 

10. Raibino tub Chbbr 1.imit bv Cobo Work- 
INO, He Zschokkdi Branon Bniteri RtvUw, Badetii 
Switzerland, vol. 83, Sept. 1040, pp. 227-88. 

11. TBB BRRBCT or StHOBB AoDmoN Mbtabb on 
TUB RnCRyBTABBMATION, BBBCTJUCAB CONDUC¬ 
TIVITY, AN» Rwrturb Strbnoth or Pork Abuki- 
NUM, R H Barrington. Tronsaeiians, American 
Society of Mechanical Bngineera, New York, 
N. Y., vol. 41,1049, p. 448. 



18. DirBCT COOBtNO OR TURBINB GBNBRATOR 
WINDINOB, C. H. Holley, H. D. Taylor. 
f/^^Jransaetions, vol. 73. pt. HI. June 1054, pp. 
o42-*o0. 

14. PROORBaa IN THE DbSION ANO ARRBICATION 
OF Larob Stbam Turbinb-Drivbn Gshbratorb. 
C. B< Kilbourne, J, B. McClure, ProceediuKS, 
American Power Conference, Chicago, Ill,, vol. 15, 
Mar, 1068, pp, 868-74. 


n 


BoUey, Samdg»-Fidi Conductor 


Materials for Turbine Generators 


April 1955 



Recent Contributions to Transformer 
Audible Noise Control 


WILLIAM B. CONOVER 

MEMBER AIEE 


A udible noise from transformers 
has harassed electric power com¬ 
panies and transformer manufacturers for 
the last decade. Measures to reduce 
sound levels are expensive at best, and 
because of the subjective nature of noise 
it is often difficult to fot'esee a noise 
problem when a particular transformer 
installation is in the planning stage. 
This has necessitated corrective measures 
after the transformer is in service, a 
situation which naturally complicates 
their application. 

Two solutions to tlie problem are cur¬ 
rently being sought by manufacturers. 
The first approach is to reduce noise at 
the sotcrce by advanced transformer de¬ 
sign. This is a long-term development, 
involving basic metallurgical, structural 
and electrical factors, some of which are 
scarcely beyond the research stage. 
The pieces of this puzzle are slowly and 
painstakingly being put into place. The 
second approach is the development of 
expedients which can provide immediate 
relief for utilities that have, or foresee the 
possibility of having, a critical noise 
problem. This paper deals with two 
methods which fall in the second category. 

The first part will present recently 
acquired information on the behavior of 
roofless wall-type barriers. The utility 
of such barriers lies in their ability to give 
a fairly substantial reduction in noise level 
over a wide area, at a cost which is 
moderate compared to other methods of 
equal effectiveness. The design of such 
barriers—and possibly even the decision 
to use them—is often based on informa¬ 
tion derived from tests on a model of the 
specific installation.^ 

The second part of this paper deals with 
the cancellation of transformer noise by 
injecting an equal and opposite noise into 
the troublesome area. This is a new 
development which has not yet been put 
to the ultimate test of continuous service 
in the field. However, it promises to be 
by far the most economical and satis¬ 
factory solution for noise probl^s where 
a limited area only is involved. 

The full realization of the potentialities 
of the barrier method, and the rapid per¬ 
fection of the sound cancellation method, 
are assured by the availability of an 


ROBERT J. RINGLEE 
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anechoic chamber* specifically designed 
for the acoustical testing of transformers 
and transformer models. Until recently 
no adequate facility of this type existed. 
Consequently, some types of much- 
needed experimental work were not at all 
feasible, and other work had to be con¬ 
ducted under conditions which drastically 
impaired speed and accuracy. 

Use of Models to Study Transformer 
Noise Patterns and Effects of 
External Barrimrs 

Scale model transformers have been 
used to study the effects of external 
barriers on transformer noise patterns.* 
Small speakers housed in a paper en¬ 
closure were used to represent the trans¬ 
former. For the studies reported here, a 
dynamically scaled transformer core, 
winding, and tank were used to provide 
the noise source. In Appendix I the re¬ 
quirements for seeing structures such as 
transformers have been considered in 
more detail. The requirements are easily 
met for structures with little damping by 
constructing exact scale models. 

Models of transformers were con¬ 
structed to a one-seventh linear scale. 
To maintain dynamic similarity to tlie 
prototype, the model is excited at a 
frequency of 420 cydes per second (cps), 
or seven times normal 60-cps excitation. 
The models were noi^-tested to estab¬ 
lish: 

1. Noise versus distance data for trans¬ 
former tanks. 

2. Polar noise plots; i.e., variation of noise 
amplitude with azimuth angle. 

3. Evaluation of the effect of external 
barriers upon redudng audible noise. 

All measurements were made on the 
fundamental harmonic of transformer 
noise. 

Noise Versus Distance Data 

The diminishing of noise pressure level 
with radial distance from the center of the 
tank has been plotted in Fig. 1 for models 
of a 125,000-kva transformer and 1,600- 
kva transformer. Notice that at dis¬ 
tances far from the transformers the 
change in noise pressure level dosely 


follows the square law; i.e., a 6-dedbel 
(db) reduction with each doubling of 
distance. Each point plotted on Fig. 1 
is the average of 20 or more measurements 
made about the transformer tanlc. Near 
the source, along particular radial lines, 
the change of pressure with distance may 
be greater or less than predicted by the 
square law. However, on the average, 
the noise diminishes in accordance with 
this law. A discussion of this phe¬ 
nomenon is presented in Appendixes II 
and III. 

Variation op Noise About 

Transformer 

Polar plots of transformer noise as a 
function of polar angle about the tank 
indicate that the source is very com¬ 
plicated. The complexity is very prob¬ 
ably caused by the involved vibration 
modes present in the transformer tank. 
The fundamental and low order modes of 
vibration of the tank are better radiators 
of sound than the high order modes when 
compared on an equal velocity basis. 
The ability of the low order modes to 
radiate more noise for a given vibration 
velocity is offset by the higher velocities 
present in the modes that are resonant 
near the transformer driving frequencies. 
For liquid-filled power transformer tanks, 
the resonant frequency of the funda¬ 
mental mode has been observed to be the 
order of 20 cps or less. For modes 
resonant near 120 cps, the mode spacing 
is the order of 20 inches by 20 inches as 
shown in Fig. 2. Thus, across the length 
the height of a small power transformer 
tank, several node lines may be observed 
for the fundamental harmonic of trans¬ 
former noise. This subject is treated in 
more detail in Appendixes III and V. 
The radiation from several modes is 
considered in Appendix III and the node 
spadngs for rectangular mode patterns 
in oil-backed plate are considered in 
Appendix V. 

Probably because of the resonance 
phenomenon, the noise pattern about 
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the transfonner is subject to considerable 
variation, as much as 30 db for the 125,- 
t-kva model. One might expect that 
the noise pattern would exhibit a 4-node 
tar 2^ shape with azimuth angle <fi, but 
the patterns as shown in Figs. 3 and 4 for 
the 125,CK)0-kva model and Figs. 6 and 6 
hw the 1,500-kva model do not exhibit 
this form. The important consideration 
to be gained from these data is that the 
nmse patterns about the transformer 
tanks are directional, being in general 
higher on the ends of the tank than on the 
sitks. This means that average values of 
noise as determined by National Electrical 
Manufacturers Association (NEMA) 
measurement standards must be treated 
as the average of a pattern containing 
several lobes. 

“ftlule the data presented in Figs 3 
through 6 are for the fundamental 
harmonic of transformer noise, patterns 
of the same complexity are observed for 
the other frequency components of trans¬ 
former noise. Test data taken at scaled 
heights of 7 feet and 21 feet above ground 


indicate that the pattern varies witli 
elevation. 

External Baeribr Tests with Model 

Transformers 

Scale models were diosen for external 
barrier studies because of the relative ease 
of construction, ease of changing barrier.s, 
and ease of making measurements. The 
effects of external barriers have been dis¬ 
cussed in other papers. The purpose 
of the tests was to study the effects of 
barrier shape and size upon sound 
attenuation. The effect of barrier height, 
spacing from the tank wall, and the effect 
of noise build-up within a hard walled cell 
were investigated. Tests were made 
upon 4-sided, 3-sided, and 2-sided en¬ 
closures. 

The effectiveness of an external barrier 
is dependent upon three factors: the trans¬ 
mission loss through the wall, the trans¬ 
mission loss due to diffraction around the 
top and side edges of the walls, and the 
noise pressure build-up'Wthin the en¬ 
closure, r^It is assumedjthat tlie wall 


Fig. 2. Resonant frequency curves for rec¬ 
tangular node patterns for a ttecl plate with 
10-C oil on one side and air on the opposite 
side. System is assumed Infinite in extent 


vibration due to ground-ljonjc* nmtifm is 
small. 

The acoustic transniissimi loss through 
various wall materials has lK*en studied by 
the National Bureau of Stamlurtls,'* 
Choice of a material for a wall should he 
governed by the amount of m»lse ultenim- 
tion needed. As a rough rule, the 
acoustic transmission lo.ss thnnigli the 
wall material should be at least 111 db 
greater than the noise iittennutimi re¬ 
quired of the enclosure. It is also essen¬ 
tial that wall resonance I)c avoitled ul the 
desired frequencies. Interi()r grade ply¬ 
wood 3/4 inch thick was used for the model 
enclosures. The acoustic Iransttiission 
loss through this material at 840 q>,H is 
greater than 26 db. 

The pressure build-up within an en- 
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Fig. 5 (left) and Fig. 6 (right). Polar plot of fundamental frequenqr noise for t,500-l(va model. Microphone on 81-foot radius (to scale) from tank 
center. Microphone height above the ground plane is 7 feet for Fig. 5 and 21 feet for Fig. 6. Measurements taken on flat weighting network 


closure represents the pressure gradients 
required to decelerate the air motion at 
the barrier wall. Another way to look at 
the phenomenon is to consider the 
multiple reflections of pressure from the 
hard surfaces of the walls and tank. The 
vibration of a transformer tank is affected 
negligibly by the acoustic load imposed by 
the air about the tank. Pressure build¬ 
up can represent a loss in possible noise 
reduction due to the enclosure. The in¬ 
creased pressure level is equivalent to a 
source of higher noise level. 

Pressure build-up is a function of the 
spacing of the wall from the tank. Data 
upon pressure build-up are included with 
the barrier noise attenuation data in 
Figs. 7, 8, and 9 and in Tables I and II. 
For 4-sided enclosures, the build-up 
ranged from 3 to 6 db; for 3-sided en¬ 
closures, from 2 V 2 to 4 db; and for 2- 
sided enclosures, from 1/2 to 4 db. 

Pressure build-up data reported were 
obtained by comparing noise measmre- 
ments at 1-foot distance to scale from the 
model tanks at one-third and two-thirds 
tank height (NEMA test) with and with¬ 
out the enclosures about the tanks. 
Measurements were taken at 34 micro¬ 
phone positions about the 126,000-kva 
model tank, and 20 about the 1,500-kya 
tank, to determine eadi NEMA average. 
The data indicated that the build-up was 
not dependent upon barrier wall height in 
the range 0 to 10 feet to scale above the 
transformer cover. The build-ups meas¬ 
ured for the three heights 0, 6, and 10 feet 
were averaged and plotted as a single 
point. 

Ihe pressure build-up inside the model 
enclosure was reduced to 0 by lining the 
interior of the enclosure with an acoustic 
treatment. A l-inch-thicls: layer of PF 
615 Fiberglas spaced 1V 4 inches from the 
wall was used as the acoustic treatment 


for the model. To scale, this acoustic 
treatment would have been equivalent to 
a glass wool blanket in the order of 7 
inches thidc spaced 1 foot from the full- 
scale wall. While transformer tanks and 
barrier walls can be scaled, it is not known 
if absorption coefficients for glass wools 
can be maintained as the scale and fre¬ 
quency are changed. 

Test data upon 4-sided enclosures 
showed that the build-up increased as the 
spacing between the wall and tank was 
decreased from 11 to 4 V 2 feet to scale. 
These data are presented in Fig. 7. The 
high build-up experienced at the 4V2-foot 
spacing was probably due to the proximity 
of the spacing to one-half wave length of 
the sound. One-half wave length of 120- 
cps sound is 4.71 feet for a sonic velocity 
of 1,130 feet per second. The air loading 
upon the tank has negligible effect upon 
the tank vibration. The tank behaves as 
a constant displacement source so the 
sound pressure should increase as the wall 
spacing approaches X/2. 

The attenuation of sound by partial 
enclosures is analogous to the attenuation 
of light by diffraction over a knife edge. 
Using this analogy Fehr and Wells have 
presented a theoretical method for cal¬ 
culating the attenuation of the sound due 
a point or a line source by a wall. They 
have presented the theoretical results in 
curve fonn®»^® which gives the attenuation 
in db as a function of the dimensionless 
parameter ». The parameter is de¬ 
pendent upon the height of the wall rela¬ 
tive to the sour<», the height of the 
observer relative to the source, the 
spacing of the source from the wall, the 
spacing of the observer from the wall, and 
the wave length of the sound. Let P be 
the average distance of the wall from the 
source, let h be the height of the barrier 
above the source, and let X be the wave 


length of the sound. If the observer and 
the source are at the same elevation, 
then at large distances from the source 
and wall the value of n may be calculated 
from the relation n^h^/XR, provided 
and R^k. Z) is the spacing from 
the wall to the observer. 

The simplicity of this method for cal¬ 
culating sound attenuation recommends it 
as a means for estimating the effects of 
partial enclosures. Several assumptions 
are required to apply the theory to a 
transformer enclosure. The first assump¬ 
tion regards the source. The vibrating 
transformer tank is assumed to be re¬ 
placed by a point source located at the 
geometric center of the tank. Hie second 
assumption concerns the interaction of the 
barrier wall upon the sound within the 
enclosure. To account for the effect of an 
acoustically hard wall upon the sound 
produced by the transformer, it is 
assumed that the magnitude of the point 
source is increased by the amount of the 
build-up. This assumption was con¬ 
firmed in the tests reported in Tables I 
and II. The third assumiption concerns 
the method for calculating the distance 
from the equivalent point source to the 
barrier wall. For the data reported here, 
the value of R was determined from an 
average of the distances from the tank 
center to the barrier measured to a side 
wall, to an end wall, and along the 
diagonal to the comer formed by the side 
and end wall. For all the tests reported, 
the spacing 5 between the barrier and the 
tank was kept uniform for the side and 
the end of the tank; see the ricetdi in 
Fig. 8. 

The test data taken were plotted 
against the parameter n in Figs. 7, 8, and 
9 for 4-, 3-, and 2-side partial enclosures. 
The value of n for each test condition was 
calculated in accordance with the three 
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Fig. 9 (above). 
Two-wall enclo¬ 
sure sound bar¬ 
rier test ]data ob¬ 
tained with trans¬ 
former models 
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Fig. 8. Three-wall enclosure sound barrier test data obtained with 
transformer models 


Table I. Barrier Test Data for 1 25,000-Kva Model 


EqaiTalent 

Wall 

Spacing, 

Feat 


4-wall. 7 , 

11 . 
, 7 . 

6 . 8 . 

3-wall. 8.2. 

10 . 6 . 

12.3. 


Equivalent Wall Height 
Above Tank Cover* 

0 Feet 5 Feet 10 Feet 
Wall Attenuation, Dbf 


Wall 

Lining! 


Pressure 
Buildup, Hb 


.. 8 . 8 §. 10 . 1 ., 

. 7.0. 9.7.. 

• 9.8.10.4.. 

. 8.2. 9.9.. 

. 8.311.12.2.. 

.11.0.13.3.. 

. 11.2 . 11 . 0 .. 

. 10.1 . 10 . 8 .. 


•••• 8.8 .( 1 ). 6 . 8 ' 

.(1). 3.4 

••• 8-6.(2).-l.Oi 

•••14.2.(1). 3.9 

•••1^9.(1). 3.7, 

••• 1^2 .( 1 ). 2.8 1 

•••13.7.....(1). 3.8 


Equivalent 

Microphone 

Height, 

Feet 


by 15.7 feet Tank sise oi 

T attenuation UstJ'lis 

wil (PfTi6)? " ^ ^ plywood)-. (2) Refers to 1-inch Fiberglas spaced L/r inches from barrier 

{Average of 108 positions about tank. 

113- and 2-wall data represent average in 90-degree sector of 30 points. 

Table II. Two-Wall Barrier Test Data for 1,500-Kva Model 


Equivalent 
Wall Spacing, 
Feet 


6.9...., 

12.3.. .., 
.4.7.,... 

4.7.. .., 


Equivalent Wall Height 

Above Tank Cover 

2.8 Feet 7.0 Feet 12 Feet 
Attenuation, Db 


Wall Pressure 

Lining Build-up, Db 


. 11-3 .( 1 ).:. 0.9 . 

................ 8.6 . 10 . 8 ...( 1 ).,, J,3 . 


.(1)...3.8 

.( 2 ). 0 


Microphone 

Height 

Scale, 

Feet 


assumptions presented. The sound 
attenuation due to a barrier was deter¬ 
mined by comparison of pressure measure¬ 
ments at 42, 84, and 140 feet to scale from 
the cento of the tank before and after 
the barrier was put in place. Scaled 
microphone height was 7 feet above the 
ground plane. The attenuations re¬ 
ported have been corrected for the build¬ 
up within tlie enclosure. The actual or 
net attentuation is the difference of the 
attenuation reported and the pressure 
build-up reported for each barrier con¬ 
figuration. For example, a barrier ■with 
a reported attenuation of 10 db and a 
build-up of 3 db would have a net at¬ 
tenuation of 7 db. A good acoustic 
treatment on the barrier wall would re¬ 
duce the build-up to 0. The correspond¬ 
ing net attenuation would then be 10 db. 
The bar associated with each plotted at¬ 
tenuation data point indicates the 96- 
per-cent confidence limits upon the mean. 
The bar represents the variance due to 
repeat testing. 

The attenuation for 4-sided enclosures 
is reported as the average determined at 
108 positions about ■the circumference 
of the tank. Readings were taken every 
10 degrees of arimuth for the three dis- 
toces reported. The attenuation for 2- 
sided and 3-sided enclosures is given as 
the average of the attenuations measured 
at 30 positions m the 90-degree sector 
shown in the sketches in Figs. 8 and 9. 

The data for 4-sided enclosures show 
that the attenuation was relatively in¬ 
dependent of wallheight or spadngfor the 
range repoi^d in Table I. The data 
plotted in Fig, 7 do not correlate with the 
attenuation predicted from the diffraction 
theory because the assumptions made do 
not apply to this configuration. Gettys 
and Conover’^ have reported similar re¬ 
sults. It may be that the 4-sided en¬ 
closure should be considered as an open- 
ended tube from an analytical viewpoint. 
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The sound follows up the tube to the 
open end without appreciable attenua¬ 
tion. The attenuation observed at the 
ground plane is then a function of the di¬ 
mensions of the open end of the tube and 
amplitude and phase of the pressure across 
the opening. Even with an acoustic lin¬ 
ing, the attenuation of pressure should be 
negligible as the sound travels up the en¬ 
closure for heights of only 10 feet above 
the transformer cover. Therefore the ef¬ 
fect of wall height an observed sound at¬ 
tenuation would be small at distances far 
from the transformer and enclosure. 

The data for 2- and 3-sided enclosures 
appear to correlate with the diffraction 
theory. The agreement of test results 
and calculated values for the 3-sided en¬ 
closures is best for the higher values of n. 
These correspond to wall heights of 10 
feet above the transformer cover: At 
lower heights and «’s the tests give higher 
attenuation than tlie theory predicts. 
A definite correlation between the theory 
and the test data may be observed for the 
2 -sided model enclosures. 

From these data it would appear 
reasonable to design 2- and 3-sided en¬ 
closures on the basis of the diffraction 
theory of Fehr and Wells and to allow a 
loss of attenuation due to the build-up 
within the enclosure. A properly de¬ 
signed acoustic lining would eliminate the 
the build-up. 

Fig. 10 shows a 125,000-kva model 
transformer witli a 3-waIl enclosure sound 
barrier in place. The noise level on the 
open side of a 2- or 3-sided enclosure is af¬ 
fected by the presence of the barrier, as 
is shown in Fig. 11. The increase in 
noise level upon the open side was as 
much as the build-up in the endostffe. 
Fig. 11 shows that the presence of the bar¬ 
rier alters the sound field appreciably. 
The attenuation on the barrier side and 
the increase of sound on the open side 
of the enclosure are not constant, but 
vary over a considerable range. All 
data reported here are averages, and must 
be treated as such. If more precise data 
are required of a particular installation, 
it is recommended that a scale model of 
the installation be investigated. 

Transmission Loss Through Barrier 

Material 

Noise pressure and vibration measure¬ 
ments were taken about the barrier walls 
to determine the transmission loss through 
the wall. From several repeat measure¬ 
ments, the following data were obtained: 

Sound Pressure Measurements: 

Average pressure inside wall, 87.8 db (flat 
weighting). 



Fig. 10. A 125,000^a model transformer with a 3-wall enclosure sound barrier in place 


Average pressure one inch from outside wall, 
69.8 db (flat weighting). 

(Pressure measurements were taken at one- 
third and two-thirds tank height.) 

Wall Vibration Velocity Measurements: 

Maximum observed velocity reading, 6.4 
centimeters per second rms. 

Average observed velocity reading, 2.1 
centimeters per second rms. 

The noise pressure resulting from a plane 
wave vibrating at 5.4 centimeters per 
second rms is 61 db. 

It was concluded that wall vibration was 
not a limiting factor in the tests reported. 

Sound Cancellation 

Recent tests have demonstrated the 
practicability of projecting a “beam of 
silence” through the complex sound field 


which surrounds a transformer. Although 
at the present stage of development the 
beam is limited to a width of about 30 
degrees, this is sufficient to eliminate com¬ 
plaints in some installations. The equip¬ 
ment required to do this consists of from 
one to four loudspeakers, a source of a 
fraction of a watt of electric power con¬ 
taining the harmonics of noise to be elim¬ 
inated, and a means of adjusting the 
phase and amplitude of each harmonic. 
The cost of this equipment is a small 
fraction of the cost of conventional soimd 
barriers. 

Theory op Operation 

To understand how sound cancellation 
can be obtained, it must be realized that at 
large distances a transformer appears to 


Fig. 11. Polar plot 
of fundamental fre¬ 
quency noise for 
1,500-kva model 
with and without 
2-wall sound bar¬ 
rier in place. Micro¬ 
phone on 81 -foot 
radius to scale from 
tank center; micro¬ 
phone height 7 
feet above ground 
plane. Measure¬ 
ments taken on flat 
weighting network 
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Fi'S- 12. Directional 
characteristics of a pair 
of point sound sources 
of equal strength. 
Sources lie on (9=0-de- 
gree axis. d=distance 
between sources, 
phase angle between 
source sound pressures. 
Sound pressure given in 
db with respect to pres¬ 
sure from either source 
operating alone 


<*-S. ♦ = 180® 


d=|. ♦ = I80* 


d=A. ♦=| 80 ® 


cI=-|A, ♦=180* 


be a point source of sound in so far as 
measurements made along a fixed radial 
line are concerned; i.e., an observer will 
^d a 6-db reduction in sound level each 
time his distance from the transformer 
is doubled. Furthennore, the variation 
of iiutantaneous sound pressure with 
time and radial distance will follow the 
same law as for a point source. In 
general, however, the sound pressure will 
vary with angular position, which is not 
true of a point source. A formal proof 
of these statements is given in Appendix 
II. ■ 

^ At distances several times the longest 
dimension of the transformer, it can be 
considered as a point source of sotmd, 
provided that consideration is limited to 
a relatively narrow radial beam. It is 
well known that the placement of a 
^cond point source of sound in the vicin¬ 
ity of the first one will give rise to inter- 
ferrace patterns which result in large 
variations in sound pressure with angular- 
position.The form of these patterns 
depends on the number of wave lengths 
of separation between the sources and the 
phase angle between their pressure varia¬ 


tions. Since discussions of this phenom¬ 
enon in books on acoustics seem to be 
restricted to cases of in-phase or opposite- 
phase operation of the sources, a deriva¬ 
tion for the case of an arbitrary phfloA 
angle is given in Appendix IV. 

Fig. 12 shows some typical polar slots 
of sotmd pressure around a pair of point 
sources of equal strength. A study of 
these curves will indicate the effect of 
separation and phase angle on the sound 
pressure field at large distances from the 
sources. The important thing to notice 
from equation 46 and the curves of Fig. 
12 is that by proper adjustment of the 
phase angle of a second source (e.g., a 
loudspeaker) the sound from the first 
source (e.g., a power transformer) can 
can be cancelled in a desired direction. 

It has been pointed out that a trans¬ 
former can only be considered a point 
source when viewed between rather gmaii 
angular limits; nevertheless, it is believed 
that the simplified mathematical model 
(fiscussed here -will hdp to explain the ac¬ 
tion of a loudspeaker as a means of trans¬ 
former noise cancellation. For the first 
few harmonics of transformer noise a 12- 


inch loudspeaker in a closed baffle is a 
fairly accurate model of a point source, 
so no simplifying assumptions are re¬ 
quired to explain its behavior. 

Field Tests 

The first tests of sound cancellation on 
an actual transformer installation were 
made on a 16,000-kva unit located at a 
substation situated on a flat open field, 
distant enough from sources of disturbing 
noise to permit quite satisfactory tests 
(as field tests gol). The equipment used 
to effect cancellation was assembled on 
the basis of ready availability; it by no 
means represents the ultimate in economy 
or desirability for permanent installntinn. 

To provide a source of harmonic voltage 
synchronized with the sound output of 
the transformer, a full-wave selenium 
rectifier was plugged into a convenience 
outlet in the substation. Its output was 
applied to a 3-chanuel filter whidh isolated 
the 120-, 240-, and 360-cycle components 
of the rectifier output voltage from each 
other and permitted adjustments in the 
phase and magnitude of each. These fre¬ 
quencies were then recombined in an addi- 


















loudspeaJcer. A block diagram of the sys¬ 
tem is shown in Fig. 13. Successful tests 
were also conducted in which the output 
of a vibration meter as used instead of 
the rectifier. The vibration pickup was 
fastened to a transformer radiator tube 
to produce a voltage containing the re¬ 
quired harmonics. 

The loudspeaker was a 12-inch direct 
radiator type, mounted in a pl 3 ^ood en¬ 
closure. It was held in place near the 
transformer tank with wire, its location 
being determined primarily by con¬ 
venience. Fig. 14 shows a typical loud¬ 
speaker placement. In the tests to be 
described, the loudspeaker faced the 
tank and was located about 1/2 inch 
away. 

The microphone of the sound level 
meter was mounted on a tripod at a dis¬ 
tance of 100 feet from the transformer 
on a 0-degree axis arbitrarily dfawn 
tlirough the center of tlie unit perpen¬ 
dicular to the largest face of its oval tank. 
The output of the sound level meter was 
fed to a sound analyzer tuned to 120 
cycles. The sound cancellation equip¬ 
ment was energized and the magnitude 
and phase angle of its excitation were ad¬ 
justed to give a minimum reading on the 
sound analyzer. The audible effect of 
the cancellation was astonishing. Once 
the adjustment had been made, the 
transformer noise could be turned off and 
on at will, merely by switching the loud¬ 
speaker on and off. 

Without changing the loudspeaker ad¬ 
justments sotmd level readings were 
taken at different angular positions at 
constant radius with the speaker turned 
off and on. Fig. 16 shows the results 


Fig. 14. Measuring 
sound cancellation 
on a 15,000>kva 
transformer in the 
field. Source of 
cancellation is a 12- 
inch loudspeaker in 
the small box on the 
side of the tank 



graphically. At locations where the 
noise reduction was maximal, the balance 
between transformer noise and speaker 
noise was rather delicate. The reduc¬ 
tion varied between 16 and 36 db momen¬ 
tarily, and appeared to be a function of 
wind velocity, although other causes are 
believed to be at least partially responsi¬ 
ble. The curves were plotted from esti¬ 
mated average readings. 

If the beam width of the silent zone is 
defined as that angle within whidi the 


sound reduction is 6 or more db, it will be 
noted that the beam width is about 23 
degrees. Outside the intended angle of 
sound reduction, the loudspeaker does 
not add appreciably to the transformer 
noise in those regions where it is com¬ 
paratively high. It does, however, tend 
to fill in the low-level regions and bring 
them up to a fairly constant sound level. 
This is to be expected, since the loud¬ 
speaker is very nearly a point source and 
by itself would therefore put out a con- 



Rj. 15 a<W •"<* nj-« Wskl). Dlr«*on.l prtton of hem . ISfiOMc. Memm with .nd wflhoui c.neell.lido ftom . .lojl. loud»...k., 

Roftmee Iwel (0 db) I. nund wilhoul canccIliUon at 100 fort, 0 dogtoos. in Rj. 15 tho meuatemonb an at lOOdort ndlal drtaoco 

froa. bak aad caaeallalioa .. adiarted fo, ma«la.oai aote radacHoa at g-O dagnes. The ntap fo. Rg. 16 b tha »aia a. for Rg. 15 aacapl that 
speaker excitation was adjusted to give maximum noise reduction at 0= —45 degrees 
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maximum noise reduction at 5=0 degrees ot transformer noise 


stant sound level in all directions. 

To determine the possibility of aiming 
the beam of silence by electrical adjust¬ 
ment alone, without changing the geom¬ 
etry of the loudspeaker setup, the micro¬ 
phone was placed on the —45-degree 
radial at a distance of 100 feet. Follow¬ 
ing the adjustment for minimum noise 
level at this location, readings were taken 
in other directions. The results are 
plotted in Fig. 16. The beam width of 
the silent zone is only about 13 degrees 
in this case, probably because of the 
rather sharp lobe in the sound pattern of 
the transformer. 

To find out if the beam width in the 0- 
degree direction could be widened with¬ 
out unduly complicating the loudspeaker 
arrangement, a trial was made with two 
loudspeakers operating in parallel from 
the same source. Of several trials, the 
best results were obtained with the 
speakers mounted 78 inches apart. Both 
speakers faced the tank, with their en¬ 
closures 1/2 inch away. Fig. 17 shows 
that the beam width is about 36 degrees, 
a considerable improvement over the 
single-speaker test. Due to presumed dif¬ 
ferences in response of the two speakers, 
as well ^ the probable failure to hit upon 
the optimum location, it is believed that 
Tenements of this system might well 
give even better results. 

Cancellation tests were performed at 
various radii from the center of the tank 
for each arrangement described. The 
tests confirmed the theory that the can¬ 
cellation riiould be effective over large 
distances. Tests out to distances as 
great as 600 feet indicated that the reduc¬ 
tion at any point along a radial line was 

never less than 6 db, 

The data reported here were obtained 


by measurements on the 120-cycle com¬ 
ponent of noise only, since in the 15,000- 
I^a transformer used this was substan¬ 
tially greater than the other harmonics. 
However, it was found in a listening test 
that when the 360-cycle harmonic was 
also cancelled the improvement was even 
more impressive. This was true even 
though the 360-cycle tone was 15 db below 
the level of the 120-cycle tone before 
cancellation was applied. 

A comparison of Figs. 16, 16, and 17 
shows that the polar pattern of trans¬ 
former noise is somewhat different in 
each test. These variations are pre¬ 
sumed to result from changes in the vibra¬ 
tion pattern of the transformer, in wind 
velocity, and in air temperature. 


Laboratory Tests 

Although the field tests offer convincing 
proof of the applicability of the method 
of sound cancellation, conducted as they 
were “on location” with a full-sized trans¬ 
former, readers with field testing experi¬ 
ence will realize the time and effort in¬ 
volved in obtaining comparatively small 
amounts of data. Even under ideal 
weather conditions and with low ambient 
noise levels, the mere fact of the physical 
distances involved in point-by-point 
measurements retard development ser¬ 
iously. For these and other reasons, 
tests on a small-scale model in an ideal 
environment permit mudi more rapid 
setups when a new idea is to be tried. 
Once the setup is obtained, the accumu¬ 
lation of test datais tremendously speeded 

The availability of a large anechoic 
chamber makes possible the testing of 
sede models without problems of ambient 
noise and weather conditions. The Pitts- 
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field^ Sound Laboratory has provision for 
the installation of a plywood floor when 
tests require the representation of a re¬ 
flecting ground plane. The simulation, 
on a model scale, of an ideal site on a flat 
plain without reflecting structures in the 
vicinity is thus readily accomplished. 

The one-seventh scale model trans¬ 
former previously referred to was used 
for the sound cancellation tests conducted 
in the Laboratory, These tests used a 4- 
element array of 2-incli loudspeakers to 
achieve a directional source of sound. 
Sue* a soiirce permits cancellation in the 
desired direction without appreciably 
affecting tlie transformer sound pattern 
in other directions. The behavior of the 
4-element array is analyzed in the litera¬ 
ture.^* 

The results of a typical test are plotted 
m Fig. 18. This figure shows that, while 
the sound cancellation is effective 
throughout a beam width of 26 degrees, 
it leaves the noise level of the trans¬ 
former practically unchanged in all other 
directions. The reason for this is ap¬ 
parent from curve 1, which shows that the 
pattern for the speaker array by itself is 
more than 10 db below that for the trans¬ 
former over three-quarters of the circular 
path of measurement. This curve, inci¬ 
dentally, calls attention to another fea¬ 
ture of model testing: here the trans¬ 
former could be de-energized so that the 
polar pattern of the speaker alone could 
be measured in portion. A best, such 
a procedure would entail considerable in¬ 
convenience if applied to an actual trans¬ 
former carrying load. 

Cancellation tests were made at both 
the fundamental and the second har¬ 
monic of model transformer noise; i.e., 
at 840 cps and at 1,680 cps. At 1,680 
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cps, the 4-eleinent array was equivalent 
to four sources of sound placed, in a 
straight line and spaced one-half wave 
lengfth apart. Since the same array was 
used for 840 cps and 1,680 cps, the zone 
of influence, at 840 cps, covered an ap¬ 
preciably wider angle than it did at 
1,680 cps. 

Conclusions 

Sound Barrier Tests by Models 

1. Sound field plots versus radial distance 
from scale model transformers correlate well 
with similar test data upon full-scale trans¬ 
formers. 

2 . Studies of the variation of sound pres¬ 
sure level with azimuth angle about the 
transformer indicate that the pattern is very 
complex, and is higher at the ends of the 
tank than at the sides. 

3. Test data indicate that pressure build¬ 
up inside a hard-walled barrier subtracts 
directly from the attenuation possible with 
a given barrier configuration. For open- 
walled structiures the build-up increases the 
noise proportionately on the open side. 

4. Four-wall barrier data obtained do not 
correlate with either wall height or spacing 
from the tank. 

6 . The attenuation due to 2- and 3-wall 
barriers may be predicted by simple calcula¬ 
tions. 

Sound Cancellation 

By using the technique of sound cancel¬ 
lation, it is possible to reduce transformer 
noise in a given direction by 6 db or more, 
over long radial distances, throughout angles 
up to about 36 degrees. 

2. At a given point, noise reductions 
averaging about 20 db are easily obtainable. 
(Complete cancellation of a given harmonic 
is possible for short times, but slight 
changes in the delicate balance of sound 
pressiu-es occur momentarily, preventing 
continuous complete cancellation.) 

3. The angular position of the beam of 
silence may be changed without altering the 
geometiy of the setup, by making adjust¬ 
ments in the magnitude and phase of the 
loudspeaker excitation. 

4. When one or two loudspeakers are used 
to cancel transformer noise in a given direc¬ 
tion, the noise is increased in some other 
directions. However, in situations where 
such increases cannot be tolerated, a direc¬ 
tional source of sound may be used to 
^ect the desired cancellation without alter¬ 
ing the original field elsewhere. 

5. The cost of a sound cancellation system 
is small compared to other sound control 
methods of equal effectiveness. 
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imaginary unit 
wave-length constant 
(=2 t/X) 

L=scale factor 
“integers 

/>=phasor sound pressure 
R( ) “real part of ( ) 

*• “position vector 
r “radial distance 
/“time 

“ plate thickness 
F=plate potential energy 
“maximum surface velocity 
i>“ radial velocity 
w=displacement vector 
IF “energy 

a “angle between two posi¬ 
tion vectors 

d “ co-latitude in spherical co¬ 
ordinate system 
elastic coefficients 
P“mass density of medium 
<r“ Poisson’s ratio 
0“ phase angle, radians or 
degrees 

velocity potential 
displacement potential 
<P “longitude in spherical co¬ 
ordinate system 
« “ angular frequency 


Appendix I. Requirements for 
Scaling Structures 

As a review of the use of models, it will be 
well to consider the requirements necessary 
to permit the scaling of elastic structures. 
Referring to article 91, page 133 of reference 
13, let w be the vector displacement in the 
curvilinear co-ordinate system. The vector 
equation of equilibrium appears as 

(X-|-/.)V(V.w)-|-/*V*w-hpF“p^ (I) 

This equation may be transformed to 

(X-f2M)V(V.w)-MVXVXw-|-pF“p ~ 


W“iitt-hijO-l-i3W (3) 

where 

ii, h, and ij are the unit vectors in the co¬ 
ordinate system 
X and n are elastic coefficients 
H is the modulus of rigidity 

If <r“ Poisson’s ratio, then 

X 
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hi, hi, and hi are defined as follows. The 
elementary cell bounded by co-ordinate 
surfaces is a rectangular box whose edges are 
dsi^^hidxi, dsi^h^dxi, snad dsi=^h^xi. The 
box volume is 

dv‘=‘{hihihz) (dxidxidxi) 

Note that the product hiXihsc& the dimen¬ 
sion of length. Notice also that the three 
operators have the dimension (length) 
Two operations such as V XV Xw have the 
dimension (length) 

We now change the scale of the geometric 
system such that a new co-ordinate system 
ht'Xi' —LhtXi. L will be a dimensionless 
scale factor. For L<1 the new system is 
physically smaller than the original system. 
For a 1/7 scale, L“l/7. 

Let w' be the displacement in the scaled 
system. Point for point, we desire vr' to 
be linearly related to w,w'::<*w. The 
equation of motion in the new system be¬ 
comes 

(X'+2mOV'(F'-w')--/(F'XV'Xw')-|- 

O') 

The primes indicate the new system. 
The primed operators are related to their 
unprimed counterparts by 

nv'-r i)-;^,v(7.[)) 


7'X7'X( J--VXVXI ) 

Substituting relations 8 into equation 2’ 
yields 

(X'-|-2m')V(V . w ')~ m'V X V Xw'-f- 

It will be convenient to construct the 
model of the same material as the prototype. 
Hence 


■2(X-|-/t) 


.Nomenclature 

Symbol 

A “phasor sound pressure at 
unit distance from source 
velocity of sound 
2 ? “ plate rigidity 
d=distance 
<1“ vector distance 
JS=Young’s modulus 
F as body force vector 
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ju( 3 X-|- 2 p) 


Dimensions 

ML-ir-» 

LT-i 

ML*r-* 

L 

L 

ML-ir-* 

ML-*r-* 


(Young's modulus) 


Observe the form of the differential 
operator V( ); V • ( ); and V X( ) in orthog¬ 
onal curvilinear co-wdinates. From refer¬ 
ence 14, section 1.16, page 47 


2 

E l . 

h,bX,'‘ 


Also, by a change of time scale /'“L/, 
equation 9 becomes 

(X+2m)V(V • w') -pV X V X w'+ 

^VF'“p^ (10) 

Bquation 10 cannot admit of similarity to 
equation 2 unless certain restrictions are 
placed upon the body forces. The restric¬ 
tions may take the form: 
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1. and Fnontime-variant (forces such as 
gravity). 

2. F scaled as 1/X,® F if time variant. 

In the study of models, the only body 
force usually present is gravity. The grav¬ 
ity body force causes the body to aggiimA 
some rest displacement. All displacement 
of oscillatory nature will be measured rela¬ 
tive to the rest position of the body. It is 
customary to subtract the rest position dis¬ 
placements so that for body forces such as 
gravity equation 10 reduces to 


(X+2/£)V(V-w0-juVXVXw'» 




( 11 ) 


and 


(X+ 2 /t)V(V.w)-/,VXVXw = p~ (12) 
The system admits of scaling in t1it«8 case. 

Scaling of Fluid Structures 

For fluids there is no shear rigidity. With 
zero visccMity or for waves with no rotation 
the equation of motion becomes 

-V(V.w)=— f... 

p bfi ( 1 *) 



vibmtion of each point are functions of 
position.^ The vibrations of the surface will 
communicate themselves to the surrounding 
medium and thus radiate sound outward. 
For the purpose of the analysis which fol¬ 
lows, it is convenient to replace this surface 
by a suitable distribution of point sources of 
appropriate strength and phase angle. “ 
Exa m ini n g for the moment a single one of 
these point sources, it can be shown” that 
the inst^taneous sound pressure at 
some point Q, located a distance d from the 
source, is given by the real part of 


A' 

= —jap —■ 
d 


(18) 


Letting A - japA equation 18 may 

be simplified to read 


P' 


A 

d 


(19) 


This equation is subject to the restrictions 
reg^dmg body forces mentioned previously 
in the section on elastic structures, p is the 
mass denrity of the fluid; K, the bulk 
modulus, is defined as p^ -Kv . w; ^ is the 
excess pressure over the rest value. The 
requffements for scaling fluids, therefore, 
are the same as for scaling elastic solids. 

XTpon Scaling Compound Structures 
such as Braced Liquid-Filled Tanks 

Consider a braced tank. Each part of 
the tank will have its dynamic counterpart 
in a sc^ed part of a model tank. Suppose 
tte model deflections are to the full-scale de¬ 
flections as the scale ratio w'proportional to 

JUWt 

The resulting stresses in the model will be 
equal to those in the prototype. This 
follows smce the stresses (or pressures) are 
dep^dent upon first space derivatives of 
displ^ement; i.e., functions of V( ) or 
V • ( ), and upon the elastic constants X and 
M, which are assumed the same for model 
Md prototype. Therefore, the boundary 
stresMs upon the model are exactly equal to 
tte boundary stresses upon the prototype. 
Integrated over the boundary surface, the 
energy attributable to the boundary stresses 


Fig. 19. (A) Arlritrary assemblage of point 
sources of sound of arbitrary strength, showing 
nomenclature of generalized position vecton. 
(B) Pair of point sources aligned on (9=0-degree 
axis in spherical co-ordinates 

hmce the internal energy due to elastic 
deflections in the model would be £« times 
the internal energy of elastic deflection of 
the prototype. 

A similar case exists for the kinetic energy 
Unwic «i«gy=p/2 r 
provided 

w'«=I,w for corresponding points 
then 

dw' dLw bvf 

Thus the limetic energy in the model is 
tim^ the kinetic energy of the prototype. 
Since 

Boundary Energy Model 
Boundary Energy Prototype 

Elastic Energy Model 
Elastic Energy Prototype 

^ Kinetic Energy Model 
Kinetic Energy Prototype 


In equation 19, A represents the complex 
sound pressure at unit distance from the 
source; <f> stands for the phase angle with 
respect to some chosen reference time axis; 
and A=2x/X, where X is the wave length of 
sound in the medium under consideration. 

Returning now to an assemblage of n such 
pomt sources, the total sound pressure pt 
at some distant point Q will be, by super¬ 
position 


Pt 


Z^di 

<=•1 




( 20 ) 


In this equation represents the distance 
between the ith source and the point Q. 
Ai represents the complex sound pressure 
due to the M source at unit distance from 
it, and is its phase angle. 

Referrmg to Fig. 19(A) which shows the 
vector dfetances and their symbols for the 
rth and jth point sources and the point 0 
It is seen that 

tfi = |r-r4 = \/(r-r< ).(r-i^=. 

Vr*+r<*-2r-ri (21) 


•Vr»4Ti*-2rri cos 


CCf 


is 


W 


■li 


XdS 


(14) 


where X is the boundary stress (vector). 
The mergy in the model wiU be L* times the 
energy in the prototype. 

_ The internal energy due to elastic deflec¬ 
tion IS pven by the volume integral 


where dij is the materi^ sixain, 
model prototype 
model prototype 

Be 


(IS) 


and since 

Strains and Stresses Model 
Strains and Stresses Prototype “ ^ 

provided w'aXw, then the effects of liquids 
and individual parts upon one another in 
the full-size prototypes are matched by 
equal or scaled effects in the model. 

Appendix II. Sound Pressure 
Field at a Large Distance from a 
oound Source of Arbitrary Shape 

consider a surface of arbitrary shape, 
each pomt of which is undergoing simple 
h^omc ribration of the same frequency. 
The magnitude and phase angle of the 


where is the angle between r and r<. 

When Q is far removed from the assem¬ 
blage of point sources (i.e., when r»r<), n 
is negligible compared to r. Equation 21 
may therefore be written 

2 rr< cos at 




cos a< (22) 
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Md smce the second term under the radical 
K very small compared to the first, equation 
^ may be further simplified by using the 
first two terms of the binomial expansion to 
give 

djwr^l—L cos =«r-r< cos (23) 

Because it was specified that r»ru 
equation 23 may be further reduced to 
o<«r. Such an approximation must be 
u^d with caution, however. It is valid 
when applied to the dt in the denominator of 
equation 20, but when multiplied by k, as it 
IS m the imaginary exponent of equation 20, 
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it assumes the nature of a phase angle, and 
because of the periodic nature of angles and 
their functions the same liberties cannot be 
taken with it here. Bearing this double 
standard of approximation in mind, equa¬ 
tion 20 may be written 


■St' 


^(.<t>i—kr+kri oos ai) 


eo8 ceiy 


For a given configuration of sources of given 
strength and ph^se angle, all the terms 
under the summation sign in equation 24 are 
constant except for au which depends on the 
angular position of point Q with respect to 
the co-ordinate axes. 

Because at varies with the angular posi¬ 
tion of Q, the sound pressure is in general a 
function of position even when Q is at a fixed 
distance from the origin. However, if the 
point Q is restricted to lie in a fixed direc¬ 
tion, all terms under the summation sign 
are complex constants and their sum must 
also be a complex constant. If this constant 
be expressed as B exp equation 24 may 
be written as 

(25) 

This is identical in form to equation 19 for a 
single point source, thus indicating that, 
at a sufficiently large distance, a complex 
source of sound appears as a point source 
to an observer on a radial line of fixed direc¬ 
tion. 


Appendix III. Spherical Model 
Approximation to a Transformer 
Tank 

The sphere appears to be another possible 
simple mathematical model to represent a 
transformer tank. It is realized that this 
model is far from an accurate representation 
because transformer tanks are frequently 
rectangular in plan and elevation views and 


because the acoustically hard ground plane 
requires than an image be located under¬ 
ground. The source is thus more pencil¬ 
like than spherical. However, at distances 
from the tank, the representation of the 
pressure waves by spherical terms becomes 
quite accurate. 

The expression for the velocity potential 
for an outward travelling wave becomes in 
spherical co-ordinates (reference 14, pages 
404 and 406) 


00 




CLniPn (cos 9) 

n 

+ COS 


bmn sin w^)Pn“ (cos e) (26) 

where K^cafc when c=the sonic velocity. 
The term Pa*‘(cos 6) is equal to 

(sin* g)”*A b”+”»(-sin» g)” 

2"«1 d(cos»)"+?» 

Functions of the simplest 6 variation for 
m 7^0 are obtained by equating m and n 

(2n)! sin” 0 

P„”(cos <?) — (28) 

The radiation from a sphere vibrating 
with the prescribed velocity 

Fr/f= F’aPn”(cos ff) cos (2{)) 


iy«+i/ 2 ^*^(jrf) cos sin” 

a 7-----^— 


where R is the radius of the sphere. 
The acoustic pressure is given by 


P=p — 

(31) 

= —jwp$ 

where p is the mass density of the fluid. 

P — pc Vfi X 
1 

Hn+i/i^^KKr) cos n4> sin” 0 
—- - --- 

1 

.^y^^n-idKR) (32) 

The noninteger order Hankel function of 
the first kind is defined by 

H,^^KKr) ^MKr) +JY,(Kr) (33) 

From page 64, reference 17 

sin j*7r 

for j»5^integer. 

For j»=»-fl/2 

y,».idKr) =( - l)«+ip_ („+i/2)(iCr) (35) 

and the Hankel function of equation 33 be¬ 
comes 

=7^,/2(irr)+j(-l)«+V_(a+i/2)(irr) (36) 

The numerical values of 
(JSTr) have been plotted in Fig. 20 for several 
values of ». The amplitude has been 

plotted in units of 20 log . 

The pressure radiated from a sph^ of 
radius R’^Z/K has been plotted in Fig. 21 
for several different vibration modes de¬ 
scribed in equation 32. 

Two points of interest may be observed in 
the curves. First, notice the near-field 
effect in the 8- and 12-node modes. Al¬ 
though the pressures at the surface of the 
sphere for the various modes are within 10 
db of each other, the pressure caused by the 
4-node pattern is considerably greater than 
for the 12-node pattern at distances r> 10/K. 
The second point of interest is that, for the 



Fjg. 20. Graph of magnitude of one-half order Hankel functions Fig. 21. Sound pressure versus distance from a sphere for several 
versus argument vibration modes 
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modes plotted, at distances r>lQ/K the 
chan^ of pressure level with distance is 6 db 
per distance doubled. 

Appendix IV. Sound Pressure 
Field at a l^r^e Distance from Two 
Point Sources 

only two points sources are in¬ 
volved, equation 20 becomes 

di di 

A spherical co-ordinate system r, $, to will 
be used m which the a=0 axis is aligned so 
^at It passes through the point sources. 

co-ordinate system is 
placed midway between the sources. The 
Sg”i9(B)°^ arrangement is sketched in 

Of prima^ concern is the absolute value 
of the sound p^ure, so equation 37 is first 
multiplied by its conjugate pi*, giving 

\Pt\^=‘ptPt*^(~ 

\ «i 


Smce A 2 IS real, this equation is satisfied 
only if sm /9«0. Therefore, 18=3 0 , tt. But 
Ai must be positive, so cos /3 must be nega¬ 
tive. a,nd ^ can only equal t. Hence, the 
conditions for zero sound pressures at large 
distances are 

A2^Ai (42) 

cos jT (43) 

Thus the sound pressure can be made zero 
at any given distant point by properly ad¬ 
justing provided that Ai-Ai. 

Replacing Ai by Ai in equation 40 in 
accordance with this finding, and extracting 
tne square root, gives 

\Pt\ = "V/i — “s /1 -f- cos {kd cos 8+0) 

A well-known trigonometric identity enables 
sunphfication of this to 


!>/ -- COS 

r 


cos 8+- 


To express the sound pressure from two 
equal sources as a ratio to the pressure from 
one sour^erating alone, \pt\ is divided by 

\Pm~vPiPi ‘^Ai/r. Also, it is convenient 
to express distances in terms of wave length 
so k will be replaced by 2 t/X. The result is 


|j.± 2 cos(^cos»+|); 

(r>d,Ai:^Ai) (45) 
Examination of equation 46 shows: 

I magnitude of pressure about a pair 

of pomt sources of equal strength is always 
symmetrical about the 0=0 axis, since 
cos ( —0) =COS 0. 

2. The sound pressure pattern for a given 

separation and phase angle is independent 
of the longitudinal angle is the spherical 
co-ordinate system as wiented here. 

3. The maximum possible value of sound 
^ssure from a pair of point sources is 
twice that for a single source. 

4. A sound pressure of zero can be ob- 
^ed m any direction by properly adjust- 
mg the phase angle between the two sources. 

* iT j- pressure will approach zero 
at all distant locations if the separation of 
the sources approaches zero and they are 
oppositely phased; i.e,, if 

radians. ^ v jr 

Although it is not obvious by inspection, 

equation 

45 that the only way to achieve a sound 
reduction m all directions is to place the 
KMnd ^ than 1/etb wave length 
distant from the first source operating in 
phase opposition. 

The foregoing conclusions do not give 
direct information on transformer noise 
cancellation because they are based on a 
^paratively simple physical system, 
^weyer, they offer a good starting point 
for thmkmg about the much more compli- 
cated case of the transformer. 

Appendix. V. Approximation 
expression for the Resonant 
Frequencies of Oil-Bached Plates 

This Malysis relies entirely on Rayleigh’s 
approach to the calculation of the resonant 
frequencies. The following assumptC 


cos 8+- 


didi ~ 

Ai*Ai 

(33) 

The analysis will be restricted to the 
sound pressures at large distances from the 
ongm; i.e., f»d. Hence, xhe 

phase angle between the two sources 0i— a. 

becomes^^^^^^^ equation 38 

r* r* 

(35, 

SinM Ai and Aj have the same arguments, 
AiAi * |AiA 2(. All terms are now real, so 
bars mdi^ting absolute magnitudes 
)wll be dropped from the A’s for conven¬ 
ience. .^o. Fig. 19(B) shows that di-di^d 
cos 0, where d is the distance between the 
somces. Therefore equation 39 may be 
written -f'- 

jy. Ja _Ai^‘^Ai^+2AtAi cos (kd cos 8 + 0 ) 


^Equatang equation 40 to zero establishes 
4 2 which Pt vanishes. Then 

Ai +2AiAi cos /3+Ai*=0, where the terms 
m par^thesis in equation 40 have been 
replaced by $ for simplicity. Solving this 
quadratic for As 

yf , ^r^Ai cos /3±V4At« cos» 


“ — Ai(cos /3=h Vcos* jS— 1) 

Therefore 

A2* — Ai(cos/Jit sin/5) (’411 


i were used to simplify the analysis: 

1. Plates are assumed to be infinite in 
extent. 

2. Oil is assumed infinite in extent with no 

obstructions, but on one side of the olate 
only. ^ 

3. Air loading is negligible. 

4. For the sizes of plates and resonant fre- 

^°^sfdered the compressibility of 
ml will be neglected. In other words, the 
dimensions of the shortest span between 
nodes in the vibration pattern will be 
^sumed shorter than l/4th wave length in 
the oil. * 

The analysis proceeds with the use of a 
displacement potential function defined as 

w displacement = -gradient of $ 

(46). 

bi bt 

For Rayleigh’s method the energies in the 
plate and oil are required. 

For the Fluid (Oil) 

The kinetic energy is given by 

c^'Ti=pi/2jv.Y/dv ( 47 ). 

Thus 

(«) 

For a single-firequency sine wave 


w*po C 

" 2 J 

9 


V$ dv 


The potential energy is 


Poc»r 

‘■tJ, 


(V*#)* dv 


For the Tank Wall or Plate 

Let na be a unit vector normal to the sur¬ 
face of the wall. Let d/(dnj) denote de¬ 
rivatives m the na direction. Then if & is 
the plate surface 


»■ 

For a single-frequency sine wave 
. 7 , _«Va C / \* 

’~~k (W *■ 

Plate Potential Energy 

With m a unit vector normal to the plate, 
let Xx and Xi be co-ordinates in the plane of 

the plate. Define Vi2 *()» ( — +-^ V J 
\bXx^^bXi^P ^ 


f—\* 1 ) 

dnadJCi* VbnadATidXa/ 
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12(1-<r2) 

Frequency Equation 
Assume a mode in the plate 
. Try . irX 

w=wa sm — sm — sin at (S 4 ) 

The corresponding oil motion will be 
matched to the plate motion at the bound¬ 
ary Z=sO. The simplified equation of 
motion for a fluid is in terms of the displace¬ 
ment potential function 

1 

=- /--X 

c* bt^ 

If a sine wave time variation is assumed, 
equation 56 reduces to 


K^a/c (57) 

In rectangular co-ordinates, with trigono¬ 
metric variations in x and y, the solution of 
equation 56 is 

_ _ sin vx sin xy 

^=#0 — —X 

cos B cos A 

^±V(r/B)^W/A)t-X*z (58) 

COS 

Now, the radical in the exponent of equa¬ 
tion 58 will be investigated. Let oi=‘v/A, 
It is possible to show that for 
small A and B compared to a wave length of 
vibration in the oil, the radical may be 
approximated by 

•\/a*-f-/S*—Ar*s«'v/a*-f-/3* (S9) 

and the fluid flow is essentially incompres¬ 
sible. 

Rewriting equation 59 in more convenient 
form 

V«»+/3*-A:*=Va*+/3»^ 1 -^ 

For A:V(a*+/3*) small, the expression 
may be further reduced to 

Va*+|8*-iS:*=:-\/a*+/3* ^1-— ^ 

\ 2 a*+/3V 

An arbitrary limit will be set that if the 
factor l/2[JsrV(a*+/3*)I is less than 0.06 
ite effects will be neglected in the calcula¬ 
tions; i.e., incompressible flow will be 
assumed. These equations will hold within 
6 per cent for kinetic energy calculations, 
and within 2.5 per cent for frequency de¬ 
termination. 

The limit for K is 

K^<0.1(a^+P^) (<50) 

Thus 

«/c<0.316 \/(t/A)*H-(x/5)s (51) 

But ft>|c=2ir|x, so a limit may be written 
on the allowable nodal spacing for the limits 
listed. 

Table III gives the wave length versus 
frequency for 10-C oil at 60 degrees centi¬ 
grade, where 

Cm = 1.325 X10* centimeters per second 
“5.22X10* inches per second 


Table III. Wave Length Versus Frequency 
for 10-C Oil at 50 Degrees Centigrade 


\, Inches 


Most of the vibration work in trans¬ 
formers is concerned with the fundamental 
component, 120 cps. The limits on A and B 
at 120 cps will now be determined. Two 
cases are worth investigating to set a limit 
on the size A or B may reach and still stay 
within the assumptions. Equation 61 may 
be rearranged to make this comparative 
investigation 


•s/i+AyB^ 

Case A: 

AfB^l 

A<Q.112\ 

■dijo<49 inches 
Case B: 

A/B-t^ 

Ai 2 o< 68.6 inches 

To summarize, so long as the square node 
pattern for an oil-backed plate is within 49 
inches for 120 cps, the error by assuming in¬ 
compressible flow will be less than 2.6 per 
cent. A check for a plate thickness of 1 
inch indicates that at 120 cps the condition 
A/B = 1 does not approach 49 inches so that 
the assumption is entirely justified for 
normal transformer tank plate thi rlmesse g 
Returning to equation 58, the incom¬ 
pressible flow case is given by 

_ ^ sin irac sin iry 

— —X 
cos B cos A 

(53) 

cos 

The co-ordinate astern is chosen with z 
increasing with further traverse into the 
fluid. Since $ cannot go to infinity at an 
infinite distance from the plate, the plus 
solution for the exponential is rejected. 
Similarly matching boundary conditions at 
the plate requires the sine variations in x 
and y. 

The form of # must therefore be 

_ - . . iry 

sm sm — X 

B A 

^-*irVi/Ain/»*sina,f (64) 
^ = $o^-s/l/A*-M/B*sin ~X 

(55) 


At 2=0 


«; = #oxVlM*+l/B* sin -^X 
B 


, Try 

sm—-sinwi ( 66 ) 
A 

Matching boundary conditions, it is found 
that #0 is related to wo of equation 64 by 


—7 =T- (67) 

ttV l/A^+l/B^ 

which, when substituted into equation 66 , 
gives 

a. ^0 .vx.irv 

— y— = sm — sin X 

irVl/^*+l/B® B A 

^-mViU*+i/BT sin (58) 

To determine the kinetic energy in the 
fluid, ^ is substituted from equation 68 into 
equation 49 and the necessary algebra is 
performed. The result of the integration 
gives 


' n 4 A; 


'l/A>+l/B»j 


Substitution of w from equation 64 into the 
expressions 62 and 63 give the following 
expressions for the plate energies 


a^Pstj /i4B\ 

d 


•M)*-f(r/B)*]*Wo® 


The total kinetic energy in the vibrating 
system is the sum of equations 69 and 70 




Trp,tVl/A^+im 


|te»o» (72) 


The resonant frequency of the nodal 
spacing ^4 XB is determined from equations 
71 and 72 to be 

(73) 

Pth ^ _PO_ 

Trpitiy/l/A*+l/B^ 

Solving for/, one obtains 


J—5— 

If 12(l-v*)p, 
1 / 

V IH-— 

TTD 


l/^»+l/B* 


mWlM*-t-l/B* 


For steel 


£=30,000,000 pounds per inch* 


„-7.35Xl0-< 

inches* 
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For 10-C oil at 20 degrees centigrade 
Po/p« *0.1126 

Change with temperature is relatively un¬ 
important; e.g., at 60 degrees centigrade 

Po/p« *0.1096 

With steel and 10-C oil data, equation 75 
reduces to 

I 0.0359 
^ iVl/A^+l/Bi 
where t, A, B, are in inches. 
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Discussion 

T. R. Specht (Westinghouse Electric Cor¬ 
poration, Sharon, Pa.): These tests with 
models and the sound cancellation method 
are very interesting. The comparison of the 
attenuations secured by 2-, 3-, and 4-sided 
b^ers is quite useful. As I understand 
the paper, the barrier tests were made at 
only thy fundamental of the sound frequency 
wluch is twice the frequency of the applied 
imltage. It would be interesting to know 
the attenuation at higher frequencies as 
well. 

In the case of the 2-wall enclosure, the 
theoretical equation is satisfactory, so it is 
possible to calculate the attenuation at the 
higher frequencies. In general, the sound 
from^ a transformer contains higher har¬ 
monics. The attenuation, due to the wall, 
of the sound will be larger than as given in 
the paper because the wall attenuates the 
higher frequency components more than the 
fundamental. From Fig. 9 referring to a 

2-wall enclosure, the attenuation increases 
about 3 db each time the frequency doubles. 
For a 4-wall enclosure, by comparing it to a 
vibrating piston set in an infinite surface, 
for constant sound energy radiated, the 
sound level at some distance from the trans¬ 
former would decrease again 3 db each time 
the frequency doubles. . 

The harmonic content of the sound 
from transformers varies with various 
trai^ormers, The harmonic index (HI) is 
an indication of the amount of harmonic 
content. Mutschler and Madden^ give the 
HI of a transformer as 11.9. C. S. Murray* 


gives an HI for a 60,000-kva transformer of 
6.6. I calculated some examples, assuming 
a sound consisting of '^mious components, 
with 120 cycles and higher harmonics. The 

3-db rule for the increased attenuation for 
the harmonics was used. The attenuation 
of the db« sound level between the trans¬ 
former and some point away from the trans¬ 
former was calculated. It was observed 
that this attenuation is about the aamp. for 
the same HI, for frequencies of the har¬ 
monics through 720 cycles. For an HI of 
16, the attenuation for the db^ sound is 1.6 
db greater than for the 120-cycle component; 
for HI =» 12,3 db more; for HI = 9,4.4 db 
more; and HI * 6, 6.2 db more. 

Sound cancellation has intriguing possi¬ 
bilities but it would appear that there would 
be difficulties in applying it in practice. If 
the transformer and loudspeak^ are sup¬ 
plied from the same voltage source, the 
sound level of the loudspeaker would change 
1 db for a 10-per-cent change in voltage and 
the transformer would change about 3 db. 
The load current produces a small amount 
of noise in the transformer. Changes in 
pressure in the tank would change the modes 
of vibration of tank panels. Also the 
loudspeaker and its power source would 
need to be stable with time. It would be 
possible for an adverse combination of these 
factors to make the cancellation ineffectivep 
If ^ere were a bank of transformers, a 
loudspeaker would have to be placed on each 
transformer, unless the transformers were 
arouped closely together and could be con¬ 
sidered as a single transformer. A report 
on a practical installation will certainly be 
of real interest to all. 
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William B. Conover and Robert J. Ringlee: 
Mr. Specht is correct; the model barrier 
data reported were for the fundamental 
frequency of transformer noise. For the 
one-seventh scale model this was 840 cps. 
Two check tests were made with the 2-sided 
enclosure at the third harmonic of trans¬ 
fer noise, 2,520 cps for the model. 
These two checks were found to agree closely 
Tirith the attenuations predicted from the 
diffraction theory of Wells and Fehr (refer- 
ences 9 and 10 of the paper) using the 
calculation methods given in our paper. 
Additional tests are planned with the 3- and 

4-sided enclosures at the second, third, and 
higher harmonic frequencies of transformer 
noise. 

Those accustomed to using the HI as an 
indication of frequency composition will find 
Mr. Specht’s analysis useful for estimating 
tte effects of partial enclosures upon trans¬ 
former noise measured upon the A network 
of the sound level meter. 

^ Successful sound cancellation tests have 
been performed upon three outdoor sub¬ 
stations. These tests have shown that the 
transforms noise varies slowly with timp 
along particular radial directions. A self- 
compensating system is being developed 
to follow the variations of transformer noise. 


90 


Conover, Ringlee—Transformer Audible Noise Control 


April 1955 


Functional Temperature Endurance Tests 
on a Silicone Glass Fiber Insulation 
System for Dry-Type Transformers 

M. L. MANNING 

FaLOW AIEE 


T his paper is an outgrowth of test 
procedures agreed upon by the AIEE 
Working Group on Life of Materials, Sub¬ 
group on Functional Tests, under the 
auspices of the Conunittee on Trans¬ 
formers of the Power Division. Work on 
a 15-kv class silicone glass fiber trans¬ 
former insulation system was assigned to 
the author. Other members of the Sub¬ 
group studied lower temperature insula¬ 
tion systems. Based on the activity of 
the Subgroup on Functional Tests, addi¬ 
tional experimental test work on insula¬ 
tion systems under accelerated condi¬ 
tions to be correlated with actual trans¬ 
former operating experience has been 
reccttnmended.1 

By substantiating data, accelerated 
functional tests on a silicone glass fiber 
insulation system are linked with diy-type 
transformers in service. Support is of¬ 
fered for the recent action by the Trans¬ 
former Section of the National Electrical 
Manufacturers Association (NEMA) in 
establishing 180-degree-centigrade (C) hot¬ 
test-spot temperature rise for what is 
classified as group 3 dry-type trans¬ 
formers.* Model transformers, 16 in 
number, having a composite silicone glass 
fiber insulation system corresponding to 
15-kv-class insulation were subjected to 
heat, 90 per cent (%) humidity and 100% 
dielectric-proof voltage test-cycling at 
200, 275, and 350 C obtained by circula¬ 
tion of current in the windings. Ordinar¬ 
ily in service, dry-type transformers are 
given only 75% test voltage, in ac¬ 
cordance with AIEE Standard No. 53.* 

Present-Day Practice of Evaluating 
lasulating Materials for Dry-Type 
Transformers 

A review of present-day practice may 
be helpful. Basically four procedures 
are involved. First, AIEE Standard No. 

1, which was revised in February 1954,< 
follows the same general material classifi¬ 
cation since its inception in 1913. Based 
mainly upon chemical composition, in¬ 
sulating materials are given classifica¬ 
tions oi 0, A, B and H. Temperatures 
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of 90, 105, 130, and 180 C respectively 
are suggested. They are the limitingr 
hottest-spot temperatures at which these 
classes may be opa*ated continuously 
with nonnal life expectancy. Tests are 
not prescribed to support the dassifica- 
tions. For example, a class B designated 
transformer may use dass A structmral 
materids as components, yet, according 
to AIEE No. 1, dass A is given a 105-C 
hottest-spot temperature limit. But the 
transformer is called dass B which signi¬ 
fies 150-C permissible hottest-spot tem¬ 
perature. The qualifying statements in 
this standard allow such latitude to exist. 

Second, the American Sodety for Test¬ 
ing Materials standards outline methods 
for testing various kinds of insulating 
materials. Suppliers of materials follow 
these standards and users may duplicate 
the tests or devise others to be assured 
that desired properties of materials are 
obtained. The mechanical and electrical 
properties are set at the transformer 
manufacturer’s discretion and are not 
prescribed by the standards. 

Tliird, the American Standards Asso¬ 
ciation Standards for transformers and 
those of the AIEE specify a limiting tem¬ 
perature rise for a given class of insulation. 
The temperature values set are in accord 
with those of AIEE No. 1. 

NEMA has divided dry-type trans¬ 
formers into three groups. Group 1 
allows a permissible hottest spot tempera¬ 
ture rise, 65 C; group 2, 110 C, and group 
3, 180 C.* This is the initial step taken 
by standardizing bodies to formulate a 
workable plan. The user of transformers 
is confident that in the transformer manu¬ 
facturer’s product these temperature 
limits are conservative and that considera¬ 
ble margins exist. 

The fourth step, or plan, in use for 
evaluation of insulating materials is made 
by the transformer manufacturer. The 
manufacturer screens the materials, ob- 
soves the characteristics of each material 
mechanically and dectrically, allows mar¬ 
gins above test requirements and proc¬ 
esses these material into a transformer 
insulation system. Considerable con¬ 


servatism in insulation qrstem designs 
exists because failures are always costly 
to a manufacturer, and he must protect 
his reputation. Users are thus protected 
by such a general plan of insulating ma¬ 
terial selection, which has been in use for 
a number of years by reliable manufac¬ 
turers. 

What Is Needed in New Methods 

Present-day practice, as outlined, has 
several disadvantages. In recent years 
many new bonding and impregnating 
resins have been devdoped for use with 
base materials such as glass fiber and as¬ 
bestos. The task becomes quite hopeless 
in establishing tonperature limits on an 
organic or inorganic basis for numerous 
materials by assigning to them alpha¬ 
betical letters. Furthermore, the situa¬ 
tion becomes more complicated because 
of recent action by the International 
Electrotechnical Commission in suggest¬ 
ing two new insulation classes E and F.® 
Standardizing groups dealing with 
transformer and manufacturing problems 
require freedom in choosing suitable re¬ 
quirements for insulation and tempera¬ 
ture limits. The present arrangement of 
the AIEE in setting up the Subcommittee 
on Dielectrics of the Basic Sciences Com¬ 
mittee for evaluation of materials alone, 
plus the Working Group on Life of Ma¬ 
terials Committee having a subgroup 
under the Transformer Committee, is a 
step in this direction. Wasteful use of 
time results in having an over-all com¬ 
mittee make basic decisions. Freedom 
of movement is required by dividing the 
responsibility with smaller committees. 

A convenient procedure is necessary 
for screening new materials, followed by 
evaluation of these materials in trans¬ 
former insulation systems. This paper 
deals with the latter plan, whereby func¬ 
tional testing of an insulation system is . 
utilized after the primary selection of ma¬ 
terials has been made. Functional tests 
of an insulating material system give the 
practical, accelerated means by which the 
component parts of the system are 
evaluated at temperatures, voltage 
stresses, and humidity conditions found 
imder extreme service conditions. Tem- 


Paper 55-44, recommended by the AIEE Trans¬ 
formers Committee and approved by the AIEE 
Conomittee on Technical Operations for presenta¬ 
tion at the AIEE Winter General Meeting, New 
York, N. Y., January 81-February 4,1965. Manu¬ 
script submitted October 18, 1954; made available 
for printing November 18, 1954. 

M. L. Manniko is with the Pennsylvania Trans¬ 
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Flfl- 1. Component parts of test model 


1 1/8-inch aluminum clamping plate 

2 1/8-inch insulation (silicone laminate) 

3 ^5/8-inch clamping bolt 

4—Vs-inch-diameter cylinder 
5 1/4-inch duct (silicone laminate) 

6--1/8-inch Insulation tube (silicone 
laminate) 

7 low-voltage keepbacic 
8—1/4-inch duct (silicone laminate) 

9 low-voltage keepback 

10 low-voltage winding first layer (1-7 
square) 

11 low-voltage winding second layer (1-7 
square) 

3/8-inch radial spacers (porcelain) 
13—high-voltage winding (2—0.045 bv 
0.289) 

"l^^l/4-inch clamping bolt 

^1/2-inch duct (silicone laminate) 

16— 3/8-inch insulation tube (silicone 

laminate-f silicone rubber-coated 
fiber glass cloth) 

17— 1/2-inch duct (silicone laminate) 
"*®“~hish-voltage keepback 

Weight of low-voltage wire, 3.5 pounds 
Weight of high-voltage wire, 8.2 pounds 
Total weight of test model, 29 pounds 


peratiir^ gradients on component ma¬ 
terials differ in a transformer insidation 
structoe. The only true means for de- 
tei^niug the bdhavior of these materials 
js m a system evaluated functionally by 

'liie piimaiy screening of materials 
may still be classified under lett»s, A, B, 

^, ^etc., wii^ corresponding temperature 

hmite. This may be don6 without re¬ 
verting to an organic or inorganic basis 
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Fig. 2. 15>l(v class test model 


by test codes based on life test perform¬ 
ance of materials. The second step is 
the development of test codes for the 
evaluation of insulation systems by func¬ 
tional test for transformers. 

Purpose of Functioiial Tests for a 
IS-Kv liisulatioii System 

1. To verify that a 16-fcv test model is 
practical. 

^ 1 .,.^° a practical test procedure 

3. To obtain helpful information for 
devismg a test code for functional tempera- 
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Fig. 3 (above). Thermocouple locations. 
The thermocouple nos. follow, with their 
locations 

1— second layer low-voltage, second turn 

from top 

2— second layer low-voltage, eighth turn 

from top 

3 inside high-low voltage barrier, 31/2 

inches from top 

4 outside high-low voltage barrier, 4*/* 

inches from top 

5 top section high-voltage winding, third 

turn from inside 

6 second section high-voltage winding, 

second turn from inside 
^ second section high-voltage winding, 
sixth turn from inside 

8—third section high-voltage winding, sec¬ 
ond turn from Inside 

9 third section high-voltage winding, sixth 
turn from inside 

10—fourth section high-voltage winding, 
third turn from inside 


Test Apparatus 

Test Models 

A test model with component parts, 
built at an approximate cost of $90 for 
labor and materials, is iUustrated in Figs. 
1 and 2. This model represents a typical 
structure for a 15-kv-class insulated high- 
voltage winding, with a 1.2-kv-class low- 
voltage winding and supporting structure. 
M insulation is glass fiber silicone resin 
bonded. The high-voltage coil is wound 
of two parallel conductors to permit a 
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Tabic I. Test Cycles Withstood, d=0.5 Cycle, 14 Models Total 


Insulation System 


Aging 
Tempera- 
Test No. ture, C 

Duration 

Aging 

Cycles 

48 Hours 
per Cycle 

Total 

Units 

1 

With 

Thermo¬ 

couples 

1.200.... 

.... 7. 

...3... 

.1_ 

2.276.... 

_ 7. 

...4.. 

1 


10 . 

...3.... 



Flashover Barrier-to- Flashover Barrier After 
Ground Plate After Removal of Ground Plate 
Humidification After Humidification 


Without 

Thermo¬ 

couples 


.2-3 . 

.2-3-4. 


Cycles 
Withstood 
48 Hours 
per Cycle 


.7 . 

.0.5. 


Cycles 
Withstood 
48 Hours 
per Cycle 


Flashover Tum-to-Turn or Section-to- 
Sectlon After Humidification 

Double Glass Fiber Special Insulation 


.2-3. 


.1.5.3.8.6. 

.1.5.6.8.5. 

.1-5.7.3.5. 

. 0.6 . 

.1.5. 

.3.6. 


dielectric test of turn-to-turn insulation. 
The leads from each pair of twin sections 
are brought out separately to permit a 
section-to-section voltage test. The low- 
voltage winding consists of two layers to 
permit testing. Thermocouples, nos. 8 
and 10, located in tlie third section of the 
high-voltage winding, are used to moni¬ 
tor the cuirent flow (Fig. 3) to obtain 
hottest-spot temperature desired. Models 
having thermocouples, of course, were 
not subjected to voltage tests. Ordi¬ 
narily, greater creepage of about 1-inch 
high-voltage winding to ground is al¬ 
lowed. The reason for use of the 3-inch 
distance in the model was to determine if 
creepage flashover or puncture would 
occur. Special tum-to-tum insulation 
was used on five of the test models. 

Test Equipment for Humidity 

Exposure and Current Control 

For this test a steel tank of bolted con¬ 
struction, 50 inches long, 25 inches wide, 
and 24 inches high was utilized. To ob¬ 
tain 90% hiunidity at room temperature, 
a pan 12 inches wide, 24 inches long, and 2 
inches deep containing saturated lead 
nitrate salt solution was placed in the bot¬ 
tom of the tank. By means of a fan, re¬ 
circulated air was blown over the solution 
and through the ducts of the transformer 
models. For humidity exposure, the 
aluminum foil wrapping was removed 
from the models. In Fig. 4, the tank for 
humidity exposure, the current regulator, 
and associated control equipment for 
monitoring current flow in the model 
transformer windings can be noted. 
Winding currents of 67, 110, and 150 
amperes respectively, were required to 
obtain hottest-spot temperatures of 200, 
275, and 350 C. 

Test Procedure 

To maintain the high-voltage and low- 
voltage barrier insulation temperature 


Table II. Power Factor (High-Voltage to Low-Voltage and Ground) 

Average Values, Per Cent Measured at 32 C 


_ Fig. 5 _ 

Aging Temperature 200 C, Aging Temperature 27S C, 
% PF, % 


_ Fig. 7 _ 

Aging Temperature 350 C, 
PF, % 


Hours 
of Aging 



After 


After 

Before 

Humidity, 

Before 

Humidity, 

Humidity 

90% RH* 

Humidity 

90% RH 


. 

.6.6. 

.6.2. 

.... 8:7... 

..6.0.... 

.7.9. 

.5.2. 

.... 6.8... 

..6.0.... 

.9.9. 

.4.7. 

....12.4... 

..6.6.... 

.9.7...... 

.4.9. 

.... 7.4... 

..5.5.... 

.10.5. 

.4.8. 

....10.7 

..4.8.... 

.9.1. 

.4.8. 

.... 9.5 

..5.2.... 

.0.5. 

.4.7. 

.... 9.9 


Before 

Humidity 


After 
Humidity 
90% RH, 


..5.5 

..3.9.6.9 

..3.8.6.1 

..3.6.6.5 

..3.26.4.95 


0 .... 

48.. .. 

96.. .. 

144.. .. 

192.. .. 

240.. .. 

288.. .. 

336.. .. 

384.. .. 

482.. .. 

480.. .. 


Second Series of Tests (Fig. 6) 

.. 6.1 

.5.3.16.2 

.5.8.31.6 

.5.2.19.9 

.4.2.13.8 


.4.6. 8.6 

.6.4. 9.3 


• Relative humidity. 



Fig. 4. Tempera¬ 
ture aging of test 
models 
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PERCENT POWER FACTOR 



A6IN6 TIME ‘ HOURS 


"''*r 90% RH ai 3R C, h 

PP les In Figs. 6 through 10. Aging temperature 200 C 


within 25 C of the hottest-spot winding 
temperatures selected, the air ducts in 
the structure of the models were blocked 
by asbestos packing. The entire model 
was then 'wrapped with aluminum foil. 
As many as three models were connected 
in series with the model having thermo¬ 
couples for a particular temperature 
aging. A functional test cycle which 
follows an initial didectric proof voltage 
test on all models except those having 
thermocouples is outlined in the following. 
(Of a total of 16 models three were wound 
with thermocouples.) Two models with¬ 
out aging cycles were subjected to iVs 
x40 microseconds positive-polarity im¬ 
pulse voltage tests to determine the im¬ 
pulse voltage ratio. 

In the functional test cyde, a cycle con¬ 
sists of the following; 


( 31 . 6 %) I ( 19 . 9 %) 


before 


humidification 


Ui ui 

eo 


So £ 


•-P *-p X p 
•o ®*P 2 > 


before humidification 


H) ( 19 . 9 %) j ^ temperature; circulation current in wind- 

\ mgs. 

iV to ambient temperature 4 hours. 

\ . 3. Dielectric proof tests. 

\ humidity 

\ (RH) for 24 hours. 

[\~ 1 —----- Dielectric proof tests within 1/2 hour 

\ AFTER humidification after removal from humidity chamber. 

-dielectric proof test consists of: 

j Standards Assodation stand- 

-J---^__ »d 100 % test voltage for 16 -kv-class 

msulation. Major insulation, high-voltage 

_a. wmdmg to ground and to low-voltage 

HUMIDIPrarin..---wndmg, 1 i^ute withstand, 31 kv. 

I J T Secti<m-to-section, 1 minute, 60 cycles 

-j —;— Y _' ' ^ 1 minute, 6(5 

TiW « J 3 -la-m-ID-nr 300 volts. Layer-to-laver low- 

m wg Sg og ^ding, 1 minute, 60 cydes', rms 

120 160 200 240 260 320 360 400 440 4 Bo f' (pi) test at room tempera- 

A6INe TIME - HOURS I-HG, HL-G. 

Comments on Test Results 

I ^® iieat, humidily, and dielectric proof 

tests were made in air in accordance with 

I - procedure outlined in the fore- 

)IFiCATiON^°'v. going. Table I outlines test cydes with- 

—■ — 'vg----stood. (Ordinarily 1-inch greater creep- 

age (hstance is allowed in actual 15-kv 

--------transformer barrier construction. The 

“♦-~ purpose of dearance used in the modds 

IIOIFICA ION _was to determine if puncture or voltage ■ 

~ ~ - creepage would occur under sudi <yding.) 

Test 1 was discontinued; there was ho 

"—- ---- fladiover or evidence of deterioration at 

2(X)a 

"tai "■ IT —-n- - -- -- test 2 the following conditions bb- 

§5 ‘So slS «1 j “ w tained at 275C: 

*^5 si 

-■ ■■ '■ —I li **_L H I I ■ ^ J; .9^^ model; 0.6 cyde withstood. 

) ,126 190 180 210 e-rn - V^oltage creepage over bairier-to-ground 

AAikir '<riue ® ® 330 360 Pi®te after 90% humidity exposure. Special 

.A6IN6 TIME - HOURS insulation used; no fS^ 

Fig. 7. Aging temperature 350 C, cydes. 

2. One model; 2.6 cydes'withstood. 

Endurance Tests mGktssFm in«^ AraiUQSS 


*0 eo 120 160 200 240 260 320 360 400 440 460 

A6INe TIME - HOURS 
Fig. 6. Aging temperature 275 C 
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Voltage creepage over barrier-to-ground 
plate after humidity exposure. Special 
tum-to-tum insulation used on this model; 
no failure through 7 cycles. 

3. One model; 6.5 cycles withstood. 
Voltage creepage over barrier-to-ground 
plate after humidity exposure. Special 
tum-to-tum insulation used; no failure 
through 7 cycles. 

4. One model; 7 cycles withstood. 
Thermocouple unit; no voltage tests. 

5. Three models; 1.5 cycles withstood. 
Voltage creepage over barrier-to-ground 
plate after humidity exposure. After 
voltage creepage flashover on barrier 
insulation, ground plates were removed. 
Barrier insulation did not puncture at 
any time even though creepage flashovers 
to ground occurred from 3.5 up to 8.5 
cycles. Tum-to-turn insulation consisting 
of two wraps of glass fiber failed at 1.5 cycles 
after humidity exposure. 

6. One model with thermocouples; 17 
cycles withstood. This model withstood 
all heat cycling and humidification. Ther¬ 
mocouples were removed at the completion 
of 17 cycles to make voltage tests. Proof 
voltage tests were withstood. Flashover 
occurred on the barrier at 46 kv with the 
ground plate removed. 

For test 3 the following conditions ob¬ 
tained at 350 C: 

1. One model; 0.5 cycle withstood. 
Voltage creepage over barrier-to-ground 
plate after 90% humidity exposure. Tum- 
to-tum failure 1.5 cycles. (Two wraps 
of glass fiber used.) 

2. One model; 1.5 cycles withstood. 
Voltage creepage over barrier-to-ground 
plate after 90% humidity exposure. Tum- 
to-tum special insulation withstood 4 cycles, 
the maximum cycling. 

3. One model; 3.5 cycles withstood. 
Voltage creepage over barrier-to-ground 
plate after 90% humidity exposure. Tum- 
to-tum special insulation withstood 4 
cycles. 

4. One model; four cycles withstood. 
Thermocouple unit; no voltage tests. 

In connection with the power factor 
before and after humidilication, the 
average 60-cycle voltage values measured 
at 32 C. Table II and Figs. 5, 6, and 7 
Ust the high-voltage to low-voltage and 
ground measurements. Table III and 
Figs. 8, 9, and 10 list the high-voltage 
and low-voltage to ground measurements. 

For location of thermocouples, refer 
to Fig. 3. Thermocouple readings are 
found in Table IV for 200-C aging, 7th 
cyde; in Table V for 276-C aging, 7th 
cyde; and in Table VI for 350-C aging, 
4th cyde. 

In the impulse voltage tests two models 
without teat aging and with ground 
plates, lV^c40 microseconds positive- 
polarity impulse voltage was applied to 
the high-voltage winding with the low- 
voltage winding grounded; '‘see Table 
VII. 
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30 60 90 120 150 180 210 240 270 300 330 360 

AGING TIME - HOURS 


Fig. 8. Aging temperature 200 C 



Fig. 9. Aging temperature 275 C 


Table III. PF, High and Low Voltage to Ground 


Average Values/ % Measured at 32 C 


Hours 
of Aging 

Pig. 8 

Fig. 9 

Fig. 10 

Aging Temperature 200 C, 
PF, % 

Aging Temperature 275 C, 
PF, % 

Ajdng Temperature 350 C 
PF, % 

Before 

Humidity 

After 
Humidity, 
90% RH 

Before 

Humidity 

After 
Humidity, 
90% RH 

Before 

Humidity 

Alter 
Humidity, 
90% RH 

0 . 



.....6.0_ 


a Q 


48. 

.9.0. 

.8.2. 

.....4.2.... 

.10.0. 

.5.6_ 

.10.9 

96. 

.9.O.... 

.10.2. 

.4.6.... 

.14.2. 

.5.1. 

.9.8 

144. 

.8.2.... 

.16.0. 

.4.2.... 

.14.7. 

..4.7. 

. 8.6 

192. 

.7.6..;. 

.13.2. 

.4.0.... 

. 8.9. 


.8.3 

240. 

.7.9.... 

.16.8. 

.3.8.... 

.12.6 



288. 

...7..0.... 

.16.8. 

.4.2.... 

.13.0 



336. 

......7.8.... 

.20.4. 

.3.6.... 

.24.2 
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lable IV. Record of Temperatures by Thermocoupli 
Sevenlh Cycle, AsInsTiw 48 Hours « 200 C (Thennocoupic LoccOon In Fis. 3) 


occur during any heat aging tempera¬ 
tures of 200-, 275-, and 350-C aging tem¬ 
peratures. Flashovers ocaured only after 
humidification. Usually in design prac¬ 
tice, about a 1-inch greater creepage dis¬ 
tance is allowed from the high-voltage 
winding to ground. Use of the 3-inch 
creepage distance in the model was to 
determine if creepage flashover or pimc- 
ture would occur. 

General appearance and condition of 
the barrier insulation was good after the 
200- and the 275-C aging. At 350-C 
aging, the silicone resin became some¬ 
what deteriorated, but it was in reasona¬ 
bly good condition mechanically. This 
was noted when models were dismantled. 
No pimctures were found after careful 
inspection. Of importance also is the 
fact that these models were aged in air. 
In nitrogen atmosphere, aging data for 
silicone insulation shows that for equal 
thermal aging, tlie temperature may be 
increased about 50 C over that of silicones 
operated in air (ventilated).' 


Total 

Hours 


1 

2 

3 

4 5 


.176. 

.131. 

.2nn 


.177. 

.132. 

.201 . 


.176. 

.134. 

,201 . 


.175. 

.184. 

.201 . 


.176, 

.134. 

.201 . 


.176,. 

.134. 

.201 . 


,176., 

.134. 

.201 . 


.176.. 

.184.. 

.201 . 


Thormocouple No., Temperature, C 


10 


Ambient Winding 
Temperature, Current, 
C Amperes 


19., 

21 .. 

24.. . 

40.. . 

41.. . 

42.. . 

44.. . 

48.. . 


.146...176...200.. 
.145...176...200.. 
,146...146...202.. 
.148...176...201.. 
. 144...176...200.. 
.143...176...201.. 
.144...176...200., 
.144...176...200., 


.195...200. 
.196...200. 
.196...200. 
.196...200. 
.196...200, 
,196...200. 
.198...200. 
.196...200. 


....28.8. 

...23,8, 

...23.8. 

... 20 , 6 . 

... 22 . 2 . 

...23.8. 

...23.8.. 

...23.8., 


....67 
....67 
....67 
....67 
..,.67 
...,67 
....67 
.67 


Table V. Record of Temperatures by Thermocouples 

Seventh Cycle, Asins Time 48 Hours at 275 C Ghermocouple Location In Fis. 3) 


Total 

Hours 


Thermocouple No., Temperature, C 


8 


10 


Ambient Mndin 
Temperature, Curren 
C Ampere 


12 .. 

14.. 

16.. 
16.. 
18.. 

19.. 

48.. . 


.229.. .245... 164., .267... 172.. .213.. .242. '247 ' IS’' 111''' 

.gi|.. . ,184.. .2M,.. m.: II:: .12:: 1IMS' ■ s:!- • • 


....25. 

....26. 

....26. 

....26. 

....26.. 

.,..26.. 

....26.. 


...no 

...no 

...no 

...no 

...no 

...no 

...no 


Discussion of Test Results 

Cyclic Application of Heat Aging, 
Cooling, Proof Voltage, 
Humidification and Proof Voltage 

^ The temperature of the barrier insula¬ 
tion was held within 25 C of aging or hot¬ 
test-spot winding temperature. It is 
important that only 100% proof voltage 
after humidification caused creepage 
flashover on barrier insulation after 275- 
or 350-C heat aging. Fladiovers did not 
occur after humidification at 200-C aging 
temperature. Neither did flashovers oc¬ 
cur after the heat-aging portion of the 
cycle for the whole range of aging tem- 
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peratures used. Tests on Motorettes 
revealed also that humidification is a 
factor.® 

Models having thermocouples would 
withstand aging temperature and humid¬ 
ification indefinitely since they were not 
subjected to proof voltage. At 275-C 
heat cycling, the model having thermo¬ 
couples withstood 17 cycles (34 days’ 
heat aging, 17 days’ humidification). 
At the completion of 17 (g^des, this model 
withstood 100% proof voltage with 
thermocouples removed up to 45-fcv rms 
maximuni withstand 60-cycle voltage 
after drying at room temperature 
Puncture of barrier in^ation did not 

•r miperature Endurance Tests 


Turn-to-Turn Insulation 

Glass fiber insulation may be scuffed 
during the winding operation or the bond 
of the silicone resin to the glass may be 
insufficient to withstand extreme heat 
aging, humidification, and 100% voltage 
cycling. This may be the reason for the 
tum-to-turn strength variation found at 
275- and 350-C. If the tum-to-turn fail¬ 
ure occurs at adjacent points between 
sections of coils, section-to-section flash- 
over results. If must be remembered 
that in service, the tum-to-turn voltage 
st^s is much lower than the 800-volt 
withstand required for this proof test 
after 90% humidification. 

At 275-C aging temperature, the tum- 
to-turn glass fiber insulation in three 
modds withstood 1.5 cydes. A spedal 
wire insulation developed for 15-kv class 
transformers used in three models with¬ 
stood the maximum test cycling of 7 
<ycles. 

At 350-C temperature aging, failure 
occurred in one modd using glass fiber 
insulation at 1.5 cydes. Failures were 
not found in the two models having spedal 
wire insulation. 

For the low-voltage layer insulation, 
di^g all cyding, the layer insulation 
withstood 5 kv, 1-minute voltage proof 
test. 

For temperatures in insulation struc¬ 
ture as determined by thernjocouples, 
refer to Fig. 3, which gives the location 
of thermocouples. Tables IV, V, and VI 

give values at a particular cyde. 

Winding cuirent was controlled mainly 
by thermocouples wound in the third 

I,.', 


on Glass Fiber Insulatim 
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Table VI. Record of Temperatures by Thermocouples 

Fourth Cycle, Asins Time 50 Hours at 350 C Cniermocouple Location In Fig. 3) 


Thermocouple No., Temperature, C Ambient Vending 


Hours 

1 

2 

3 

4 

5 

6 

7 8 

9 

10 

Temperature, 

C 

Current, 

Amperes 

46.. 


.311. 

.225. 

.325.. 

.227. 

..271. 

.340...309.. 

.357.. 

.374.. 

.21.6_ 

. .150 

47.. 

.276. 

.313. 

.226. 

.331.. 

.228. 

..273. 

.351...805.. 

.363.. 

.387.. 

.22.8_ 

. 1.50 

48.. 

.276. 

.313. 

.226. 

.326.. 

.229. 

..277. 

.349...304.. 

.857.. 

.376.. 

.22.8_ 

. .i.sn 

49.. 

.275. 

.311. 

.227. 

.326.. 

.231. 

..273. 

.356...305.. 

.345.. 

.385.. 

.24.4_ 

. 160 

60.. 


.313. 

.226. 

.326.. 

.228. 

..276. 

.356...304.. 

.354.. 

.378.. 

.....24.4.... 

..150 


Table VII. Impulse Voltage Applied to 
Windings 


Impulse 60-Cycle 

Voltage ■ Voltage 


With- Barrier With-Flashover Impulse 
stand. Puncture, stand. Barrier, Ratio, 

Crest Crest Crest Crest With- 

Uodel Kv Kt Kt Et stand 


1 .69.63.44.48.1.84 

2 .64.69.;44.48.••_1.23 


section of the high-voltage winding on the 
second and on the sixth tnm from the 
inside of the pancake winding (thermo¬ 
couples 8 and 9). Note that the tem¬ 
perature was held within ±2 C for the 
200- and 275-C settings and within 
±1.5% of the 350 C setting. 

Temperature maintained on the barrier 
insulation was within 25C lower tempera¬ 
ture than the hottest-spot win ding or 
aging temperatures. TlUs was accom- 
pli^ed by blocking the air ducts with 
asbestos packing and by carefully wrap¬ 
ping the entire models with aluminum 
foil. 

PF Test Values 

In connection with pf test value, see 
the section "Test Procedure," and Table 
II. Pf in per cent versus aging time in 
hours is plotted with the use of before and 
after humidification conditions in Figs. 
5, 6, 7, 8, and 9. After humidification, 
pf measurements were made within 20 
minutes of removal of models from the 
humidification tank. Before humidifica¬ 
tion, pf measurements were made at the 
end of the 4-hour cooling period after the 
48-hour temperature aging. 

Consider, for example, the high-voltage 
to low-voltage and ground set of pf meas¬ 
urements. After humidification, pf values 
fluctuate as normally occurs during mois¬ 
ture release or curing of resin varnish. 
Before humidification, pf values are prac¬ 
tically constant for tie entire cycling 
considered. The initial pf value at 275 C 
aging is 6.1%. Through 10 cycles of 
heat agmg, the per-cent pf value ter¬ 
minates at 5.1%. In this set of measiue- 
ments the barrier insulation is pre¬ 
dominant in the ^stem. 

Constant pf vsdues can be noted also 
for the before-humidification conditions 
through all cycling for the high- and low- 
voltage winding to ground measurements. 

These practically unchanged pf values 
are of significa n ce. Silicone resins be¬ 
cause of their water-repellant nature pre¬ 
vent. penetration of moisture in small 
cracks of varoi^ film. Older kinds of 
bonding and impregnating resins, after 
exposure to 90% humidity and heat 


cycling, may permit entrance of moisture 
below the surface film. As a result of 
s hrin kage at high temperatures, some 
resins may become loose and brittle. 
Silicones have the toughness and resil¬ 
iency to withstand stresses under ab¬ 
normal conditions. 

Relation of Functional Test Models 
to Dry-Type Transformers in 
Service 

Transformers, having a similftr silicone 
glass fiber insulation ^stem based on a 
permissible 180-C hottest-spot rise, have 
been in use since 1951.® Ratings extend 
from 250- through 2,000-kva, and 5- 
through 15-kv ratings. Typical core and 
coil construction for a 500-kva, 3-phase, 
silicone-insulated transformer appears in 
Fig. 11. This transformer, with a sealed- 
in nitrogen enclosure, is illustrated in 
Fig. 12. 

These transformers, utilized for unit 
substation, network, and station auxiliary 
service, are designed for 150:C average 
rise by resistance and 30-C permissible 



Fig. 11. Core-and-coil assembly, 500 kva, 
3-phase, 150-C rise 


hottest-spot rise. This, means that in 
40-C maximum ambient temperature, the 
permissible hottest-spot winding tem¬ 
perature is 220 C in conformity with pres¬ 
ent NEMA standards for group 3 dry- 
type transformers. Subjected to varied 
load and overload conditions, these trans¬ 
formers, now numbering about 100 units, 
have given excellent performance. 
Mostly, sealed-in nitrogen construction is 
utilized to ensure freedom from dirt and 
contaminating conditions. 

Model transformers, as described in 
this paper, were aged at 275- and 350-C 
temperatures or at least 55- and 130-C 
higher temperatures than the hottest- 
spot temperature of 220 C permissible in 
dry-type transformers. Transformers 
would seldom be subjected in service to 
such extreme heat cycling, humidity, and 
voltage conditions as withstood by 
models. By functional tests, the user is 
assured that operating margins exist, 
that failures become remote, and that the 
manufacturer has taken care to produce 
a reliable transformer. 

In service, transformers of ventilated 
construction after being exposed to h umi d 
conditions are not frequently subjected to 
voltages of 31 kv from high-voltage wind¬ 
ing to ground. A dry-out period may 



Fig. 12. Sealed-in nitrogen transformer, 
500-kva, 3-phase, 150-C rise 
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oe ^lowea or lightning arresters can be 
utilized. Barrier insulation flashovers 
as experienced in the knodels having less 
creepage distance (high-voltage winding 
to ground) than that for 15-kv trans¬ 
formers. become of less concern wlen 
operating conditions are considered. In 
pr^tice, the increased creepage distance 
uiWized lessens the possibility of flashover. 
The fact remains that cycling and volt¬ 
age tests did not produce holes in the 
silicone glass fiber barrier insulation 
system. 


Conclusions 

demonstrate that a 15-kv class 
model IS practical. 

2 By utilizing heat, voltage, and humidity 
^ test procedure on 

models develops voltage stresses and 

.fmore severe than 

ser^ ^ transformers in 

rvice. Tests on a model can be more 
numerous, varied, and accomplished at 

complete trans- 
omers. Test data obtained by inteiested 
transformer manufacturers can be com- 

P3f6Cl« 

f™! “Station system data are aow 

t factional 

temperature endurance tests on ventilated 

S^erf distribution trans- 

of the silicone 
glass fiber barrier insulation was not 

te^ste^^At ' 200 ^ 0 ® 

tests. At 200-C aging, no flashovers 
^curred from the high-voltage winding 
along the barrier insulation surface to thf 
end of the plate (ground) after humidi- 

A 27?V” ^ duration of the test. 

6-C aging, flashovers occurred at 1 6 
cycles, but upon removal of the end plates. 


-a- — w.w wcFc witnstood beforc 

flashover after humidification in 10 cycles’ 
duration of the test. At 350-C aging 
fl^hovem oc^ed from 0.6 to a maxiiuS 
withstand of 3.5 cycles, and end plates 
were not removed in 4 cycles' duration of 
test. If flashover occurred after humidi- 
ficaoon for a given cycle, flashover would 
a^n take place after the heat aging and 
numidification on subsequent cycles. 

5. Future consideration should be given to 
increasing the high-voltage winding to 
^ound clearance in the model used. 
Ordinarily, a M-sized transformer utilizes 
greater creepage distance. 
But the purpose of the test was realized 
m detemimng whether creepage or puncture 

used pe purpose of the test cycling 
was to determine its adequacy rather than 
to test a specific transformer design. 

Variable insulation flashovers, without 
puncture of barriers, constitute a debatable 
question about failure. Increased creepage 

conditions 
attempt was made 
to plot time of variable flashovers (life) on 

Sraph paper. 

pvmg the reciprocal of absolute tempera- 
ture scale to represent temperature aging 
as the abscissa. ^ ® 

6. After huimdification only, voltage proof 
barrier flashover. 
Models having thermocouples withstood 
all heat cyclmg through as many as 17 
cycles at 276 C (34 days of heat a^ng. 17 
^ys of huimdification at 90% humidity). 

thermocouples could not be 
subjected to voltage tests. After thermo- 
cpples w^re removed on the unit exposed 
Af II ^t:les at 276 C, a maximum voltage 
! above test) was witL 

rtood for 1 mmute (high-voltage winding to 

li turn-to-turn voltage 

strength and other requirements demanded 
by the tests exceeds those found for trans¬ 


fers m service, the fact remains that 
the test method dictates the margin of 
s^ngth available. Development of insula- 
tmg materials for wire covering can proceed 
accordmgly. 

“ tWs paper for m«lels 
plus the ^ce record ^ lOO transformers 
aving similar insulation systems, offer 

establishing for group 3 transformen a 
permissible 180-C hottest-spot rise. Rat¬ 
ings (rf these transformers extend from 260 
^a through 2,000 kva, 6- through the 15- 
^ class, and designs are based on the 
temperatures proposed by the new NEMA 
standards. 
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Discussion 


Y^e Goldberg (Iowa Power and Light 
Company, Des Moines, Iowa); Wlien a 
utility man enters a discussion relative to 
tr^sform^s whether it be concerning de- 
operation, economics 
^e of prime importance. We are familiar 
with the oil-immersed transformer and the 
various types of insulation class A, riac^ n 
class O, and tte comparatively new class H. ’ 
As the load current in any transformer is 
mcr^ „3 temperature rise, beeiu^ol 
greater loss^. The material most subject 
to dm^ge by heat in a transformer is W 
insulation. There is insulation in the core 
and m the wmdings, but since the core losses 
are n^ly constant for all loads, it is ^e 
msulation on^ the windings which causes 
conceim. It is known that any insulating 

deter 

temperature and time 
^at the higher the temperature the greater 
the ra.te of deterioration; and IhS anv 

“^ThrXb*^ ^ transformer reduces its life 
Through research, an msulation was de- 
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yeloped such as class H with a suggested 
limitmg hottest-spot temperatiu-e of 180 C 
A factor ^ch as greater safety in operation 
bmaterials less combusti- 
nU%n ® “ class-A msulation in an 

transformer, is important. Oil- 
fflled transformers are probably the most 
widely used type. Liquid-filled are perhaps 

tSu\fn and lastly the dry-type 

transformer. Safety is a watchword in 
every utihty today. Any improvement in 
equipmrat which lends itself to safer opera¬ 
tion IS given every consideration 

secUu!rST“ fa <i«-se load 

sections of town. In these areas larze 

numbers of people move about. Many 
undCTground vaults are constructed in side¬ 
walks and open gratings are used for Venti¬ 
lating purposes. When oil-filled trans- 
“ mstallations such as 
pedestrians pas“ 
mg over the vaults should an explosion occur 

U ^ lyimd-fiUed transformer in such a vault 
Jopld ail or aaplode, thero woSa 
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of a liquid- 

filled transformer which occurred in a tmns- 
former room beneath an alley adjacent to 
retail stores There was a Lg'deSy Z 
^ service because of the 

sufficiently to 
clean tip the 

amap. Many complaints were registered 

one could 

trolcf ^ dry-type or other 

transfoiroer which would not be subject to 

problem of this nature may well be the use of 
transformer which has no 
combustible mate^ in its makeup. 

^ ^ msulating material which 

such higher temperatures 

Si permit an over-all 

vSf Large numbers of 

vaults ^ist with fixed hatchways in their 

passage of trans- 
orraers of over certain dimensions. A re¬ 
action m the physical dimensions of trans- 
foraers with an increase in kilovolt-ampere 
rating would certainly appeal to the cost- 
^nsciousutiUty group. This is espeiSir 
tme today, as statistics indicate that elec- 
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trie loads have grown and it is generally pre¬ 
dicted that future consumption will be even 
greater. 

We are contemplating the conversion of 
some 4-kv network vaults to 13-kv network. 
Transformers of correct size both electrically 
and phsyically will permit the use of existing 
hatchways, eliminating the need for rebuild¬ 
ing transformer manhole tops and thereby 
allowing the conversion to be completed 
with minimum cost. 

^ The author has presented a valuable and 
timely paper based on tests and practical 
experience. His test results are very inter¬ 
esting and quite comprehensive. The 
rugged tests on the 15-kv models are 
evidence that much progress has been made 
toward the production of a safer 15-kv dry- 
type transformer which should be gratif 5 dng 
to those utility men who work with network 
transformers. With continued research, 
production costs should be reduced and the 
dry-type transformer will rightfully take its 
place in the utility picture. 

Perhaps newer types of insulation will be 
developed with tlie co-operation of the 
chemist and the electrical engineer which 
may still further reduce the physical size and 
still be economically practical. Perhaps 
gas other than nitrogen will be found for use 
in sealed dry-type transformers which will 
be even more efficient. 


A. F, Phillips (Duquesne Light Company, 
Pittsburgh, Pa.); Mr. Manning has made a 
very interesting and useful contribution to 
the art of model testing dry-type trans¬ 
formers. Data on tlie aging of insulation 
are needed to demonstrate the reliability of 
the three groups of dry-type transformers 
when operating at their permissible hottest- 
spot limits. The test data summarized in 
the paper indicated that seven models, 
which are rated at 180 C rise (220 C total 
temperature), withstood 276 C for 14 days 
and that one model withstood 276 C for 34 
days. A few tests were made at 350 C. 
Although it is a good start, the limited test 
data presented in this paper are not enough 
to establish the life criteria for this type of 
equipment. It would be desirable to in¬ 
crease the creepage distances so that actual 
failures could be obtained from which a life 
versus aging temperature plot could be 
made as the author mentions in his con¬ 
clusion 5. 

Data on the aging of class-if insulation 
and information on the method of cal¬ 
culating hottest-spot temperatures of over¬ 
loaded class-iiT transformers are needed by 
the utilities to aid in the assignment of 
emergency operating ratings. Occasionally 
it may be necessary to operate a 220 C 
transformer at 275 C. It is very difficult to 
understand the significance of test data 
at temperatures over rated value if means 
of interpreting them in terms of per-cent load 
are not known. The tables in the paper list 
the winding currents in the models necessary 
to maintain the three different test tempera¬ 
tures, but these values cannot be translated 
into per-cent load on an actual trans¬ 
former. 

Since the author has developed the 
knowledge and technique of running model 
tests at very high temperatures, he should be 
encouraged to continue the work as these 
data are essential to the economical opera¬ 
tion of this type of equipment. 


Dr. A. A. Halacsy (I-T-E Circuit Breaker 
Company, Philadelphia, Pa.) The tests 
showed that creepage sets the limit to the 
voltage in dry-type transformers. Does the 
author think it possible and practical to 
build dry-type transformers for voltages 
higher than the 16-kv class in the light of 
the difficulties experienced in creepage? 


W. W. Satterlee (Westinghouse Electric 
Corporation, Sharon, Pa.): In commenting 
on 1^. Manning’s interesting paper, I desire 
to compliment the Chairman of the AIEE 
Working Group on Life of Materials, John 
L. Cantwell, for his capable guidance of the 
activities of the Group, and, less directly, 
the members of the Subgroups who have 
been studying the temperature classifica¬ 
tions of insulation structures for dry-type 
transformers during the past few years. 

Mr. Cantwell appointed the first Sub¬ 
group of four members of the Working 
Group in November 1952 to study the func¬ 
tional evaluation of insulation systems for 
dry-type transformers. The Subgroup 
agreed that there were two possible ap¬ 
proaches to the subject: fiirst, the testing of 
insulation elements, i.e., component parts 
for use in an insulation structure, or second, 
the testing of complete insulation structures 
as used in transformers. The first approach 
may be called the component method; 
the latter, the model method of testing. 

At a later meeting this Subgroup agreed 
that it would work to effect a recommenda¬ 
tion for the model method of testing to 
establish bench marks for temperature 
classes of insulation sj^teins for dry-type 
transformers and the preparation of a test 
code for tliis purpose. The work of this 
Subgroup was completed in May 1963 with 
the preparation of a tentative test code, 
including the design of a particular model 
for use in laboratory testing of insulation 
structures. In June 1963 the Working 
Group agreed that the work of the Subgroup 
represented a step in the direction of stand¬ 
ardization and the establishment of desipi 
codes based on model tests, because tem¬ 
perature limits are determined not only by 
the chemical structure of the insulating 
materials but also by the manner in which 
they are used in an insulation structure. 

^ The proposed test code deals with func¬ 
tional testing and temperatm’e classification 
rather than with the testing of components 
and the classification of materials. To con¬ 
tinue this work, Mr. Cantwell appointed a 
second Subgroup to consider modifications 
of the proposed test code in accordance with 
suggestions of the Working Group and to set 
up a program for obtaining the basic data 
required to establish the model method of 
toting and the requirements of the code. 
Since tlien, members of this Subgroup have 
done a considerable amount of model test¬ 
ing of insulation structures for the purpose 
of establishing the workability of the pro¬ 
posed test code. Mr. Manning’s paper 
represents a contributing portion of this 
work. 

However, interpretation of the author’s 
results is difficult. In doing this, one 
should keep in mind the original objective 
as formulated by the Subgroup. It was to 
give laboratory trial to the test procedure 
specified in the code and to the specific 
model recommended for the testing of a 15- 
kv insulation structure. It was not in¬ 


tended at this time to use the test code to 
determine the permissible operating tem¬ 
perature for any specific insulation struc¬ 
ture. Due consideration of these things 
may help in understanding the author’s 
results. 

In the tests Mr. Manning describes, 
flashovers occurred in the models. Thus, if 
flashovers are taken as insulation failures, 
which is a provision of the test code, the 
author’s results show the life of the models 
to be very short. For instance, at 276 C the 
life of group 3 transformers may be expected 
to run over 5 cycles of 8 to 16 days’ duration 
instead of 3 to 4 cycles at 48 hours each. 

One possible reason for the apparent short 
life of the models is, as the author points 
out, insufficient electrical clearance in the 
models. If so, we must acknowledge that 
the results of the author’s tests, as related 
to the permissible operating temperature, 
are not conclusive and that additional tests 
designed to specifically determine the 
pennissible opemting temperature for group 
3 dry-type transformers are very desirable. 
However, when one considers that the in¬ 
tended objective of the tests was to help 
establish the validity of the proposed test 
code, then the author’s work constitutes a 
valuable addition to the entire efforts of the 
Subgroup. Mr. Manning deserves much 
credit and he is to be commended for his 
co-operation with the Subgroup on this over¬ 
all subject. 


M. L. Manning: Comments by the dis¬ 
cussers are appreciated. A practical ap¬ 
proach to operating problems is a necessity. 
In dealing with the subject, it must be 
remembered that data were not available for 
such severe temperature and humidity 
cycling as outlined for a test cycle in the 
paper for a 16-kv class silicone glass fiber in¬ 
sulation system. A model structure was 
agreed upon by the Subcommittee for lab¬ 
oratory trial. Numerous models must be 
tested in conformity with a test code, when 
available, to arrive at answers to all ques¬ 
tions. The purpose of this initial paper 
dealing with group 3 dry-type transformers 
was to verify if a 16-kv class model is prac¬ 
tical, to devise a practical test procedure, 
yet impose operational conditions, and to 
obtain helpful information for a test code by 
establishing a few beacon lights for possible 
aging temperatures. The validity of a 
possible test code must be established. It 
should be realized also that much thought 
and planning was required in the AIEE 
Working Group on Life of Materials and in 
the Subgroup on Functional Tests. Other 
members of the Subgroup studied lower 
temperature group 2 transformer insulation 
systems while the author was given the 
responsibility for group 3 (high tempera¬ 
ture) insulation systems. 

Of importance is the fact that only heat 
cleaned glass fiber base material and high 
temporature withstanding silicone resins 
and rubbers were used in my system. Un¬ 
less oil and sizing is removed from glass 
fibers, insufficient bond strength of the 
resin to the fibers exists and delamination 
will occur at high temperatures. This fact 
is highly important when considering insula¬ 
tion systems aged in air at 276 C and 350 C. 
The end or failure points at such high tem¬ 
perature cycling are dependent upon the 
quality of the insulation system. 
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Mr. Goldberg's comments offer support to 
jhifety features desired by most operating 
jjcople. Unless an insulation system con¬ 
sidered for functional tests at high temp^a- 
tures meets safety from fire and explosion 
hazards where human life is in danger, the 
system cannot bepractical from a user's point 
of view. The insulation system described in 
the paper is free from volatileoilsand toxicity, 
■will not support combustion, and can be used 
at 220 C hottest-spot temperature in air or 
nitrogen. In case nitrogen leaks from a 
tank in a network transformer having this 
insulation system, load can be maintained 
until resealed. Conclusions that danger 
from fire and explosion is eliminated, are 
verified elsewhere.* As Mr. Goldberg 
points out, by continued usage the economic 
picture for high temperature materials can 
i>e changed to decreased costs. A similar 
situation existed about 14 years ago when 
phenolic impregnated and bonded glass 
fiber materials were first introduced. Use 
of gases other than nitrogen to reduce 
dimensions of sealed transformers are under 
study; results are encouraging. The prob¬ 
lems encountered by Mr. Goldberg in t he 
application of network transformers are 
interesting. 

Mr. Phillips emphasizes an important 
fact that more work is required to get possi¬ 
ble answers to end-of-life points for insula¬ 
ting materials. This problem has plagued 
mginetf s for many years. For the silicone 
insulation sj’stem described in the paper 
for group 3 transformers, it is hoped that a 
few guideposts are established in arriving at 
suitable test code aging temperatures. A 
fujKtional or prototype test method will 
assist greatly in estimating emergency tem¬ 


perature limits. But it must be re¬ 
membered that correlation with trans¬ 
formers in service is necessary. Models 
alone cannot establish a direct relationship 
with transfonn^s with respect to current 
density in windings, core heating, and 
circulatory effect of cooling by ducts. An 
insulation system is evaluated by a test 
mod el to give the user and manufacturer 
information, concerning this system. 

stresses on the insulation, both 
thermal and electrical, are imposed by the 
cjrcling. It is helpful to know that Mr. 
Phillips is in accord with the indea for con- 
titiuing the work in obtaining data essential 
to the economical operation of transfonners. 

Dr. Halacsy questions the possibility of 
voltage creepage as setting the limit to the 
voltage rating of dry-type transformers. 
Perhaps in the models voltage creepage 
appeared to establish the end point but it 
will be recalled that the 3-inch creepage 
distance of the high-voltage winding to 
ground (end plate) was set to determine if 
creepage or flashover would occur. Actual 
16-kv class transformers use greater creep- 
age distances, hence the next step is 'to in¬ 
crease the distance in the models since the 
basic question was answered in that the 
barrier structure did not puncture. If cer- 
t^ operational characteristics such as 
higher impedance and dimensions are 
permissible, it does appear possible to build 
dry-t 3 rpe transformers higher than 16-kv 
class, particularly by use of perfluorocarbon 
gases for sealed units. Development work 
is proceeding in this direction. 

Mr. Satterlee outlines an interesting re¬ 
view of the committee work in establishing 
the background of the paper. At a later 


date, the combined work of tlie A1 lilC \\'{« k- 
iug Group on Life of Materials and the Sub¬ 
group will be pre.scntetl. My w<Hk ileals 
with an insulation system liaviug a 70 C 
higher permissible lu»ttesL-sput wimliuir 
temperature, hence the problems clilTer iit 
many respects from the insulating systems 
studied by other members of thit vSiibgt'ouj>. 

Mr. Satterlee comments that my results 
are difficult to interpret in that at this linn? 
the test code was not intended to detennine 
the permissible opcratingtemperatnrt? fui any 
specific insulation structure. I wish t«> juakt* 
the point clear that no test code or bounds 
for aging temperature limits were iu exist¬ 
ence at the time the imidels were lesteiL 
The purpose of the testing was lr» «?stabli.sli 
the validity of reqtiirements that might be 
met in fonnulating a test ect4le. Hut we 
must remain practical iu con elating tluta 
established by a test code with transfonners 
in service. In this maniRT we can obtain 
better answers to insulation probletuH. 
Conclusions in the |)at)er anqilify juy view- 
point. Additional te.sls on inmleLs will be 
made, utilizing iuereaswi creepage di.slatice 
to obtain puncture of barr«T insulation. 

It is hoped this initial paper will arouse 
interest in ol)taining good atiswers t«j emb of- 
life aging questions and uverltjads on 
transformer insnltition systimui which have 
been of concern to enginecr.s for many years, 
Users and mamifacturcr.s of tnuisforuurfs 
must co-operatc to enjoy siu'eess. 
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An Experimental Gas-Insulated 138 -Kv 
Current Transformer 


G. CAMILLI 

FELLOW AIEE 


|T IS well recognized that under special 
■ conditions the dielectric strength of 
some gases is superior to both liquid and 
insulation. The low dielectric loss 
of ^ gases, their self-heaKng quaHties 
^ telatively low cost are outstanding 
idwracterisUcs which are very useful in 
^ applications. Thus compressed 
^ sulphur hexafluoride have 

capacitors 
loss is esssBtial. aod 
t^oi^ where reduced di- 
ood nonflammability are of ori- 


built for operation on a commercial power 
syst^ where the equipment may be sub¬ 
jected to surges and lightning voltages. 
M ^^ental lS8-kv gas-insnlated 
tOTent transformer is described which 
withstood all the commercial tests both 
at low frequencies and impulse voltages 
fevels as specified in the American Stan^! 
arts Associatron Standards tor transtor- 

by ts. Atee Tnm,. 

<^nunittee on TechSl ^ 

tion at the AIEB 'Wnte/rt presenta- 

Vork. N.Y.. New 

script submitted Maau- 

CwapB.,, 

•KPrecto. 

preparation of this pape^ Geisler in the 



Gas-In^Oated ISS-Kv Current 


raers.» Three types of insulutiiig me¬ 
diums are discussed,.solid,l«iutd, mid gase¬ 
ous, and the reasons why gas insulation 
was claosen are given. 

The Influence of the Insulating 

Medium on the Type of 

Construction 

Since solid insulation generally hoi 
higher dielectric strength than ’either 
liquid or gaseous insulators, there is no 
doubt that solid in.sulalion, cither in tlic 
form of resiu-fanpregimted fibrous ma¬ 
terial or cast synthetic resins, leads tr» the 
most compact designs. In this case, how¬ 
ever, the complete elimination of voids is 
o paramount importance. Amithcr prob- 
1^ which needs to be considered is the 
dissipation of heat under aormal and 
overload conditions. The eyebolt design 
m which the solid insulation (paper) is im¬ 
pregnated with oil as in an oil-fllled cable 
IS a good compromise. It will be noted 
that m this case. Fig. l, the high-voltage 
winding is enclosed in a metal shield and 
the solid insulation is wound over the 
.%^'Voltage transformers 
where the thickness of the insulation is 
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Fis- t« Cron-sectional view of the con- Fig. 2. Cooling diagram of the conventional 
ventional high-voltage current transformer high-voltage current transformer 



Fig. 4. Internal view of the 138-kv gas- 
insulated current transformer showing the 
low-voltage shield and high-voltage shield 


appreciable, there wiU be little or no heat 
dissipation through the solid insulation. 
The cooling is provided by the circulation 
of the oil existing between the shield and 
the high-voltage winding, as shown in 
Fig. 2. 

When solid insulation with no trace of 
liquid is used, the casting material en¬ 
closes only the low-loss dissipating ele¬ 
ments of the current transformer. In a 
current transformer, most of the heating 
is produced by the high-voltage winding 
inasmuch as the low voltage winding car¬ 
ries only 6 amperes at full rated primary 
current, and the iron core operating at 
very low flux densities (ordinarily at less 
than 1,000 gausses) has little loss to dis¬ 
sipate. 

Current transformers in which the 
main insulation consists exclusively of an 
insulating liquid have not been looked at 
very favorably by those familiar with 
high-voltage phenomena. The main 
objection being that particles such as lint, 
or bits of paper, especially if wet, may be 
attracted into the regions of high didec- 
tric stresses and produce internal flash- 
over. Therefore, it has been a generally 
accepted parctice to introduce between 
the high- and low-voltage windings some 
sort of an insulating barrier, or barriers, 
with a totalithickness so proportioned that 
in the case of momentary complete break¬ 
down of the liquid the solid insulation by 
itself is sufficient to withstand the im¬ 
pressed voltage for a very short time. 
Under some conditions, the barrier ac¬ 
tually stops streamers and spittings, 
thereby preventing full spark-over. A 
streamer hitting a barrier in a liquid 
splashes a short distance and is quenched. 


In the case of a gas-insulated trans¬ 
former with no forced circulation, there 
will be no extraneous or foreign material 
which may float in the insulating medium; 
therefore, there will be no need for any 
discontinuity in the insulating structure. 
Furthermore, a streamer hitting a bar¬ 
rier in gas is possibly more self-perpetuat¬ 
ing because of the longer free-path dis¬ 
tances between molecules. It should al sn 
be recognized that owing to the wide dif¬ 
ference between the permittivities of 



solids and gases the corona-starting volt¬ 
age, for a given total dielectric distance, 
will be lowered by the introduction of a 
barrier into the gap. 

It might be argued that in case of failure 
in the all-gas insulating structure the low- 
voltage winding may be brought up to 
the voltage level of the high-voltage 
winding. This difficulty can be easily 
overcome by enclosing the low-voltage 
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Table I. DielecWc T«l. « A. 13«.Kv G«J1lled Cm™,t Treerfome, 


Gas Pressure, 
Pounds Per 
Square Inch 
Gauge 

Impulse 

Polarity 

Impulse Tests 
Maximum 
Withstand 

Voltage, 

Kv-Crest 

Relative Strength 
Based on 750-Rv 
Chopped Wave 

Breakdown 

Voltage, 

Kv-Crest 

6. 

10. 

16. 

.+. 


.0.77. 

.0.96. 


20. 

10. 

0. 

5. 


60-Cycle Teats 

.1.29. 


10...... 




.... 371 kv rms 


winding within a shield which is soHdly 
connected to ground. It is interesting to 
note that while in a conventional liquid- 
insulated^ transformer the insulation 
strength is mainly dependent upon the 
thickness and quality of the insulating 
material, in a gas transformer a third 
variable, pressure, is introduced with a 
^bsequent increase in the flexibility of the 
insulating structure. 

Among the various gases, the fluoro- 
gases are of particular interest in high- 
voltage applications because of their gen¬ 
erally inert character and high dielectric 
strength.* The fluorogases of most in¬ 
terest are the Freons, sulphur hexafluo¬ 
ride, and the fully-fluorinated compounds 
such as CsFg. 

Cl^acteristics of the Gas Used 
in This Experimental Transformer 

In this experimental transfonner, sul¬ 
phur hexafluoride was selected as the gas 
which has the most advantageous charac¬ 
teristics.*-* Under normal service condi¬ 
tions, SFb is inert and nonflammable and 
produces no harmful effects on personnel 
if it accidentally escapes from the ap¬ 
paratus. 

The density of SF# is approximately 
five times that of air while its specific 
heat, at 65 degrees centigrade, is 70 per 
cent that of air. It follows that, since the 
product of the specific weight and the 
specific heat of SF# is higher than that of 
air, SFg has a higher total heat absorption 
than air. One pound of SF« at atmos¬ 
pheric pressure fills approximately 2 cubic 
feet (19 gallons). At the present rate of 
production, the price per gallon of SFg 
at atmospheric pressure is less than one- 
half that of standard transformer oil. 

Description of the Gas-Insulated 
Transformer 

The transformer is of the porcelain- 
clad type. The most striking feature is 
that the high-voltage winding is external 
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to tte transformer and consists of a cable 
which is wound around a hollow alu¬ 
minum toroid located on the top of a por¬ 
celain insulator, as shown in Fig. 3. The 
toroid is connected to one terminal of the 
high-voltage winding and encloses the 
core, the low-voltage winding, and a 
grounded toroidal shield for the low-volt- 
age winding, as shown in Figs. 4 and 5, 
Both the high-voltage and low-voltage 
toroidal shields are split into two sec¬ 
tions, the low-voltage shield being sup¬ 
ported by the secondary winding and the 
core. The latter is held up in position by a 


Table II. Accuracy Characteristics of the Gas- 


metal stem connected to the base of the 
transformer. Dielectrically the unit con¬ 
sists of two toroids, insulated from each 
other by gas under pressure. The two 
toroids are so dimensioned that the spac¬ 
ing between them is the weakest link in 
the insulating structure. The porcelain 
shell also encloses three insulating cyl- 
indem, the supports for three semicon¬ 
ducting cylinders that function as volt¬ 
age equalizers. These voltage equalizers 
greatly aid in the establishment of an es¬ 
sentially uniform voltage distribution 
within the porcelain shell. The trans¬ 
former is so designed that it will with¬ 
stand the full 60-cycle high-potential test 
(but no impulse test) with zero gas pres¬ 
sure. 


Dielectric Tests 

The experimental unit has been tested 
at both 60 cycles and impulse voltages, 
with the results shown in Table I. It 
should be noted that in accordance with 
American Standards Association Stand- 
ards» the required 1-minute 60-cycle test 
for 138-kv transformer winding should be 
277 kv, while the 1-minute 60-cycle with- 


Tests 


Positioning of 
Conductors 


Burden 


No. of 
Turns 


Connection 




I 



1.2,000 to 5.. 


1.2,000 to 6.. 


1.2,000 to 6.50 


2.1,000 to 5,., 


Volt- 

Amperes 

Power 

Factor 

Radio 

Secondary, Correction 
Amperes Factor 

.... 2.6... 

...0.90.. 

....0.6... 

..1.0016.. 



1.0... 

..1.0001... 



2.0... 

..0.9993... 



3.0... 

..0.9980... 



4.O.... 

..0.0987... 



6.O.... 

..0.9886... 

... 2.6... 

...0.90.. 

...0.6.... 

..1.0016... 



1.0.... 

..1.0002... 



2.O.... 

..0.9993... 



3.0_ 

..0.9987... 



4.O.... 

..0.0987... 



6,0.... 

..0.9986... 

••60 .... 

..0.60... 

...0.6.... 

..1.0079... 



1.0.... 

..1.0047... 



2.0_ 

.1.0026... 



3.0.... 

.1.0016_ 



4.O.... 

.1.0009_ 



5.0.,,. 

.1.0009.... 

..• 2.6.... 

..0.90... 

..O.6.... 

.1.0010_ 



1.0. 

.0.9999_ 



2.0. 

.0.9989_ 



3.0. 

.0.9988_ 



6.0. 

.0.9984.... 

..60 .... 

.0.90.... 

..0.6. 

•1.0076.... 



1.0. 

a. 0048_ 



2,0. 

.1.0020_ 



3.0. 

.1.0013_ 


Phase 

Angle 


.+13 
.+ 9 
.+ 6 
.+ 5 
.+ 4 


+ 13 


.+ 9 


.+ 3 


.+ 6 


10 . 

evenly distributed 
over toroid 


200 to 6.. 


2.6.0.9 


+ 4 

.1.0003.+ 2 


. 0 . 6 .. 

1 . 0 .. 


10 ........ 

evenly distributed 
over toroid 


.60 


.0.6 


. .1.0014_+14 

.. 1.0001 .+ 9 

2.0.0.9990_ + 7 

3 0.0.9988.+ 6 

6 0.0.9984_..+ 4 

9®.1.0074..+ 9 

1.0......l.0043....,.+ 6 

2.0.1.0021..... I 4 

1.0014. + 


3.0. 


6.0.1.0003., 


....+ 2 
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Fig. 6. Internal pressure versus 
temperature of the 138-lcv gas- 
insulated current transformer 


stand voltage for a 138-kv bushing should 
be 335 kv. Also, the high-voltage wind¬ 
ing of the transformer should withstand 
impulse tests to ground of 650 kv (stand¬ 
ard full wave) and 750 kv (chopped wave) - 

It is interesting to note that during the 
dielectric tests a transformer of this t 3 rpe 
can be repeatedly spark-discharged inter¬ 
nally without any apparent damage. 
Therefore, by a few trials at various work¬ 
ing pressures, the insulation strength can 
be placed, within limits, at the most de¬ 
sirable level This is a unique feature of 
the gas-insulated transformer which can¬ 
not be conveniently duplicated by the 
conventional liquid-filled transformers. 
From the foregoing test results, it appears 
that a working pressure of 10 pounds per 
square inch gauge, at 25 degrees centi¬ 
grade, is sufficient to meet the various di¬ 
electric tests required. 

Accuracy Characteristics 

From the standpoint of its accuracy 
the transformer can be thought of as es¬ 
sentially a through-type current trans¬ 
former in which the number of turns of 
the primary winding can be changed to 
maintain a constant, predetermined num¬ 
ber of ampere-turns. By making suitable 
changes in the number of high-voltage 
turns, and in some cases by selecting the 
proper low-voltage tap, any standard 
ratio of transformation of from 1 to 1 to 
400 to 1 is obtainable. To obtain good 
accuracy without the use of any compen¬ 
sating scheme, the transformer is de¬ 
signed for operation at 2,000 ampere- 
turns. Thus, the transformer can be used 
for a large range of primary cturents. 

While it is desirable that the primary 
winding be evenly distributed around the 
circumference of the toroid, the results 
shown in Table II indicate that the ac¬ 
curacy of the transformer is not influenced 
by the unsymmetrical positioning of the 
turns. For relaying service, the current 
transformer has an accuracy-class rating 
ofJOLSOO. 


Gas-Leakage Tests 

Tlie current transformer, which was 
built in the fall of 1946, has shown no ap¬ 
preciable leakage of gas in all these years. 
The unit was first filled with nitrogen 
about June 1,1947. For about 4 weeks, 
frequent readings of temperature and gas 
pressure were made. At the end of that 
time, as no leaks had appeared, the ni¬ 
trogen was replaced with sulphur hexa¬ 
fluoride and the unit was placed in an 
outdoor testing area and energized at 
150 kv, 60 cycles to ground. Readings of 
temperature, gauge pressure, and baro¬ 
metric pressure were made each day until 
September, 1948, and thereafter once 
each week. Fig. 6 shows that the rela¬ 
tionship between pressure and tempera¬ 
ture readings checks very closely with 
theoretical calculations, indicating that 
the unit can indeed be made gas-tight by 
using ordinary rubber gaskets. Samples 
of the gas obtained after the transformer 
was continuously energized for 3 years 
contained no decomposition products. 

Tap for Potential Measurements 

A capacitance tap can be readily added 
to a gas-insulated transformer. Since the 
dielectric constant of the gas does not 
change appreciably with temperature, it 
appears that a capacitance divider could 
be built which would be more accurate 
than the conventional apparatus which 
utilizes liquid-filled components. 

Explosion Characteristics of the 
Gas-Insulated Transformer 

When a failure occurs, the pressure de¬ 
veloped in a gas-filled transformer is only 
a fraction of that developed in a liquid- 
filled unit. The pressure from the arcing 
of sulphur hexafluoride develops from 
thermal excitation of the gas rather than 
from the formation of a large amount of 
dissociation products. As mentioned, be¬ 
fore, under breakdown conditions, the arc 


occurs between the two torodial shields. 
The pressure of a moderate cushion of gas 
located at the arc prevents any very rapid 
build-up of pressure throughout the re¬ 
mainder of the transformer and, therefore, 
it would be feasible to relieve the pressure 
by means of a relief diaphragm and so 
prevent it from reaching dangerous 
values. 

Conclusions 

An experimental current transformer 
has been developed in which the main in¬ 
sulation consists exclusively of a fluo- 
rinated gas under pressure. It appears 
that this t 3 rpe of transformer has several 
advantages over the conventional liquid- 
filled unit, especially for voltages higher 
than 115 kv. They weigh considerably 
less than comparable liquid-filled units. 
These units can be operated in any posi¬ 
tion; they have unlimited ratio adjust¬ 
ment; and their inherent insulation 
strength can be readily determined. 
While designed to operate at 10 pounds 
per square inch gauge, under certain con¬ 
ditions they can operate satisfactorily 
with the gas at atmospheric pressure. 
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Discussion 

H. R. Lucas (Canadian General Electric 
Company, Ltd., Toronto, Ont., Canada): 
Much has been said of the advantages of 
automation in removing the load of drudgery 
from human shoulders. Any development 
which will remove an onerous, time-con¬ 
suming, and monotonous operation from a 
manufactured article can be classified along 
with automation as an ultimate benefit to 
humanity. Of such a nature is the develop¬ 
ment described. 

In a conventional design of an oil-filled 
current transformer, the high-voltage coil 
must be insulated by taping on solid insula¬ 
tion which is subsequently dried and oil- 
impregnated under Mgh vacuum and with 
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ereat diffi^Ity. Because of the irregulai 
shape of the coU, it is impractical to apply 
the tepe by machine. The work must 
terfore be done by hand. Several 
hundred pounds of tape may be appHed to 
a .smgle coil in a monotonous wrapping 
operation which may take 100 hours S 
Thedryingandoiltreat- 
mmt of the masses of insulation so applied 
t^es ^ys and even weeks in the larger 
sizes of oil-filled transformers. 

In contrast, the gas-fiUed transformer, 
having Its msulation inserted by the mere 
openmg of a valve, takes no longer to apply 
msulation to than the time required to in- 
Hate M automobile tire. Also, having a 
negligible quantity of hygroscopic insulation 
me problem of treatment to remove mois¬ 
ture is pmcticaUy eliminated, and the time 
required for this operation is reduced from 
many days to a few hours. 

engineer’s point of view, 
the d^irabihty of knowing the exact margin 
o safety attained in his design must be 
tempted by the cost of finding out the 
breakdown level of an expensive sample or 


prototype. Limited numbers of tests are 
therefore performed, and fairly healthy 
margins of safety are used on production 
designs to allow for manufacturing variables 
and experience factor. Under no conditions 
can the actual breakdown level, and thus 
the factor of safety, of the particular trans¬ 
formers built for shipment to the customer 
be found by test. Tests done on samples 
show the factor of safety which would have 
been obtained, if the same amount of 
identical insulation is applied the same 
way to an identical structure in the produc¬ 
tion design. Variations do occur, however, 
in the materials themselves, the processes’ 
and in the human element. For these 
reasons no manufacturer will willingly ex¬ 
ceed the recognized insulation te^t levels 
on a transformer built for a customer, even 
though he knows the margin of safety in 
his design was 30 or 40 per cent on the 
prototype samples. 

With the gas-filled transformer this ob¬ 
jection is removed. Not only can the actual 
insulation puncture or flashover level be 
determined by nondestructive testing but 


this level can be adjusted as desired by in¬ 
creasing or decreasing the pressure of the 
gM. The insulation in the transformer can 
thus be co-ordinated, surely and accurately 
with the protective devices of the sjrstem! 
No internal insulation failure need ever 
occur in service. Since it is not subject to 
deterioration with age, the gas-fiUed trans- 
fomer can thus be made the most nearly 
indestructable piece of equipment in the 
modem power transmission system. 


G. Ca^i: The favorable comments from 
Mr. Lucas are gratifying and are very 
much appreciated by the author. While 
tile 138-kv current transformer described 
m this paper was insulated with sulfur- 
hexafluoride, it should be noted that new 
gases are being developed for electrical 
purposes. It is possible that some of tfioni 
may have superior characteristics in which 
case the size of the transformer can be re¬ 
duced without impairing its operatinv 
characteristics. * 


Results of High-Current Tests on 
161 -Kv Disconnecting Switches 


A. M, McNERNEY 

ASSOCIATE MEMBER AIEE 


■••HE trend toward heavy power con- 
■ ceutrations, starting in the Tennessee 
Valley Authority (TVA) area in 1961, 
led to the development of 10,000-mega¬ 
volt-ampere circuit breakers for 161-kv 
service, with anticipation of 16,000- 
megavolt-ampere interrupting ratings.^ 
At the same time, continuous-current 
ra^gs up to 1,600 amperes were re- 
qiured. The industry, however, had 
failed to develop disconnecting switches 
to meet the same service. 

To stimulate the development of new 
designs of switches, or modifications of 
existing designs, the TVA announced in 
May 1962 a program of high-current test- 
mg of disconnecting switches. A momen¬ 
tary current of 62,000 amperes rms was 
^edfied to co-ordinate the switch capa- 
Whly with the circuit-breaker rating.^ 
Manufacturers were invited to submit 
samples to meet the increased require- 

by the AIEE Switchgear 
a^pproved by the AIEE CommfttS 
derations for presentation at the 
A E winter General hXeeting, 14'ew Wirt kt v 

Pv^Ubl. to. 


ments. No limit was placed on the mun- 
ber of variations in design whi^ could be 
submitted for test. Hie conditions ap¬ 
plying to the tests and the testing equip¬ 
ment are described by Gostin.* The 
tests and test results on switches sub¬ 
mitted by manufacturers as well as on 
old pitches taken out of service are 
described in this paper. 

Scope of Tests 

The announced scope of tests to be 
performed on new 1 , 206 - and 1,600- 
^pere switches submitted by manu¬ 
facturers was as follows: 

momentary current test at 
62,000 amperes rms in six successive shots 
^ not more than of 10-cycle duration’ 
Tune intervals between the first three shots 

between third and 
fourth shot, approximately 10 minutes- 
tetwem the three shots, approStefy 
^ cydes. (J^e 20 cydes was specified ^ 
bet^en test shots, the limita- 

were such that the 
mterval actually was about 70 cydes.) 

a* WdlKP cur- 
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Momentary current and temperature 
tests were also made on a number of old 
^tches which were removed from serv¬ 
ice at locations on the system where the 
duty had become critical. These tests 
were designed to determine the actual 
capabilities of these old switches. Spe¬ 
cial tests were made on certain new and 
old switches in an attempt to determine 
the effect of contact pressures, contact 
coatings, and other features on the mo¬ 
mentary current capabilities. 

Summary of Switches Tested 

The following is a summation of the 
switches subjected to high-current tests. 
New switches submitted by manufac¬ 
tures: 11 of 1,600 amperes and 12 of 



jAIR SW TRIP volts' 
TEST VOLTS 



I PRIMARY AMPS 


I PRIMARY VOLTS 


Rs. 1. Typical oscillogram of single test 
shot 


McNemey-Bigh-Current TeSU m 161-Kv Dmonnectmg 


SwUches 


April 1956 





Table I. Momentary Current Tests on New Switches 


Switch Make 
and Type 

Continuous- 

Current 

Rating, 

Amperes 


Contacts 

Blade 


Test Shots 


Test Results 

No. 

Rms Amperes(b) 

Maximum Minimum 

No. 

(a) 

Confonnation 

A-1 . 

.1,200. 

...6... 

... offset.. 

...2*IPS(c).... 

... 6... 

.. 80,400 ... 

.64,600 .. 

... no damage* 


.1,200. 

...4... 

1 . .offset.. 

...2' IPS. 

... 1... 

.. 92,200 ... 


... blade blew open and burned 

A~3 . 


...4... 

>.. offset.. 

...2'IPS. 

... 2... 

..67,600 ... 

.62,000 

... blade rose 2i/»** 

A~4 . 


...4... 

>. .in line.. 

...2'IPS.. 

... 6... 

., 82,100 ... 

,.64,600 .. 

... no damage 

j4-5 .. 


...6... 

. .in line.. 

.. .3" sq by Vic*. 

... 6... 

., 87,000 ... 

.68,400 

... no damage* 

B-1 .. 

.1,200. 

...6... 

. .in line. 

,..2* IPS. 

... 6... 

.. 77,200 .. . 

.54,800 

... no damage 

B-2 . 

.1,600. 

...6... 

. .in iine.. 

,. .2V** IPS. 

... 6... 

.. 86,250 ... 

.74,300 .. 

.. .no damage* 

B~3 . 


...6... 

. .offset. 

...2* IPS.. 

... 6... 

.. (d) .. . 

. (d) .. 

... no damage* 

B~5 . 

-1,200. 

...4... 

. .offset. 

. .2* IPS. 

.. 6... 

.. 61,600 .. . 

.43,300 .. 

.. minor pitting 






3... 

.. 66,700 ... 

.64,000 .. 

. .line burns 

C~1 . 

_1,200. 

...2... 

.. offset with stops.... 

..2* IPS... 

.. 7... 

.. 63,000 .. . 

.44,500 .. 

. .some welding at contacts 

C-2 . 

-1,200. 

...2... 

. .reverse-loop offset.. 

,.2* IPS. 

..12... 

.. 62,900 .. . 

.61,200 .. 

. .no damage* 






6... 

.. 79,000 .. . 

.60,000 .. 

.. .no damage 






6... 

.. 80,300 . . . 

.69,700 .. 

.. no damage 






9... 

.. 84,600 .. . 

.74,600 .. 

.. no damage 






9... 

.. 98,000 .. . 

.78,400 .. 

.. no damage 






8... 

..106,800 ... 

.89,800 .. 

.. pressure marks 


-2,000. 

...4... 

. .reverse loop in line.. 

.. 8* sq by Vc'. 

.. 7... 

., 70,600 ... 

.68,600 .. 

.. pressure marks* 

CW* .■••••• 

-1,600. 

...4... 

. .reverse loop in line.. 

.. 8* sq by *Ac*. 

.. 8... 

.. 70,000 .. . 

.63,700 .. 

.. no damage* 






1... 

..114,000 ... 


.. pressure marks 






6... 

.. 82,300 .. . 

.65,300 .. 

. .pressure marks 

C-5 . 

- 1,600. 

...8... 

.. reverse loop in line.. 

.. 3" sq by Vu*. 

.. 6... 

..106,100 ... 

.09,500 .. 

. . pressure marks 

D~1 . 

_ 1,200 . 

...4... 

.. in line(e) . 

..2* IPS. 

..12... 

.. 69,700 .. . 

.45,200 .. 

.. no damage* 






6... 

.. 77,000(d),.. 

. 64,000(d). . 

.. minor pitting 

D-2 . 

- 1,200 . 

...4... 

. .in line(e) . 

. .3V** type B . 

.. 6... 

.. 73,500 .. . 

.62,100 .. 

.. minor pitting 

t •••••« 

- 1,600 . 

...6... 

. .in line . 

. .3V»' type B . 

.. 6... 

.. 66,000 , . . 

.56,800 .. 

. .no damage 






6... 

.. 91,200 .. . 

.70,300 .. 

. . slight burns* 

E-1 . 

- 1,200. 

,.4... 

. .offset, crimped. 

. ,2V»* by Vs*. 

.. 6... 

.. 66,400 .. . 

.51,000 .. 

. .no damage* 

••••••• 

_ 1,600 . 

..4... 

. .offset, crimped . 

.,2* IPS. 

.. 6... 

.. 74,000 .. . 

.56,100 .. 

. .no damage 






6... 

.. 84,100 .. . 

.68,200 .. 

. .no damage 






3... 

.. 84,100 ... 

.80,000 .. 

. .no damage* 

F-1 . 

_ 1,200 . 

,.4..., 

. .offset . 

. .lVi* Ex. H. 

.. 6.,., 

.. 63,700 ... 

.55,100 .. 

. .silver transfer* 

F-2 . 

..,.1,600 . 

..4..., 

, .offset . 

. .21/** Ex. H. 

-, 1 - -, 

. 71 600 








6..., 

.. 68!300 !!!! 

.56,100 .., 

. .no damage* 

G~i .... 

- 1,200 . 

.,6.... 

1 .off8et(f) .. 

..2* IPS. 

.. 6..., 

79,400 ... 

.65,400 .. 

. .minor pitting^ 

G-2 . 

....1,600 . 

..6..., 

.offset . 

..2Vs* Ex. H. 

.. 6..., 

,. 74,800 ..., 

.63,200 .. 

. .no damage* 

H-1 . 

_ 1,200 . 

..2.... 

.offset . 

., 2* outside diameter by V**. . 

.. 1.... 

.. 76,000(d). ... 


.. blade blew open and burned 

H-2 .. 

- 1,200 . 

..2 _ 

.offset .. 

.. 2* outside diameter by Vc*. . 

.. 3.... 

.. 67,000 ..., 

.48,100 ... 

. .rear contacts burned 

B-3 .. 

... .1,600 . 

,.8.... 

.offset, button stop. . 

. .8Vs* outside diameter.., 

.. 6,... 

. 71,200 ..., 

.68,700 ... 

. .slight burns* 





by Vc* 






Notes; •Switch sent to temperature test; see Tables II and HI. 

(a) Total number of contact fingers on jaw end. 

(b) Rms value of first half-cycle. 

(c) Blade reinforced with steel inner liner for stiffness. IPS stands for iron pipe size. (This also applies for Tables 11, III, IV, and VI.) 

(d) Oscillogram defective. 

(e) Standard design, not modified for tests. 

(0 First switch tested had an external hook for locking blade in position (removed on subsequent tests). 


1,200 amperes. Miscellaneous switches 
removed from service on the TVA system: 
2 of 1200 amperes, 4 of 600 amperes. 

A total of 374 test shots was made on 
new switches submitted by manufac¬ 
turers and the results are summarized 
as follows: 


Current Rating, 
Amperes 


Switches 1,200 1,600 


Destroyed.2.1 

Moderately damaged.1.1 

Slightly damaged. 4.2 

Not damaged.9.7 


Types of New Switches Tested 

All except one of the switches submitted 
by manufacturers were of the rotating- 
blade, high-pressure contact type. The 
one exception was a push-pull type with 
multiple fingers forming the jaw. 

The 1,200-ampere standard designs had 
single or multiple contacts on the jaw end. 


The confonnation followed the generally 
used design in which the contacts form a 
right-angle offset between the blade and 
the terminal pad. This conformation 
is referred to as offset contacts herein. 
About half of the designs had bosses on 
the contacts or crimped conformation or 
even separate latches to provide means of 
counteracting the magnetic forces tend¬ 
ing to blow the blade out of the contacts 
at high currents. 

A majority of the makers offered modi¬ 
fied designs aimed at eliminating, miti¬ 
gating, or resisting the Made blowout 
effect. These induded such features as 
reinforced blades, increased number of 
contacts on the jaws, or modified con¬ 
tact conformation such as in-line con¬ 
formation (i.e., the blade, contacts, and 
terminal pads are in a straight line), or 
reverse-loop contacts. In the latter 
design, the confonnation is offset but the 
contact forms a loop and utilizes the 
magnetic effect of the increased current 
to apply more pressure. The 1,600- 
ampere ratings generally incorporated the 


same contact designs as the modified 
1,200-ampere designs. Blades necessarily 
were larger and the extra stiffness added to 
their ability to resist the blade blowout 
effect. Contact pressure was applied 
in some cases by mounting the contact 
fingers on beryllium straps; in others by 
backup springs. All except one had 
silver-to-silver or copper-to-silver con¬ 
tacts. The one exception was a copper- 
to-beryllium contact. 

Determinatioii of Test Current 

A tracing of a typical oscillogram of a 
high-current test ^ot is shown in Fig. 1. 
All current values shown in the tables are 
amperes rms of the first half-cycle deter¬ 
mined in accordance with AIEB Standard 
No. 22.® 

Momentary Current Tests on New 
Switcdies 

The most significant of the momentary 
current tests on switches as submitted by 
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— w**wTT** XU Aauie JL. 

Many of the test shots are omitted be¬ 
cause It is felt that they do not contribute 
enough to this paper. 

In making the tests on these, switches as 
well as on subsequent tests, a single pole 
was mounted and adjusted on the test 
structure. The blade was then opened 
tod closed, using the operating lever on 
the rotating insulator stack, and the lever 
was then wued in place to simulate the 
locking action normally obtained from 
the operating mecham'sm. 

For the sake of simplicity, no attempt is 
made to tabulate the various jaw con¬ 
tact designs except for their general 
physical conformation. Rear, or hinge 
contacts also are not tabulated. On the 
majority of the switches, the hinge con¬ 
tacts were duplicates of the front con¬ 
tacts. One make used flexible shunts. 
Some used nonbreak shunts or contacts 
The hinge contacts obviously were not 
subjected to the same forces as the jaw 
contacts and only one make sustained 
damage at that location. 

It ^ be noted from the tables that a 
WMdmble range in current was ob- 
tamed in shots of the same series. While 
offset of the test current delivered by 
the test equipment was not as consistent 
as expected,* the transient factor (ratio 
of rms of first loop to tms of steady state) 
however, averaged 1.48 for all shots and 
was m ^cess of 1.5 for the maximum shots 
listed in the tables. Judgment of the 
performance of the switches was, of 
course, based upon the maximum shots. 

In several cases, more than the an¬ 
nounced number of test shots was made 
onaparti^arswitch. In some instances 
this was because of adjusting for better 
current or better offset values. In other 
instances, notably switches C-2, C-4, and 
D-1, switches were returned from’ the 
temperature test and retested in an at¬ 
tempt to destroy them either by higher 
currents or by repeated test shots. 


t 


TEST 

DESK 






□ 

[total air volume-1750 CU FT 
CEILING HEIGHT 92|" 

, □ 

TEST TRANSFORMER 



Rg. 2. Layout of temperature test room 

Except for switches H-1 and H-2, aU 
uamage sustained was on the jaw con¬ 
tents, and the test results described in 
the l^t column of Table I refer to that 
lo^faon. The teims in the test results 
tabulation refer to the condition of the 
contacts when examined after each series 
of shots. “Minor pitting” or “slight 
burns mdicate the start of welding or 
bwning action not sufficient to affect 
the operation or continuous-current ca¬ 
pacity of the switch. Line burns or weld¬ 
ing were sufficient to affect the switch 
but It could still be made operative by 
redressmg the contacts. 


Temperature Tests 

In making the temperature tests on the 
different makes and designs of switches, it 
was desued to obtain exactly comparative 
^te. Existing standards are vague at 
best, as to the conditions under which 


Table II, Temperature Tests on New 1 900 Ac • 

------- ' Switches, Test Current 1,200 Amperes 


-isuuiuu ue maae. it is well 

known what effect a draft within a room, 
or a slight cross-breeze if outdoors, will 
have on test temperatures of equipment 
The electric equipment for the tempera¬ 
ture tests are described by Gostin.* 
To obtain identical conditions for each 
swit(^, the switches were tested in an 
interior room, the dimensions of which are 
shown in Fig. 2, and closed off by the 
only access door. The loading trans¬ 
former was located in the room, and ther¬ 
mocouple leads and current transformer 
leads were run to a test desk located out¬ 
side the room. The only time the room 
was entered during a test run was to 
check the ambient temperature from 
mercury ^ermometers located above and 
to each side of the test switch. The re¬ 
sults of the temperature tests on new 
switches are shown in Tables II and III. 
Because of the variations in switch de¬ 
signs, and to simplify the tabulation, only 
comparative points are listed. For mul¬ 
tiple points such as contacts, shunts, 
etc., the observed range is shown. 

Temperature tests were made at rated 
current and, unless otherwise noted in the 
tabulation, on the same switch which 
had been subjected to the momentary 
current tests. Temperature tests also 
were made at rated current and at other 
values on two of the older switches re¬ 
moved from service. The results of 
these tests are shown in Table IV. 

In all cases, switch types and numbers 
s owm on the tables of temperature tests 
are the same as shown on the high-current 
tests. Particular attention is called to 
the temperature tests on switch Ff* 
see Table II. The final temperature of 
the center of the ly^-inch extra-heavy 
blade was much lower than expected, es- 
peaally under the conditions of the test 
Investigation disclosed that the blade was 
heavily coated with a smooth dear 
lacquer, presumably for appearance. 

The test was rerun with the lacquer re- 



Temperature Rise. Degrees Centigrade 


IPS.; ■ — •• 

.^tside diameter by i/i*' 

Ex-H. (d).. ••• 

.2'IPS. 

-r(f).. 2* outside diameter by " 
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Minimum 

Tip 

Center 

...18.8... 

.20.8. 

..28.2.. 

...16.2... 

.17.0. 

..27.2.. 

... 16.4... 

.16.7. 

..26.6.. 

•..19.2... 

.20.6. 

. .26.8.. 

..21.8... 

.28.4., 

.28.7.. 

..23.7... 

.27.0., 

.29.6.., 

..24.0..; 

.23.3.. 

.27.6.., 

-.24.2... 

.26.4.. 

.40.3... 

..16.7..., 

.19,1.. 

.22.6... 

..37.2... 

.38.8.. 

.26.0... 


Hinge Shunts Bridge 

Maximum Minimum M^Smum Mini^ 


•21.0.17.8... 

•16.5.16.5... 

.23.6.17.4 

•17.4.16.0.’.'.' 

•27.3.28.7 

•29.0.28.6!!.’ 

•21.4.14.4..., 

•24.3.14.1.... 

•16.9.17.7_ 

.28.6-.33.2_ 


.16.8..., 
•.16.2..., 
.17.4... 
.14.2... 
.19.6... 
•27.3... 
. 12 . 2 ... 
.13.8... 
.17.7... 
.27.5.... 


..18.2... 
.18.2... 
. 21 . 0 ... 
.16.4... 
. (c) ... 
•32.1... 
.25.9... 
.24.7... 
.15.2... 
. 21 . 0 ... 


.16.8. 
.16.6. 
.20.4. 
...15.4 
... (c) . 
...28.6. 
... 22 . 6 . 
...24.7. 


... 21 . 0 . 


Ambient 

Temperaturi 

Degrees 

Centigrade 


.. .30.0 
...20.7 
...29.7 
.. .26.0 
.. . 21.6 
.. . 20.6 
.. . 22.6 
...26.0 
... 22.6 
..23.0 


T^tson 


(d) Blade was lacquered. - 

(e) Hetest with lacquer removed from blade. 

(0 
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Tabic III. Temperature Tests on New 1,600-Ampere Switches, Test Current 1,600 Amperes 


Switch 

Make 

and 

Type 

Blade Size 

No. of 
Contacts (a) 



Temperature Rise, Degrees Centigrade 



Ambient 

Temperature, 

Degrees 

1 Centigrade 

Jaw Contacts 


Blade 

BSnge Shunts 

Bridge 

Maximum Minimum Tip 

Center Rear 

Maximum 

Minimum Maximum Minimuu 

A-2. 

.3" sq by Vn". 


. 6. 

...23.3. 

....20.8.. 

..23.0.. 

.26.1....16.8.. 

..16.0.... 

..16.8... 

...20.3 

. 19.8.. 

. 31.5 

B-2.. 

.2W IPS . 


.6 . 

...25.8. 

_ 23.3.. 

..27.2.. 

.26.3....23.1.. 

..18.4.... 

..18.4... 

...16.6 

_ _16.6.. 

.32.5 

C-4.. 

. 3" sq by Vie". 


.4. 

...19.3. 

....17.1.. 

..19.6.. 

.21.7....16.6.. 

..14.7.... 

..13.0... 

...13.2 

.10.9.. 

. 27.9 

D‘3 ,. 

.3Vi" type B .. 



...28.9. 

_ 24.8. . 

..29.4.. 

.28.6....26.3.. 

. .29.8 _ 

..23.2... 

... (b) 

.(h) .. 

. 25 .<5 

E-2.. 

. 2 v« outside diameter by 

. 4 . 

...38.6. 

....82.7.. 

..37.2.. 

.31.6 _ 37.7.. 

..43.9.... 

..41.6... 

...42.2 

. 41 .'3. . 

. 24.0 

F-2.. 

.2Vj'Ex.H.... 



...25.7. 

....24.7.. 

..25.7.. 

.25.7....19.9., 

..14.8. ... 

..13.6... 

...20.4 

.20.4. . 

.26.0 

G-2.. 

,21/s'Ex. H... 



...27.8. 

_25.6.. 

..29.1.. 

.27,6.,..22.4.. 

..27.8.... 

..27.8... 

...23.8 

.23.8. . 

.26.0 

H-3 .. 

- 3 V8^ outside diameter by V 4 ^. 


...26.6. 

_24.8.. 

..26.6.. 

.17.8 . 

..14.0.... 

..12.6... 

...11.0 

. 11.0.. 

. 25.0 

Notes: 

(a) Total number of contact fingers on jaw end. 










(b) Series of hinge shunts replace normal bridge construction. 











Table IV. 

Temperature Tests on Old Switches Removed from Service 









Temperature Rise, Degrees Centigrade 





Switch 

Test 

Jaw Contacts 


Blade 


Sfinge Shunts 


Bridge 

Ambient 

Degrees 

No, 

Amperes 

Maximum 

Minimum 

Tip 

Center 

Rear 

Maximum 

Minimum 

Maximum 

Minimum 

Temperattire, 

Centigrade 

3 .... 

. 600. 

...18.6. 

...18.5 . 

.16.0... 

...14.5... 

..11.0. 

. 18.0 . 


. 14.0 . 

..12.8...... 

.22.6 


800. 

...30.6 . 

...30.6 . 

.25.8... 

...22.8... 

..17.8. 

. 32.0 . 


. 23.0 . 

.,20.6 . 

.23.0 

4-A.... 

. 600 . 

...19.8 . 

.. .19.0 . 

.19.8... 

...12.5... 

.. 7.2. 

.10.0. 

...10.0... 

.13.i 

>. 


.23.0 


800. 

...31.8. 

...30.8. 

,32.6... 

...20.5... 

..11.0, 

.18.0. 

...18.0... 

.20.5. 




Table V. Momentary Current Tests on Old Switches Removed from Service 


Continuous- 
Current 
Switch Rating, 

No. Amperes 


Blade 


Test Shots 


Rms Amperes (a) 
No. Maximum Minimum 


Test Results 


. 1 , 200 . 


2-A, 


.2" IPS.6 

3 


.1,200.Ex. H.6 

1 

2-B . 2 

1 

1 

1 

2-C.2 

2 

1 


....51,600.43,300. 

....66,700.54,000. 


3 _ 

... 600.. 

... 1 Va' IPS. 

.3 

3 

3 

4-i4. 

... 600... 

.. .swaged. 

.6(b) 

3 

3 

4-B. 

.. 80.0... 

.. .swaged. 

.1(c). 

1(d) 

6 . 

... 800... 

.. .3' by 1/4'. 

.3 


Hre on each shot—minor 
burns 
line burns 

.. 53,600.slight burning 

.... 58,800.switch blew open and burned 

... .60,300. 46,800....no damage 

.... 66,700.blade tied down 

... .58,000.tie removed—no damage 

... .64,000.tie broke—switch blew up 

... .54,600.60,400... .minor pitting 

... .62,750.61,300... .heavy pitting 

... .64,600.switch blew open and burned 

....42,900. 39,200....no damage 

....46,800.44,200....transfer of metal 

... .52,200.48,800... .medium burning* 


... .60,700.49,000... .small bums 

.. .65,800.55,200....spot welding* 

.. .61,300.small burns 

.. .49,600.. .contacts and blade burned 

.. .49,600.40,700... .slight burning 

...44,500.44,200,...no damage 

.. .62,300..contacts and blade burned 


Notes: *Switch sent to temperature test after dressing contacts. 

(a) Rms value of first half-cycle. 

(b) Switch as received had auxiliary contact pressure applying device, 

(c) Contact-pressure applying device adjusted and locked in piace. 

(d) Contact-oressure applying device made inoperative. 


moved and the results show how the 
lacquer affected the temperature readings. 

Tests on Old Switches Removed 
from Service 

Old switches removed from service 
and subjected to momentary current and 
temperature tests were of the following 
t3rpes: 

1. Rotating blade, high-pressure contact 
type, two offset contacts per side on single 
beryllium strap. Installed 1 year prior to 
test. 

2. Rotating blade, high-pressure contact 
type, one cast beryllium offset contact per 
side. Installed about 10 years prior to test. 

3. Area contact, push-pull type, pressure- 
applied to floating contact shoe by fixed 
spring. Installed about 12 years prior to 
test. 

4(a). Area-contact type with auxiliary de¬ 
vice for applying pressure to fioating contact 
shoes. Installed about 14 years prior to 
test. 

4(b). Same as 4(a) except with pressure- 
applying device removed. 

6. Multiple shoe contacts, push-pull type, 
pressure-applied to floating contact shoes by 
fixed springs. Installed about 15 years 
prior to test. 

6. Rotating blade, high-pressure contact 
type, one cast beryllium U-shaped contact. 
Installed about 7 years prior to test. 

These switches had been removed from 
hydro stations or remote switching sta¬ 
tions and had, therefore, not been sub¬ 
jected to contaminated atmosphere. 

The results of the tests on switches 1 
to 6 are shown in Table V. The designa¬ 
tions A, B, and C under switch 2 are for 


tests on each of the three poles of switch 
2. As in the case of the tests on new 
switches, all damage sustained was on 
the jaw end and the test results refer to 
that location. The results of the tests 
on switch 6 are shown under switch J-1 
in Table VI. 

Special Tests 

Tests were made on several makes and 
ratings of new and old switches to deter¬ 
mine the effect of contact pressure, con¬ 


tact coatings (such as graphite), and spe¬ 
cial features such as reinforced blades or 
increased number of contact fingers. 
These tests are tabulated in Table VI. 

It will be noted that some tests from 
Table I are repeated in Table VI because 
modifications were made on switches 
originally tested “as received,” and it 
seems desirable to repeat the test data 
for direct comparison. The switch J 
was an old switch, described in item 6 
in the section entitled “Tests on Old 
Switches Removed from Service.” Test 
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Table VI. Speciel Tests 


S^tch Continuous- — 

Make Cun-An^ Contacts 

“d Rating, No. “ T---- 

Amperes (a.i _ .• Pressure, 

-W Conformation Pounds Coating 


A-3 ... 
AS ... 
A-21... 


•.. 1 , 200 . 
••. 1 , 200 . 
• • . 1 , 200 . 


.. 1 , 200 . 


Pa rs Amperes (b) 
Wo. Maximum Minimum 


A-23 .1,200. 

. 1 , 200 . 


..graphite 

• .graphite 
..graphite 
..none... 

. .graphite 
..graphite 
..none... 

. .none... 

• graphite. 

• graphite, 
.none.... 
.none.... 

.none.... 
.none.... 


.2'IPS_ 

.2*IPS(c)....‘,'. 

.2*11^. 

.2* IPS .. . 

.2'IPS. . 

.2'IPS(c)....'.'. 

.2'IPS(c). 

.2'IPS(c).. 

.2'IPS(c). . 

.2'IPS(c). . 

.2' IPS(d).. 

.2^IPS(d).. 


Test Results 


.. 

. 2 . 

.. 

.. 8 . 

.. 

. 8 . 

.. 1 . 

. 8 . 

.. 

. 6 ., 

.. 

.... 3 .. 


. 600. o 

SS'-'-'-V--''-''-®-;;:;. 

. «»■■•■■■■■■« 


•••■ none. 

.none. 

.nohe. 

•' * • none. 


.2' IPS(0. a 

• 2 * outside diameter by 1 / 4 *' i I ’ i * 

. 2 * outside diameter by r/ 4 '.... g * 
4.* 


..67,500 

..62,800 

..63,800 

..65,700 

-.65,600 

.65,000 

.64,800 

.64,400 

.64,600 

. 66,200 

.79,400 

.76,500 


.61,700 

.63,000(e) 

.62,000 

.65,400 

.64,800 




• 2 *’type X... ... 

. 2 ' type K . ‘' 

• 2 'type X. 

• 2 'type R .“ 


.70,500 
.75,000(e). 
.57,000 
.67,900 
•60,700 


.. 

. 6 . 

. 6 . 

. 8 . 

3. 




.. .blade rose 2’/** 

.. .no blade movement 
.. .blade rose IVie^ 

... no blade movement 
... blade rose Vie" 

.. .blade rose li/»" 

.... blade rose Ve" 

.. .no blade movement 
....blade rose Vie" 

... blade rose e/s' 

.. .slight pits 

.. .slight pits; blade mo^ 

.. .no blade movement 
... blade blew open—.bum 
.. .rear contacts burned 
.. .minor sparking 
. .minorsparking—^no dai 
age 

.. blade blew open—bum( 

• .slight transfer of 

■ ■ « transfer of metal 

• •slight transfer of metal 

• -slight transfer of metal 


^ W Sternal latehes unless they are 


make, were on various aetinn maae 

combinations of replacement blade tips 0 ^ ‘^^“ditions. 

and multiple contacts furnished by the comiSTT’/* appears that such features 

ongmal manufacturer. The test results bkd»» a hazard to proper 

ref^ to the conditions at the jawSd 
contacts because, as also noted^in the Pa i • 
jetton entitled “Momentaiy Curr^t 
Tests on New Switches,” all damage sus- it is 
ained was at that location. Blade move- c 1 ii«a ^aw definite con- 

ment m all cases refers to the total dis Even ^ limited series of tests, 

placement of the blade tip. ® ^o^al of 374 test shots was 

Inspection After Tests ^th a few excep- 

Upon completion of the testinv oro- -molvf' as variations in 

^am, all the switches tested were and as^etry of the test 

bled at one location for a general inspec- M “ Wade adjust- 

tion and comparison of design features Position, could be elimi- 

ft was thought that the inspection ^ght swSi H ^ ^W^fies of tests on each 
disdose some explanation of apnarentlv h7u »s believed that the 

inconsistent results in the tests m®^«^ ve enough 

con- 


mJt " ““'•eradjust- 

^ ‘’>»d«^>P«ating linkagB^can 

the 

ooa^. Sloppy fits in some linfcaii 
m lack of control of the blade*to 

that tie blade tip wm 

nent Itself m different positions during 
^iccessive opening and closing opera? 
tions.: Any play the linkage ^so 
^«^es or eliminates any lol^ 
^ect in the hinge end which might help 

Bott^ the test p^ts and the general 
iaspeotKm leave a doubt as to!the effective¬ 
ness or derirabmty of blade^^^ 

vices sudi^ bosses 


elusions: ^ 

I^k^acts arc inadequate for hi*. 

contacts, and termS^“‘ 
reverse-Ioop contact cons^u^,,^ “ 

contact fingers Wa w v area 

^^ than'ate Stans'in"^^ 

the time of thpiV ^ ® ™ enect at 

tto tests on switchea 3. J*”™ 


e ^petature tests, even under t 

e r^nably enact conditions provide 

; Show some inconsisteney especiaUyattl 

c^ter of bl^ of various makes 4li* 

The inaccuraci, 
j^ent m the thermocouples, diffe 

STtk” “oimting, errors in reat 
ng thcju, differences in conditions t 
^ surf^ and end drainage all cot 

tahute. However, the differences in th 

^ w»e within reasonable limits a 
^parrf with the gross differences be 
^jreen these tests and factory tests oi 

Standards thaf in- 
dude exact conditions under which tern- 

teste at the factoiy arfto^ 

^ Md enact conditions for prepam- 
“m of the sample under test, s^ defi¬ 
nitely to be needed. cnioen 

References 

Baker, G. B. CuBtoi 

Pt. m. Jaa. 1952. pp. Transaettons, vol. 71. 

^ol. 74. pt. Ill, Apr. 1955. pp. ^2^ ^ransaettom, 

AND Bos 

AppendfaA. July 1952. 


Discussion 


umtenai CO] 

^^^^^^High-Current Tests (m i6f Kv n' ^ 

^ ^^sconnecting^^ 




April 19i 

























helped design some of the equipment tested 
and I was privileged to witness some of the 
tests. Some specific contributions for in¬ 
dustry are as follows. 

The attention of manufacturers of dis¬ 
connecting switches was focused on the need 
for high-current, short- tim e ratings on 
disconnecting switches of transmission volt¬ 
age ratings in considerable excess of the 
ratings available prior to the tests. The 
ever-increasing short-circuit capacity of 
transmission networks gave rise to this 
requirement. The final result is that many 
manufacturers now have switches which do 
an excellent job of withstanding short-time 
high currents of magnitudes greatly in ex¬ 
cess of what was considered necessary a few 
years ago and an additional new series of 
short-time current ratings has been estab¬ 
lished for disconnecting switches by the 
National Electrical Manufacturers Associa¬ 
tion (NEMA) Standard SG6-1954.'^ 

In conjunction with its test program, TVA 
provided a facility where short-time currents 
in excess of 100,000 amperes could be ob¬ 
tained. A facility providing test currents 
of such magnitude had not been available to 
most manufacturers up to that time, and 
the information gained by the manufacturers 
was of inestimable value in dete rmining the 
final design for switches of the new short- 
time current ratings. 

The study and tests pointed out the weak¬ 
ness in the then existing standards for con¬ 
ducting temperature rise tests on discon¬ 
necting switches and have resulted in a 
revision of these standards to call for better 
controlled conditions. We feel that the 
method of conducting temperature rise tests 
used by TVA was not entirely related to 
service conditions and that requirements 
were unduly severe. However, we are in 
agreement with the present NEMA Stand¬ 
ards which, in part, adopt some of the ideas 
of Mr. McNemey and other TVA engineers. 

Rbferbncb 

1. Power Switchiko Equiphbmt. NEMA 
Standard SG6-1954, National Electrical Manu¬ 
facturers Association, New York, N. Y., 1954. 


A. H. Powell (General Electric Company, 
Philadelphia,, Pa.): The author and his 
associates undertook and successfully com¬ 
pleted a program of major proportions when 
they made momentary and heat rise tests 
on a large number of switches from various 
manufacturers. The results, as would be 
expected, varied considerably and without 
knowing more about the particular con¬ 
figuration of each switch than could be in¬ 
cluded in the relatively meager information 
in the tables it is rather difficult to note any 
particular trends as far as the most suitable 
tjqie of contact or method of switch blade 
operation is concerned. However, it was 
apparent, although not expressly stated, 
that essentially all the switches met the 
values which are specified in avialable in¬ 
dustry standards quite well. 

For example. Table II giving the tempera¬ 
ture rise tests on various new 1,200-ampere 
switches showed that with the exception of 
one switch the temperature rises were all be¬ 
low the 30-degree maximum permitted by 
the standards. The author states, and 
quite correctly, that a very satisfactory set 
of test conditions was present and that 
differences throughout the tests were within 


very reasonable limits but the facts do not 
seem to bear out the statement that there 
were gross differences between the results 
obtained by the author and those made in 
the factories. It is assumed that the 
switches in the factory all met the 30-degree 
rise limit and the tests which the author 
made confirmed the fact that the switches 
apparently met this limit. 

The same condition seems to be true with 
the momentary test. There was generally 
no damage such as severe pitting or welding 
of the switch contacts when they were sub¬ 
jected to their normal values as listed in the 
NEMA standards. These standards, until 
changed in 1954 by NEMA SG6-1954, 
required that a 1,200-ampere switch pass a 
momentary current of 40,000 amperes and 
a 4-second current of 25,000 amperes with¬ 
out damage which might affect its current- 
carrying ability. All of the 1,200-ampere 
switches showm in Table I appear to meet 
this requirement. More recent changes in 
the NEMA standard provided an additional 
rating for 46, 69, 115, and 161 kv, 1,200- 
amperes switches consisting of a momentary 
value of 61,000 amperes. Apparently the 
various switches submitted for the author’s 
tests were designed on this basis, for the 
results indicate that even at the higher 
value the various switches did not have 
particular trouble. 

The results of momentary tests on some 
of the old switches which were removed 
after a number of years’ service were very 
interesting. These old and weathered 
switches apparently met the ratings existing 
at the time the switches were built quite 
successfully and in fact came very close to 
meeting up-to-date ratings which are in 
general above the older requirements. 
Temperature rise tests also indicated that 
the older swatches were well designed. 

. As a general statement, it can be said that 
while it is certainly very worth while to 
check on the quality of the products that 
are being used in electric systems today, 
such as the disconnecting switches described 
in this paper, it should also be emphasized 
that swatches, like practically every other 
device and product, are made to some 
industry standards. The reputable manu¬ 
facturer designs and exhaustively tests the 
product so as to meet these standards and 
whatever is designed into the device in the 
way of excessive material, etc., is done to 
insure compliance wdth the kandards in 
normal manufacturing routines. Obviously 
the amount of excess capacity included in 
a design by the various maniifacturers will 
vary considerably and may not be an indica¬ 
tion of which device is the most suitable 
but could very well be based on the avail¬ 
ability or lack of suitable testing equip¬ 
ment and experience wdth the designs over 
years of service. 

Mr. McNemey’s conclusion that more 
comprehensive standards are needed which 
will specify how temperature tests are to be 
made is a good one. The same comment 
could well be made for momentary and 
short-time tests. However, the conclusion 
that standard 1,200-amperes swdtches can 
be rerated to a higher value, especially if 
certain modifications are made, seems to 
be questionable for if the switches are made 
to a certain standard there is no justification 
for expecting them to meet greater values 
by making minor changes in the switch de¬ 
sign. 


S. C. Eollian (Delta-Star Electric Division* 
H. K. Porter Company, Inc., Chicago, Ill.): 
The tests described in this paper are very 
complete and the author and his associates 
are to be complimented on their courage in 
undertaking a task that was not only ex¬ 
ceptionally large but involved many prob¬ 
lems in setup and procedure. The paper 
must necessarily be of a general nature 
because each manufacturer’s switch is not 
discussed by name. The author’s deduc¬ 
tions and conclusions are important and it 
is likely that the entire industry benefited 
from these tests. 

One of the most significant conclusions of 
the paper deals with straight-line contacts. 
It is interesting to follow the evolution of 
this contact. In 1941 my company built 
and patented the first switches employing 
a rotating blade and straight-line contacts. 
These were 4,000- and 5,000-ampere 
switches and the contact design was actually 
ahead of its time. The swdtch voltage was 
only 23 kv and, even though the switches 
were tested at 120,000 amperes, the short 
length of the blade and its tremendous, 
strength precluded any blade movement. 

The straight-line contact feature then 
was only an added safety factor. How¬ 
ever, as soon as TVA and other op¬ 
erating companies began to talk of short- 
time currents in excess of 60,000 amperes 
on switches involving 6-foot 0-inch long 
blades this straight-line contact became 
a necessity. All straight-line contact design 
for outdoor switches is now based on s imilar 
thinking. 

Prom the foregoing we do not .intend to 
convey the impression that the offset or 
angular contact is faulty. Many switches 
with this type of contact satisfactorily 
passed these tests. As the author points 
out, and it bears repeating, when using 
angular contacts the blade must embody 
sufficient strength and its mounting must 
be sturdy and not subject to “backing up’’ 
by taking loose play out of driving links, 
levers, and knuckles in the live mechanism, 
when the blade is loaded under fault condi¬ 
tions. 

We are pleased to see that while the 
author states, “About half of the designs 
had bosses on the contacts or crimped con¬ 
formation or even separate latches to pro¬ 
vide means of counteracting the magnetic 
forces tending to blow the blade out of the 
contacts at high currents,*’ he concludes 
that, “Both the test results and the gen¬ 
eral inspection leave a doubt as to the 
effectiveness or desirability of blade¬ 
latching devices such as bosses or crimps 
on the contacts or external latches unless 
they are absolutely necessary for proper 
blade action especially under icing conditions. 
Otherwise, it appears that such features 
constitute too much of a hazard to proper 
blade-closing action.’’ We feel this point 
is well made and that the blade should be 
fully controlled from the hinge and not even 
depend on a contact stop for its correct 
motions and positions, much less on bosses 
or latches. Those utilities which operate 
in sleet and ice belts can testify to the 
difficulty of operation on device-free switches. 
To put bosses and latches at the crucial 
contact positions would intensify this ice 
difficulty many-fold. 

The tests on the old switches are of special 
interest and it is pleasing to the manu¬ 
facturers to know that switches we built 10 
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to 15 y^rs ago will still carry current in 
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amplitude of 
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Table VII. Ratings for Outdoor Air Switches 



Maximum Impulse 

400 

600 

Ho. of 

Design 

With¬ 

20 

20 

Insu¬ 

Voltage, 

stand, — 



lators 

Kv 

Kv 




Continuous Current Rating, Amperes 

1,200 1,200 1,600 2,000 2,000 3,000 4,000 5,000 6,000 


Momentary Current Rating, Thousands of Amperes* 

40 40 61 70 70 80 

Construction Classification 


100 120 160 200 


[ 7.2 (7.6) 

14.4 (13) 
23 

34.5 


• ABCDEFGH.ABDEGH.ABH,.. AH,. ..AH.. .AH.. ,AH 

• “0- • ABCDEFGH.ABDEGH.ABH.. .AH...AH.. .AH.. .AH 

• ‘ • ABCDEFGH.ABDEGH.ABH.. .AH,.. AH.. .AH 

. 200... ABCDEFGH.ABCDEFGH.ABDEGH.ABH. AH AH 

• 260.GH.ABDEGH.ABG.ABDEGH.ABG.AB 

• 350.GH.ABDEGH.ABG.ABDEGH.ABG.AB 

• 650.ABDEGH.ABG.ABDEGH.ABG.AB 

• 750.ABDEG.ABG.ABDEG.ABG.ABG 

• 900...ABG.ABG.ABG 

•1.060...ABG.ABG.ABG 

•1.300...AG 

•1.470.AG 

.1,675 

.1,800 


♦Short-time current ratings include a momentary and a 4-second current rating based on test conditions described in NEMA Standard SG-1954, section 3.03. 
Divide the momentary rating by 1.6 to obtain the standard 4-second current rating. When a higher momentary current rating than shown is required, use a switch 
naving a aigher current rating. ^ f 

Note: Where grounding switches are applied to the main switch, the current ratings are not necessarily the same. 



A 

B 

C 

D 

E 

F 

G 

Vertical 

Double 

Tilting 

Side 

Center 

Tilting 

Grounding 



H 

Hook 


vised ratings for outdoor air switches are 
shown in Table VII. 

An examination of the table will reveal 
the existence of a dual set of momentary 
current ratings for switches with a continu¬ 
ous current rating of 600 and 1,200 amperes 
in voltage ratings 46 kv and above. A 
reflection of these revised ratings in our 
own make of switches is shown in Fig. 3. 
The 20,000-ampere momentary rating per 
pair of contact fingers for the jaws of Fig. 3 
evolved as a result of our own laboratory 
testing. This rating represents satisfactory 
performance and includes a reasonable mar¬ 
gin of safety. 

The appearance of the in-line jaw in Fig. 3 
is directly attributable to the program out¬ 
lined in this paper. Upon testing the 161- 
kv switch with a conventional jaw at in¬ 


creasingly higher test currents in our own 
laboratory prior to shipment for the TVA 
tests, we observed the tendency for the 
blade to be urged out of its jaw contacts. 
This blade “blow-open” effect is the 
result of electromagnetic forces set up by 
current passing through the offset current 
path of the conventional jaw. The in¬ 
line jaw was designed to remedy this con¬ 
dition, and it is a sound and proven solu¬ 
tion, Removal of the offset path simulta¬ 
neously eliminates the objectionable electro- 
ma^etic forces. 

Summarizing briefly then, there did arise 
a need for extending the momentary 
current capability of outdoor air switches; 
recognition was given to this need in the 
eventual assignment of switch ratings 
to match circuit-breaker ratings; and finally 


a means of providing switches with jaw 
contact arrangements in accordance with 
the revised ratings was found. The TVA is 
deserving of credit for the active role it 
has played in this general program. 


A. M. McNemey: I am deeply grateful 
for the interest shown in this paper as 
evidenced by the number of discussions and 
also for their generally complimentary 
nature. In so far as most of the discussions 
cyver similar points, I shall consider them 
as a whole instead of commenting on them 
individually. 

Several mention the new series of short- 
time ratings adopted by NEMA sub¬ 
sequent to the completion of our tests. We 
feel that our requirements and tests em¬ 
phasized the need of such ratings and ac¬ 
celerated their adoption. 

Comments were also made on our recom¬ 
mendation that definite standards be set tip 
for conditions under which temperature tests 
are to be made. We are pleased that the 
latest edition of NEMA adopts the general 
features of our recommendation. Mr. 
Curtis states that our temperature tests 
were unduly severe. To that we agree, but 
it was only by such severe conditions that 
we could eliminate as many variables as 
possible so as to make a fair comparison 
between all of the makes tested. In this 
connection, I would like to mention Mr. 
Powell’s comment that the paper does not 
bear out the statement that there were gross 
differences between the results obtained by 
me and those made in factories. That is 
true, the statement having been made only 
on the basis of what we had observed. In 
general, certifications of tests made in the 
usual large, open, and sometimes drafty 
test bays in factories, compared with*our 
tests, show differences of as much as 10 
degrees on parts as comparable as the center 
of 2-inch IPS blades. 
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We did not try to evaluate the on 
merits of ^°“Pai^tive 

« of ^ 

SnrrT“”'^'~ 

sir *” Sato 

Ss "> Table VlTS 

and J-1. with single contacts the 


completely out of the jaw The 

^ successfully withstood the 
^t current We believe, although we do 
not have suffiaent data to prove it con 
duayely that multiple contacts of the 
enSS. provided with 

^ ® ^th a reasonable 

Thestiaight-hneand 

reverse-loop contacts should have no rliffl 
cj^t^tchiag toe 16,000 toeSStS.^' 

mdustry is now devdoping. 

ma^‘toT“l^*“ switches are 

® certain standard, there is nn 
^ification for expecting them to meet 
g^ter yaluM by making minor changes in 
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Pect to find excess capadty in existing 
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Principles and Application of the 
ultrasonic Flowmeter 


R. C SWENGEL 

associate member aiee 


W. B. HESS 

NONA4EMBER AIEE 


Kl fl method of measurement of 
lias been or probably ever 

torilv alt satisfac- 

only all problems as varied as the deter¬ 
mination of flow in ocean tides, rivers 
^^tion aumes. pipeline, 

^age systems, and myriad industrial 
^ lalx^tory processes. Some basic 

ods, however, can be used for a wide nf 4.u -“^i'^'-ation. js^nowledve 

™ety of applications and it is beheved ent <*aracteristics and pres- 

tliat the new ultrasonic flow meter is ^tations may even predude its 
one of ^ese. It should find many fields ^ now offer very 

of usefulness m addition to the measure- solutions. , 

ment of hydrauKc turbine discharge, its method is based upon the 

first application, because it has no com- tin, fundamental units of 

ponents in th. . .. "any electronic drcSl^ 

which can mefl«„,-« ^wnuy 


^ the older upstream-downstream 
m^ods, uses but two transducers whose 
toebons as transmitter and receiver are 

tha?th^T**’i'' “bteiTable 

^ the toansducers could be both trans- 

and receiver simnltaneously using 

to^g frequencies or freqnency-modu* 

bto signals. Or, tiring electronic gating 

and pulsing, both transducers could tran^ 

«ob Me determined by measuring the rtlS'^^’:' ^“'“y 

wave transit times, or differenci in *“ determine 

transit times s_“ transit times. Another technique alter- 

trdJlSmiGQirknc o* ^ £_« A 


s. K. WALDORF 

m^ber aiee 


transit uZ^ omerences it 
a^t tones between two fixed points 

The new method described in this pani 

™y*”8 

to '«“iP”ent, especially 

for • "!L'“r ‘o ^ -»««»ed 


for to ~w-ultrasonio 

of to method's characteristics and pS laboratory 

eut limitation. n..„ of per c^t and less were 


4 I-.' tecnnique, alter- 

Mte tomismissions at a fixed frequency 

“®aa doter- 

mmod by phase-angle measurement, was 
"o^mtheMalappHcation. ' 
ne validity of the new ultrasonic 
etnoa was estaMicV.sx,ia.,..,., 


I . «'.^.ciuac 11 uas no com- 

P^tom to measuring section which 
^<dog or ,am; it is accurate and rala- 

tate m^’’?' “ .I’aalaally an abso- 

V ” *’*“1 which permits its use with- 
mtimoroaiaMation by other means. In 
l^toielectric tolto testing, a rinafc 
ul^oto flow ifteasurament^d oal4 

ton IS made regularly in about is 
Sif''* ^d“iderably shorter period 
^ IS ^ble with other test methods. 
Fot Muti^s service, the meter can be 
made to indicate and record -directly in 
of v^qqity or quantity of flow.^ 

Tms uewibidirectioual method meas- 
Ufes flow? v^odty by detaining the an 
par^t d^eience in the velodty^of com- 
pzession Wawe 


„vs. • a . »ua less were 

obtoed with water velocities of 1 to 10 
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bowed that the method is affected to 
‘“* 8 * 11 , any electronic circuitrv mnoout by turbidify, 
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bidirectioual method, as distmauish J toebcahty was demonstrated by the 
—-- disbngmsh ed ™^ent ,rf the disehaije thrS a 

Paper ss- 2 s ---- J^auhc turbine intake 25 feet high bv 

a^ reS*!?' • 

iJi !T“rted m a previous paper which 
mduto an extensive bibliography.- A 

unto r”fflowmeter, 
under development and test since 1947 
was published in 1950.® ' 
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imemion waves propagating vrith and 

^^tte^flow pver a single path.i Z 
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^^ciples 

The motion or velodty of a fluid is 

with respect to a fixed point or 
^npd frame of reference. In the ultra- 
some flowmeter a second frame of refer¬ 
ence, the fluid itself, must be considered 
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velocity of propagation of sound' in 
fluid whose flow velocity is to be 
measured 

velocity of propagation of sound in 
transducer rod 

</<= displacement of transducers along axis 
of flow and leng^ of measuring 
section of flowmeter 
actual geometric distance between 
transducers 

/=* frequency of ultrasonic signals, cycles 
per second 

j ==mathematical complex operator 

/ss difference between upstream and down¬ 
stream transit times=fa— 

/o=transit time for a compression wave to 
travel in either direction from one 
transducer to other when there is 
no flow 


wherein the velocity of propagation is 
constant. When the fluid moves with 
respect to the rigid frame of reference, 
there are apparent changes in propagation 
velocity within the fluid relative to the 
rigid frame of reference. The ultrasonic 
flowmeter utilizes these apparent changes 
in propagation velocity as a means for 
determining the velocity of movement or 
flow. 

To measure velocities with the new 
method, two fixed points on the stationary 
frame of reference are used. In the most 
elementary case, the two points are con¬ 
sidered on the axis of flow, with a com¬ 
pression wave originating at one of the 
points and traveling to the other. If 
there is no flow 


When the fluid moves at constant veloc¬ 
ity and the wave is transmitted in the 
direction of flow 

. d 

c+v«- (2) 

td 

When the wave is transmitted against 
the direction of flow 

d 

c-v»- (3) 

Subtracting equation 3 from equation 2 


d d 

(c-l-v)^(c-v) 

^ td tu 


d d 

2v -- 

td tu 


transit time for a compression wave 
to travel downstream from one 
transducer to other 

transit time for a compression wave to 
travel upstream horn one trans¬ 
ducer to other 

v=velocity of flow of fluid to be measured 
w=width of measuring section of flow¬ 
meter 

A=difference between phase angles meas¬ 
ured when transmitting with and 
against flow 

/J=angle of path of ultrasonic signal when 
leaving tra nsmi tter, with respect to 
horizontal reference axis 
d=cos“* c/cr “radiation angle of terminated 
transducer 

angle of geometric path between trans¬ 
ducer locations, with respect to 
horizontal reference axis 


2 2 tu) 


It will be noted that the absolute prop¬ 


agation velocity does not appear in equa¬ 
tion 6 for the determination of flow 
velocity. Fundamentally, therefore, the 
method can be applied to the measure¬ 
ment of velocity of flow of any fluid, re¬ 
gardless of the absolute propagation 
velocity which can vary considerably with 
temperature, pressure, and the medium. 
It is essential in using equation 6 that 
absolute elapsed transit times be meastured 
and that they be expressed in absolute 
units, i.e., seconds. 

For the initial development, it ap¬ 
peared more desirable to measure dif¬ 
ferences in upstream and downstream 
transit times with sinusoidal signals of a 
fixed frequency than to use single pulses. 
A change in the phase angle between the 
voltages on the transmitting and receiv¬ 
ing transducers is a measmre of the veloc¬ 
ity of flow. This effect is utilized in the 
new bidirectional method when the meas¬ 
urement is made of the difference in phase 
angle produced by the alternate upstream 
and downstream transmissions over a 
single path. Another basic principle that 
needs to be considered is ^e condition 
where the transmission path is not along 
the axis of flow but at an angle. This is 
included in the development of gen¬ 
eralized equations given in Appendixes 
landll. 

It will be noted in equations 30, 32, 
36, and 36 in Appendix I that the abso¬ 
lute velocity of propagation in the fluid 
during measurement must be known when 
a technique utilizing transit time dif¬ 
ferences is used. Further, it is interesting 
and significant to note that the displace¬ 
ment of the transducers along the axis of 
flow is the dimension of the measuring 
section entering into the velocity deter¬ 
mination. Of course, the width and 
height of the measuring section must be 
known to calculate the volume of flow. 


Equation 40, in Appendix II, for cal¬ 
culating flow from td and tu with the trans¬ 
mission path at an angle to the axis of 
flow becomes the same as equation 6 when 
the path between transducers is along the 
axis of flow because 0=90 degrees and 
sin 0 = 1. In the foregoing analyses, only 
a uniform constant flow velocity is con¬ 
sidered, an ideal not existing in practice. 
The ultrasonic flow meter is not affected 
by appreciable departure from uniform 
velocity distribution, the measuring sig¬ 
nals integrating vectoriaJly the velocities 
through which they pass. 

Transducers for Area Measurements 

In the preceding section the flow in a 
single plane is analyzed. In practice, it 
is usually desirable to measure a volume 
of flow which involves the detomination 
of the average flow velocity over a cross 
section. To accomplish this, linear trans¬ 
ducers were developed for use in rec¬ 
tangular ducts whicli in effect are line 
soiurces of ultrasonic radiation rather than 
point sources. When two such trans¬ 
ducers are properly positioned, the re¬ 
ceived signal will have traversed all ele¬ 
ments of the flow cross section and will 
have been affected by all components of 
the flow velocity. In the initial applica¬ 
tion of the flowmeter, whicli was the meas- 
turement of the discharge through one of 
the three bays comprising the intake of a 
42,500-horsepower low-head hydroelec¬ 
tric turbine, velocities were averaged 
over a cross section of 400 square feet for 
flows up to 2,500 cubic feet per second. 



Fig. 1. 30-foot transducer installed In 
turbine intake 
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Iraits from the relations between propaga- 
lon velocities in the antenna and the 
fluid medium. As a nonresonant system, 
undnven end of the transducer rod 
IS toade to absorb any acoustic energy 
not radiated into the fluid. This pro¬ 
duces a radiation pattern having the form 
of a cone, as represented in Fig. 2 In 
water, c is about 4,800 feet per second, 
and c, IS about 17,000 feet per second in 
chrome stainless steel. 

Appendix III gives *a method for cal¬ 
culating the proper tilt angle when mount- 
ing nonresonant transducers. It will be 
noticed iu Hg. 6 that, in addition to the 
tramduc^ l»ug placed on opposite 
walls, their driven ends are placed facing 
Ju opposite directions. This is done to 
have the path of every element of the 
ultrasonic signal pass through the same 
mngth of transducer rods and undergo 
tte same phase shift and attenuation due 
to the rods. This ensures that differences 
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amplifier with a 6J5 cathode follower, 
eliminates the effects of load changes on 
the oscillator frequency. 

The output amplifier comprising the 
balance of the circuit has an output im¬ 
pedance of a fraction of 1 ohm and sup¬ 
plies a few watts with adequate current 
for the highly capacitive load of a crystal 
transducer. An inductance is placed in 
series with the transmitting transducer to 
lower the load impedance and to obtain 
a better match between the amplifier and 
transducer. The reference voltage, Fig. 
4, is taken directly from the output ter¬ 
minals of the output amplifier to eliminate 
any possibility of phase shifts within the 
amplifier which might occur as the result 
of differing transducer load impedances. 

The receiving amplifier in Fig. 3 is 
conventional except that precautions were 
taken to avoid phase shifts with changes 
in amplitude of the received signal. 
This condition is readily obtained by the 
use of air-core inductors. The mixer cir¬ 
cuit is also conventional, using a hereto- 
dyne oscillator to reduce the frequency of 
the two incoming signals to approxi¬ 
mately 500 cycles per second. Thisis done 
to make the rise time of the square-wave 
pulses actuating the phase-angle circuit a 
negligible fraction of 1 cycle. 

The phase-angle recorder circuit is 
similar to several commercially available 
types using clipping and squaring of the 
two sine wave voltages along with an 
Ecdes-Jordan switching circuit to pro¬ 
duce a pulsating direct voltage whose 
average value is directly proportional to 
the phase angle between the two voltages 
being compared. This voltage is re¬ 
corded on a Minneapolis-Hone 3 rwell 10- 
inch high-speed electronic strip chart re¬ 
corder calibrated in degrees of phase 
angle. This recorder has a very linear 
response which is important for the ac¬ 
curate determination of phase-angle dif¬ 
ferences. A phase shifter inserted in 
either channel is convenient for phase- 
angle calibration as well as for positioning 
the record on the chart. 

The coaxial mechanical interchanging 
switch was designed expressly for this ap¬ 
plication. The most important feature 
of its design is the high degree of isola¬ 
tion between transmitting and receiving 
circuits attained by the use of thorough 
shielding. All contacts are of the silver 
wiping type to minimize any change in 
impedance of the coaxial cables with 
which it is used. A Geneva gear train 
on a slow-speed gear motor provides the 
necessary torque with the required dwells 
and time intervals for switching. The 
switching cycle for this application is 10 
seconds. 


Practical Considerations 

With any method of measurement, cer¬ 
tain precautions must be taken to attain 
a high degree of accuracy. The necessary 
precautions and considerations for the at¬ 
tainment of a high degree of accuracy 
with the ultrasonic flowmeter are as 
follows: 

1. There must be accurate knowledge of 
the velocity of propagation of sound in the 
fluid to be measured when a phase-angle or 
other transit-time difference measuring 
technique is used. For water, accurate 
data are available.® 

2. The approximate range of flow velocity 
to be measured. 

3. The limiting physical dimensions of the 
measuring section must be known. 

4. Transducers must be chosen or de¬ 
signed to have radiation patterns suitable 
for the measurement to be made. 

5. No mechanical nor electric coupling 
between the transmitting and receiving 
circuits is permissible other than the acoustic 
path through the fluid being measiued. 
Also, there must be no coupling between 
the receiving and reference voltage circuits 
prior to phase-angle comparison. 

6. There must not be uudesired acoustic 
echo paths in the measiu-ing section. .This 
is obtained when there is a linear relation 
between phase angle and frequency for 
transmissions in the measuring section in 
the range of frequency used for measure¬ 
ment. 

7. Transducer radiation patterns must not 
be modified by the transducer mounting. 

8. Equipment must be independent of 
surroundings and of variations in supply 
voltage as well as free from phase shifts 
arising from changes in signal levels. 


Conclusions 

1. The bidirectional ultrasonic method 
makes possible the determination of flow 
velocity of a fluid with accuracy even when 
the physical properties of the fluid are 
known only approximately. 

2. Because the method is based on 
measurements of fundamental units of tinn* 
and length, it requires no velocity calibra¬ 
tion by other means or methods prior to 
use and is amenable to rigorous mathe¬ 
matical analysis. 

3. The method is quite versatile because 
signal transit times can be measured in 
several ways, the transducers can have 
many forms, and the electronic circuitry 
can be varied to satisfy the designer’s 
needs and judgment. 

4. Usually the transducers can be 
installed without alteration of the flow 
section and without interference to flow. 

6. The velocity-sensitive elements, having 
no moving parts nor openings, are prac¬ 
tically immune to clogging and jamming. 

6. A new class of transducers, the linear 
or antenna type, has been developed and 
applied. This principle of u til ising ultra¬ 


sonic driving elements on radiating systems 
makes possible ultrasonic analogues of 
electromagnetic antennas and radiation 
patterns. 

7. Extensive laboratory tests with a 
rectangular 5-inch by 9-inch duct prove the 
method’s practicality and ability to measure 
accurately over appreciable ranges of 
temperature, turbidity, turbulence, and 
flow distortion. 

8. The ultrasonic method is especially 
well suited to the measurement of large 
volumes of flow, as shown by its application 
to the measurement of the discharge of a 
42,500-horsepower hydroelectric turbine. 

Appendix I. Derivation of 
Velocity Equations in Terms of 
Transit Time Differences 

The conditions shown in Fig, 5 represent 
flow at constant and uniform velocity v 
in a measuring section of length d and width 
w. In Fig. 5(A), where the direction of 
transmission of the ultrasonic signal is 
upstream, the geometric path AB between 
transducer locations A and B makes the 
angle <i> with the horizontal reference axis. 
In Fig. 5(B), where the ultrasonic signal 
is transmitted in the opposite direction, 
BA makes the angle 180 deg^rees-l-^ with 
the reference axis. 

When there is no flow, the ultrasonic 
sig^iial follows the identic^ paths AB or 
BA, depending upon the direction of trans¬ 
mission 

d 

AB=BA^d'= - =cUi ( 7 ) 

sm 

When there is flow at velocity v, the 
vector relationship in Fig. 5(A) in polar 
form is 

cfei/P-i-v fct/27O° e3f;'/0 (8) 

For the ultrasonic signal to reach point B 
when there is flow, it must leave the trans¬ 
mitter at angle jS instead of at angle 
Dividing equation 8 by iu. 

c//?+v/27O°=.^/0 (9) 

Rewriting 9 in rectangular form and pladng 
jv sin 270 degrees «=> — jv 

... d' d' 

c cos fi+jc sm |8—jv<=—• cos qi+j — sin 
tu tu 

( 10 ) 


Separately equating reals and imaginaries 
in equation 10 


c cosp— — cos 4> 
tu 

(11) 

csinjS—v=- sin<^ 
tu 

(12) 

cos /3=— cos (b 

Ctn ^ 

(13) 

. - d' . V 

sm i3=— sm <l)+- 
Ctu c 

(14) 


Squaring equations 13 and 14, adding 
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the first and fourth terms on 
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«S„pSiSsirSRJS 
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to obtam equation 16 w«owea 

2d'v . /d'\* 

v*^_3m,+y.,s 

qonve^ence in computation and as 
applicability for the severi 
fo^ of equations for flow velocity S 
ratio n is introduced ciocny, tne 


\ < 

In equation 16 substitute equation 19 
for v and equation 7 for d' Huauon ly 

fes^ar jCcfe)C»g) . ^ , cV 

+ ^ sm^-f.—(20) 

Multiplying equation 20 through by iuVc> 
n*iu*-l-2nio/u sin ( 2 i^ 

(1 —»%*-(2»to sin ^)4,-A)»«0 (22) 

Equation 22 is a quadratic of tlie form 
ax»+b^+c^0 ^ 23 ^ 

Tie standard solution to equation 23 is 
4ac 

~ 2o “■ (24) 


of fJSuT"” 

^ ^ _ 2n/o sin ^=fc V[2«/n sin 0)*+4(l - 
2(l-»») 

V(2«Ai sin ^) *-|-4ri -«»X<us 

2(l-«s) (25) 

The analogous equation for ta can be 
dmved from equation 17 by simila^ pro! 

Sfrai^A b equation 26 except 

^t sin ^ has a negative sign. The first 

a negatiS si^li^e 
for both 4 eud 

oecause sra <f> is squared. Therefore 


=lu-td’=*2to 




tn*+(2to sin ^)«-/=o ( 27 ^ 

Solving for n using standard quadratic 
solution of equation 24 i^-arauc 

ff — r'^^osin ^d=\/^a sm»t^-f.4« 

(28) 

eguatiou ^ for v after substitutiug 
„„ V^+ca/> 

(29) 

iTSe^mef positive or zero, eguatiou 
V^*+c*t*--d 


^ T- V^^^+(g*A«)/(360/')«--d 
A/360/ 

V(360/d)»-fc*A*-.3finftj! 

st’issizriir; 

can be simplified to 4uauon ^ 

t=2ton sin ^=*2/o(v/c) sin ^ (33 

from which 

a 

V=5--- 

24 sin 0 (34^ 

Since fo«d/(c sin ^) from equation 7 

v-(g*0/2d ^ 33 ^ 

is equation 36 for use where A 

IS measured, substitute equation 31 in 
equation 36 huhuou ai m 

v»(c*A)/(720/d) ^ 3 g^ 

Appendix II. Derivation of 
General Velocity Equation in 
Terms of Absolute Transit 
Times 

(2d'v sin ^)/4+(2d'v sin ^) //^+ 

(^V^)*—(dV^tf)*=0 (37) 
Combining terms and dividing by d' 


yp • , w - ——^ UeAVAUXa^ 


. AV 1 
'360!^/’ 


which results in 


/i-iVi+i') 

Va 4/Vtf 4/ 


Substituting etmatlon 31m equation 30 ''- 2 £ 7 (^~) 
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Substituting for d' from equation 7 
2sm*^(^ta iu) 

This general equation becomes equation 6 
when d'^xd, because is then 90 degrees 
and sin 1. 

Appendix III. Calculation of 
Transducer Tilt Angle 

Fig. 6 shows graphically a method for 
detennining the proper tilt angle for 
mounting terminated transducers in a 
rectangular flow section. In Fig. 6CA), 
both transducers are shown in a vertical 
position displaced along the avia of flow 
by a distance d. The angle CAJE is 90 
degrees—where 0 is the radiation angle 
in Fig. 2. If the transducers were mounted 
vertically as illustrated, the section 


of flow included in triangle ACE would 
not be mcluded in the velocity measuring 
area. 

As a first step, the transmitting transducer 
is moved to position AF, sufficiently to 
make E coincide with C, where F is on the 
line ED, The shortcoming of this position 
is the omission from measurement of the 
flow in triangle ABF. Angle BAF= 
90 degrees—fl. Therefore, BF can be de¬ 
termined from the relation BF’^ABX tan 
(90 degrees—5). 

In Fig. 6(C), the transmitting transducer 
has been rotated about axis AC until the 
toansducer coincides with the wall, assum¬ 
ing its final position AG. Since BFG is 
a right angle because of this rotation about 
AC and angle GBF— tan~* w/d is fixed by 
the dimensions of the duct, BG can be 
determined from the equation BG=BF/(co& 
GBF). 

In Fig. 6(D), it can be seen that the tilt 
angle BAG is tan-i iBG)/{AB). In Fig. 
6(E), the receiving transducer CD has 


been placed in its final position by making ' 
it parallel to transducer AC? by rotation 
in the plane of the wall about point C. 
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Discussion 

Fred E. Cornwell (Bureau of Reclamation, 
Denver, Colo.): This paper deals with a sub¬ 
ject of vital importance to the engineer who 
is associated with hydroelectric installations. 
There is no question but that an accurate, 
dependable method of making flow measure¬ 
ments on large installations presents man y 
problems which have not been solved satis¬ 
factorily. A method which can give results 
of a flow measurement in a time approaching 
15 minutes would appear to offer real ad¬ 
vantages, provided it can yield accurate, 
dependable results under field conditions. 
The authors present a very interesting ap¬ 
proach with their ultrasonic meter. 

It is difficult to evaluate the general pro¬ 
cedure and accuracy of the instrument with¬ 
out further technical details and possibly 
test data. The authors state, “The ultra¬ 
sonic flowmeter is not affected by appre¬ 
ciable departure from uniform velocity dis¬ 
tribution, the measuring signals integrating 
vectorially the velocities through which they 
pass." How could variable cross-sectional 
areas associated with these variable veloci¬ 
ties be integrated to give appropriate flows? 
The question of nonuniform velocities has 
been at the root of many difficulties encoun¬ 
tered with other methods. It is stated that 
the instrument requires no prior calibration 
in that it is basically , an absolute method 
It appears to me that some calibration, 
possibly as a function of conduit shape and 
average velocity, would be essential. 

In the paper reference is made only to 
rectangular shapes. For anjrthing approach¬ 
ing general usage, applicability to circular 
shapes would be highly desirable. Any 
work related to this question would be of 
interest. Test data on the discharge meas¬ 
urements for the 42,600 -horsepower hydro¬ 
electric turbine on which this instrument 
was used would be of assistance in evaluat¬ 
ing the device. If available, similar data by 
alternate methods should be included. 

The ultrasonic flowmeter, or future modi¬ 
fications of it, may be found of use by the 
hydraulic industry. However, before it 
can gain general acceptance, the hydraulic 


---♦-- 

engineer will need to be convinced that it 
does consider realistically the difficulties 
which have confronted him in the past 
I hope that my questions will assist in clari¬ 
fying some of the points involved. 


J. R. Leslie (Hydro-Electric Power Com¬ 
mission of Ontario, Toronto, Ont., Canada): 
The authors are to be commended for origi¬ 
nating and aptly describing a new tech¬ 
nique in the hydraulic measurement field. 
The scheme described appears to have great 
promise. Could the authors answer one or 
two questions concerning the case of non- 
tmiform flow? As is well known, some of the 
difficulties with present tec^iques are 
caused by the presence of a nonuniform dis¬ 
tribution of velocity across the intake, owing 
to either turbulence or the chan ging cross 
section. Is it possible then, on theoretical 
grounds, to show that the method of meas¬ 
urement yields a true average of the veloc¬ 
ity ? Secondly, the presence of turbulence io 
the water should affect the amplitude of the 
received signal, and possibly make the in- 
strumeat nonworkable. Have any measure¬ 
ments of signal attenuation across the chan¬ 
nel been made? 


Robert T. Knapp (California Institute of 
Technology, Pasadena, Calif.): The ac¬ 
curate measurement of the flow rate of large 
quantities of liquid has been serious problem 
for a great many years. Most of the meth¬ 
ods of measurement found satisfactory for 
small flow rates are not applicable to the 
larger flows, principally because they are 
not primary measurements but require 
calibration, and the calibration is not pos¬ 
sible with large flow rates because of the 
tremendous construction cost of suitable 
calibrating basins or weighing tanks. There¬ 
fore, the presentation of a new primary 
method of flow measuremait is always of 
great interest to the engineering profession. 
This paper appeam to be of particular im¬ 
portance because it not only proposes a new 
primary method of flow measurement, i.e„ 
one which does not require calibration but 
also a method which does not require un¬ 


duly expensive equipment or serious modi¬ 
fication of the flow channd. Furthermore, 
although it basically measures the instan¬ 
taneous flow rate, the measurements be 
repeated so rapidly as to form a continuous 
record of flow rate, thus making it adaptable 
to unsteady as well as to steady flow. 

The paper deals primarily with the gen¬ 
eral principles of the method and two quite 
different methods of use, one requiring prior 
knowledge of the velocity of sound in the 
flowing liquid, and the other independent 
of it. However, very little has been said 
concerning the inherent limitations of the 
method. Additional discussions of the fol¬ 
lowing points would be valuable: Factors 
affecting upper limits of accuracy attainable, 
either in the instrumentation or caused by 
the flowing fluid; effect of variation in 
velocity across the cross section, particularly 
in the direction perpendicular to the direc¬ 
tion of travel of the measuring sound waves; 
and methods of application to nonrectangnt- 
lar cross sections, in particular to circular 
ones. 

The authors are to be congratulated upon 
the presentation of this paper. It is hoped 
that they will be encouraged to pursue 
vigorously the development of this new 
flow meter. 


F. L. La^on (Aluminum Laboratories 
Limited, Montreal, Que. Canada); The 
authors have succeeded in developing a 
method of measurement of fluid flows which 
is apparently adaptable to economic per¬ 
manent installation so that the efficiency of 
a number of water wheels in a plant can be 
expeditiously determined from time to time. 
The authors could confirm this? 

It is well known that the efficiency of 
water wheel runners varies over a long 
period of time owing to changes in the pro¬ 
file of the blades arising from repairs asso¬ 
ciated with pitting from cavitation. Such 
repairs restore the exact profile. Conse¬ 
quently, the efficiency of the unit varies. 
This becomes of importance in achieving 
optimum economy of water usage and 
maximum kilowatt-hour generation from a 
group of units. 
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Fig. 1 (left). Sketch 
of magnetization 
curve showing cum¬ 
ulative effects of 
successive impulse 
waves on winding 
with initially de¬ 
magnetized core 


Fig. 2 (above). 
Typical voltage and 
neutral current wave 
shapes 


same amplitude and shape is applied, the 
flux increment L<t>i is added to the residual 
flux to reach a new flux crest of 
as shown in Fig. 1(B). 
The flux then decays to a new residual 
value This is essentially a d-c mag¬ 
netization process. 

The degree to which the flux crest will 
build up with successive applications of 
the impulse wave depends on the reten- 
tivity characteristics of the particular 
core. If the core has no retentivity 
characteristics, the flux in the core would 
decay to zero after each impulse. There¬ 
fore, the ratio would be zero and 

no build-up in core magnetization would 
result with successive impulse waves. 
However, if the core has retentivity 
characteristics it retains some of the flux 
from the preceding impulse wave, there¬ 
fore a build-up in core magnetization is 


to be much larger than the core magne¬ 
tization effects. 

Mechanics of Core Magnetization 

Because impulse test waves are pre¬ 
scribed in transformer standards in terms 


the normal 60-cycIe operating flux. 
60-cycle operation the flux is 

10 * ri/Mo 

J 1.414£^ sin w/d# 

=376,000 lines of flux 
N 


likely. If <t>Bi/<l>ci —<l>jBz/4>c2—kt, etc., 
and <f>Rn/<l>cn—K, where n is the number 
of impulse waves of a given wave shape 
and amplitude applied, the build-up in 
flux crest will proceed in a step-by-step 
manner as shown in Fig. 1 (C). This proc¬ 
ess can be expressed by tlie equations 


of times to crest and half value, it is most 
practical to show the relation between 
volt-time integrals and core magnetiza¬ 
tion. 

The degree to which transformer cores 
are magnetized by unidirectional voltages 
depends upon the voltage, wave shape, 
number of impulses, and the magnetic 
characteristics of the core. The flux 


For an impulse wave excitation, using* 
some relatively simple approximations 
for tlie time integral of a standard type 
of impulse derived in the Appendix 


10 * r* , 


Eiti 

140—— lines of flux (3) 
N 


where 


0(71 *= 

<t>ct =fei0<7i+-f A0(=A0((^i -I-1) 
0c* “ ^20(72 “ A0((^l-|-l)i2H"A0i 

= A0((^1&2 -i-fe+1) 

0C4 ^30C*+A0< 

= A0<(ilfe2^3“l"feft3‘i“A!8H"l) (4) 

Following this procedure, the flux crest 
resulting from n successive applications 
of the impulse wave may be approximated 


produced by a single impulse depends 
upon the time integral of the impulse 
voltage wave in accordance with the 


JSt=impulse crest, volts 

fi=tuue in microseconds to half crest value 

according to standard definitions 


to a satisfactory degree. 

If k is approximately constant for the 
region of the magnetization curve under 


general law of induction 



where 


0 =total lines of flux, maxwells 
«=volts 

iV=total active turns 
<= time, seconds 

The flux produced by one impulse, 
which will be represented by A 0 f, is 
usually considerably less extensive than 


To illustrate the impulse magnetization 
process, refer to the typical magnetization 
curves in Fig. 1 , which start from a com¬ 
pletely demagnetized core condition. 

In Fig. 1(A) 0 C 1 indicates the maxi¬ 
mum flux attained by one impulse wave 
of such voltage as to produce a flux in¬ 
crement of A 0 i. When the impulse is 
over, the flux .does not necessarily return 
to zero because of the retentivity charac¬ 
teristics of the magnetic circuit. Instead, 
the flux will decay to some point 0 /ji which 
is the residual flux in the core after one 
impulse. 

When a succeeding impulse wave of the 


consideration, the equation for flux crest 
reduces to 

<t>on’^A<j>iil+k+kK..+k^^-») 

1 — 

= A 0 (-^ (S) 
1—k 

Table I. Impulse Flux Ratios 


Voltage 

Rating, 

Erma 

BIL 

El, Kv 

Ratio, 

El/Erma 

Impulse 

Flux 

Ratio, 

Fi 

2,400/4,160Y.... 

.... 60... 

...25 ... 

...0.375 

7,200/12,470Y.. 

.... 95... 

...13.2 ... 

...0.198 

14,400 

.... 95... 

... 6.6 ... 

...0.099 

69,000 

....3.50... 

... 5.07... 

...0.076 
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^^80 0-0037S.^^(equation 2) 

“373/,X10-«X-^ (7) 

^°r a standard 1.5x40 microseeonri 
wave, the impulse flux ratio is 


■P<«'373X40X10-«X— *0.016-^ 


-'nai 


( 8 ) 

el- ^^Sle-plmse 2,400/4 160V.vnH 
distnbution transformer, having a basie 
mpu^ level of 60 kv. the hn/ulse Z 
ratio IS, from equation 8 

^i-O-.016X^i20O„03. 

2,400 



equation to typical 
gle-phase distribution trausfomere 
^ ^Pulse flux ratios for a standard l 5 v 

iawe I). Similar impulse flux ratio.. 

calculated for other transfoZ: 
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ng. 5. Fifty % BIL; ef¬ 
fect of magnetic saturation 
produced by very long-dura¬ 
tion impulse voltage waves ap¬ 
plied to transformer with 
initially demagnetized core. 
Note: second impulse voltage 
wave was attenuated by an ex¬ 
cessive neutral current due to 
core saturation 



cerned only with the flux produced by the 
voltage-time area of an impulse voltage 
wave and the degree of residual flux re¬ 
maining after the impulse is over. To 
produce a certain amount of flux, a mag¬ 
netizing current must flow through the 
windings. The value of magnetizing 
current required to produce a given value 
of flux is determined from the magnetiza¬ 
tion curve similar to that shown in Fig. 
1(C). 

When using the neutral-current method 
of fault detection dining impulse testing, 
this magnetizing current must flow 
through the neutral impedance circuit; 
therefore, any changes in the flux crest 
during impulse testing will be reflected in 
changes in the neutral-current wave 
sliape. When successive impulses in¬ 
crease the flux crest to levels above the 
knee of the magnetization curve, the mag¬ 
netizing current may increase to values 
many times that of the normal exciting 
current. Fig, 1(C). If the loading of the 
impulse circuit depends primarily upon 
the unit being tested rather than external 
circuit parameters, then the voltage wave 
may be considerably affected. 

The neutral current wave contains not 
only the magnetizing current component 
but also the capacitive current and loss 
current components as illustrated in 
Fig. 2. The capacitive current is the 
charging current which flows through the 
capacitance of the windings and is of 
relatively short duration. The magne¬ 
tizing current component continues to 
increase as long as a voltage exists across 
the winding. It follows that the maxi¬ 
mum magnetizing current occurs when 
the excitation voltage approaches zero. 
At this time the capacitance and loss cur¬ 


rent components will have decayed to a 
negligible value; therefore, the neutral 
current consists primarily of the magne¬ 
tizing current when the impulse voltage 
is at or near zero. 

It should be quite apparent from the 
foregoing that changes in the neutrd cur¬ 
rent and applied wave shape may defi¬ 
nitely be attributed to dianges in core 
magnetization during impulse tests on 
certain transformer ratings, and this ef¬ 
fect should not be misconstrued as indica¬ 
tive of insulation failure. It should also 
be stated that, since an appreciable 
amoimt of flux may be produced during 
each impulse, it is reasonable to assume 
that some degree of magnetostriction 
occurs which will produce an impact 
sound. 

Experunental Studies in Core 
Magnetization by Impulse Voltage 

To demonstrate the effect of residual 
magnetization on the impulse voltage 
and neutral current wave shapes, a series 
of tests was staged on the 250-kva 2,400/ 
4,160 F-volt single-phase transformer re¬ 
ferred to at the start of this paper. The 
basic impulse levd of the primary wind¬ 
ing was 60 kv. 

Tests were started with the core com¬ 
pletely demagnetized by slowly decreas¬ 
ing a 60-cycle excitation voltage to zero 
prior to each set of tests. Then the im¬ 
pulse voltage was applied to one end of 
the winding while the other end was 
grounded through a resistance riiunt, 
paralleled by a capacitor to by-pass some 
of the capacitive charging current. 
Simultaneous oscillograms of voltage and 
neutral current waves were recorded. 


The first series of impulse tests con¬ 
sisted of several applications of waves at 
60-per-cent (%) basic impulse insulation 
level (BIL), 30-kv. Tracing of the ap¬ 
plied voltage and neutral current waves 
are shown in Figs. 3(A) and 3(B) re¬ 
spectively. 

It will be observed that recycling oc¬ 
curred at about the sixth impulse where 
the neutral current stopped increasing 
on successive waves. Recycling in • Miis 
case occurred at a region on the magnet¬ 
ization curve considerably below the sa¬ 
turation level as indicated by the neutral 
current, which at the time near voltage 
zero (about 280 microseconds) was less 
than the normal magnetizing current 
crest. 

In the next series of tests, several im¬ 
pulse waves at 100% BIL (60 kv) were 
applied, again starting from zero magnet¬ 
ization. Tracings of the applied volt¬ 
age and neutral current waves afe shown 
in Figs. 4(A) and 4(B) respectively. It is 
evident from the neutral current waves 
that recycling occurred at about the 
sixth application since the neutral current 
no longer increased on successive waves. 
Here recycling occurred above the knee 
of the magnetization curve because the 
supplied by the impulse voltage ex¬ 
ceeded the difference between flux crest 
and residual-flux at the knee of the nor¬ 
mal curve. When tliis cohdition exists, 
the core has accumulated its maximuTn 
residual flux, and additional impulses 
serve only to provide a recycling from 
this point as indicated by tlie neutral cur¬ 
rent which began to increase rapidly at 
20 microseconds and reached values well 
in excess of the normal magnetizing cur¬ 
rent for the unit. Note also that the 
applied voltage wave shape was changed 
slightly because of the relatively heavy 
current drain on the impulse generator in 
the vicinity of 100 to 180 mia*oseconds. 

To accentuate the magnetization 
phenomena, long-tail voltage waves (1.8x 
266 microseconds) were applied to the 
winding. Tracings of consecutive volt¬ 
age and neutral current waves are shown 
in Figs. 6(A) and 6(B) for the 60% volt¬ 
age level. These waves saturated the 
core, as evidenced by the tremendous in¬ 
crease in neutral current and the severe 
drop in impulse generator voltage on 
otlier. than the first application at the 
60% voltage level. The fact that the 
neutral current peaks occur in the vicinity 
of zero applied voltage indicates that the 
magnetizing current component was 
dominant. 

The time integral of the first applied 
voltage wave in Fig. 6(A) is approxi¬ 
mately 
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this instant (Jiffers from that observed 
when the core was excited by impulse 
from a demagnetized state. The relation 
of flux to magnetizing current shown in 
Fig. 6 is characterized by a rapidly in¬ 
creasing slope of the hysteresis loop; 
therefore, when impulse excitation re¬ 
duces the flux, a point is reached where 
additional reduction to in Fig. 6) 
requires very little increase of magnetiz¬ 
ing current (J 2 to Iz) and successive im¬ 
pulse currents remain essentially un¬ 
changed. The primary advantage of 
this technique therefore results from an 
ability to reproduce the magnetic state 
of the core coupled with the relative in¬ 
sensitivity of the maximum magnetizing 
currents to repeated applications of im¬ 
pulse voltage while neutral current sensi¬ 
tivity to impulse failures is preserved. 

To determine the degree of neutral cur¬ 
rent changes produced by a failure as 
compared to the small differences noted 
when tlie reverse remanence method is 
used, the core was fully magnetized in a 
reverse direction by the method de¬ 
scribed, and then a reduced voltage full 
wave (50% BIL) was applied to the oppo¬ 
site terminal. 

Tracing 1 in Fig. 8 show the voltage 
and neutral current wave shapes under 
this condition. At this point a 1-turn 
short circuit was placed about the core 
leg over the high-voltage winding to 
simulate a turn-to-tum fault. A 100% 
BIL full-wave test was then applied, and 
tracings marked 2 in Fig. 8 show the volt¬ 
age and neutral current wave shapes. 
The tremendous increase in neutral cur¬ 
rent due to the short-circuit compared to 
the small neutral current shift shown in 
Fig. 7 due to magnetization changes in 
the core demonstrates quite effectively 
that if failure of the insulation occurs or 
is present during the 100% full-wave test, 
the change in neutral current will be of an 
entirely different order than that due to 
core magnetization effects. 


Discussion 

J. H. Hagenguth (General Electric Com¬ 
pany, Pittsfield, Mass.): The authors’ 
results clearly point out that changes in 
neutral current waves obtained during 
impulse tests on transformers are caused 
by changes in the impedance of the trans¬ 
former. These changes, however, may not 
necessarily be due to failures, but can ^ be 
caused by the nonlinearity of the magnetic 
circuit. Once recogniz^, of course, the 
procedure of testing suggested by the 
authors will give variations in neutral 
current waves which are minute compared 
to the variation caused by even a 1-tum 
fault. 


Conclusions 

1 . Changes in neutral current wave shapes 
between consecutive impulse tests on a 
transformer with perfectly good mQiilatinTi 
can be attributed, in certain cases, to 
cumulative magnetization effects in the 
core. 

2. The effect of core magnetization on the 
neutral current wave shape is likely to be 
more prominent on a low-voltage winding 
(e.g., 2,400 volts) than on a higher voltage 
winding (e.g., 16 kv) becarise of a higher 
impulse flux ratio at the lower voltage 
ratings. 

3. The effect of core magnetization oh the 
neutral current wave shape is likely to be 
more prominent on a transformer having a 
core with a lower exciting current due to 
the lack of air gaps in the magnetic circuit. 

4. The effects of core magnetization on the 
neutral current wave shape can be mini¬ 
mized either by demagnetizing the core with 
60-cycle excitation prior to each impulse or 
by first applying several low-voltage long- 
tail impulse waves to one terminal, thus 
driving the core to full saturation. 

5. Although a small difference in wave 
shape may still exist in either of the proce¬ 
dures suggested in paragraph 4, a fault 
equivalent to a l-turn short circuit will 
cause a change in the neutral current wave 
shape in the order of 20 to 100 times that 
caused by residual build-up by consecutive 
impulse tests. 

6. When an appreciable amount of flux is 
produced by an impulse wave, a magneto- 
strictive noise is produced in the core which 
may be misconstrued as an indication of in¬ 
sulation failtue. 

Appendix I. Calculation oF 
Impulse Voltage Time Integral 

Eaton an^ Gebelein* propose for a tsqjical 
impulse wave the equation 

e=A(€”<«-®*-«-(«+»*) (9) 

where A, a, 13 are tabulated for various wave 
shapes. 

Accordingly, the time integral of a stand¬ 
ard 1.6 X 40-microsecond voltage wave is 
63.8 X 10“®£< volt-seconds, or 

- ♦ - 

It is clear that great care must be used 
in the interpretation of current wave-shape 
variations lest a perfectly good trans¬ 
former may be rejected in test, although 
the cause of the deviation was the reaction 
of the physical constant of tlie transformer 
rather than a failure. During the tests 
the neutral resistor used to measure the 
winding current was paralleled by a ca¬ 
pacitor to reduce the initial high-capacitive 
peak to tolerable values. It is important 
to point this out because the high sensitivity 
of detection is not reduced, as clearly 
indicated in Fig. 8. 


P. A. Abetti (General Electric Company, 
Pittsfield, Mass.): Heretofore it had been 


1.35£t/<X10-« (10) 

where 

Ei impulse crest, volts 
/<>=time to one-half of voltage crest in 
microseconds, according to the stand¬ 
ard definition 


Then, according to the general law of 
induction 



the total increment of flux produced by a 
single impulse becomes 


4h => 136 lilies of flux (12) 


where number of active turns impulsed. 

The time integral of an impulse wave 
may also be approximated by assuming the 
voltage crests in zero time, and that the 
wave decays exponentially. In this in¬ 
stance 

(13) 

For a 40-microsecond wave, the time in¬ 
tegral becomes 

Ef^i 

*,-146^ (14) 


A reasonable estimate for rapid calcula¬ 
tion would be obtained by averaging equa¬ 
tions 4 and 6 to obtain 
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N 


(15) 


where 

El “Crest volts 

/i=time in microseconds to Ei/2 
JV®’total number of active turns under 
impulse 
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generally assumed that transformers show^, 
a linear behavior when subjected to impuls^' 
voltages. This conclusion is based mostly 
on experimental evidence*'* rather than on 
theoretical analysis of the effect of the core 
steel within the frequency and flux density 
ranges of interest. For instance, good 
oscillograms proving the linearity of the 
transformers tested are given in reference 3. 
All these tests were made with power rather 
than with distribution transformers. Theo¬ 
retical and experimental studies of the effect 
of the iron core have been made.*'® Kara¬ 
sev and Margolin conclude that it may 
always be assumed that the permeability 
is constant and, for most practical purposes, 
equal to infinity. The same assumption is 
employed by Heller and Veverka who 
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Power Distribution 


A. H. KIDDER 

FaiOW AIEE 

T he power distribution engineer is 
frequently confronted with the need 
to appraise effects upon the distribution 
system such as would be caused by the 
supply of singular loads, or by proposed 
modifications of distribution practice 
relating to circuit and substation sizes, 
power factor (pf) correction, a change 
in distribution voltage, or a change in the 
limits of voltage regulation. For rate- 
making purposes he is occasionally re¬ 
quired to appraise the costs associated 
with the supply of existing and possible 
new types of loads and customers. 

The effects of each load extend through 
all of the circuits which, together, com¬ 
prise the relElted power distribution 
system. Among other things, therefore, 
consistent appraisal requires evaluating 
directly, according to one consistent 
method, the effect of each load upon 
both the length and the weight of con¬ 
ductors needed at each distribution 
voltage level; eis well as the load and the 
number of customers supplied per circuit, 
per transformer, and per substation. 
This paper therefore has been prepared 
to summarize the devdLopment of a 
method which holds promise of achieving 
the desired results, by dealing with the 
distribution circuit as a functional entity 
and in terms of its natural parameters. 

List of Symbols 

as:fixed component of unit cost 
a«=applying to a circuit, cost units per 
conductor foot 

a <«= applying to a transformer, cost units 
per transformer 

conductor size, circtdar mils (CM) 
a “phase angle of voltage loss in a circuit 
applying to principal lateral 
ar“appl 3 dng to riser branch 
6“incremental component of unit cost 
applying to a circuit, cost units per 
pound of conductor 

“applying to a transformer, cost units 
per kilovolt-ampere (kva) of load 
6|»“ capitalized cost of power, cost units 
per watt 

/5“ equivalent load density, thousands of 
kva per square mile 
C=unit cost 

(7^“ applying to a circuit, cost units per kva 
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C|“ applying to a transformer, cost units 
per kva 

Ad “length of a unit section of circuit, feet 
d“ distance between two points, feet 
dj,“from supply point to end of principal 
lateral 

df “from supply point to end of riser branch 
I?“total circuit length, feet 
5=current density, amperes per 1,000 
CM 

E“ effective voltage to neutral 
/“lateral distance between unit loads, feet 
F=voltage adjustment factor as developed 
in Appendix III 
applying to principal lateral 
F,=applying to riser branch 
4“phase current per unit load, amperes 
4o“applying to an existing design 
1,000 //.d“ current density, amperes per 
1,000 CM 

Jg=motor starting current, amperes 
/“phasor operator V—1 
AT “Constant resistive voltage loss per foot 
in conductor of a size proportional to 
its ampere load 

Aro“appl 3 ring to an existing design 
applying to laterals 
Arr“ applying to riser branches 
L“ total load delivered by a circuit in kva 
(£1^)=annual loss factor of a circuit 
»*=ampere feet per phase conductor 
between two points 

f«j)“from supply point to end of principal 
lateral 

f«r“from supply point to end of riser 
branch 

Af“ total ampere feet per phase conductor 
of circuit 

«“a number equal to half-length of a riser 
branch divided by s 

AT “number of conductors in a circuit, 
including the neutral 
iVj,“ number of phase conductors 

power loss per phase conductor, watts 
/>i,“from supply point to end of principal 
lateral 

^r“from supply point to end of riser 
branch 

P“ total power loss per phase conductor, 
watts 

^“equivalent customer density, thousands 
per square mile 

2 “a nunaber equal to the half-length of the 
principal lateral divided by / 

Q“number of imit loads per imit 
i?=circuit resistance, ohms per conductor 
foot 

P“ conductor resistivity, CM ohms per foot 
J“ distance between lateral branches, feet 
.S“unjtsize 

2'i“ effective transformer current ratio, 
primary/secondary, including the 
effect of a different number of phase 
on each side 

T'8“ effective tamsformer voltage ratio, 
primary/secondary 

Ai9“ change in phase angle along a circuit 
(Fig. 1) 

“ angle by which currents lags the effective 
phase-to-neutral voltage, degrees 


Z7“unit load, kva 

permissible voltage loss of a circuit, 
percent (%) 

Ws“ voltage dip due to motor starting, % 
7“ voltage loss per phase conductor be¬ 
tween two points, volts 
F<“Component of V in phase with the 
current 

quadrature component of V 
Vt—voltage loss in a transformer (referred 
to the secondary) 

total weight of one phase conductor, 
pounds 

AT “circuit reactance, ohms per conductor 
foot 

.X’*“ circuit reactance applicable to motor¬ 
starting currents, ohms per conductor 
foot 

y“the number of a lateral counting from 
the extremity of a riser branch 
Z“ circuit impedance, ohms per conductor 
foot 

The use of the prime ('.) indicates a suc¬ 
cessively higher circuit level. 

General Considerations 

The principal classes of distribution 
system components are conductors with 
their associated insulation and structures®; 
also substations, transformers, switdi- 
gear, regulators, pf corrective equipment, 
and metering installations. The effect of 
size 5 upon the installed cost C for an 
assembly of a given class seldom requires 
evaluating coefficients for more than the 
first two terms of the following complete 
representation 

C=o-j-5i5-|-... (1) 

It is important, however, to observe 
that the fixed, or a component of cost is 
usually appreciable. In the case of 
conductors, for instance, the a component 
of cost, which is independent of con¬ 
ductor size, includes practically the whole 
cost per foot for the associated rights of 
way and structures such as poles, or 
towers, or conduits and manholes. 
Hence, consistently representative dis¬ 
tribution system parameters must permit 
determining the quantity as well as the 
size of each unit assembly under the given 
conditions. 

The development of distribution circuit 
parameters begins with the prerequisite 
that the voltage loss between the first 
and last loads distributed from a common 
supply point must not exceed some 
established design limit. For the pur¬ 
poses of practical generalization, the 
following six assumptions have been 
made: 

1. A large number of equal loads, located 
on rectangular properties of identical size. 

2. Rectangular intersections between the 
through streets and the cross streets. 

3. I,ateral sind riser main conductors 
erected along routes respectively parallel 
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**“ the cross streets. 

a^niai to be coo- 
i»tstenth interconnected, so as to form on^‘ 
wntinuous electrical network throughout 
the whole area to be served 






surirtK^*^^ 'Jjstribution circuit includes one 
^Ppl> point complete with aU essential 
^uipmeiit and accessories, plus all con- 
it distributes to 

jllustrative convenieticf> j+ 

~s;'-^pts.'ren.^^^ 

“"ductor 

ampere load, but with the^JSS— 
stamiing th^t thT „ * 

eff«ts havf 

•® fee «PP«)iHiate to underSt*^’ 
•**o«atiag for the characterise^® . ^ 
to tfee coomimaty asd*.* peculiar 

^ occuoan^ ®®™gto-ations, diveree 
occupancy, diverse 

^toneree 1KdfY.w_i and 

"«-«»nadeiice relatiomhips. 
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The permissible voltage loss is the 
MTOnt by which the voltage deBvered 
to toe most remote load on a drcnit may 
be les tom that srrpplied to the circuit 
Tim IS a function of the effective im- 
^ce, toe ctOTcnt flowing, and also 

andvX^'^‘'°'^P 

The electrical resistance is inverselv 
™o.^ to the eondnetor siTSd 
toeirfore is assumed tentatively to bear 
“ ^d“«on to the load curmS^ 

-duotors having diflcT'^JC- 

■ {’““““ty of toe 

^ j to some extent bv 

the conductor diameter 

oobductor size d“^' a, ” 

^'StgStod*^ " “ 

for the smalli-est “ ^factance is .that 
size at the given o conductor 

conductor Sacinp°^^^®^°^ spacing. The 
the operating voW^^?" 
the choice Of onf.n«^ ^ ^ and 

tion. Hence 

ce-the effective reactance pet 


, , .““KVTiy nilU’|M*ll((l<)lt 

load m amiierc.s. HovvevtT. ih<*r( 
cases, particularly in un.)er»;nmiiri 
ciraiits, where the re»|iuivd tntal 
ductor area of the dn-uit is divide 
tween a number of parallel paths .,r e 
“long the given mule, ami t|„, ,.(r,. 
reartmia- is then inversely |.ro|.Mrt 
to the nuniber of parallel pnths ami 

teM load m that ,s,rt of the ,*niii 
Consider, now, a seeli.ai of sinple 

“ oturent per phase, in a ,,1,,:, 
^an^ient of mnduetors whL.h 
an eflcctive resislanec of Kft ohms 
foot and an effective reaetanee ol 

Otars per condttctorfoot. The im|„..l 
ofthcxindnotortaeomes the phas... 

®fe*”s per coiuhietor foot 

and, taking current as the referf*! 
the voltage loss in the seel: 




v^. -, loans. 


K£id+jXlAd volts per sect ion 

eamti ^ appearing in 

equations represents the comtm 

the corresponding conri 
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area is A in CM and p represents the 
resistivity of the conductor in CM ohms 
per foot 

K p volts per foot (4) 

=~ for copper conductors 

It will be seen from equation 3 that 
the voltage loss consists of two com¬ 
ponents: one, a function of the A<f-foot 
length of the section; the other, a func¬ 
tion of the JAa! ampere feet in the section. 
By extension, to include a number of 
adjacent sections having differing values 
of /, which change with each additional 
unit load picked up, it win be seen that 
the over-all voltage loss between any 
two points is a composite function of the 
total distance <2 and the w-ampere-foot 
total per conductor included. 

In the symmetrical distribution system 
assumed, each unit load will be a constant 
of i amperes per conductor. The #» 
ampere feet will equal the sum of the 
products of i by the respective circuit 
distances to the unit loads distributed by 
the circuit. The evaluation of m will 
be considered in due course. Meanwhile, 
the voltage loss between the point of 
supply and any point in the distribution 
circuit may be written as 

V=KA +jXm volts (S) 

while, for a previously installed main 
in which the conductor area was originally 
designed for a unit load current of «o 
amperes with conductors having a voltage 
loss of Ka volts per foot, equation 5 
becomes 

V={Kai/i^)d +jXm volts (6) 

The assumption of uniform current 
density is a useful device for determining 
the average conductor size needed in 
any situation. The fact that practical 
considerations discourage frequent 
changes in conductor size need cause 
no concern, because practical deviations 
from rigorous observance of uniform 
current density have Httle effect upon 
voltage loss. In fact, it is often useful 
to assume a uniform conductor size 
having the same total weight as if it 
had been “tapered” to operate every¬ 
where at uniform current density. The 
average size would be the same in either 
case, and identically related to the load. 

For a uniform conductor size having an 
effective resistance of R ohms per con¬ 
ductor foot, the voltage loss is given by 
the expression 

7=w(i?+jX) volts (7) 


loss in % of the nominal voltage E, and 
0 represents the pf angle of the load, the 
following approximate relationship wiU 
exist for a circuit having uniform current 
density 

vE 

=Ka cos 6+mX sin 6 volts, 

approximately (8) 

For convenience, equation 8 may be 
replaced by 


, vE 

100 


Kd , 

= — volts 
F 


(9) 


where F is a function of both B, ihe pf 
angle of the load, and a, the effective 
phase angle of the circuit impedance; 
the value of a being such that 

tan a^mX/Kd (10) 

Similarly, for a circuit having uniform 
conductor size throughout 


vE 

loo 


=‘m(R cos 6-^X sin 6), approximately 


«=mJ?/F volts 


( 11 ) 

(llA) 


where F is a function of 


tan oi=sX/R (12) 

Curves of F for various values of pf 
are given in Fig. 1, as functions tan a 
or (tan a)/F. As indicated in Appendix 
III, these curves contain a correction for 
the quadrature component of voltage 
drop which is not compensated for in 
equations 8 and 11. 


Elementary Distribution Circuits 

The natural method of installing low- 
voltage, or secondary lateral mains in 


an urban community is to route them 
either along, or parsdlel to, the through 
streets. The distance between such 
lateral mains will be roughly equal to 
the j-foot distance between the through 
streets. Under the assumption of equal 
loads, each in an equal area, the points 
of connection to the mains may be 
generalized as a series of unit loads 
equally spaced at intervals of an /-foot 
distance along the laterals. 

Such a system is shown in Fig. 2, in 
which the unit loads are indicated as dots 
along the lateral mains and the supply 
points are indicated by circles. Riser 
mains are also shown, parpendicular to 
and interconnecting the laterals. The 
over-all effect of interconnecting the 
laterals. and risers is to permit the 
maximtim practical use of each supply- 
point by forming a uniform and elec¬ 
trically continuous distribution network. 

As one considers the symmetry of the 
network described, it will be observed 
that there will be certain points on each 
of the laterals and risers, at which there 
will be no current flow. The limits of 
the area bounded by such points of no- 
load transfer are indicated by the dashed 
lines of Fig. 2, from which it is seen that 
the energy fed through each supply-point 
is distributed throughout a diamond¬ 
shaped area. It is also apparent that 
the load and voltage distribution within 
each diamond would not be affected in 
any sense, if the diamond were arbi¬ 
trarily separated from the network and 
operated independently as a circuit 
having the loads shown in the branch 
type of circuit in Fig. 3. It will be seen 
that the load at each extremity of the 



If V represents the permissible voltage Fig. 2. Elementary distribution network 
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^apal lat^ and riser branches is 

loads located at these points are fed 
^loometec^y from four directions. 
^a% there will be a half-unit load at 
lairS!™“''“ of of the ote 
. the half-length of the prui- 

leuga of the user branch to be ns feet 

requirement 
e permissible voltage loss shall 
not be exceeded. This requirement will 
approximately, if 
total voltage loss between the supply 
point and the extremities of both tiie 
pnacip^ lateral and riser branches is 
hdd within the permissible limit. As 
m^cated m equations 5, 6 and 7 the 
voltege loss win be a function of d, and/or 

for ^e pnncipal lateral and d, and/or 
ifir for the nser branch. 

conditions, permissible 
voltage drop or other considerations may 
mdicate that it is impractical to utilize 
ns^ br^ches. In this case the network 
reduecs to a system of laterals only, and 
each supply point will serve a laterd type 
of c^cmt, as illustrated also in Fig. 1 
n this case it will be seen that the effec¬ 
tive yea served by each circuit is rec- 
tangular in shape. 


the secondary ri^ branches, being 

j' feet, the half-length of the branch- 
type secondary riser branch, or ( 13 ) 

feet, the distance between streets 
for a lateral-type secondary 

and the lateral distance between unit 
loads on the primary wiU be equal to 
tyce the half-length of the longest, or 
P^apal lateral in the secondary-circuits 
which It supplies, being 


the length of the principal 
secondary lateral 


(14) 


Further, it will be noted that for alter- 
mte mains the locations of the 

loads picked up are displaced kterally 
by a dMtaiKe of //2 from the positions 
Of the loads on adjacent laterals. The 
^mvalent circuit for such a grid assumes 
two forms as shown in Fig. 4, depending 
upon whether the parameter n represent 
an even or an odd number of laterals. 

Likewise, each primary-branch circuit 
may mdude ' a unit-type, substation, 
winy IS fed in turn from a similar type 
of high-voltage grid. On the other hand 
construction economv mov j ..’ 



and High-Voltage 
Distribution Circuits 


w -o-iuucageoy install 

mg larger substations and “radial-tvoe*' 
prunay feeders to permit supping 
several prunary-branch circuit loads per 


Fig. 3 (below). 
Equivalent circuit for 

lar primary grid. In this case the total 

mad of each secondary circuit and he c , 
losses becomes the unit load of the pri e”'- i 

marygrid,forwhichthedistancebetwL' !Zt ,or 

lateral mams will equal the half-length of the supply ^ pohu 

of elementary net¬ 
work of Fig. 2 


ybstation. However, whether it be 
niy-voltage brandh circuit supply or 
prim^-voltage, radial-feeder supply the 
ycuit routes must run along or uider 
stryts; hence the vertical distance j 
md tte kteral distance f between loads 

'*5' ®5>«ssioiis 
Identic^ to equations 13 and 14, in which 

J and d, have values as determined for 
the gnd being supplied. 

For the radial type of primary circuit, 
ye maximum feeder length (Fig. 5 ) « 

det^med simply by the impedance and 

load. It is, therefore, evident that 
the area served in this case wiU have the 
ye of a diamond whose parameters of 
and will be equal. The use of feedS 
voltage regulators permits the use of 
longer feeders, to serve when desirable a 
larger area and load from such a circuit. 

Circuit Parameters 

It is now practical to detennine the 
tota^ nnmber Q of unit loads served, the 

totallengthDfeet of the circuit, theioS 

yipere feet M, and the power loss P in 
wyts p^ conductor, in terms of the fore- 
ymg relationships. The total weight of 
one p^e conductor may be determined 
fmm the feet JIf, by the following 
relationships rn which represents thf 
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weight of the conductor in pounds per Fig. 5. Radial-type 
CM foot. For a circuit having a uniform supply circuit 
current density 

W=wpM/K pounds per conductor 

=36X lbfor copper (IS) 

and for a circuit having a uniform conduc¬ 
tor size throughout 

W’^wAD <=v}pD/R pounds per conductor 
=36 X10 D/R for copper conductors 

( 16 ) 

The branch, lateral, and radial type of 
circuits discussed are analyzed in Ap¬ 
pendixes I and II, from which it will be 
seen that general parameters may be 
derived which are qualitatively identical 
for any type of circuit and voltage level. 

These are given in Table I. 

Equivalent values of K in terms of R 
may be obtained from equations 8 and 10 
after making the proper substitutions for 
d and m from Table I. These equivalent 
relationships are also given in Table I. 

In the case of a branch type of circuit it 
will be noted that the equivalent value of Curves of F are derived in Appendix III size ever 3 rwhere in the circuit is exactly 

Kp for the lateral bran^es, equation 28, and given in Fig. 1, as functions of pf proportional to the amperes carried. 

<Mers from Kr for the ris^ branch, equa- and tan a, or (tan a)/F. The average conductor Riyp* thus derived 

tion 29. For cost analysis, howevCT, it is Under certain conditions, the values of is therefore proportional to the load, a-nd 
sufficient to use the average relationship q and n thus obtained may result in a it has been explained that the theoretical 

given by equation 30, which is obtained value of total current which exceeds the tapering of conductor sizes if of no prac- 

by simultaneously solving equations 26 permissible load for a particular part of tical significance, except as a device for 

^ ^ til® circuit. In this case the values of q determining the average size. Hence- 

The values of q and n appearing in the and n should be reduced observing the forth, the principal controlling factor is 

equations of Table I are ^bject to certain permissible current limitation, as well as voltage loss which be handled as 
limitations. Field conditions in a city, that of approximately equal voltage losses rigorously and far more readily in terms 

for inst^ce, will require that n be an in- to the respective extremities of the chcuit. of a more practical construction, such as 

teger, since is a multiple of the distance For calcmlating the total weight of con- the utilization, throughout the full 

between the streets along which the ductors, it has been necessary to assume length of each lateral and riser in the cir- 

lateral branches are run. For a branch with theoretical rigor that the conductor cuit, a uniform conductor cu’oss-section 

type of system, gf should be related simi¬ 
larly to the distance between the trans¬ 
verse streets which will carry the riser Distribution Circuit Parameters 

branches. For the radial system as ' 

shown in Fig. 6, it will be evident that b _ Type of Sgulyalent Circuit _ 

must be an integer and that q must be a item Lateral Braneli Radial Equation 

multiple of one half, since g/ must be a ---—--—- 



multiple of//2. 

Also, as previously indicated, the values 

0 ■■number of unit loads. 

dp ■■half length of principal lateral 
in feet. 

2a* . 

af. ... 

.... 24 U... 

... .2a» . 

of q and n must be such that the permissi- 

dr ■■half length of riser branch in 
feet. 




ble voltage loss to the extremity of the 
principal lateral or riser branch shall not 
be exceeded. By substituting equations 

27■■circuit length in feet. 

)»],■■ ampere feet per conductor in 
half of principal lateraf..... 

Of. . 

(lHf/2 .. 

....Q(/+Vfl).. 

.,..fl**//2.;. 

-— 

14, 19, 21 and 22 in equations 9 and 11, 
expressions are obtained for g-maximum 
and «-minimum, as given in Table II. 
Since n-meas. will depend upon g, the solu¬ 
tion for g should be made first. In the 

mr ■■ ampere feet per conductor in 

half of riser branch. 

id ■■ampere feet per conductor in 

circuit. 

P • watts loss per conductor....... 

llfQi/2 . 

JIfK.... 

Qi*RaV/3.... 

... .n*isa/3 .... 

-{g/+»s)Q»/3........ 

_ MK . 

. . • ,i7t5 . 

- iaf+ns)Qi/3 . 

....MK .. 

.....Qim(gf+ns) . 


17 

18 
0 

20 

21 

22 

23 

24 

26 


case of lateral and branch circuits equa¬ 
tions 32 and 34, the parameter tan a 
on which the factor F depends is itself 
dependent upon q or n, which in turn 
involve F. A solution for F may be ef¬ 
fected by use of equations 32(A) and 
34(A) involving the parameter (tan a)/F. 


weight in pounds per con¬ 
ductor.36X10-* M/K... 36X10-^ M/K .SOXIO"* Jlf/JS:.. .15,26 

86X10-* Z)/R...36X10-“ D/R .36X10“* U/R.. .16,27 

Xp-TOlta per foot.e»R/2.fl*R/2. iR . 28 

Kr-^volts per foot... gniR/3 . iR . 29 

K-volts per foot.a»R/2. R (average).. JR . 30 

3{,qf+s) 


* Exception; Although the number of unit loads Q = 1 at the lateral circuit limit 4 = 0 in equation 17, 
all other items vanish as should be expected. 
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T-bl.ll. E,p«»|o„. fo, ,„ 


Item 


I>ateral and Brandi Circuits 


Terms of Permissible Voltage Loss 
Equation 


tan as . 

iaX 

vEF 

100/K. 

iX 


tan as 

ivEX . 

K . 


Pp . 




«-max,... 

vEFr 

vEF 


tan ar. 

^ niqX 

100 . 

iX 


tan ar 

iivE)iXFp 

K . 


Fr ■ ■ • • • 

30,000/iR* «-“iax. 



fl = max. 

j2vEFp 

vEF 


« ■» max. 


100 i/R . 




the average size as was found to 
_^«sent ^ given design conditions. 
There may be sections near the supply 
poin , particularly in the higher voitage 

in which somewhat larger ^n! 
ductors irtl be needed in order to prevent 
o^heatog. However, such high^! 
rrat sections can be identified readiiy, and 
a larger conductor provided if requir^ 


Cost Considerations 


ot^rT* instalied cost 

of a laterai or r®r main may be expressed 
in the general form 

DN. 


and equations 26, 


Which a, IS in cost units per transformer 

ThJ' ? f of load. 

cost should, of course, include instal- 
latm cost as weU as the material costs 
of tte teansformer and its accessories 
“2 “iiig arresters and fuses. 

The capitalized cost of Une losses may 
be determined from the foUowing expres 

r’ P 

Cci = bp{LF)Np~ cost units per kva (40) 


Q 




cost units per kva ( 37 ) 

m whii* the constants o. in cost units per 
““ductm foot and i. in cost units ^ 
^nd of conductor are dependent upon 
the type of construction involved L 
repents the distributed load in kva,'and 
^ the number of phase and neutral 
^ndurtors. If the neutral is of reduced 

hould be reduced accordingly. This cost 
tndudes conductors, devices and the allo- 
cated portion of poles and fixtures, or rear 
busses in the case of the secondary. 

represents the unit load in kva at 
each secondary-service tapoff, and Q is 
the number of loads supplied ^ 

for the secondary-circuit 

whence 


at 0.5 pf, we may find the resultant volt- 
Suf ^ *** ^ analogy to equation 10 . 

r,«100|rg/(i2+i.73;f^)^0.Q32-.l% 

(42) 

m which X, represents the reactance in 
P®*" between the neutral con¬ 
ductor and the phase conductor involved 
For ^condary circuit conductors hav- 
mg uniform cross section equal to the 
average size which satisfies the given 
conditions of load and voltage loss the 
i^ationship between ^ and i? will be 
ftat given m equation 28 of Table I 
Thus for a secondary designed to operate 
at uniform current density 

•'•~10a^(2f+I.73s/X,+0.0S2^j% 

(43) 

H a peimissibie value is established for 

■>.. tte maximum peimissibie values of S 
or rC are 

i?-max= 0 . 01 —V 2 70 V 

ohms per foot ( 44 ) 
3.2\ 

/ \/g — 

volts per foot ( 45 ) 

It will noted that the neutial con- 
duetor re^tance has an important effect 
e voltage dips accompanying line- 
^eufral motor-starting current surges. 

effect gives added support for the 
^al notice of utilizing idLtical neu- 
^»d phase-wire sizes in secondary 


P>*nary circuit 

3. -I. Q fcTalortheprimary.supply.eircuit 

(38) 

ti^fmaarly for a transformer installa- 

cost units per iva ( 3 p) 
ISO 



m irtich 6, represents the capitalized 
^t of power m cost unit per watt, (LF) 

IS the annual loss factor of the circuit 
eonductois, and 

tor at P" P''** 

tor at the time of maximum load. 

; for a transformer 

C,,-5S,[H-3aF)] cost nnits per kva (41) 

Equation 41 is predicated upon 0 5% m 
iron l^s and 1.5% fuH-tord copper Example 

losses in the transfoimer. 

To innate the composite effect of 
he rdabonships so far established, it is 
desired first to deteimine what would be 

the c<^ per customerfor overhead second- 

branches, in a 
“rtain as- 

^ed conditions; then, to observe how 

tte cost wi^d be affected respectively by 

moderate deviations from the a.s.l.a 
The illustration need 
“* further at this stage be- 

ai^ this will ^ ^dait to fflustrate 
all of the principles involved. 

lar^r^ purpose, let us consider a 
^e^oup Iff idMtical single phase cus- 
each having noncoiucident maxi- 
um demand of l kva at 0.95 pf in an 

ar^ where the property fines and sfre" 

coi^gurations are as illustrated in Fig. 6- 
o e supplied by a 3-wire 120/240-volt 

“iffle-phase secondary, through 2,400- 
rntrOuHon Systen. ParameUrs 

April 1955 


Effect of Motor Starting Cuixents 

Heretofore, we have not considered the 

tional horsepower motor-starting cur- 

tocted to the secondary circuit and dis- 
tabution transformer, and is greatest 
hra caused by the starting of a motor 

t the end of the principal lateral. Since 

be secondary circuit is usuaUy 3-wire 
«ngle phase, this voltage drop involves 
tte neutral conductor as well as one of the 
phase conductors. 

H the neutral and phase conductors 

^ Prt foot, and 
f the transformer impedance be taken at 

the motor-startmg cuirent in amperes 






















120/240-volt distribution transformers 
fed by 2,400/4,160 Y primary circuits in 
an overhead system, having a common 
primary and secondary neutral and an 
over-all voltage spread of 10%, between 
the respective customers’ service taps 
along the secondary mains. 

To simplify the illustration, it is arbi¬ 
trarily assumed that no special provirions 
for emergency breakdown service need be 
made, and that the single phase secondary 
loads are somehow balanced between the 
primary phases at each transformer loca¬ 
tion. The assumption of balanced 3- 
phase transforma: loads at single-phase 
transformer locations has the advantage 
of simplifying primary-branch geometry 
and related calculations while maintaining 
the distributed load per conductor mile 
essentially the same as that which accom¬ 
panies the normal practice of suppl)H[ng 
adjacent single-phase loads from adjacent 
phases of polyphase mains. The fore¬ 
going and certain other necessary assump¬ 
tions are summarized as follows: 

/= 660/12 = 64 feet 
r=260 feet 

d=cos~^ 0.96=18.2 degrees 

17=2 kva load at each secondary service 

s tap-off 
. 2X1,000 

—240—=8.3-f-j0 amperes load at each 
secondary tap-off 

E—Y (?+/ sin (9) = 114-|-i 37.5 volts 

Vt = 1.8-|-i 2.7, % voltage loss in the trans¬ 
former 

=2.6% effective at 0.96 pf 
v+v' = 7.5% voltage loss, total in second¬ 
aries and primaries, divided as 
equally as practicable 
N=N'=3] Np = 2‘ Np'=3 
iv =0.012 volts per conductor foot for 
copper at 10~’ amperes per CM 
Is = 20 amperes and »»=4% for 120-volt 
motor-starting current 
J\r= 116X 10“® ohms per foot 
X., = 102X10“® ohms per foot 
X' = 144 X10 “® ohms per foot 
(Cr.L)/(DN) =0.123+0.31 W/D, cost units 
per secondary or primary conductor, 
foot-installed, complete with sup¬ 
ports and all accessories 
Cf L = 125-1-6.2 L, cost units per transformer, 
installed complete with accessories 

= 0.164 cost units per watt; (,LF) = Q.12 

By equations 31 and 32 of Table II, 
assuming ii=3.75%, it is found that 
q—max.= 6.6. By equation 14 it is found 
that /'=2g/=710 feet. In this case, 
however, f must be a multiple of the 
060-foot length of the block as required 
to permit location of the primary branches 
along the transverse street routes. Hence 
the correct value becomes 3=6 and the 
corresponding secondary voltage loss be¬ 
comes »=3.3%, which leaves a balance 
of 10—2.5—3.3=4.2% available for allo¬ 
cation to the primary circuit. 


By equation 41 it is found that the volt¬ 
age dip due to motor-starting currents 
o,=4.2% which is probably tolerable, 
being only slightly above the assumed 
limit of 4%. 

Since 3/= 325 feet, or one-half the dis¬ 
tance between transverse streets, the use 
of secondary-riser branches is impractical. 
Hence the secondary will be of the lateral 
type, for which it is found from the equa¬ 
tions of Table I that 

Q = 12 

D = 650 circuit feet 

Af=16,100 ampere-feet per conductor 
P = 193 watts per conductor 
1^=48.5 pounds per conductor 
yl-average = 12/P=26,000 CM (approxi¬ 
mately no. 6 size) 

and by equation 38 

L=24 kva 

Whence, by equations 37, 40, 39, and 41, 
the respective components of secondary 
circuit cost become 

Cc = 11.9 cost units per kva; Cci=0.32 cost 
unit per kva 

Ci = 11.4 cost units per kva; Ca = 1.12 cost 
units per kva 

The corresponding characteristics of the 
associated primary branches may be 
found by the use of equations 13 and 14 
and the following relationships 

B'li = r»[(H-0.005»)P4- Vt] volts (46) 

i' = QiTi amperes (47) 

in which Vt represents the transformer 
voltage loss, T , the effective transformer 
voltage ratio, and Ti the effective trans¬ 
former current ratio including the effect 
of the assumed transformation from a 
single-phase secondary to a 3-phase 
primary. 

Thus, for the primary branches 


/'=660 and ^'=250 feet 

=2,360-1-7824=2.52 0/19.2 volts 
12X8.3 

t =——-—=3.3-1-.; 0 amperes 
oU 

Then, by the use of the pertinent rela¬ 
tions given in Tables I and II and cost 
equations 37 through 41, the primary 
branches are found to have the following 
characteristics 

S' = 13 
n' = 18 
Q'=468 
Z,'=11,200 kva 
D'=313,000 circuit feet 
ilff'=6.68X10® ampere feet per conductor 
P'=80,000 watts per conductor 
TT'=20,000 pounds per phase conductor 
A' average=21,300 CM (approximately 
no. 7 size) 

C'c=12.0 cost units per kva 
C'ci=0.42 cost units per kva 

Upon review of the resulting primary- 
branch grid, it is found that an additional 
8,900 feet of neutral conductor would be 
required for the riser branches in certain 
sections where there would be no second¬ 
ary conductors to provide a common 
neutral. The cost of this neutral amounts 
to 0.02 cost units per kva. Thus, the 
total installed cost of the secondary cir¬ 
cuit and primary-branches is 35.6 cost 
units per kva, exclusive of service taps 
from the secondary circuit to the cus¬ 
tomer’s premises. The capitalized cost 
of power losses is also seen to be 1.86 cost 
units per kva, making the total cost 37.2 
cost units per customer for the secondary 
circuit, associated primary branches and 
power losses. 

To appraise the total cost per customer 
in each particular case of course, the cal¬ 
culations must be extended similarly, so 
as to evaluate the corresponding trans¬ 
former component or substation com¬ 
ponent of primary-circuit cost and the 
higher voltage circuit costs, as well. 



Fig. 6. Street and property lines assumed for example 
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CUSTOMERS STREET FRONTAGE-FEET 


Fig. 9. Illustrative effect in new construction of customers' street 
frontage on aerial circuit capacity and cost for 1 kva per 1 SO/240-volt 
customer/ with 50-by-l 00-foot lotS/ 10”* amperes per 3.3% voltage 
loss in secondaries, 4.2% in primaries, and 2.5% in transformers 



Fig. 10. Illustrative effect in new construction of current density upon 
aerial circuit capacity and cost for 1 kva per 120/240-volt customer 
on 50-by-100-foot lob, 3.3% voltage loss in secondaries, 2.5% in 
bansformers, and 4.2% in primaries 


is that of reducing the kva load per cus¬ 
tomer. The subordinate effect upon in¬ 
creasing the maxunum load distributed 
per circuit is of little practical conse¬ 
quence at the primary circuit loads in¬ 
volved in this illustration. 

The criteria for satisfying the motor 
starting limitations, and for determining 
the relative cost of branch-type versus 
lateral-type secondaries, are also included 
in Tables III and IV. If the load den¬ 
sity |8 is not sufficiently high to require 
a design which is adequate for motor 
starting, the circuit must be reinforced 
by providing larger conductors and, in 
some cases, by designing also for some 
higher load density. 

Variations in nominal secondary'supply 
voltage, Fig. 7, are seen to have very 
little effect upon relative cost for second¬ 
ary circuits and primary branches, being 
essentially constant for all voltages in 
the range from 110 to 126. A constant 
ratio of transformation between second¬ 
ary and primary voltages was assumed. 

Permissible voltage loss, in the order of 
3%, Fig. 8, is seen to devdop approxi¬ 


mately the lowest cost per customer. For 
the primary branches this figure also 
shows a slight upward trend of cost per 
customer with increasing circuit load, be¬ 
cause of the inherently larger average 
conductor size needed. The upward 
trend of average conductor size with cir¬ 
cuit load operates to offset the substation 
economies in such a way that, in some 
situations, cost consid^ations may limit 
practical circuits to sizes considerably 
smaller than would be permitted by volt¬ 
age loss limitations alone. For instance, 
the 4.2% voltage loss of the illustrative 
example would permit using 4,160-volt 
primary circuits, or bus-regulated unit 
substations, as large as 10,000 kva at 0.95 
pf, which are substantially greater than 
has been common practice at this load 
density of approximately 4,000 kva per 
square mile. 

As the customer’s street frontage in¬ 
creases, it is seen (Fig. 9) that the cost 
per customer for secondary drcuits and 
primary branches increases with an al¬ 
most linear relationship, and the maxi¬ 
mum load per primary .circuit decreases 


as would.be expected, with the accom¬ 
panying decrease in load density. Load 
density, of course, increases inversdy 
with the customer’s land occupancy, and 
directly with his load. 

The relative effect of current density 
upon aerial circuit capacity and cost is 
illustrated in Fig. 10, from which it is ap¬ 
parent that the assumed density of 1 
ampere per 1,000 CM gives approximately 
the lowest total cost for the secondary 
circuit, but that a somewhat higher den¬ 
sity will permit approximately one cost 
unit per customer lower cost for the pri¬ 
mary-branch component of the primary 
circuit. 

In Figs. 9 and 10 there is also a sug¬ 
gestion that reinforcement of secondary 
circuits, as necessary to accommodate 
120-volt motor starting, need not increase 
the total cost per customer in new con¬ 
struction at load densities above 3/4 kva 
per customer, or 3 kva per 100 street 
feet. 

Inference from Fig. 10, that primary 
branches should perhaps operate at higher 
current densities than secondaries, sug- 
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design eondittf>ns wliich will (n 
taining approxiiiuildy Ihe Imvist 
construction cost. *1 lie pivviuus 
has treated (he currcril dcnsit>' o in ^ r 
diictors, a.s a design cinistaiit Jiavin^' 
value I/A. 'I'he optimum cum-iit Ar--: 
sity for least cost may lie dctciiiiiiuaS - ► 
difFercutialing the t«»tal cost of the >a-if 
ary and primary circuits fciniaSf * 
G9(A) to /o(A) of 'I'alile I\’ as 
priate) with respect to S for the 
ary, or willi respect to for the 
inary; equating to zero tin* s«»Ivirjji* f‘*r s 
or 5'. For this purpose it is not • 
sary to include the capitalized t ^ i 
power los.se.s which arc found to h.str 
practically no effect upon cireuit 
for voltage losses in the order iff , 

Since the vi>lt,age adjustment farl+a -. f 
which occur ill the cost ciuatioie. **sr 
theniselves dependent upon the eurn er. 
den.sity, the soluiijui oplimnni etuieft^ 
density becomes quite conipliiMfi'd , 
in the case of unity pf, in u liieh case it «Ifi 
be found that //. A*, /.'/ i and / / 

tnay be expres.sed malliematieaflv h<.: 
successive approximations 1 hu-., 
the circuits under consideiatioa, 

«-optmumi ..nipeie 

1,000 CM for brain’ll rvpe 


. pri 

1,(X»I CM f„r a 

seroiMl.iiv 

(Hi, 

isquatio.. ,S1 i» |,as„I 

that the unit costs of tlic transformer' ami 

oost„'„i;;iLTv:;:“‘ 

By reference to Jo ft 
ponu ts of the CKt airees arc rclu.ivclv 
Also, m hig.s. r through 10, it is seem that 

It IS therefore concluded that the current 
tliA a” approximately represents 

rttc ^ to I (gi 

Wtion 

be valifi f this assumption to 

be vahd also at even lower pf. 

® Fig. 11 , the over-all tffpH 
tomers’ load uoon ^ ^ ' 

seen to ho a ^ is 

iv-.jj ■ ■ * Fig. 12 forthihfh linear 

^eher—Power Distrih. r c ’ *^®°*‘«ticany ideal midi- 

^D^stnbuti^ Syst^ Parameters 
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Table IV. Illustrative Distribution Circuit Dimensions and Costs 


For a System Supplying Identical 240-Volt 3-Wire Single-Phase Secondary Loads from Nominal 4,160-Volt 3-Phase Circuits (E'=2,520) and 

with Unit Costs as Assumed for Illustrative Example 



tions which permit the least total con¬ 
struction cost for secondary circuits and 
primary branches. 

The average conductor sizes indicated 
in Fig. 12 are considerably smaller than 
had been expected. Therefore, it seems 
appropriate to review a few considera¬ 
tions which account in part at least for 
the small wire sizes developed in these 
illustrative calculations: 

1. It will be recalled that the illustrative 
example included no special provisions for 
emergency breakdown service, such as is 
usually provided in cases when failure of 
supply to one circuit requires redistribution 
of its load between adjacent circuits. The 
permissible voltage loss in the thus tempo¬ 
rarily enlarged circuits is considerably 
greater under such emergency conditions, 
but it seems quite probable that some 
additional conductor capacity, and there¬ 
fore a larger average size, might be required. 

2. The mechanical strength required to 
withstand standard wind and ice loading 
of the conductors, frequently establishes 
a minimum practical conductor strength 
which would require a larger copper con¬ 
ductor than needed to satisfy only the 
electrical characteristics of the circuit. 
Where cost and other related considerations 
are favorable, however, there has been a 
considerable use of steel-reinforced alumi¬ 
num cable, copperweld, or other high- 
strength conductor, to provide the required 
mechanical strength without necessarily 
providing excess conductivity. 


3. The consistent year-to-year growth of 
customers’ loads requires such frequent 
circuit reinforcement that it is generally 
good practice to install somewhat larger 
conductors than would be sufficient for 
the particular loads at the time when 
reinforcement becomes necessary. 

4. The illustration assumes complete new 
construction underddeal conditions such as 
are seldom encountered in practice. 

The effect of customer’s load upon dis¬ 
tribution circuit size, also shown in Figs. 
11 and 12, is of considerable interest, 
since it will be noted that the load limit 
per circuit at 0.95 pf is in each case ap¬ 
proximately proportional to the square 
root of the load per customer. For 
several years, this particular relationship 
between circuit load and load density has 
been observed by the Philadelphia Elec¬ 
tric Company as an empirical characteris¬ 
tic of its secondary-, primary-, and high- 
tension circuit loads. 

It now seems appropriate to examine 
briefly the effect of current density upon 
the load distributing capacity of primary- 
branch circuits. This is shovm in Fig. 13 
for several values of current density as a 
function of load density at 0.95% pf. 
From a review of this figure it will be 
seen that the square-root relationship is 
approximately representative of a current 
density in the order of 1 ampere per 1,000 


CM. With the current density adjusted 
for least cost, a 0.43 power rdationship 
is obtained. The latter relationship is 
thought to be practically unattainable in 
a growing system where each new load is 
almost invariably accommodated by a 
comparatively “piecemeal” reinforce¬ 
ment of the existing facilities, in such a 
way as to provide the added capacity for 
the least practical additional cost. 

Diverse Effects of the Community 

According to the previously outlined 
plan, all preceding steps in this analysis 
have dealt exclusively with the singular 
effects of individual customers. Having 
established a method by which these sin¬ 
gular effects may be appraised, it is now 
appropriate to consider the diverse com¬ 
munity effects involved in the distribu¬ 
tion of power to diverse customers, under 
diverse conditions which are imques- 
tionably beyond the control of any single 
customer. 

A given customer has exdusive control 
over the magnitude and time of his 
maximum demand. The almost obvious 
corollary is that he can have no control 
whatever over the. corresponding actions 
of his neighbor, who is supplied from the 
same circuit. Yet, their joint use of a 
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common distribution circuit has certain 
efiFects to which they jointly contribute. 

There was a tune, in the days of 1,000- 
watt flat-irons and 40-watt light bulbs, 
wh^ the maximum demands of neigh¬ 
boring residential customers were far 
more nearly uniform than now. With the 
advent of electric ranges, domestic water 
heaters, clothes driers and unit air condi¬ 
tioners, however, the loads of residential 
customers are becoming quite as diverse 
as the loads of other classes of customers 
supplied from the same or comparable 
circuits. Accordingly, it is thought that 
the only practical way of avoiding pos¬ 
sible error in accounting for the diverse 
load characteristics of customers is to 
postulate the premise that no distribution 
circuit will serve two customers having 
equal or coincident load characteristics. 
Load diversity, however, is only one of all 
the community effects which must be ac¬ 
counted for and it should affect only the 
load component of distribution circuit 
costs. 

On the other hand, random diversity of 
stet layouts, parks, play grounds, ceme- 
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tenes, rivers, railroads^ airports, as weU 
as diverse rights-of-way conditions as af¬ 
fected by rock, trees, and other construc¬ 
tion handicaps, including the occasional 
need for expensive underground construc¬ 
tion, are characteristics of the com¬ 
munity which^are not related to load but 
have substantial effects upon construction 
costs. Su^ diversiti^ are usually sub¬ 
ject to objective evaluation only to the 
^tent that their composite effect can be 
identified by analysis of the distribution 
plant records for the respective accounts 
involved. These often-overlooked diver¬ 
sities can have very extensive effects 
upon costs, perhaps sufficient at ti mes 
almost to smother the effects of load 
diversity. 

It is therefore apparent that an ac¬ 
counting for the diverse effects of the 
community requires dealing with them 
m terms of two general classifications, 
load diversity and other diversities. Al¬ 
though “other diversities” directly affect 
the fixed components of unit costs, it will 


be seen that they also affect the load 
component of distribution circuit costs to 
the extent that the numbers of units in¬ 
crease with increasing load density. 

Allocation of Construction Costs 
Between Diverse Loads Supplied 
from Given Distribution Circuit 

By the method developed, it is possible 
to calculate both the fixed component 
and the load component of distribution 
circuit construction cost for each cus¬ 
tomer served, in toms of kva maximum 
demand at his meter, his land occupancy, 
and representative unit costs for the pre- 
doi^antly characteristic type of distri¬ 
bution circuit construction. The repre¬ 
sentative unit costs are usually obtaina¬ 
ble from the property records for each of 
the particular plant accounts involved, 
particularly if trended to some consistent 
construction cost level. In such cost 
afiocations, so long as distribution circuit 

sizes increase in proportion to the square 
^i^,N^$er-Po„er Distribution Syi!lemJ>arameters . 
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Fig. 13. Illustrative 
effect in new con¬ 
struction of load 
density on aerial 
circuit capacity for 
various current den¬ 
sities at 0.95 pf for 
120/240-volt cus¬ 
tomers having 50- 
by-100-foot lots, 
3.3% voltage loss 
in secondaries, 
2.5% in trans¬ 
formers, and 4.2% 
in primaries 
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foot of the load density, it is practical to 
assume, for copper conductors, a current 
density of 5=1 ampere per 1,000 CM. 
The sum of the respective calculated fixed 
components and load components of con¬ 
struction costs for all of the customers in¬ 
volved will then represent the circuit 
which these customers would in general 
require if there were no diversities. 

The general noncoinddence of cus¬ 
tomers’ maximum demands is usually ac¬ 
counted for in terms of coincidence fac¬ 
tor,^ having values which range from zero 
to unity, increasing statistically with in¬ 
creasing load factor and to some extent 
inversely with the number of similar 
loads on the drcuit. Possible questions 
concerning whether such factors apply ac¬ 
curately to circuits supplying random 
combinations of dissimilar loads are not 
properly a part of the present investiga¬ 
tion. It is suffident to note that the ap¬ 
plicable load coinddence factor for any 
circuit will be the ratio of the maximum 
demand on the drcuit to the sum of the 
customer's individual maximum demands. 
Since this ratio will have some value 
which is less than unity, it follows that 
the corresponding equivalent load density 
will also be less. The consequent effect 
upon calculations made according to the 
relationship summarized in Tables III 
and IV may therefore be observed by sub¬ 


stituting the correspondingly adjusted 
value of load density which equals the 
product of /3 by the psuticular coinddence 
factor found applicable to the circuit in 
question. 

The effect of load diversity upon the 
calculated construction cost for each of 
the customers on the drcuit may be ac¬ 
counted 'for by proportionally redudng 
his load component of costs to account 
for the applicable coinddence factor for 
the circuit serving him. The sum of the 
calculated fixed components and the 
adjusted load components of construction 
costs for all customers served by the dr¬ 
cuit will then be the total cost corre¬ 
sponding to the predominately diarac- 
teristic type of distribution circuit con¬ 
struction, if there are no other diversities. 
The other diversities may then be ac¬ 
counted for with v&ry little likdihood of 
introdudng any significant inequity, by 
adjusting the total construction cost for 
each customer by the ratio of the actual 
cost of the circuit to the cost which has 
been found to represent the predomi¬ 
nately characteristic type of distribution 
circuit construction. 

Considerable additipnal investigation 
beyond the immediate scope of , this 
analysis would be required to determine 
whether the foregoing procedure for dis¬ 
tribution drcuit cost allocation is more 


desirable than methods currently fol¬ 
lowed. It may, however, have some value 
as a basis for confirming or improving 
such methods. 

Conclusions 

1. Dealing with the distribution circuit 
consistently as a functional entity, and in 
terms of its natural parameters, has promise 
of becoming an extremely effective aid to 
judgment in certain general problems re¬ 
lating to distribution system design and 
cost allocation. . 

2. While the example chosen to illustrate 
this method of analysis must be recognized 
as having limited general application, the 
analysis does suggest that little reduction 
in cost per customer may be expected to 
accompany any "inching upward" of the 
secondary voltage level within the range of 
115 to 125 volts. 

3. Secondaries designed for the supply 
of load densities less than 4 kva per 100 
street feet (1 kva per customer having a 
50-foot frontage) must be reinforced to 
prevent excessive motor-starting voltage 
dips. It is apparently possible, however, 
to provide needed reinforcement (Fig. 10) 
without noticeably affecting the trend of 
cost per customer until (Fig. 12) the load 
density reaches about two-thirds of that 
at which reinforcement becomes necessary. 

4. The per customer cost for secondary 
circuits and primary branches increases 
almost linearly with the customer’s maxi¬ 
mum demand and with his street frontage. 
In designs for least cost, as in Fig. 12, it 
will be noted that transformers almost 
entirely accotmt for the load component of 
secondary-circuit and primary-branch costs 
per customer. 

5. For the case illustrated in Fig. 12, the 
least cost is within 6% of 65 cost units per 
100 feet for all loack up to 4/3 kva per 
100 feet of the customer’s street frontage 
plus 7.5 cost units for each additional kva 
of his load. 

6. The empirically observed trend of load 
per circuit with the square-root of the load 
density is shown by this analysis to be 
gener£dly characteristic of circuits having 
average current densities in the order of 
1 ampere pet 1,000 CM of copper conductor. 

7. Economy favors permitting current 
density to exceed 1 ampere per 1,000 CM 
where practical in aerial circuit designs. 

8. The curves of maximum load dis¬ 
tributed per 4,160-volt supply point in 
Fig. 12, suggest that bus-regulated sub¬ 
stations might be found to be practical in 
unit sizes substantially larger than has been 
general practice. At 1 kva per customer, 
which represents approximately 4,000 kva 
of circuit load per square mile in this 
illustration, it is theoretically possible to 
distribute as much as 7,000 kva from such 
a unit substation at 0.96% pf. 

9. Analyses of trends in distribution plant 
costs might become substantially more 
informative if organized so as to distinguish 
separately between the factors which affect 
the fixed component and those which affect 
the load component of construction costs. 
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Appendix I. Derivation of 
Equations for Equivalent 
Circuits of Figs. 3 and 4 

Referring to Figs. 3 (branch type) and 
4, let y indicate the number of a lateral 
counting from the extremity of a ri ser 
branch. The number of unit loads picked 
up by a lateral is 


Q.V 






The total ampere-feet of the circuit of 
Fig. 3 (branch type) is 


V =« — 1 


ampere-feet (y<n) 


24-2X-=—y(y>0<«) 
A n 


smce 




(y*o) 


(82) l+3-}-6...« = 


(*+l)* 


( 86 ) 

(87) 


S»“(2ff+l)-2-|-2X7=23-- 
4 2 


The total number of unit loads picked 
up is therefore 

( t/mtt-l V 

2»+ S ivJ+Sp 


The ampere-feet in half of the principal 
(y*«) lat^al in Figs. 3 (branch type) and 4 
(n is even) is 


[l+2-f3.. .(g-l)]-|- 

<f ( .*/ 

“ 2 ®\®~2/ 2 

ampere-feet ( 21 ) 

and in Fig. 4. (n is odd) is 

U+3-l-6...(22-2)]-i-|g|- 

“2* fapproximately 

ampere-feet (21) 

The ampere-feet in half of the lateral of 
Pig. 3 (lateral type) is 

wj»*=*y| [1+2-1-3.. .(g-l)J+^ gj- 


4-4 


=»2g» 

(17) 

since 


1+2+8...*-^^^^^ 

2 

(83) 

For the lateral tirpe circuit 

shown in 

Fig. 3 


^«(2g+l)-2+2X^=2g 

(17) 


The half-length of each lateral is 

<f»=“y^/feet 

n 


(84) 

(18) 


sg*“ ampere-feet 


and for the principal lateral 
dp *= 2 /feet (y-n) 

The half-length of a riser branch is 
dr^ns (19) 

Therefore the total circuit length is 
v«n—1 

^=•4 dy+2dp-t-2dr 


The ampere-feet in a section of the riser 
branch between any y and F-hl numbered 
lateral is 


AmT=‘is{- 


v»o 


4g 


—/ [1+2+3...(»—1)] +2qf+2ns 


fS-) 

“ 1 +2+3... y) j 

=wj”^y(y+l)-|-ij ampere-feet (88) 

The ampere-feet in half a riser branch is" 
therefore 


’H) 


V-n—1 


< 2 / 


(n>0) 

(»» 0 ) 


mr- 


2 


y»o 


( 20 ) 


The ampere-feet in half of each lateral 
of Fig. 3 (branch type) and in hsdf of each 
even-numbered lateral of Fig. 4 is 


^ l*+2*+3*...(«-!)»] + 


5 [1+2+3...(n-l)] + 






V =« —1 

E 

(2ff* 

=*yj^[l*+2*+3*...(»-l)2] + 

1+ 






Q* 

~ +«^) approximately ampere-feet 

(23) 

The total ampere-feet for the configurations 
of Fig. 4 are obtained from the following 
expressions. When n is even 


-[2*+4*+6*...(«-2)*]-|- 




[P+3*+5*... («-!)»]-I- 


1 ] 


ampere-feet (90) 


and when n is odd 

3^=»K~[2*+4*+6*. . .(n-l)*]-f. 
\n 

2q* 

^[l*+3*+6*...(n-2)*] + 


ampere feet (91) 


These equations are equal to 

■^*«y|^[l*+2*+3».. ,(»_l)2] + 

4-i)+i}+4S(’‘’-’)+2] 


• + 


*»[^{2»*-2)+i^ 


Qi 

® J'(2/+«^) approximately ampere-feet 


(23) 


For the lateral-type circuit of Fig. 3 
Qi 

3/=2wp =5—g/ampere-feet 

A 


(23) 


(85) 


For the odd-numbered lat^als shown in 
Fig. 4 


. , II should be noted that the foregoing 

approximately ampere-feet (22) expressions for Q, m, and M also may be 
since dmved on the assumption of a uniformly 

. distributed load throughout the area. It 
i8-j_osio« , »(3f:+l)(2ai:+l) ^^1 be apparrat that the load density is 

l*+2*-f-3*.. .»**-—-- ( 39 ) 1/fs unit loads per square foot and since 

the area of the diamond-shaped area served 
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by a branch-type equivalent circuit is 
2 qfns 

Q = — X2qfns-2qn (17> 

For the lateral-type circuit the area served 
is 2qfs, and 


Q=‘TX2qfs=2q (17> 

fs 

The ampere-feet involved in any instance 
is equal to the product of the total current 
involved and the effective distance to the 
center of load, which is the rectangular 
distance to the center of gravity of the area 
involved 

2qi of if , , 

2 * ^ampere-feet (21) 

2qm 1 isq . ^ 

iHf = — X~ns — n^-~ ampere-feet (22) 

A O o 

and for the branch-type circuit 

M=>4X—X—j—=j iqf+ns) 

ampere-feet (23) 

The power loss in a system having 
uniform conductor size may be determined 
as follows. In half of each lateral 


/l* 3* 6* 

+i +i. 

i^fR yf qy^ ll 

3 ^ »L « 4J 


* 6* fly ^ 

-f- ..terms 
2 n j 


watts per conductor 


ia-|-3*-t-5*...» terms=-X(4a;*-l) (93) 
o 

The power loss in a section of the riser 
branch between any y and y-|-l numbered 
lateral is from equation 


APr=i^sRq^- (y*+2y-|-l) watts per 

conductor (94) 

The power loss in a riser branch is 
therefore 


yssn — i 


14-|_2<l+34.,.(;j_l)4 + 

2 {i3+2»-f-3»...(»-!)»} 4- 
l*-f22-f3*., .(n-l)2 


.» r* J 1 \ i^sRq^n^ 

- f- 


approximately (95) 


l*+2*+3*.. X(»+1)(2»-|-1)X 

uU 


(3»®+3ic-l) (96) 




xKx+1)^ 


The total power loss in a branch type 
circuit is therefore 


=^[^'{l'+2’+3»...(»-l)»}^ 

^ {1-1-2-f-3...(»-1)}-|-22»-|]+ 

It 2J 

2 /gf 2n2A 

■^‘^sR^fi^—Qi^R^^ + ) 

approximately (25) 
For a lateral-type circuit 

P-2ft,=g i‘/R, (s‘-g) =ei‘^ 

approximately (25) 

Appendix II. Derivation of 
Equations for Radial Circuit 
of Fig. 5 


Consider a uniform system of unit loads 
as shown in Fig. 6 where the horizontal 
distance between loads is / feet and the 
vertical distance is s feet. Bach load is 
fed from the source of supply by an indi¬ 
vidual feeder which reaches the load 
through a vertical path and a horizontal 
path as indicated. The area which may 
be thus served with a maximum voltage 
loss will be diamond-shaped as shown, and 
the height and width of the diamond will 
be theoretically equal. If a larger area is 
to be symmetrically served by a number of 
such systems, it is apparent that the 
corners of each diamond-shaped area will 
be midway between individual pickup 
points horizontally or vertically. Thus, if 
the parameters of the area served are 
indicated as qf and ns as before, it will be 
evident that gf must be a multiple of f/2. 
Since the pickup points at the vertical 
corners of the diamond are spaced 2s apart 
for the staggered spacing of pickup points 
shown in Fig. 5, and which will be obtained 
for systems of the higher voltage levels, it 
is apparent that n must be an integer. 

It will be apparent also from Fig. 6 that 
there is a possibility of a pickup point 
falling on the boundary. Hence, for pur¬ 
poses of calculating the maximum voltage 
loss, we may interpret dp as being the 
maximum horizontal distance and dr as 
the maximum vertical distance from the 
supply point in the area served. There¬ 
fore 

dp =gf feet (18) 

dr =«^ feet (19) 

mp=>igf ampere-feet (21) 

Wr =ins ampere-feet (22) 

The re m a in der of the parameters are 
most readily obtained by considering the 
system as one having a uniformly dis¬ 
tributed load throughout the area. As 
indicated in Appendix I, therefore, the 
values of Q and M will be the same as 


therein derived. Since each unit load is- 
supplied by a separate feeder 

D (qf-l-ns) feet (20)' 

t 3 


—— (sf+ns) watts per conductor (2S) 
3 


Appendix III. Development of 
Voltage Adjustment Factor F 

Let JEi repres^t the phase-to-neutral 
voltage at the nearest customer, the 
component of line drop in phase with the 
ciurrent, and Vg the quadrature component 
of line drop. The magnitude of the phase- 
to-neutral voltage at the last customer is 
given by the expression 

/(.El4- Vs cos ^4- Vg sin ^)*-|- 
* V (Vg cos 6— Vi sin fl)® in volts 


and the permissible difference in magnitude- 
between Ei and Ei is 

vE 

E 2 -Ei=-^ volts (99> 

Since from equations 9 or 11 


100“ E' 


inR 

P 


from equations 98 through 100 the following 
relationship is obtained 


I 

1 , El / 


/£i\* El 


cos fl*|--~X 
Vi 


sin S4-14-I 


Solving equation 101 for VgjVi the follow¬ 
ing is obtained 


Fff^Ei 

Vi Vi 


MmH- 

\ 2Fi/ ^ l\ 

.1 EiV Fj 


If Ei=E(l-l/2i;/100), from equation 100 

El l/lOO l\ 100. . _ 

“ —I ——— I SB approxiinatcly 

Vi E\ V 2/ Fv 


If equation 103 is substituted in equation 
102 and if it is recognized that Vg/Vi^ 
tan a, where a is the effective phase angle 
of the circuit, the following expression 
results 


100 

tan a = * 

Fv 


^sin®04-^ (1-E®)4- 

— (1 —Ecos0)—sin 0 


For 0=0 (unity pf) equation 104 reduces 
to 
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tan a = 

14.3 ll-F 

approximately (lOS) 

The solution of equations 104 and 106 
for F at v^ious pf in terms of tan a and 
(tan oi)/F is given in Fig. 1. To eliminate 
a fourth variable, v has been taken at a 
nominal value of 3.76%. Moderate varia¬ 
tions in V from this value will have a neg¬ 
ligible ^ect except in the case of unity pf, 
for which Fig. 1 also becomes applicable, 
provided the abscissas are multiplied bv 
the ratio V»/3.76. 
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Discussion 

Constantine W. Bary (Philadelphia Electric 
Company, Philadelphia, Pa.): I would like 
to commend Mr. Kidder and Mr. Neher on 
their well-conceived, well-formulated and 
valuable paper. It is a milestone in the 
study of the parameters affecting the 
economics of power distribution systems. 
I was especially interested in the authors' 
conclusions relating to the basic concepts of 
a modem power distribution system and 
their mathematical rationalization of its 
cost behavior depicted in Figs. XI and 12, as 
applying to the functional elements of pri¬ 
mary branches, secondary transformers, and 
secondary circuits. 

As a result of work done by Mr. Kid de r 
arid his associates in the Philadelphia Elec¬ 
tric Company over 20 years ago, we have 
been using in our cost-of-service analyses 
the concepts and major parameters of power 
sjrstems distribution cost behavior now so 
ably described in the present pap^. There 
is no question in my mind that such con¬ 
cepts as the functional components of the 
power distribution system and such major 
parameters as the number of customers 
and their maximum demands form the 
cornerstones for a comprehensive structure 
of determining the cost behavior of a power 

disriibution system, but there are two points 

which should be kept in mind by those who 
have occarion to build on the foundation 
laid by this paper: 

1. It must be appreciated that the very 
considerable amount of load diversity which 
we have come to associate with supplying 
the usual number of residential customers 
per drcuit diminishes quite rapidly as the 
number becomes less than 20 and vanishes 
at one customri: per circuit. The relation¬ 
ship is one to which I have previously re¬ 
ferred as the “first law of load diversity’’.J 

2. In actual practice there is some fivofi 
m a ri m nm size of load that can be carried at 

a jgiyen tap-off point, limited by the practical 

size of a distribution transformer installa- 
tiou—a fact which should be expected to 


introduce a point of discontinuity in the 
cost curves and will increase the cost per 
customer mataially at noncoincident maxi¬ 
mum demands beyond the range considered 
by the authors. 

To ^illiMtrate the effect of load diversity 
on disMbUtion transformer loading, let 
us consider a group of residential customers 
having equal noncoinddent TnaYiTpiim de¬ 
mands of 3.6 kva per customer. According 
to curve D of Fig. 1 of reference 1 of the 
paper, the corresponding average load per 
customer in terms of transformer mflYimuTn 
dem^d (sometimes referred to as diversified 
maximum .demand) would be 2.4 kva per 
customer in groups of 2 customers per 
curcuit; 1.9 kva per customer in groups of 4 
per circuit; 1.6 kva per customer in groups 
of 10 per drcuit; 1.6 kva per customer in 
groups of 20 per circuit, and 1.4 kva per 
customer in groups of 26 customers per 
^cuit. In this case, therefore, the trans¬ 
former load per customer might range any¬ 
where from 1.4 to 3.6 kva, depending only 
upon the number of customers served under 
the circumstances. 

^ For the range of customers’ loads con¬ 
sidered by the authors, I think that the 
numbers of customers per transformer prob¬ 
ably are sufficiently large so that the single 
parametd for the “load” or the “maximum 
demand’’ used by them in plotting the cost 
curves depicts the relationships within that 
r^ge without risk of introdudng appre¬ 
ciable error. Beyond 7.6 kva per customer, 
howev^, it certainly becomes essential to 
recognize the increasingly important trend 
of load diversity with the decreasing number 
of customers per transformer. As the 
maximum demands of residential customers 
continue to increase to levels above 7.6 kva 
.per customer, I am inclined to believe 
that an adequate appraisal of the effect 
upon cost per customer will require dealing 
two load’’ parameters: one dependent 
upon the customers’ noncoincident maxi¬ 
mum demands above some predetermined 
vdue, and another dependent on their 
■diversified maximum demand. 

It^wiU be^ noted that the load component 
of distribution system cost is more closely 
related to the load per circuit th an it is to 
individual customer’s marimum dema n d at 
his service entrance, while the fixed or area 
coverage component of such cost is basically 
■dependent upon the number of customers 
per tap-off point. Since in actual practice 
there is some fixed maximum size of load 
that can be carried at a given tap-off point, 
the numbtt of customer pa- tap-off will 
decrease with an increase in the load size of 
customers (especially beyond the size of 
6, 7, or 10 kva per customer), and such de¬ 
crease in the number of customers per tap-off 
point will be accompanied by an increase in 
the group coincident factors, in accordance 
with the first law of load ffiversity, which 
further diminishes the possible number of 
customers per tap-off point. The over-all 
effect of these conditions will be reflected in 
higher unit cost per customer of the so- 
caUed “fixed’’ or area coverage costs of 
the tap-off points, and this in turn can be 
riaced back fundamentally to the increase 
in the customers’ load rize as measured by 
their noncoinddent maYimiim demands. 

In our system of cost analysis, we have been 
reflecting this condition in the past, on an 
empirical basis, for customers of the 


general light and power class, supplied from 
the secondary system, which has had for 
many years back a relatively large number 
of customers with maximum demands in 
excess of 6 kva. 

Although empirically these conditions 
may be rationalized on the basis of a 60- 
kva or a 100-kva secondary transformer in¬ 
stallation per tap-off point (as a practical 
maximum under present-day conditions 
depending upon local conditions), I hope 
that the authors will find an opportunity to . 
pursue further thdr fundamental analyses of 
the power distribution parameters with a 
view to establishing a mathematical ration¬ 
alization of the two load parameters, which 
appear to be necessary to reflect fully the 
behavior of power distribution costs for a 
wide range of customers’ load requirements, 
beyond the 6, 7, or 10 kva per customer. 
The importance of realizing the existence 
of these two parameters will he, in my 
opinion, of ever-increasing significance in 
the economics of power distribution systems 
of the future, as the kva maximum demands 
of residential customers increase by leaps 
and bounds with the ever-growing use of 
electricity, and especially as a result of 
rapidly increasing saturations of residential 
air conditioning and, in the not too distant 
future, with the growth of the heat pump 
and other types of space heating loads, which 
will place such customers’ maximum de¬ 
mands considerably beyond the 6, 7, or 10 
kva per ciKtomer values, and which will be 
ac^mpanied with an increase in their group 
coincidence factors. 

Ebpbrbncb 

1. Load-Strttoturb or a Modern Elbctric 
UT iurY Ststbm, Constantine W. Bary. Pro- 
^dings, American Power Conference, Chicaco. 
111., vol. XVI, 1964, p. 401. 


D. N, Reps and H, E. Lokay (Westinghouse 
Electric Corporation, East Pittsburgh, Pa.): 
The approach taken by the authors to solve 
a complex problem is a very interesting one. 
It is our interpretation that the principal 
purpose of this paper is to present methods 
for analyzing primary and secondary dis¬ 
tribution system costs with the ultimate 
objective of obtainmg maximum economy 
of system design and operation. The 
authors have chosen to present results of 
hypothetical examples showing the relation¬ 
ships of cost per customer versus kva de¬ 
mand per customer. 

The relationships established in this paper 
we quite general, and we note with great 
mterest that a somewhat different approach 
to distribution system cost evaluation which 
we have taken leads to results which closely 
agree with the cost picture presented in Fig. 
11. A brirf description of the methods 
employed in our study follows. 

The distribution system is designed to 
serve load of a stipulated kva-per-square- 
mile load density with costs put on a doUars- 
per-kva ba^. The uniformly distributed 
load, to be sunilar to the subject paper, could 
be subdivided into any desired kva demand 
for customer, and the total system cost 
be v^uahzed on a doUars-per-customer basis. 
In our analysis, we divide the syrstem into 
five major components: subtransmission 
wcuits, distribution substations, primary-, 
feeder circuite, distribution transformers, 
and secondaries and services. 
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All five major components were included 
because every type of system will have a 
different form tl^t each component will 
take. For instance, a primary-network 
system will require dual subtransmission 
supply to each primary-network distribution 
substation, and primary feeders will be net¬ 
worked. A radial primary distribution sys¬ 
tem on the other hand may have dual-trans- 
former and dual-subtransmission-supply dis¬ 
tribution substations, or may be a simple 
radial system throughout. Secondaries may 
be radial or banked. It will be noted that 
the form the system components will take 
determines the "service quality" and "serv¬ 
ice continuity” rendered by the system as a 


whole. Having stipulated in advance what 
these system attributes should be, it is 
then possible to optimize (minimize) the 
cost of that type of system to serve a given 
load density. Two, or several, system 
arrangements can be studied, if necessary, 
for purposes of economic comparisons of 
alternatives. 

The variables or parameters entering into 
such a cost optimizing or minimizing pro¬ 
cedure are: subtransmission voltage, dis¬ 
tribution-substation size, primary-feeder 
voltage and the number of primary feeders 
per substation, distribution transformer size, 
secondary voltage and secondary conductor 
size, and pole spacings. 

From the studies we have made, a typical 
per-cent cost allocation to each system 
component and capitalized energy losses for 
minimum-cost systems at each load density 
are shown in Fig. 14. This particular case 
is for a radial system with a 34.6-kv single 
subtransmission-drcuit supply to single- 
transformer distribution substations, and 
radial primary feeders operating at 
2,400/4,160 volts. Secondary voltage is 
120/240 volts. Since Mr. Elidder and Mr. 
Neher consider primary circuits, distribu¬ 
tion transformers, and secondaries only, in 
Fig. 15 we have replotted Fig. 14 to show 
only these components. 

Fig. 16 is obtained from Fig. 11. To con¬ 
vert kva per customer to kva per square 
mile, we have assumed that a load of 1 kva 
per customer represents a load density of 
2,000 kva per square mile. This relation¬ 
ship comes about if 1 square mile is assumed 
to contain ten streets in both directions, 
with lots of 60-foot frontage on both sides of 
the streets in one direction. A load density 
increase then involves greater demand per 
customer, since the area at 2,000 kva per 
square mile is assumed saturated with 
residences. 

The similarity in the per-cent costs allo¬ 
cated to the three components from our 
analysis, and the authors’, is apparent. 
This close similarity indicates that our 


approach to system cost determination 
which considers uniformly distributed load 
rather than load per customer, and dollars 
per kva rather than cost per customer, leads 
to the same results as the authors’ analysis. 

However, the minimum-cost system for a 
given load density might, e.g., utilize differ¬ 
ent conductor sizes and substation ratings 
than a load density just a relatively small 
increment greater. Obviously it would 
not be practicable to change out conductors 
continually, and replace substation trans¬ 
formers and distribution transformers with 
different size units to satisfy the optimum 
requirements for each slightly greater den¬ 
sity as the load grows. Hence the most 
economical system is one which minimizes 
total investment over some considerable 
period of time. This procedure would re¬ 
quire "overdesigning” some or all of the 
components at the outset to eliminate the 
need for costly changeovers at too frequent 
intervals. Such overdesigning is often 
mandatory if for no other reason than that 
ratings of equipment and conductor sizes are 
standardized at specific values. These 
considerations apply to both the authors' 
and our approach to the problem as pre¬ 
sented herein. 

We are in agreement with the conclusions 
of ICidder and Mr. Neher. An approach 
such as theirs to the problem of distribution 
system cost optimization definitely leads to 
a better understanding of the subject. 
Further investigation including the effects 
of load growth will shed additional light 
on the problem and prove exceedingly useful 
in distribution system planning. 

A. H. Kidder and J.H. Neher: We are most 
appreciative of the interest shown in our 
paper, particularly of the discussions which 
raised points that deserve careful considera¬ 
tion. Also, one of the reviewers whose 
name is not known to us raised an additional 
point which is deserving of recognition. 

Mr. Bary’s emphasis of the need to 




LOAD DENSITY—KVA PER SO MILE mile LOAD DENSITY-KVA PER SQ MILE 

April 1955 


Kidder, Neher—Power Distribution System Parameters 


141 


















recognize the effects of load diversity on 
distribution transformer loading, as well as 
the ^ect of the natural limit on maximum 
distribution transformer size, is important, 
and both effects can be accounted for readily 
by a slight extension of our analysis- If 
j. the load density on a fully 

d^ersified or coincident load basis, these 
effects will modify the secondary equations 
only, and it may be shown that the only 
appreciable change will occur in equations 
73 and 74 for the transformer cost per 
customer which may be rewritten as 

Transformer cost per customer* —4-^^^ 

(liXS) 

in which 2(5 is the number of customers per 
circmt, as given by equation 66 or 57, and-y 
repr^ents the ratio of the coincidence factor 
Ok for 2(? customers to the coincidence 
factor for an infinitely large number of 
customers On. As shown in reference 1 of 
the paper 


(107) 


0 « 1 — 

7=*—“IH- - 

Oca 2QOoa 

If the transformer size is limited to 
m kva 

^ 7/J ' of customers (108) 

In this case 20 should be determined by 
range where equation 
108 yields lower values of 20 than equations 
56 and 67. 

It is of considerable interest to know 
^t the independent approach of Mr. 
Reps and Mr. Lokay develops cost trends 


quite similar to those which can be derived 
from information given in the paper. In 
the present state of the art, however, we 
tWi^ t^t it is important to emphasize the 
distinction between cost trends and costs, 
because it has been our experience that 
alternate approximate designs of distribu¬ 
tion circuits will develop quite similar cost 
trends,^ but^ they may not necessarily de¬ 
velop identical costs in otherwise equal sit¬ 
uations. 

Although the curves in Figs. 15 and 16 
have similar general trends, it wUl be noted, 
e.g., that tiiere is considerable difference be¬ 
tween their respective slopes as well as the 
corresponding absolute values represented 
at nearly all load densities. It is quite 
probable tl^t these divergencies may be 
attributed in part to lack of sufficient 
data. 

These observations therefore should not 
be construed to the discredit of the dis- 
cu^ers. They merely emphasize the possi¬ 
bility of pitfalls which unfortunately may 
befall one who on occasion finds it necessary 
to deal with approximations. It was for 
this reason that we undertook to develop 
a method by which it would be possible to 
det^mine the number of given loads which 
a^ distribution circuit could supply under 
given conditions, together with the total 
load, the circuit length, and total conductor 
weight required, as necessary in order to 
estimate its total cost under given condi¬ 
tions. 

In this particular case, it is unfortunate 
that the large number of parameters and 
the multiplicity of circuits involved in any 
distribution circuit make it necessary to 
deal in terms of cost as the only practical 
common denominator. For this reason it 


may be helpful to remind the reader that 
the first part of the paper, summarized in 
Tables I and II, serves to develop certain 
^ential dimensions which must be estab¬ 
lished before costs can be evaluated with a 
maximum degree of confidence. Cost con¬ 
siderations were then introduced with some 
reluctance, but only as necessary to illus¬ 
trate the application of the basic theory in 
one of many possible situations. 

It is our hope that we have been able to 
introduce some measure or rigor in distri¬ 
bution circuit synthesis by developing a 
method which permits accurate appraisal 
of the effect of each of the many parameters 
involved in a given situation. Questions 
of providing for emergency breakdown 
service and advance provisions for antici¬ 
pated load growth are thought to be ame- 
i^ble to solution by straightforward applica¬ 
tion of the principles outlined. 

The imknown reviewer raised a point 
concerning the loads at the extremities of 
the branch-type circuit, illustrated in Figs. 
2,3, and 4, and described in the section deal¬ 
ing with elementary distribution circuits. 
We find that we had failed to point out that 
the loads shown in these extremities accu¬ 
rately represent the situation only when qj 
‘^ns, as at unity pf.. Rigorous representa¬ 
tion of these boundary loads at other pf’s 
is apparently impractical at this stage and 
should have been acknowledged. The 
effect of failure to account accurately for 
this effect would be to overstate somewhat 
the amount of load which could be dis- 
^buted by the circuit. The design thus 
derived can be checked and modified in any 
situation where it is found necessary to 
compensate for this neglected circuit react¬ 
ance effect. 


Co-ordination of Hydro and Steam 
Generation 


C. W. WATCHORN 

MEMBER AIEE 


T here seems to be very little of a 
fundamental nature available in the 
Uterature with respect to the basis for 
co-ordinating hydro and steam generation 
fw maximum over-all operating economy. 
^ * This appears to be so even though the 
fundamentals of co-ordinating the opera¬ 
tion of hydro units within a plant were 
first set forth in 1919,* and in 1922® with 
respect to steam units. The co-ordination 
of steam generation and incremental 
transmission losses has been treated 
quite thoroughly more recently. 

Basically, the co-ordination of hydro 
and steam generation for maximum over¬ 
all economy, especially when tail-race 
l^ses and possible use of pondage are con¬ 
sidered, is much more involved than that 
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for any of the foregoing since, under such 
circumstances, the operation at any time 
during a period of pondage operation 
(used as periods of drawdown and refill 
herein for convenience) affects the results 
for the whole of that period of pondage 
operation, whereas, particularly for steam, 
the operation from instant to instant is 
largely independent of the operation as of 
any other instant. Such facts are of par¬ 
ticular importance with respect to sea¬ 
sonal pondage operation, and also with 
respect to daily or weekly pondage opera¬ 
tion for which comparatively large 
amounts of water are involved. 

It is frequently thought that, when a 
limited amount of hydro energy is avail¬ 
able, the most advmitageous or desirable 


operation is to utilize such energy in the 
peak of the load to as great an extent as 
possible since such operation results in the 
smallest amounts of required higher cost 
steam generation. The fallacy here is that 
such peaked hydro operation can result in 
sufficiently large reductions in the total 
hydro generation for the whole of such 
a period of pondage operation that the 
total cost of such reduced higher cost 
steam generation and the cost of the in- 
crea^ in the lower cost steam generation 
required because of such losses is larger 
than the total of such costs for some flat¬ 
ter hydro operation. This is because the 
losses resulting from the increase in the 
amoimt of lower cost generation outweigh 

PapOT 55-33, recommended by the AIEE System 
Bnzmemng Committee and approved by the AIEE 
Committee on Technical Operations for presenta- 

Meetteg. New 

York, N. Y., January 31-February 4,1956. Manu- 
script submitted May 11. 1964; made available for 
printing November 16,1964. 

the Pennsylvania Power 
and Water Company, Baltimore, Md. 

•The author expresses appreciation for the encour- 
agemeiU from various associates in the Pennsvl- 

h“a Particulariy 

H- A.. Von Eiff. Also thanks are due to R. W. Cole 
and F, E. Brooks for their care in making the 
calculations that provide the basis for the study. 
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the savings resulting from the reduction in 
the amount of higher cost steam genera¬ 
tion required. The optimum operation is 
a compromise between the operation that 
results in the maximum amount of hydro 
generation on the one hand, and the oper¬ 
ation that results in the hydro generation 
that replaces the maximum possible 
amount of the otherwise higher cost 
steam generation on the other hand. Such 
optimum operation, in contrast with this 
latter operation, results rather in such 
losses in hydro generation in reducing the 
amount of higher cost steam generation 
required that, together with the cost for 
the resulting increase in the lower cost 
steam generation, maximum over-all 
economy is obtained for the whole of the 
period of operation. 

The investigation reported here was 
started in an attempt to develop or dis¬ 
cover a basis for automatically co-ordi¬ 
nating hydro and steam generation. The 
results were determined experimentally 
by means of what might appropriately be 
called a mathematical model of a com¬ 
bined hydro and steam system which 
could be operated fairly conveniently in 
any manner desired and for which the re¬ 
sults could be measured to any practical 
degree of precision necessary. This ap¬ 
proach was used since it appeared, after 
much study, that the problem could not 
readily be solved in any other manner. 


Nomenclature 

c«>cost of the system steam generation, 
dollars per hour 

generation of the hydro plant, mega¬ 
watts (mw) 

gj= system steam generation, mw 

hydro plant discharge, thousand cubic 
feet per second (mcfs) 

r^rate of pond inflow in mcfs at time t in 
hours 

jBr=head on the hydro plant, feet 
intake losses, feet 

I, = system load in mw at time t in hours 
from the beginning of the operation 
under consideration 
Af=tail-race elevation, feet 

incremental water value, dollars per 
hour per mcfs. It is a constant during 
the whole of any period of pondage 
operation of the hydro plant under 
consideration (used as drawdown and 
refill herein for convenience, but not 
limited thereby) 

P=pond elevation at time t, feet 
5 “ withdrawal from storage in mcfs-hours at 
time t as compared with zero with¬ 
drawal for a full pond 
T “ period of operation, hours 

— “System incremental steam cost, dollars 
dgs 

per hour per mw 

incremental hydro equivalent of the 
dq 

hydro plant under consideration, 
mw per mcfs 


^^“incremental hydro equivalent with 
bq 

constant head, mw per mcfs 


bg/t 

bH 


incremental change in hydro genera¬ 


tion with respect to head with con¬ 
stant discharge, mw per foot 
5“ time rate of change of the hydro plant 
discharge, mcfs per hour 
^“time rate of change of inflow into the 
pond of the hydro plant, mcfs per 
hour 


— “incremental change in the hydro plant 
dq 

intake losses vrith respect to plant 
. discharge, feet per mcfs 
I, “time rate of change of the system load, 
mw per hour 

^^“incremental change in tail-race eleva- 
dq 

tion with respect to plant discharge, 
feet per mcfs 

— “incremental change in pond elevation 
dS 

with respect to storage, feet per mcfs- 
hour 

5“first derivative of the time rate of 
change of the hydro plant discharge, 
or the second derivative of the hydro 
plant discharge as a function of 
time, mcfs per hour* 

I,“first derivative of the time rate of 
change of the system load, or the 
second derivative of the system load 
as a function of time, mw per hour* 

— “Second derivative of the pond eleva- 
dS* 

tion as a function of storage, feet per 


mcfs-hour* 


Results 

The investigation indicated that maxi¬ 
mum economy may possibly be obtained 
in. the co-ordination of hydro and steam 
generation when the product of the system 
incremental steam cost and of the dif¬ 
ference between the ratio of the time rate 
of change of the load to the time rate of 
change of the hydro plant discharge and 
the incremental hydro equivalent of the 
hydro plant under consideration is equal 
to a constant during the whole period of 
drawdown and refill of the pond of that 
plant. This relationship may be ex¬ 
pressed by the following basic hydro 
steam co-ordinating equation 



Further, the incremental hydro equiv¬ 
alent dgn/dq in equation 1 may be ex¬ 
pressed as 


dq bq 


/ ^ 

dl 




dq 


( 2 ) 


Equation 2 substituted in equation 1 
results in 



which for ^=0 becomes 



Although the method of co-ordinating 
hydro and steam generation for maximum 
combined economy as developed here 
was specifically investigated on the basis 
of drawdown and refill of the pond of the 
hydro plant over the period of operation 
under study, the application of that 
method of co-ordination to such combined 
operation is not limited to that basis of 
pondage operation; it is equally appli¬ 
cable to the problem of determining the 
most economical operation to be followed 
in going from any given beginning pond 
elevation at any time to any given ending 
pond elevation at some predetermined fu¬ 
ture time, e.g., in the following of a rule 
curve. In fact, it is particularly appli¬ 
cable to the problem of determining the 
rule curve itself such as to result in the 
optimum co-ordination of hydro and 
steam generation in the seasonal opera¬ 
tion of a reservoir. . 

Further, it will be noted that, regard¬ 
less of the number of hydro plants on a 
system, the incremental steam cost to be 
used at any tim e with respect to each of 
such plants should be the same except for 
the possible effect of incremental trans- . 
mission losses. In addition, when two or 
more hydro plants are on the same stream, 
the inflow into the ponds of each of the 
downstream plants is flatter than the dis¬ 
charge of the plant immediately upstream 
and, also, there is a time lag between such 
pond inflows and plant discharges unless 
the upstream plant discharges directly 
into the pond of the downstream plant. 
In the latter case, the inflow into the 
ponds of each of the downstream plants 
is equal to the discharge of the plant im- 
niediately upstream except for possible 
additional inflow between the two plants. 

These hydro steam co-ordinating equa¬ 
tions are in such forms that they can be 
used directly (i.e., without modification) 
to interrdate the hydro and steam gen¬ 
eration and, also, the generation among 
the various hydro plants of a system for 
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Rg. 1. Total system steam generating cost versus incremental water value N 

optimum results regardless of their num¬ 
ber, location on the system, type, etc,, un¬ 
less it is desired also to compensate for the 
effect of incremental transmission losses. 

This latter problem is beyond the in.- 
tended scope of this paper but, consider¬ 
ing the relatively high state of the de¬ 
velopment of methods for han rlting the 
companion problem as related to all¬ 
steam systems,9-ii it may be expected 
that comparable results, as related to such 
losses, are also obtainable with respect to 

combined hydro and steam systems. 


Method of Investigation 

The mathematical model of the com¬ 
bined hydro and steam system used as. 
the basis for this investigation may be rep¬ 
resented by the following indicated 
equations 

: ^5^ 

For a Jossless transmission system g, re¬ 
sults in . 


ilf=7(g) 

S^9{q,r,t) 

r=X(0 

2«p(/) 


m 

C 8 ) 

(9) 

( 10 ) 

( 11 ) 

( 12 ) 

(13) 

(14) 

(15) 


gi^L-rgh 
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( 6 ) 


The system thus represented was oper¬ 
ated on many different bases in an en¬ 
deavor to detmnine a systematic basis 
which would result in Tninitniim total 
steam generating cost over a period of 
time for which the operation was such 
that the total water used during that 
period was some predetermined amount. 
Many experiments finally indicated that 
optimum results are obtained when the 
hydro plant is operated at some constant 
incremental water value in accordance 


j. more xuuy expressea 

by equation 3. 

The relationships indicated were deter¬ 
mined in the following manner: first, 
with respect to equation 6 


dc dc ds» 

— - —=N 

dq dgs dq 

(16) 

and from equations 6 and 7 


dq dq dq 

(17) 

then, rearranging 


dgt t dgh 
dq q dq 

(18) 

which substituted in equation 16 
in equation 1. ^ 

Then, from equation 8 

results 

dgh_bgh bgndH 
dq “ bg dq 

(19) 

and from equations 9, ll,"and 12 


^_dP dl dU 
dq dq dq dq 

(20) 


Also, from equationlO 
dq dSdq 

and from equatfon^lS 
dS , M 


( 21 ) 


( 22 ) 


Then, rearranging'^equation 22 and sub¬ 
stituting it in equation 21 and substitut¬ 
ing that resulting equation in equation 
20 3delds 

f - I— 

dH dI_dM 

<^2 * 2 dq dq 

which substituted in equation 19 results 
in equation 2. 

Equation 3 is continuous when the 
numerator of the first expression within 
the braces thereof is equal to zero at the 
same time that the denominator q, is also 
equal to zero, since that expression is then 
in the indeterminate form and may be 
evaluated by differentiating both ' its 
numerator and denominator with respect 
to which reduces it to the first expres¬ 
sion within the braces in equation 4. 

^ There is no definite solution to equa¬ 
tion 3 since it is solvable for all values of 
N , for which, however, there is only one of 
such values that results in the optimum 
over-all system operation. The value of 
N that results in such optimum system 
operation is determinable by inpflTi«s of 
successive approximations with the solu¬ 
tion of the equation best done graphically 
for the purposes here. Such a solution is. 
illustrated in the Appendix, 
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Table I. Computation of System Steam Generating Cost for Incremental Water Value N Equal to $6,000 Per Hour Per Mcfs 
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Conclusions 

Various other systematic bases for co¬ 
ordinating hydro and steam generation 
were detennined and investigated but 
none resulted in as low a cost as that ob¬ 
tained with the application of the basic 
hydro steam co-ordinating equations ex¬ 
pressed as equations 1 and 3. It was 
therefore concluded that these co-ordinat¬ 
ing equations were probably the answer to 
the problem even though it has not been 
found possible to establish a rigorous 
basis for this conclusion. It, neverthe¬ 
less, is believed that if they actually do not 
provide such fundamental basis for co¬ 
ordinating hydro and steam generation 
for maximum economy, they at least re¬ 
sult in sufficiently dose answers to be so 
used for all practical purposes. In any 
event, it is hoped that the material pre¬ 
sented may contribute in some measure to 
the eventual solution of what appears to 
be a rather difficult and complex prob¬ 
lem. 

It is quite probable that any practical 
use of the equations presented should be 
made by means of automatic controls or 
some simplification of the basic method 
itself, because, even with but one hydro- 
plant, it is believed that these co-ordinat¬ 
ing equations are too complicated to be 
used for direct manual application. The 
justification of the use of these hydro¬ 
steam co-ordinating equations would, of 
course, depend on an evaluation of the re¬ 
sults obtained with their application as 
compared with the results obtained with 
other bases of co-ordinating hydro and 
steam generation. However, in this re¬ 
gard, Fig. 1, in which the smaller values 
of N are for the more peaked hydro gener¬ 
ation which frequently is thought of as 
being the more desirable basis for co¬ 
ordinating hydro and steam generation, 
shows that the total cost of system steam 
generation may increase very sharply 
under some circumstances with such more 
peaked hydro generation. On the other 
hand, this figure also shows that the opti¬ 
mum value of N is hot particularly crit¬ 
ical since the curve is fairly flat over a 
rather wide range of values of JV. It is 
consequently believed that numerical 
integration and differentiation should give 
satisfactory results in any application of 
these co-ordinating equations to actual 
conditions. 

Appendix. Determination o( the 
Optimum Value o( N 

The solution of equation 3 to determine 
the value of N such that the optimum opera¬ 
tion results is illustrated by Table I and 
Fig. 2. 
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The curves in the first quadrant of Pig. 2 
show the hydro plant generation versus its 
discharge for various amounts of with¬ 
drawals from storage. They were obtained 
from equation 8 written as 

fft»-10+(0.l2-0.00001g»)i3- (24) 

where equation 9 is taken to be 

fr=56-0.15-0.22 (25) 

The second quadrant merely provides a 
graphical means of subtracting the hydro 
generation, obtamed from the curves 
shown in the first quadrant, from the total 
system lo^ as of various whole values of 
time t as given by equation ? written as 


Fig. 2. Curves for the graphical solution of 
equation 41 


Zf=600—20f (2<5) 

These equations were found to result in 
the required steam generation varying over a 
wide enough range of system steam graer- 
ating cost so that a short period of operation, 
10 hours, could be used so as to minimirp 
the necessary calculations as much as 
reasonably possible dnce all the calculations 
were made manually with desk calculators 
and, at the same time, it would be a suflS- 
dently long enough period so as to reflect 
satisfactorily the effect of all the factors 
involved. 


The curves in the third quadrant of Fig. 2 
are each for various assumed constant 
values of 1? as shown. These curves are 
^ctions of the steam generation and are 
in units of mw p^ mcfs, as shown. They are 
obtained by dividing such assumed values 
of N by the incremental steam cost for the 
various values of steam generation shown. 
Then, writing equation 6 as 

c=20+3ga+0.01g,*+0.001g«» (27) 

results in 

~=3+0.02g,-|^0.003g** (28) 

Equation 27 results in tremendously high 
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steam generating costs for the larger values 
of .generation, but this is of no particular 
significance since in this paper only the 
basic principles for the correct operation of 
combined hydro’ and steam systems in 
general are being determined rather than 
the correct operation of any particular sys¬ 
tem. ■ This characteristics of such high 
values of steam generating costs is necessary 
because, based on the arithmetical method 
of investigation and the short period of time 
(10 hours) of operation used in the study to 
facilitate the calculations, it would thereby 
be sufficiently responsive to differences in 
total costs so as to provide a reasonable 
basis for a sound conclusion. 

Then, to illustrate, for a required steam 
generation of 300 mw for which, from equa¬ 
tion 28, the incremental steam cost is $279 
per hour per mw and for a value of N of 
$5,000 per hour per mcfs, the corresponding 
value resulting therefrom and to be plotted 
with respect to the vertical scale between 
the third and fourth quadrants is 17.92 mw 
per mcfs and is obtained as $5,000 per hour 
per mcfs divided by $279 per hour per 
mw. 

Two quantities are shown plotted in the 
fourth quadrant of Fig. 2:. the first expres¬ 
sion within the braces of equation 3; 2. 
•the nominal incremental hydro equiv^ent 
which is the second expression within the 
braces of that equation. 

Then, from equation 20 


o 

<N 

1 

II 

(29) 

and from equation 24 


^=0.1g-0.00001g» 

(30) 

Then, as included in equation 25 


P = 56-0.15 

(31) 

from which 


— =» —0.1 
dS 

(32) 

For equation 14 written as 


r=30 

(33) 


and substituting equations 29 through 33 
in the first expression within the braces of 
equation 3 results in 


-20+0.1(<z-30)(0.1g-0.00001g») 
-; (34) 

2 

which is shown plotted in the fourth quad¬ 
rant of Fig. 2 as a function of g for various 
values of g, as shown to the right of that 
quadrant. 

Also, from equations 24 and 25 


^=(0.1-0.00003g2)(56-0.15--0.2g) (35) 

bg 


Then, as included in equation 25 

1=0 

(36) 

and 


Jlf=0.2g 

(37) 

from which 


T-o 

(38) 

dq 


and 



(39) 


Substituting equations 30, 35, 38, and 39 
in the second expression within the braces 
of equation 3 yields 


(0.1-0.00003g2)(56-0.15-0.2g)- 

0.2(0.1g-0.00001g») (40) 


which is also shown plotted in the fourth 
quadrant of Fig. 2 as a function of g for 
various values of 'withdrawals from storage 
S; only two are shown in the figure. 

Expression 40 or the second expression 
within the braces of equation 3 is in the 
exact nature of the over-all plant incre¬ 
mental hydro equivalents used for many 
years in various studies in that it only takes 
into account the unit characteristics of 
some given head and the incremental head 
losses as related to the intake and tail-race 
and disregards the incremental head losses 
related to withdrawals from storage. The 
effect of this latter factor should also be in¬ 
cluded as shown in equation 2 which ex¬ 
presses the true incremental hydro equiva¬ 
lent. The determination that factors 
should be included in the expression for the 
incremental hydro equivalent, equation 19, 
to account for the incremental head losses 
resulting from withdrawals from stor¬ 
age as shown in equation 23 and that 
a factor should be included in the 
hydro steam co-ordinating equation itself, 
equation 1, to account for the effect of the 
time rate of change of the load to be sup¬ 
plied are new in so far as it is known to the 
autlior. These determinations proved to 
be the whole key to the problem as finally 
resolved. Then, since expression 40 is not 
actually the true incremental hydro equiva¬ 
lent, it is referred to, for convenience, as the 
nominal incremental hydro equivalent. 

The use of Fig. 2 in solving equation 3, 
with equation 28 and expressions 34 and 40 
substituted in it, which results in 


(3-F0.02g,-|-0.003g,*) 

r -20-i-0.1(g-30)(0.1-g0.00001g») 

L g 

[(0.1-0.00003g*)(56-0.l5-0.2g)- 
0.2(0.1g-0.00001g>)]j=i\^ (41) 

is illustrated in Table I where the first 
step is to assume a value for the hydro 
plant discharge g for i »* 0. This is shown as 
34.171 mcfs in line 3 of Table I for the condi¬ 
tions there. A line is then dra'wn vertically 
into both the first and fourth quadrants for 
this value of hydro plant discharge, as 
shown by the dotted line in Fig. 2. Next, 
a line is ^awn from the point of intersection 
of this vertical line and the ciurve for the 
nominal incremental hydro equivalent for 
the withdrawal from storage for the time t 
under consideration to the origin, as shown 
in the fourth quadrant. A second line is 
then drawn horizontally from the point of 
intersection of this same vertical line and the 
curve for the hydro generation for the same 
withdrawal from storage for the same time t 
as in the foregoing, os sho^wn in the first 
quadrant, into the second quadrant to the 
load for the time under study, at this point 
for / = 0. Next, a vertical line is drawn 


downward from this point into the third 
quadrant to the intersection -with the curve 
there for the assumed value for N, $6,000 
per hourper mcfs in this case, as shown in line 
7 of Table I. Then, proceed horizontally 
to the right from this point of intersection 
to the intersection with the vertical line 
through the origin between the third and 
fomth quadrants; from which latter point 
of intersection a line is drawn pm*allel to the 
line originally drawn from the nest of curves 
of the nominal incremental hydro equiva¬ 
lents through the origin to the point of 
intersection with the vertical line originally 
drawn through the assumed discharge of the 
hydro plant. This latter point of intersec¬ 
tion determines the value of g, as shown in 
line 8 of Table I for t=>0. This initially 
determined value of g is also entered in line 2 
of Table I. 

The runs for all tlae following values of t 
start with assumed trial values of as 
sho’wn in line 2 of Table I, rather than with 
an assumed value of hydro plant discharge 
asfor<=0. The values of hydro plant dis¬ 
charge for these succeeding hours are com¬ 
puted as shown by note B to line 3 of Table 
I, based on the assumed values of g of line 2. 
The resulting withdrawals from storage, 
based on these values of hydro plant dis¬ 
charge, are tlien computed as shown in line 
6. Based on these data of hydro plant dis¬ 
charge and withdrawals from storage values 
of g are determined from Fig. 2 in the same 
manner as just described with respect to 
and the values of these quantities thus 
determined are entered in line 8. They 
should check the values assumed for (jf of 
line 2 for the same value of t. If they do 
not, new values of g should be assumed for 
line 2 and the procedure repeated with 
respect to each value of t, in order, until the 
values determined with respect to line 8 
check those assumed for line 2. It was 
found that this check was usually obtained 
on the second trial for most of the values of 
t. These calculations are repeated for the 
whole of the period under study and should 
result in zero withdrawal from storage at 
the end of the period of operation, or as 
close thereto as it is practicable to obtain, 
—0.0025mcfs-hours in the case illustrated by 
Table I. If the withdrawal from storage at 
the end of the period of operation is not 
nearly equal to zero, a new run should be 
made beginning with a new trial initial value 
for the hydro plant discharge for ^=0, and 
the whole process should be repeated 
until the desired conditions are met. 

The middle portion of Table 1, beginning 
with line 9, was prepared as a basis for de¬ 
termining the total cost of the steam genera¬ 
tion for the whole of the period of operation 
with a high degree of precision so as to pro¬ 
vide the most reliable basis practicable for a 
sound conclusion. The equation for g, 
shown on line 10 under the derivation col¬ 
umn of Table I, was assumed as 

g='gi+2g2l-i-3gjl®+4g4f*+5g6i* (42) 

There seemed to be no basis for readily 
determining any theoretically exact equa¬ 
tion for this quantity. However, •this 
statement of the hydro plant discharge as a 
function of time is believed to be sufficiently 
close, for the piuposes here, to any theo¬ 
retically exact equation that may actually 
exist with respect to the conditions under 
investigation so that any differences there 
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may be between it and what might other¬ 
wise be the correct form of equation for this 
quantity with respect to such conditions 
would not be of any practical or possibly 
even of any theoretical significance as to 
such purposes. 

The equation for q, shown on line 9 under 
the derivation column of Table I, was deter¬ 
mined, first, from equation 42 as 

g=2g8-f628/+12g4^*-f2036/® (43) 

SecOTd, as to the specific values for the 
coeflacients 232, 653. etc., shown on Table I, 
mey were solved for simultaneously as 
based on the values for g, shown for t—Q, 

^ andon line 8. 

All the coefficients of equation 42, except 
determinable from the results 
the determination of the co- 
emcirats for equation 43. Since the opera¬ 
tion is assumed to be on the basis of retum- 
mg the pond to the same elevation at the 
end of the period of operation under study 
as at the beginning of such period, the total 
plant discharge during the whole of that 
period is equal to the total pond inflow 
during such period. Then, if for the pur¬ 
pose of this investigation, but not otherwise 
limited thereby, constant pond inflow dur¬ 
ing the period of operation is assumed, as 
shown by equation 33 

fo^^So (2i"f"2gj<+3gai*-|- 

4qit*+6qtt*)dt= rdt (44) 

from which, performing the indicated opera- 
tions 

gxT +gsr*+gaT'*-|-g4r<+gsr" (45) 

which results in 

g^^r-qiT-qzT^-.q^T*^q^T* (46) 

The quantity q\ is then readily determin¬ 
able^ from this latter equation and the co¬ 
efficients are determined for equation 43 as 
in the foregoing. The determination of the 
correct values for these coefficients is very 
important in this study since precisely the 
same total amount of water will thereby be 
assured to be used during the period of 


operation for each of the various bases of 
operation investigated. This will then re¬ 
sult in no one of such methods of operation 
being at any advantage or disadvantage as 
compared with any other as related to the 
amount of water used since, otherwise, it 
might be difficult to reach a sound conclu¬ 
sion. 

The equation for the withdrawals from 
storage S, as shown on line 11 under the 
dfrivation column of Table I, was deter¬ 
mined in the following manner with respect 
to equation 42 

Sqit>-h4q4t»+5q,t*)dt (47) 

from which, performing the indicated opera¬ 
tions 

(48) 

The balance of Table I is believed to be 
readily followed from what is shown there 
except possibly the determination of the 
total cost for the period of operation as 
shown at the bottom. Two of such deter¬ 
minations are shown, one is based on trape¬ 
zoidal summation which results in a total 
cost of $247,386, and the other is based on a 
more exact integration which results in a 
total cost of $247,026, or a difference of 
$360. An investigation showed that thia 
latter basis of determination of such cost is 
much more nearly correct than that based 
on trapezoidal summation. The equation 
for the rate of cost c' is based on the values 
of c on line 18 for the even values of t, and 
is shown in the next to the last line at the 
bottom of Table I. The coefficients for this 
equation were solved for simultaneously as 
based on such values of c. 

Fig. 1 shows the total costs for the garnA 
conditions as in the foregoing except for 
different values of N. These results were 
determined in the same manner as shown on 
Table I and were also based on Pig. 2, 
Fig. 1, in which the smaller values of N are 
for the more peaked hydro operation, and, 
for which, with $ 00 hour per mrfs the 

hydro plant discharge is equal to a constant 
pond inflow, shows that it is necessary to 
make computations of the total system cost 


for different assumed values of N, and then 
to determine the value of iNT that results in 
the minimum of such cost. It is deter¬ 
mined from this figure that, for all practical 
purposes, the optimum value of N is that 
for which Table I is computed, $6,000 per 
hour per mcfs. Every other systematic 
basis for controlling the operation that it 
was found possible to devise, and which 
were all investigated, resulted in larger 
total cost than the $247,026 shown deter¬ 
mined there. 
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Discussion 

F. L. Lawton (Almninium Laboratories 
Limited, Montreal, Que., Canada): The 
author is to be congratulated on a construc¬ 
tive presentation which clearly sets out the 
problems involved in co-or dinating hydro 
and steam generation in a complex power 
systean for optimum economy. The prob¬ 
lem is a difficult one but the author has 
suc^eded in so developing thin king that, 
while not a finished method or tool for appli¬ 
cation by power engineers, it is a distinct 
forward step, and one which has been badly 
needed for a long time. 

D. B. Elapper (Commonwealtii Edison Com¬ 
pany, Chicago, HI.): Mr. Watchom’s de¬ 
velopment of a procedure for co-ordinating 
operation of separate steam and hydro 
plants is a significant step in ^e search for 
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methods of redudhg power system operating 
costs. It appears that the method used by 
the author may possibly be extended to 
cover an unsolved problem arising in sys¬ 
tems supplied entirely by steam plants. 
This problem centers around the determi¬ 
nation of proper allocation of fixed total 
available fuel supplies of different costs and 
heat content; namely, the station incremen¬ 
tal rate for a given station is not entirely 
dependent upon that particular station’s 

Table II 


Hydro Steam 


Energy.......variable pondage.,... .variable heat 

available content and 

storage ton- 

Cost of....,, .in taU-race, etc.-in transportation 

of fuel to dif¬ 
ferent stations 


output, but is also dependent upon antici¬ 
pated loading of other steam plants within 
the system. 

The similarity between Mr. Watchom’s 
problem and tb® one just ■ mentioned is 
based on the possible analogies given in 
Table II. 

Concerning the application of Mr. Watch- 
om s method to combined steam and hydro 
syst^ns, it. should be pointed out that the 
solution of equation 3 or 4 is a problem in 
the variational calculus, which is dependent 
upon the class of ‘‘admissible function” 
assumed as possible solutions. The trial- 
aud-error method used to obtain minimum 
costs may require a large number of itera¬ 
tions, particularly smce a considerable 
amount of time may be wasted finriiTig only 
relative minimums rather than the absolute 
mi nim u m . Even then, there may still exist 
some doubt as to whether another class of 
functions may not result in lower costs; 
e.g., N^N{t) rather than constant as 
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assumed in the paper. A cyclic function 
(of time) for N appears to be a possibility. 
Although this would add a considerable 
amount of work, it might result in final 
savings. 


R. H. Miller (Pacific Gas and Electric Com¬ 
pany, San Francisco, Calif.): The subject 
of co-ordination of hydro and steam gener¬ 
ation is one which merits a great deal of 
study. Considerable interest has been 
shown in the past few years in economic 
loading of steam generating units and con¬ 
sideration of transmission losses in over-all 
economic operation of power systems. 

The co-ordination of steam and hydro 
generation is a logical extension of this sub¬ 
ject and the approach that the author has 
taken seems to be a logical one. Fre¬ 
quently, operation of hydro and steam is 
done by rule of thumb, and it has not been 
possible to be certain that maximum over¬ 
all economy results from such a method of 
operation. It is apparent from the mathe¬ 
matical derivations in the paper that a solu¬ 
tion for the most economical operation of 
co-ordinated hydro and steam generation is 
complex. By resorting to curves derived 
from the mathematical equations, Mr. 
Watchom has been able to arrive at opti¬ 
mum conditions for hydro and steam gener¬ 
ation where the total hydro and steam can 
be considered as being lumped. 

A system such as that of the Pacific Gas 
and lElectric Company consisting of 47 
hydro and 18 steam plants spread over a 
large geographical area presents a very com¬ 
plex problem. The hydro plants vary in 
head from less than 60 feet to over 2,600 
feet and include both stream flow and stor¬ 
age operation. 

Considering also the factors involved in 
water regulation such as storage rights and 
requirements necessary for release for do¬ 
mestic and irrigation uses which must be cor¬ 
related, if possible, with power generation, a 
solution of the problem of most economic 
utilization of water is very diflBcult. All of 
these problems are further compounded 
when transmission losses are considered. 
It appears that the author’s conclusion that 
the basic equations can be practically ap¬ 
plied only by the means of a computer or by 
automatic controls , is well founded. 

It is hoped that further work will be 
done along the line of co-ordination of hydro 
and steam generation so that practical and 
simplified methods of solution to the prob¬ 
lem may result as undoubtedly there are 
economies to be achieved. 


G. J. Vencill (Union Electric Company of 
Missouri, St. Louis, Mo.): Co-ordination of 
hydro and steam generation to supply the 
needs of an electric power system has been 
necessary since the early days of the indus¬ 
try in order to realize economies and mini¬ 
mize operating costs. We have operated 
our facilities to what we thought was the 
best advantage by comining applicable data 
with rules -of thumb and best judgment 
without reducing the procedure to substi¬ 
tution in a mathematical equation. 

The method developed and presented by 
the author takes into account use of stored 
water and the effect of plant flow or tail 
water level with the resultant head. Many 
other factors must be evaluated before an 


answer can be obtained, and we are doubtful 
that a practical system of automatic controls 
can be devised to do this on the Union 
Electric system. In addition to the funda¬ 
mental hydraulic factors, consideration 
must be given to possibility of future runoff 
as determined from weather conditions and 
weather forecasts, and to governmental 
regulations which affect our use of storage. 
The necessity of altering load schedules to 
accommodate a heavily loaded towboat 
bound upriver has upset many a well-laid 
plan for hydro operation. With such fac¬ 
tors as these, in addition to variable hydro 
turbine efficiencies over a range of loads, 
and the difficulty in precise determination of 
steam generation incremental costs over a 
narrow range of output, the difficulties in 
reducing all the elements to a form suitable 
for automatic calculation seem insurmount¬ 
able. Even when a perfect hydro schedule 
is determined by balancing all physical fac¬ 
tors, the effect on fuel commitments, de¬ 
livery sdiedules, use of available dump gas, 
etc., sometimes dictates changes. The 
possible combinations introduced by con¬ 
sidering more than one hydro plant would be 
considerable. 

Undoubtedly the rigorous exploration of 
the many facets of this problem by mathe¬ 
matical means is interesting and may lead 
to approximations which are useful, but the 
complex and indeterminate nature of many 
of the elements would seem to make their 
automatic calculation impractical. 


P. L. Dandeno and W. G. Chandler (Hydro- 
Electric Power Commission of Ontario, 
Toronto, Ont., Canada): The author states 
in the conclusions that various other syste¬ 
matic bases for co-ordinating hydro and 
steam generation were determined and in¬ 
vestigated but none resulted in as low a cost 
as his own. 

The discussers, in co-operation with the 
G. E. Company, have been carrying on a 
similar program of investigation on the 
Ontario Hydro System (see reference 1 of 
the paper). This has involved the problem 
of scheduling three steam plants and four 
hydro plants on a co-cardinated basis. The 
digital methods originally outlined in 1954 
by Glimn, Kirchmayer, Habermann, and 
Thomas^ have been applied, both with and 
without the effect of transmission losses. 
Needless to say, the problem becomes less 
complicated when not considering trans¬ 
mission losses, and when the number of 
hydro plants to be scheduled is reduced to 
one oiily the amount of work is further 
reduced. 

We would like to ask Mr. Watchom 
whether he specifically considered the meth¬ 
ods outlined in reference 1 of the paper. 
These methods have a rigid theoretical basis 
for their application. Admittedly, these 
methods at present cover only the constant 
head hydro problem. It has been our ex¬ 
perience, however, that the shape of the 
incremental water rate curve for hydro 
plants remains practically invariant over a 
=fc 5-per-cent range in head with small 
changes, of course, in actual value of the 
curve as head varies. This range in head 
applies to a generating station with a reason¬ 
ably large pondage back of it. Bearing 
these factors in mind, the assumption of con¬ 
stant head is reasonably valid and we have 
proceeded with good results on this basis. 


We note with interest the value N em¬ 
ployed by Mr. Watchom which he states is 
the incremental water value in dollars per 
hour per 1,000 cubic feet per second. This 
is analogous to the value y referred to in 
reference 1 of the paper. This value y, 
multiplied by the incremental hydro plant 
rate (usually given in mw per cubic feet per 
second), gives an equivalent hydro incre¬ 
mental rate in dollars per mw-hour. This 
could be readily compared with the usual 
steam plant incremental characteristic in 
dollars per mw-hour. The latter is derived 
from the incremental heat rate in Btu per 
mw-hour and the cost of fuel in dollars per 
million Btu. Thus y can be determined 
and is in dollars per million cubic feet. We 
feel that this latter method of specifying 
water values is a clearer one than that sug¬ 
gested by Mr. Watchom and is directly 
comparable to the usual steam values used. 
By choosing y, usually by trial and error, in 
such a manner that the desired amount of 
water is used, the standard co-ordination 
equations result. A typical value of y for 
our Des Joachims plant, 134-foot head and 
27,600-cubic-foot-per-second average daily 
flow, is $9.00 per million cubic feet. 

These equations could be easily solved 
graphically when not considering trans¬ 
mission losses and digital means could be 
employed when the more complex problem 
of including losses is under consideration. 
If losses are not included and only one hydro 
plant is considered, the parameters em¬ 
ployed in the hydro-steam solutions are 
those which are usually met in the straight 
steam solution. 

If Mr. Watchom has any further com¬ 
ments on his reasons for establishing another 
set of equations, we should be most inter¬ 
ested in hearing about them. 

Rbfbrbncb 

1. Atttohatic Dioitai. Computbr ^plibd to 
Gbnbration Schbdtjlino, a. F. Glimn, E. L. 
Eirclunayer, R. Habermann, Jr., R. W. Thomas. 
AIEE Transactions, vol. 73, pt. Ill, Oct. 1964, pp. 
1267-76. 

C. W. Watchom: I wish to thank all the 
discussers for their contributions with re¬ 
spect to a very complex problem. As 
stated by Mr. Lawton, methods have been 
badly needed for a long time for the co¬ 
ordination of hydro and steam generation. 
Howeyer, the problem is too complicated 
for the human mind of itself alone to even 
begin to cope with it and the time is past 
when we should consider any way of hand¬ 
ling it, where the hydro plants involved are 
of any appreciable size, other than by the 
applic|ition of automatic computers. 

Mr. Klapper is quite right in his conclu¬ 
sion that the method described in the paper 
as being used in the investigation of the 
fundamental relationships to be observed in 
the co-ordination of hydro and steam gen¬ 
eration for optimum results has wider appli¬ 
cation than to just that problem. What 
was really done was to determine the form 
of the relationships that should be observed 
among the several factors involved in such 
co-ordination as a special case only of the 
general problem for which the manner of use 
of the energy available from any source is a 
factor in its co-ordination with otherwise 
normal steam generation (at least ^ we 
know it today) so as to obtain maximum 
economy. The specific forms that such 
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relationships will take for different con¬ 
ditions or situations will differ as the factors 
involved and their interrelationships differ 
with respect to each of such conditions and 
situations, but the fundamental basis for 
their determination, nevertheless, should be 
essentially the same as that described in the 
paper. 

^though I am skeptical that JV should be 
^ constant, as assumed in the 
paper IVfr. Klapper's suggestion that it may 
actually be a viable in order to result in 
minimum costs is an interesting possibility. 
However, in the same way that practical 
eonsiderabons, such as the uncertainties of 
futt^ loads, river flows, etc., together with 
tne flatncM of the minimum cost-iV relation¬ 
ship Itself in the vicinity of absolute mini- 
mim cost, as shown in Fig. 1, do not re- 
qune that N must be determined exactly 
mth respect to such minimum cost, it may 
be th^ any additional reductions in total 
cost that may be obtainable under such 
condifaons mth JVas a variable as compared 
with Its being assumed to be a constant 
would be of comparatively little practical 
significance. However, an investigation of 
sue possibilities would be most intere.st- 
ing. 

system described 
by Mr. Miller demonstrates the need for a 
systematic basis for co-ordinating hydro 
and steam generation. The requirements 
tor such co-ordination, as well as the require¬ 
ments for water release for purposes other 
than for power production, except for the 
effect of mttemental transmission losses, are 
fully met by the co-ordinating equations 
presented m the paper. In the event that 
the water released for such other purposes is 
also to be used for generation, such use is a 
determination of the total 
withdrawals from storage from time to time, 
whereas, m the event the water that is thus 
requu-ed to be released is to be a diversion, 
such use IS equivalent to a reduction in river 
flow or pond inflow, even to the extent that 
such latter quantities may then, in effect 
actually become negative. ' 


There is no doubt but that the problem is 
a difficult one as more specifically outlined 
by Mr. Vencill. The uncertaintites as to 
future loads and river flows, and, it might 
be added, also as to the future availability 
of generating capacity, including the future 
availability of steam capacity, etc., exist re¬ 
gardless of the method used for the co¬ 
ordination of hydro and steam generation, 
but it is believed that a minimum of diffi¬ 
culties, in the sense of obtaining maximum 
economy, will be experienced because of such 
uncertainties with the application of the 
method of co-ordination suggested in the 
paper as contrasted with other possible 
methods of such co-ordination. This is be¬ 
lieved to be so because, regardless of the 
method of co-ordination used, reappraisals 
are required to be made from time to time 
for best results, and then should be fol¬ 
lowed by the necessary readjustments of the 
operation, which are possibly less drastic 
with the suggested method of co-ordination, 
since, according to Fig. 1, the value of N is 
not at all critical. 

My answer to Mr. Miller’s discussion rela¬ 
tive to the problems related to the require¬ 
ments for water release other than in ac¬ 
cordance with the best use for power pro¬ 
duction applies equally to Mr. Vencill’s 
discussion.^ Subject to an evaluation, as 
st^gested in the paper, very well worth¬ 
while benefits may very possibly be realized 
as the restdt of the application of the sug¬ 
gested basis of co-ordination, or of some 
simplified version of it, in spite of such un¬ 
certainties and resulting difficulties, thereby 
possibly justifying the application of such a 
systematized basis of cor-ordination, it being 
recognized that it is desirable to resist the 
temptation to sacrifice justifiable accuracy 
for mere simplicity. It is not enough to de¬ 
velop something that is simple merely be¬ 
cause it is simple; rather, if it is to be simple 
It IS preferable that it be a simplificat io n of 
something we really know about. 

There is really no conflict of which I am 
aware between the current paper and that 
of reference 1 of the paper. The present 


paper had been well under way for over 2 
pars when reference 1 first became available 
in 1953. It was hoped then, when that 
paper first became available, that it might 
provide the answer to the general problem 
treated in the current paper which had con¬ 
cealed its secrets so stubbornly so long. It 
was soon realized that this hope was not to 
be so easily fulfilled, since, as stated both in 
that paper and by Mr. Dandeno and Mr . 
Chandler, it was intended that that paper 
was to provide for the co-ordination of hydro 
and steam generation and transmission 
losres only for the limited condition for 
which the head remained constant, whereas 
the current paper was intended to provide 
for the more general relationship with re¬ 
spect to the co-ordination of hydro and 
steam generation without any limitations 
whatsoever on the hydro plant character¬ 
istics, but treating the co-ordination of 
transmission losses as a separate problem 
l^yond the scope of the paper. ‘ It is be¬ 
lieved that the equations of both papers will 
give the same results in the co-ordination of 
hydro and steam generation for maximum 
economy with an assumed constant head 
hydro plant assumed to be operated on the 
same bus as the system steam plants. 
Thus, the co-ordinating equation of the 
earlier paper is, in effect, a simplification of 
the more general equation of the current 
pa.per when the appropriate conditions ob¬ 
tain. Then, if for no other purpose, the 
more general equation provides a basis for 
the measurement of the effect of whatever 
simplifications it is desired to investigate, 
or, putting it another way, before we at¬ 
tempt to make anything simple, we should 
know what we are simplifying and what the 
effects of such simplifications are with re¬ 
spect to the particular surrounding circum¬ 
stances. 


1. Dtsetusion by C. W. Watchom of An Incre- 
MBNT^ Cost OF Power Delivered Computer, 
E. D. Ewly, W. E. PhUlips, W. T. Shreve. AJEE 
Transactwns, vol. 74, pt. Ill, 1966 {Paper 55-141). 


Thyrite Protection for Series Windings 
of Autotransformers 

J. W. ALBRIGHT 
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^■HE application of surge voltage to the 
I series winding of an autotransformer 
presents unique transient-voltage prob¬ 
lems which are generally more severe than 
encountered in transformers with elec¬ 
trically separated windings. When a 
ptilse is iapplied to the high-voltage ter¬ 
minal of an autotransformer, almost all 
of the voltage appears across the series 
winding, even though the turns in the 
series winding may be only a fraction of 
the total turns from high-voltage terminal 


to ground. The resultant high internal 
transient-voltage oscillations in the wind¬ 
ing often make the problem of providing 
the required amount of insulation ex¬ 
tremely difficult. 

Furthermore, the magnitude of the in¬ 
ternal voltage transients can be influ¬ 
enced to a large degree by the terminal 
conditions of the series winding during 
the period that the surge voltage persists. 
This phenomenon makes possible a situa¬ 
tion where an autotransformer designed 


to withstand voltage surges of a given 
inagnitude with certain terminal condi¬ 
tions, and demonstrated by factory test 
to Imye adequate insulation for that 
condition, could fail in service when sub¬ 
jected to a siu-ge of the same magnitude 
if the terminal conditions were substan¬ 
tially different. 

A practical example of a situation 
where the terminal condition may be 
sigiiificantly different in service than 
during the factory test is the case where a 
by-pass gap or lightning arrester is con¬ 
nected across the terminals of the series 
winding to limit the voltage which may 


/-» ' “-““w uy tne AXJbSJf Trans- 

approved by the AIEE 
Hon at tv. Operations for presenta- 

Yoric General Meeting, New 

script 

JknT; Electric Com- 


150 


Albright—Thyrite Protection for Series Windings 


April 1955 





H.V. LINE 



KV LINE 



Fig. 1 (left). Autotransformer 
and equivalent transformer for 
138* to 115*kv ratio 


Fig. S (right). Diagram of 
elecfaroraagnetic model used 
for tests 


AUTOTRANSFORMER EQUIVALENT TWO-WINDING 
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appear, across it. In this paper it will be 
shown that such a practice does not im¬ 
prove the internal winding stresses, but 
actually increases them with respect to 
voltage to ground, if shielding is not 
utilized to control the voltage distribu¬ 
tion in the winding. Unless the auto¬ 
transformer is properly designed to allow 
for this effect and the factory impulse 
test is designed to simulate the by-pass 
gap sparkover or Kghtning arrester op¬ 
eration, a potential service hazard can be 
created. 

Simulation of the service conditions in 
text is, itself, a difficult problem. Where 
both the high- and low-voltage terminals 
are insulated for the same voltage level, 
an effective test can be obtained by short- 
circuiting both terminals together. If 
they are insulated for different levels, an 
elaborate voltage-divider arrangement is 
required to limit the voltage across the 
series winding to a value equal to that 
permitted by the protective device. Al¬ 
though the actual protective devices 
could be installed on the autotransformer 
for the test, the wave-shape changes pro¬ 
duced on the impulse oscillograms by the 
operation of the devices largely destroy 
the usefulness of the oscillograms for 
failure detection purposes. 

In this paper it wiU also be shown that 
shielding the series winding greatly re¬ 
duces the internal transient-voltage os¬ 
cillations. Shielding may be accom¬ 
plished electrostatically, or by means of 
ihtemally moimted Thyrite* shunting re¬ 
sistors interconnected with the winding. 
When the Th)nrite is connected to the 
winding at regular intervals, essentially 
linear voltage distribution is obtained 
and internal transient-voltage oscilla¬ 
tions are effectively eliminated. Control 
or elimina tion of internal voltage tran¬ 
sients in this manner generally obviates 
the need for external by-pass devices con¬ 
nected across the series winding. How- 

‘*Registered trade-mark of General Electric Com¬ 
pany. 


ever, in special cases where advantage 
can be gained from their use, the addition 
of such devices does not change the dis¬ 
tribution of voltage within the shieldM 
winding. 

Series Winding Transients 

The impulse voltages applied to the 
high-voltage terminals of an autotrans¬ 
former are determined by the basic insu¬ 
lation level of the system, but the turns 
in the series winding are based upon the 
coratio, or per-unit difference in voltage 
rating of the series and common ter¬ 
minals, as illustrated in Fig. 1. It has 
been sliown^ that, when a surge impinges 
on the high-voltage terminal, practically 
all of the voltage appears across the series 
winding when a resistance representative 
of the surge impedance of the load con¬ 
nected to the autotransformer in service 
is connected from the common terminal 
to ground. This means that the impulse 
“volts per turn” are greater than in a 
comparable 2-winding transformer, and 
the component of the voltage transients 
developed in the windings which depend 
primarily upon electromagnetic induc¬ 
tion are correspondingly higher. The 
most severe problem usually is encount¬ 
ered when taps are provided in the series 
winding. 

When taps are required to change the 
voltage rating of the high-voltage ter¬ 
minal, they must be physically located in 
the series winding to avoid changing the 
voltage rating of the low-voltage terminal 
also. The turns tapped out must be the 
required percentage of the total turns in 
the series and common windings, but, 
since only a fraction of the turns are in 
the series winding, the percentage of the 
series winding turns tapped out is much 
greater. 

For example, in an autotransformer 
rated 138,000 grounded wye/115,000 
grounded wye with a ±5-per-cent tap 
range on the high-voltage terminal, the 
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total tap range of 13.8 kv represents 46 
per cent of the turns in the series winding. 
On minimum turns connection, the idle 
tap turns are equal to 86 per cent of the 
active turns in the winding. When this 
condition exists, the transient voltages 
developed across the tap range may equal 
or exceed the surge voltage applied to the 
high-voltage terminal. 

The difficulty of insulating for such 
voltages, particularly in autotransformers 
with low coratio, has encouraged some 
use of applying by-pass spark gaps or 
lightning arresters to limit the voltage 
which can appear across the terminals 
of the series winding. It will be demon¬ 
strated that the use of such a spark gap 
or lightning arrester does not improve, 
and may actually increase, the internal 
voltages to ground and between parts of 
the winding unless special design features 
are incorporated to improve the voltage 
distribution of the winding. 

For this reason, the General Electric 
Company has adopted the practice of 
applying internally mounted Thyrite 
resistors, interconnected to the winding 
at regular intervals to produce essentially 
linear voltage distribution. This prac¬ 
tice has been in effect for approximately 
15 years and has proved itself in service 
over that period. 

The Thyrite is not designed to limit 
the voltage across the series winding but 
only to control the voltage distribution 
within the winding. Generally, the Thy¬ 
rite alone will furnish the needed protec¬ 
tion of the series winding without external 
by-pass devices. When the coratio is ex¬ 
ceedingly low, or the tap range high, as in 
the example previously cited, the tap 
range may require excessive insulation 
even with linear voltage distribution. 
In such cases, an external lightning ar¬ 
rester connected across the high- and low- 
voltage terminals, combined with inter¬ 
nally mounted Thjnrite, may be used to 
reduce further the voltages in the series 
winding. 

Application of Lightning Arrester 

The rating of a by-pass lightning ar¬ 
rester applied in this manner must be 
adequate to assure valve reseal perform- 
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ance when excessive dynamic voltag^es 
appear across the s^es winding during 
short-circuit conditions. When certain 
fatdt conditions exist, such as a line-to- 
ground fault on the load side of a grounded 
neutral autotransformer, the total excita¬ 
tion voltage is impressed across the series 
winding. The combined impedances of 
autotransformer and line limit the excita- 
tation voltage to a value less than the pre¬ 
fault voltage, but the voltage may be 
several times higher than the nonnal op- 
eratihg voltage across the series winding. 

Any by-pass arrester used must with¬ 
stand this overvoltage. Failure of the 
lightning arrester to reseal would increase 
the severity of the short citxmit by re¬ 
ducing the circuit impedance and thereby 
impose greater duty on the circuit break- 
os and other system components. As 
the failed lightning arrester would be re¬ 
quired to carry power current for the 
duration of the short circuit, a fault last¬ 
ing longer than a few cycles could physic¬ 
ally destroy the arrester. 

Since the by-pass arrester must be of 
higher valve rating than would be nor¬ 
mally used for a system voltage corre¬ 
sponding to the ncamal operating voltage 
of the series winding, this by-pass arrester 
cannot be incorporated as an inherent 
part of the normal line-to-ground arres¬ 
ters protecting the .autotransformer. 
Separate lightning arresters must be used 
from line to ground on the high-voltage 
and low-voltage lines to limit the value of 
incoming surges to magnitudes consistent 


with the basic insulation levels of the re¬ 
spective lines. 

Tests 

To demonstrate the effect of terminal 
conditions on series winding transients 
and the improvement obtained by shield¬ 
ing, a series of tests were conducted on a 
unity time scale electromagnetic model 
of a 2-winding core-type autotransformer 
with concentric windings, as shown in 
Fig, 2. The model had 15 per c^ent of the 
total turns in the series winding and 86 
per cent in the cctamon winding—repre¬ 
sentative of an autotransformer in the 
138,000 grounded wye/115,000 grounded 
wye dass. A total of 18 taps were pro¬ 
vided in the series winding for voltage 
measurement purposes. The electro¬ 
magnetic model technique is particularly 
suited to a study of this nature, as it per¬ 
mits a much more thorough exploration 
of points within the winding thfm can be 
done practically on an actual trans¬ 
former. It has been demonstrated**® 
that the accuracy of the models is well 
within the hmits required for design pur¬ 
poses. 

Fig. 3 shows the maximum voltages 
between parts, maximum voltages to 
ground, and initial voltage distribution 
of the series winding with five different 
conditions existing when an impulse is 
applied to the series terminal. The ini¬ 
tial voltage distribution is not the true 
electrostatic voltage distribution, but the 


actual distribution of voltage to ground 
at approximately 2.0 microseconds with a 
nominal 1.5x40-microsecond wave ap- 
. plied. The maximum voltage to ground 
plots are envelope curves of the maximiun 
voltage occurring at any time. 

Fig. 3(A) shows the voltages developed 
in the series winding without Thyrite or 
rod gap connected to the terminals. The 
insulation problem is illustrated by the 
120 per-cent maximum voltage to ground 
near the mid-point of the winding and the 
67-per-cent voltage across 17-per-cent 
turns (2.5 per cent of total turns) near the 
one-third point of the winding. 

The effect of connecting a rod gap 
across the series winding terminals is illus¬ 
trated in Fig. 3(B). For this example, 
the rod gap was set to spark over when 
the applied wave reached 25 per cent of 
crest value. Note the initial voltage dis¬ 
tribution in the first half of the winding 
is not changed. In the second half of the 
winding, the voltages are raised along a 
curve of approximately the same shape, 
but of reverse slope, as in the first half of 
the winding. This distribution is pro¬ 
duced by the spark-over of the rod gap 
which raises the potential of the low- 
voltage terminal to a value near that of 
the high-voltage terminal. The maxi¬ 
mum voltage to ground at the mid-point 
has increased to 165 per cent, and the 
ma ximum voltage between parts of the 
series winding (46 per cent), although de¬ 
creased somewhat from the value in the 
previous case, occurs near the mid-point 









Fig. 3. Voltage distribu¬ 
tion in series winding with 
2.5x55»niicrosecond wave 
applied to high-voltage 
terminal 

A—^Maximum voltage dis-i 
tribution 

B—^Minimum voltage dis¬ 
tribution 
(a>—No protection 
(b)—Rod gap across series. 
Windings 

(c>—Thyrite with five Inter¬ 
connection points 
(d) ^Thyrite connected at 
. ends only 

(2)—^Thyrite connected at 
ends and mid-point 
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Fig. 4 (left). Thyrite stack for internal mounting in power transformers 

Fig. 5 (right). Thyrite stacks applied across the winding of a S-core 3-phase regulating 

autotransformer 


of the winding where taps are normally 
located. 

The spark-over of the rod gap produces 
an effect which is identical to that ob¬ 
tained by impulsing both ends of the 
winding simultaneously. Wken an im¬ 
pulse wave travels toward the mid-point 
of the winding from both ends, a reflec¬ 
tion is produced at the mid-point which 
tends to double the applied voltage at that 
point. In this example, damping of the 
wave holds the reflection to less than 
double voltage but still permits the mid¬ 
point of the winding to oscillate to 155 
per cent of the applied voltage. 

Fig. 3(C) strikingly illustrates the ad¬ 
vantage of Thyrite interconnected with 
the winding at several points. Both the 
initial and maximum voltage distribution 
curves are essentially uniform. The 
maximum voltage to ground is limited to 
102 per cent, and it occurs near the line 
end. The voltage between parts is ap¬ 
proximately constant throughout the 
winding and does not exceed 6 per cent 
of the applied voltage across 17 per cent 
of the series winding. 

The effect of the interconnections be¬ 
tween the Thyrite and winding is illus¬ 
trated in Fig. 3(D). Thyrite without 
interconnection is similar to a lightning 
arrester across the terminals, and the re¬ 
sulting voltage transients are not signifi¬ 
cantly different from the case of a rod 
jap across the terminals in Fig. 3(B). 
The voltages to ground and between parts 
are somewhat less, principally because the 
voltage drop across the Thyrite improves 
the initial voltege distribution. 

One intercoimection between the mid¬ 
point of the Thyrite and the mid-point 
of the winding is illustrated in Fig. 3(E). 
This is an intennediate case, roughly anal¬ 
ogous to the condition which is obtained 
with partial electrostatic shielding of the 
winding. It shows marked improvement 
over the case of no interconnections, but 
is not as effective as the multiple inter¬ 
connections shown in Fig. 3(C). 

Application of Thyrite 

The Thyrite used in transformers is in 
the form of 6-indi-diameter disks, 3/4 inch 
thick, with nonlinear resistance character¬ 
istics similar to those used in lightning 
arresters. The application differs, how¬ 
ever, inasmuch as the disks are directly 
connected to the winding without isolat¬ 
ing gaps and must be able to withstand 
operating voltage continuously without 
overheating. Although this practice re¬ 
quires the use of several times as many 
disks for a given voltage as does an arres¬ 
ter, it has the advantage of relieving the 
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Thyrite from dependence upon a gap 
structure to interrupt power-follow cur¬ 
rent before dangerous overheating occurs. 

A sufficient number of disks are placed 
in series to limit the Thyrite temperatiure 
to a maximum of 95 degrees centigrade 
with the transformer delivering full load 
at 105-per-cent voltage. In addition to 
this requirement, the stack is also de¬ 
signed to limit the Th 3 aite temperature 
to a safe value during the factory induced- 
voltage test and during any system faults 
which may cause abnormal voltages to 
appear across the winding. 

The adequacy of the design methods, 
and the stability of the Thyrite disks, 
have been proved by the operating record 
of hundreds of transformers in service 
for as long as 15 years without a single 
failure attributable to the Th 3 nrte. 

Since the Thyrite is used only to divide 
the voltage uniformly along the winding— 
not to limit the voltage across the ter¬ 
minals—^the resistivity of the stack is not 
important and may vary over wide limits 
without affecting its performance for this 
application. Tliis allows the designer 
complete freedom to select the number of 
disks in series to meet the beating re¬ 
quirements. 

The effectiveness of the Th 3 ndte 
as a voltage divider derives from its 


nonlinear volt-ampere characteristics* 
rather than the specific resistance of the 
stack. These may be expressed by 

I^KB^ 

where 

I and jE=» instantaneous values of current 
and voltage respectively 
K and N are constants depen^ng upon the 
. dimensions and composition of the 
disk ' 

For disks used in transformers, the ex¬ 
ponent N is in the order of 3.5; so an 
elevexxfold increase in current merely 
doubles the voltage across the didc. In 
the application being considered, when a 
surge impinges on the autotransformer 
terminals, the current in the various por¬ 
tions of the Th 3 nrite stack is different since 
charging current is supplied to the wind¬ 
ing at the points of interconnection. The 
flat volt-ampere characteristics of the 
disks permit wide variations of current 
throughout the stack without producing 
a significant departure from uniform 
voltage distribution. 

Thyrite Stacks 

When a number of disks are used in 
series in a stack, they are mounted in a 
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Herkolite* tube, as shown in Fig. 4. The 
tube furni^es rugged mechanical support 
and serves as insulation to the mounting 
framework, tank wall, and other sur¬ 
rounding parts. Axial pressboard spac¬ 
ing strips between the Thyrite disks and 
tube wall provide adequate ducts for oil 
circulation. Copper spacing disks with 
extruded feet are located between all 
Thyrite disks to maintain electric contact 
while providing ventilation for maximum 
heat dissipation Flexible copper straps 
or cable are brazed to the spacing disks at 
the points where connection to the wind¬ 
ing is desired. 

Permanent contact pressure is main¬ 
tained throughout the stack by stainless 
steel leaf springs at the ends of the stack. 
Both the spacing disks and the leaf 
springs are dimensioned so that they can- 

* Registered trade-mark of General Electric Com- 
pany. 


not protrude beyond the diameter of the 
Thyrite disks to produce concentrated 
voltage stress points which might en¬ 
danger the insulation. The voltage stress 
at the ends of the stack is controlled by 
1-inch thick contoured steel toroids de¬ 
signed to give optimum dielectric field 
conditions and insulated for maximum 
dielectric strength. 

The rugged mechanical construction, 
simple electric connections, and effective 
insulation structure are illustrated in Fig. 
5 which shows the application of Thjnite 
across the series winding of a 3-phase 
regulating autotransformer with load 
ratio control. 

Conclusions 

1. The series windings of autotransformers 
present unusual surge voltage problems re¬ 
quiring special design attention. 

2. Limiting the voltage across the ter¬ 


minals of the series winding with a by-pass¬ 
ing rod gap or lightning arrester does not 
control the internal transient voltages in the 
winding. 

3. Transient-voltage oscillations can be 
eliminated by shielding the winding to pro¬ 
duce a linear surge-voltage distribution. 

4. Thyrite provides an effective, safe, and 
practical means of obtaining linear voltage 
distribution. 
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Discussion 

W. A. Williams (General Electric Company, 
Pittsfield, Mass.); The author has demon¬ 
strated the effectiveness of Thyrite in the 
shielding of the series winding in an auto¬ 
transformer. As pointed out, the use of 
such material gives the designer a means to 
reduce greatly the surge voltage to ground 
and to provide a linear distribution of volt¬ 
age across the winding when the Thyrite 
is connected at regular intervals into the 
series winding! 

The step voltage regulator is a particular 
type of autotransformer, and the same type 
of shielding is employed in this apparatus. 
In many of the step voltage regulator 
applications, the use of Thyrite is identical 
to tliat described in the paper. In such 
cases it is not designed to limit the voltage 
across the series winding but merely to 
insure that the distribution is linear. 

However, many step voltage regulators 
in the lower voltage range, 15 kv and 
below, are of single-core construction. In 
these designs the taps are uniformly dis¬ 
tributed across the series winding. On 
certain .operating connections, near the tap 
changer neutral, 100 per cent of the surge 
voltage appearing between source and load 
bushings may appear across adjacent taps 
in the winding. Therefore, some means 
is desirable to limit the voltage. Connecting 
Thyrite across the active part of the winding 
is an effective way to limit this voltage. 
The voltage drop across the Thyrite is 
fixed by the characteristics of the material 
and the surge current it passes. Hence, 
the insulation between adjacent taps in 
the winding can be closely co-ordinated 
with the voltage drop across the Thyrite. 


W. L. Teague and L. B. Rademacher (West- 
inghouse Electric Corporation, Sharon, 
Pa.): In Fig. 3 the author shows the voltage 
distribution that occurs in the series winding 
of an autotransformer for various terminal 


conditions. Figs. 3(A), 3(B), and 3(D) 
demonstrate that this particular winding 
has an extremely bad voltage distribution. 
Through better design of the series winding 
or by using shielding as the author suggests, 
the stress due to the voltage distribution 
may be reduced considerably. With an 
improved distribution, either a gap or a 
lightning arrester across the winding will 
prevent excessive voltages in the winding 
due to the oscillations. 

Better distribution can be obtained by 
designing the series winding to have a high 
through (apacitance relative to the ground 
^pacitance or by using electrostatic shield¬ 
ing. In the core form transformer con¬ 
struction, this could be accomplished by 
using a Hisercap^ or a Lowgrocap winding. 
By the interleaved-turns arrangement of 
the Hisercap winding, a high through 
capacitance is obtained. The Lowgrocap 
winding obtains the same result by de¬ 
creasing the capacitance to ground through 
the use of static plates and winding ar¬ 
rangement. For shell form transformers, 
the windings inherently have a high through 
capacitance as compared to the ground 
capacitance. Thus by using either im¬ 
proved coil construction or shielding, the 
voltage distribution can be improved to 
reduce greatly the stresses that may occur 
when the series winding is protected with 
a gap or lightning arrester. 

The design and protection of auto- 
transformers is extremely complicated be¬ 
cause of the voltages that may be induced 
internally due to the high volts per turn 
that develop from surges. The designer 
may use many schemes to prevent over- 
stressing of the insulation. The winding 
may be designed to permit oscillations and 
sufficient insulation applied to withstand 
the overvoltages, or the design may be 
made to avoid excessive oscillations. 
Generally, the simplest and least hazardous 
method will prove to be the most reliable. 
By using the better voltage distribution 
approach, this problem is often simplified 
and complications are avoided. 


Rbperbncb 

1. Improved Core Form Transformer Winding, 
E. J. Grimmer, W. L. Teague. AIEE Transactions, 
vol. 70, pt. I. 1951, pp. 962-67. 


J. W, Albright: I wish to express my appre¬ 
ciation to tlie, discussers for their comments, 
which contribute substantially to the under¬ 
standing of the problem. Mr. Williams has 
brought out an additional benefit which can 
be obtained from the application of Thyrite 
in some particular cases. In most high- 
voltage autotransformers the number of 
Thynte disks required to shield the series 
winding is such that a voltage comparable 
to the basic insulation level will develop 
across the winding if current surges of 
10,000 amperes or more are considered. 
However, in autotransformers where the 
operating voltage of the winding is very 
low compared to the basic insulation level, 
as in step voltage regulators, the volt- 
^pere characteristics of the Thsrrite may 
limit the voltage to less than basic insulation 
level for surges of this magnitude. In 
these cases, the internal insulation of the 
winding can be safely co-ordinated with 
the voltage permitted by the Thyrite. 

It is true, as Mr. Teague and Mr. Rade- 
macher point out, that series winding 
transients can be reduced by means of 
electrostatic shielding. Electrostatic shield¬ 
ing has been used - successfully for many 
years in transformers and in autotra'ns- 
formem with high coratio. Numerous 
varieties of electrostatic shielding have 
been developed in addition to the static 
plate for shell-type windings and the inter¬ 
laced turn arrangement for the core-type 
disk windings mentioned by the discussers. 
Others in commercial use include rib s h i eld s 
for core-t3rpe disk windings, and cylindrical 
shileds for concentric laper windings. 

Of these, only the cylindrical shields 
with concentric layer windings be 
designed to produce essentially straight- 
line voltage distribution under all impulse 
conditions. All of the other varieties give 
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varying results, depending upon the wind¬ 
ing voltage and current rating, transformer 
or autotransformer rating, and wave shape 
of the surge applied to the terminals. 
The most difficult conditions are en¬ 
countered in the series windings of auto¬ 
transformers of low coratio. Here, the 
capacitance of the winding to ground is 
approximately the same as for a full capacity 
winding, but the series capacitance is very 
low because the number of turns in the 
winding is reduced to only a fraction of 
those in a full capacity winding. Since the 
proportions by which the ground capaci¬ 
tance can be reduced, and the series ca¬ 
pacitance increased, by the electrostatic 
shields are about the same as in a full 
capacity winding, the ratio of ground 
capacitance to series capacitance is much 
higher in the series winding, and the 
internal voltage transients are corre¬ 


spondingly greater. Therefore, although 
the addition of electrostatic shields will 
improve the voltage distribution over that 
obtained without shields, the transient 
voltage oscillations are far from eliminated. 
Fig. 3(E) in the paper shows a winding 
with a very good initial voltage distribution 
produced by Thyrite interconnected at the 
mid-point of the winding, yet the maximum 
voltage between parts of the winding is 
three times the value obtained with essen¬ 
tially uniform voltage distribution in 
Fig. 3(C). 

The voltage distribution of the winding 
used in the paper is extremely bad as stated 
by the discussers. However, it is also 
representative of the distribution obtained 
in any unshielded winding. The test 
results illustrated in Fig. 3 clearly demon¬ 
strate the ability of Thyrite, when inter¬ 
connected to the winding at regfular inter¬ 


vals, to produce essentially uniform voltage 
distribution in any winding without other 
aids. 

Another advantage of Thyrite which 
makes it desirable for use in shielding is 
the simplicity of the application. The 
windings have normal turn distribution; 
it is not necessary to distort the turn dis¬ 
tribution by interlacing, or to add capacitive 
elements in the critical dielectric field. 
Electrostatic shielding inevitably introduces 
complications in the windings and insula¬ 
tion. Ftuthermore, some types, such as 
static plates, occupy valuable space within 
the winding structure and increase the short- 
circuit reactance. Therefore, more active 
materials (copper and core iron) are neces¬ 
sary to maintain the transformer charac¬ 
teristics. These complications are avoided 
in those cases where Thjrrite can be used, 
as in series windings of autotransformers. 


Evaluation and Application of Silicone 
Organic Resin Combinations for 
Dry-Type Transformer Insulation 


G. F. SIMMONS 

ASSOCIATE MEMBER AIEE 

T he rapid development of synthetic 
insulations in recent years has pro¬ 
vided a challenge to the electrical de¬ 
signer. Incentives to utilize the im¬ 
proved mechanical and electrical proper¬ 
ties of these new materials have been 
especially great in the design of apparatus 
operating in gaseous mediums. Dry-type 
transformers have provided a fruitful 
field for the application of such man¬ 
made materials. . 

Since transfonners are designed for 
many years of life, it is necessary to resort 
to accelerated aging tests of insulation 
when determining its possible application. 
Results obtained with a specified set of 
laboratory procedures must then be 
extrapolated to tlie variety of operating 
conditions encountered in service. Re¬ 
cognition of this fact has resulted in con¬ 
siderable activity within the AIEE in an 
effort to establish standard conditions 
under which insulating systems inay be 
evaluated. Such efforts have been in 

Paper SS-43, recommended by the AIEB Trans¬ 
formers Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEB Winter General Meeting, New 
York, N. Y., January 31—February 4,1955. Manu¬ 
script submitted October 19, 1954; made available 
for printing November 22, 1954. 

G. F. Simmons and A L. Scbbidbi.br we with the 
General Electric Company, Pittsfield, Mass. 


A. L SCHEIDELER 

ASSOCIATE MEMBER AIEE 

the direction of specifpng material use 
as a result of functional tests rather than 
on the previous basis of chemical com¬ 
position. 

The inadequacy of chemical composi¬ 
tion as a criterion in evaluating insulation 
has been well recognized. Perhaps, it is 
not so apparent that, in the present state 
of the science, dhemical composition is 
likewise deficient as a basis for proposing 
insulation systems. Systems which may 
appear satisfactory for use when only 
chemical structure is considered are often 
found inadequate when subjected to the 
variety of conditions found in service. It 
is the purpose of this paper to demon¬ 
strate that insulation combinations which 
would not meet tiie arbitrary classifica¬ 
tions based on organic content of the 
structure may prove not only satisfactory 
but superior when considered in the light 
of their function in a given piece of ap¬ 
paratus. The use of such combinations 
has resulted in an insulating system offer¬ 
ing outstanding characteristics for dry- 
type transfomiCTS. 

Composite Instilatuig Systems 

The advantages of using silicone-based 
products in dry-type insulating systems 


are well known. They are characterized 
by stability at high operating tempera¬ 
tures and resistance to the absorption and 
harmful effects of moisture.^'**® These 
advantages must be weighed against the 
difficulties which may arise in conjunc¬ 
tion with silicone applications. The di¬ 
electric strength, mechanical strength, 
and curing characteristics for a given ap¬ 
plication are, in general, inferior to those 
of the best organic resins. High cost is 
also a limiting factor in many silicone 
applications. 

To acquire the best of silicone charac¬ 
teristics as well as high dielectric and 
mechanical strength, it has been the prac¬ 
tice to mix basic materials such as silicone 
and selected organic resins and use this 
mixture as a general-purpose resin. This 
practice has resulted in insulation struc¬ 
tures with improved over-all properties, 
but which do not possess either the high 
degree of moisture resistance and life of 



Fi3. 1. Test pieces used in evaluating com¬ 
ponent insulating structures 

Front—turn 
Center—layer 
Back—barrier 
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the silicones or the superior mechanical 
and electrical properties of the best or¬ 
ganic resins. 

It would obviously be very desirable to 
obtain a material or combination of ma¬ 
terials which retain the good features of 
the best silicone and organic resins with¬ 
out accompanying limitations. If the 
functional requirements of constituents 
within a dry-type insulating system are 
considered, it may be seen that such a 
possibility exists. 

The useful life of many insulating sys¬ 
tems containing organic materials is 
greatly increased by the substitution of an 
inert material such as nitrogen for a cir¬ 
culating air atmosphere. Silicone-im¬ 
pregnated systems, while much superior 
to organic structures in air, are improved 
only slightly by the removal of oxygen 
from the surrounding medium.® Such 
evidence indicates that oxygen is a 
primary contributor to deterioration 
in dry-t3rpe apparatus and that the ther¬ 
mal superiority of the silicones stems 
largely from their resistance to the effect 
of oxygen. It may be inferred from these 
results that the silicones may, in proper 
combination, be used to extend the life of 
certain organic materials. 

This investigation was conducted in an 
effort to develop a dry-type transformer 
insukting system which would utilize the 
high dielectric and mechanical strength 
characteristics of selected, organic im- 
pregnants and the temperature- and 
moisture-resisting characteristics of suita¬ 
ble silicones. It was desired to accom¬ 
plish this in as economical a manner as 
possible by using a minimum of silicone 
resin. 

Emphasis was placed on the use of sili¬ 
cone resins as a surface treatment of con¬ 
ventional 150-degree-centigrade (C) base 
insulations. By this procedure, the sili¬ 
cone replaced the weakest link in the pres¬ 
ent 160-C system, the organic impreg¬ 


nating varnish. The organic constituent 
of the base material was shielded by the 
silicone resin coating from the deteriorat¬ 
ing effects of oxygen and moisture. 

Evaluation of Pertinent Properties 

Two criteria® have been utilized in de- 
termim'ng the aging performance of the 
materials under study. These are the 
dielectric strength at the elevated aging 
temperature and the power factor after 
exposure of the insulating component to 
high humidity. 

Dielectric Breakdown 

When a component insulation system 
is not subjected to an undue amount of 
moisture or mechanical abuse, the dry 
dielectric strength of the component be¬ 
comes the predominating factor in deter¬ 
mining insulation life. Such conditions 
will be present when the apparatus is 
operating in a dean, dry endosure or when 
a sealed type of construction is used and 
maintained. Reduction of dry didectric 
strength may be utilized then to estimate 
a reasonable maximum life for the ma¬ 
terial. 

The per-cent reduction in dielectric 
strength which should be chosen as a cri¬ 
terion for end of life depends on the ap¬ 
plication and system under consideration. 
The manner in which a component insu¬ 
lation approaches failure may be just as 
important to the designer as the failtu-e 
point. A desirable procedure is to define 
life as a function of the per cent of initial 
dielectric strength which is chosen as the 
failure point. 

The large number of samples and 
amount of testing required rule out this 
method in many instances. A 60-per¬ 
cent criterion has been widely used as 
meeting most requirements for trans¬ 
former applications, the implication being 
that a 50-per-cent reduction in dielectric 


strength in a transformer, as designed, 
will result in marginal operating condi¬ 
tions. The data herein are treated in 
terms of a 50-per-cent criterion where the 
time to failure at 50 per cent of initial 
breakdown levels has been determined. 
No sudi reduction has been observed with 
some of the materials considered during 
long periods at elevated temperatures. 
Those data have been analyzed in terms 
of desired operating temperatures. 

Power Factor 

The minimum life of insulation used in 
ventilated dry-type transformers is deter¬ 
mined essentially by the moisture-resist¬ 
ing properties of the composite insulation. 
When the material has deteriorated be¬ 
cause of thermal aging, by flaking, crazing 
or charring, it no longer provides eitlier 
the mechanical bonding or the moisture 
resistance necessary for operation under 
adverse conditions. Hence, deterioration 
in resistance to the effects of moisture as 
measured by power factor on a humidified 
sample is a comparatively simple, but 
comprehensive, test for defining the mini¬ 
mum life of a composite dry-type trans¬ 
former insulation. Resistance-to-mois- 
ture absorption may also be used to define 
the optimum curing characteristics of a 
material, provided dielectric and me¬ 
chanical properties are adequate. 

Constructioii of Component 
Samples 

The component samples were, in 
instance, designed to provide a reasonable 
representation of the conditions to which 
the materials would be subjected in a 
transformer. The completed structures 
are shown in Fig. 1. 

Turn Insulation 

The turn insulations investigated were 
applied to rectangular copper wire, using 



Fig. 2. Turn insulaiion dielectric breakdown of a silicone resin im- Fig. 3. Turn insulation power factor at 90-per-cent relative humidity of a 

pregnated asbestos sheet and slass yarn/ bonded and treated wiOi silicone resin impregnated asbestos sheet and glass yarn/ treated and 

silicone. For power-factor data see Rg. 3 bonded with silicone. For breakdown data see Rg. 2 
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AGING TIME - DAYS 


Fig. 4. Turn insulation dielectric breakdown of an acrylic ester resin 
impregnated asbestos sheet and glass yarn, phenolic resin treated. For 
power-factor data see Fig. 5 


standard factory processes.® The insu- Barkier Insulation 



AGING TIME - DAYS 


Fig. 6. Turn insulation dielectric breakdown of (A) a phenolic resin 
bonded glass yam treated with silicone and (B) an acrylic ester resin 
impregnated asbestos-clay sheet and glass yarn, bonded and treated 
with silicone. For power-factor data see Figs. 8 and 9 

versus temperature for siKcone insulated 
systems are considered, it becomes ap¬ 
parent that, on a dielectric strength basis,*, 
these components are suitable for opera- 


lated wire was cut into 10-inch lengths. 
Two pieces were placed together in a jig 
and a 2-indi length on each end of the 
sample was spread apart. The middle 6 
inches were then tied together with glass 
yam and the completed samples were 
given a standard factory treatment with 
the desired varnish. The electrodes used 


Small cylinders (approximately 6 inches 
in diameter and of appropriate thickness) 
were wound with the desired materials 
using factory operating procedures. The 
completed cylinder was then given a fac¬ 
tory treatment with the desired var¬ 
nish. 


tion at temperatures well above 200 C. 
It may well be that other factors, i.e., 
copper oxidation rather than insulation 
life may impose the temperature limit in 
silicone-insulated apparatus. 

The impregnating resin must also per¬ 
form the very important fimction of in¬ 
hibiting the entrance of moisture into the 


in testing the insulation were the two ^ system during that part of the apparatus 

copper wires. Interpretation of Results which re^ts in low insulation 


temperatures. Silicone-impregnated and 

Layer Insulation Turn Insulation treated components are, after exposure to 


The insulating material being investi¬ 
gated was wound on a metal mandrel 
after the manner of Whitman and Stew- 


It is apparent from the typical results 
illustrated in Fig. 2 that high-tempera¬ 
ture turn insulations, utilizing silicones as 


250 C for more than 200 days, as resistant 
as new materials to moisture effects 
measured by power factor; see Fig. 3. 


art.’^ Sheet material of desired thick- the resinous constituents, possess very Actually, aging at high temperature im- 


ness was wrapped around a metal man- stable dielectric strength characteristics proves the moisture-resisting properties 

drel with a 2-inch outside diameter and 18 as a function of time and temperature. for a considerable period. 


inches long. Tinned copper electrodes 
1/2 inch wide and positioned 2 inches 
apart were wrapped around the insula¬ 
tion and held in place by means of copper 
binding wires. The sample was then 
given a factory treatment with the desired 
varnish. 


Even though long testing times were in¬ 
volved, the dielectric strength was not 
reduced. A life of 20,000 hours at the 
hottest spot temperature has been recom¬ 
mended as a criterion of minhniun life 
for a dry-type transformer insulating sys¬ 
tem.’ When established sloi)es®*® of life 


Comparable, high-temperature turn in¬ 
sulation containing an organic impregnant 
and treated with an organic varm'sh® 
has been analyzed on the basis of a 60- 
per-cent dielectric strength criterion. 
These data have been reproduced in Fig. 4. 
On the basis of results extrapolated from 



AGING TIME- DAYS AGING TIME - DAYS 

Fig. 5. Turn insulation power factor at 90-per-cent relative humidity of Fig. 7. Turn insulation dielectric breakdown of acrylic ester resin im- 
an acrylic ester msin impregnated asbestos sheet arid glass yam, phenolic pregnated asbestos sheet and glass yarn, bonded with phenolic resin 
resin treated. For breakdown data see Fig. 4 and treated with silicone. For power-factor data see Fig. 10 
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AGING TIME - DAYS 

Fig. 8. Turn insulation power factor at 90-per-cent relative humidity of 
a phenolic resin bonded glass yarn^ treated with silicone. For break¬ 
down data see Fig. 6 
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AGING TIME - DAYS 


Fig. 9. Turn insulation power factor at 90-per-cent relative humidity, 
comprising an acrylic ester resin impregnated asbestos-clay sheet and 
glass yam, bonded and treated with silicone. For breakdown data see 

Fig. 6 


Fig. 4, the composite insulation is limited 
under these maximum life conditions to 
^n operating temperature of approxi¬ 
mately 170 C. A somewhat higher maxi¬ 
mum operating temperature may be cal¬ 
culated if a less than 50-per-cent criterion 
is utilized. 

The weakest link in this system, how¬ 
ever, is the organic, final treating varnish, 
Fig. 5 reproduced from reference 6 illus¬ 
trates that such a high-temperature, 
phenolic-vamish-treated turn insulation 
will not maintain its resistance to the ef¬ 
fects of moisture throughout the mini¬ 
mum required life at 150 C. This is true 
in spite of the fact that the varnish under 
consideration is superior to most other 
organic varnishes in maintaining its prop¬ 
erties as a function of time and tempera- 
ture. 

When silicone resin is substituted for 
the organic-treating varnish, the resulting 
composite exhibits dielectric strength 
characteristics as a function of time and 
temperature which are very similar to 
those of the comparable system where aU 
resins are silicones. The dielectric 
strength versus aging times characteris¬ 
tics, illustrated in Figs. 6 and 7, demon¬ 
strate that the composite turn insulations 
containing organic constituents in the 
base material will more than meet ac¬ 
cepted criterion for operation at hottest 
spot temperatures of 200 to 220 C after 
treatment with silicone resins. 

The resultant composite possesses 
moisture-resisting characteristics which 
approach those of conventional systems 
designed for 2p0 to 220 G of hottest spot 
temperatures. Although there are oc¬ 
casional anomalous fluctuations in the 
power factor after humidification, the 
structures still function as effective mois- 
tiue barriers after a year at 250 C; see 
Figs. 8, 9, and 10. It may be seen from 
a comparison of Figs. 9 and 10 that the 
use of a phenolic resin binder for the glass 


yarn has a measurably adverse effect on 
moisture-resisting properties. The phe¬ 
nolic resin is superior, however, to a sili¬ 
cone bonding resin in preventing fraying 
of the glass fibers both before and during 
aging. 

Layer Insxilation 

Mica paper impregnated with a high- 
temperature polyester resin possesses di¬ 
electric strength and loss characteristics 
which make it vety desirable for use as 
layer insulation and as electric padding 
for major insulation, i.e., barriers, in dry- 
type transformers. Its comparatively 
weak medhanical characteristics limit its 
use at present to applications where the 
material may be used in sheet form. As 
a consequence, it was evaluated as layer 
insulation. When treated with silicones, 
the material will perform adequately at 
hottest spot temperatures approaching 
200 C. The life at 20,000 hours on the 
basis of a 50-per-cent dielectric strength 
criterion is at least 190 C; see Fig. 11. 
Its aging characteristics are very similar 
to those of silicone-impregnated asbestos 
in an air atmosphere. 

The composite is also very resistant to 
the effects of moisture and thermal 
cycling. Weekly exposure during aging 
to an atmosphere at 90 degrees Fahren¬ 


heit of 90-per-cent relative humidity for 
24 hours followed by 24 hours at room 
conditions resulted in approximately a 
45-per-cent reduction in life on the basis 
of a 50-per-cent dielectric strength cri¬ 
terion. Although no comparative data 
are available, it is beh'eved that such a 
reduction is small when the severe cycling 
is considered. 

Major Insulation 

The data available indicate that a 160- 
C major insulation is much improved by 
the use of a silicone treatment. Many 
160-C insulation structures so treated 
give satisfactory operation in apparatus 
with hottest spot temperatures of over 
200 C. 

Improvements in insulation functioning 
brought about by this treatment are not 
confined to a specific base material or 
resin-base material combination. The 
merits of the final silicone treatment are 
apparent even with an essentially inor¬ 
ganic insulating structure. One insula¬ 
tion of the inorganic type which is an 
economical material based on the dis¬ 
covery of a controllable phospho-asbestos 
reaction may be formed as cylinders for 
barriers between high- and low-voltage 
windings. 

Silicone treatment markedly improves 



Fig. 10. Turn 
insulation power 
factor at 90-per- 
cent relative 
humidity of an 
acrylic ester resin 
impregnated as¬ 
bestos sheet and 
glass yarn, 

bonded with 
phenolic resin 
and treated with 
silicone. For 
breakdown data 
see Fig. 7 
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Fig. 11. Aging characteristics utilizing 50-per-cent initial dielectric strength criterion. Layer 
insulation is a polyester resin impregnated mica paper sheet treated with silicone. Curves for 
silicone-treated and phenolic-treated asbestos from reference 5 


the initial dielectric properties and mois¬ 
ture resistance of this structure. Pro¬ 
longed exposure to aging temperatures as 
high as 260 C are actually beneficial to its 
dielectric properties. The effect of ther¬ 


mal aging on the dielectric strength and 
moisture resistan<» of such cylinders 
treated with silicone are illustrated in 
Figs. 12 and 13. All of the composite 
structures, turn, layer, and barrier, re¬ 


mained mechanically sound throughout 
the aging periods. Their appearance, as 
aging progressed, resembled that of sys¬ 
tems containing only silicone impreg- 
nants. 

Conclusions 

The results of this investigation demon¬ 
strate once more the inadequacy of exist¬ 
ing “dass” designations for high-tem¬ 
perature insulation. A better procedure 
is to consider the functional sequirements 
of each basic material in a component in¬ 
sulation. Then, by proper selection, ma¬ 
terials of different dasses may be used in 
combination to produce superior insulat¬ 
ing systems for many applications. 

The consequences of this approach to 
the design of dry-type transformer in¬ 
sulating systems have been especially 
significant. It is possible to utilize the 
outstanding dielectric and mechanical 
strength characteristics of selected or¬ 
ganic impregnants and the temperature- 
and moisture-resisting characteristics of 
good silicones. This may be accom¬ 
plished in an economical manner while 
using a minimum of silicone. 

A dry-type insulating system contain¬ 
ing organic impregnants and using sili¬ 
cones as a final treatment offers the fol¬ 
lowing advantages for use in circulating 
air apparatus. 

1. The thermal stability of the system is 
adequate for operation at hottest spot tem¬ 
peratures geater than 200 C. 

2. The resistance of the system to moisture 
is maintained throughout transformer life 
and is much greater than that of the usual 
150 C system. 

3. The insulating components will, in 
general, possess mechanical and dielectric 
strengths grater than those of systems 
containing only silicone impregnants. 

4. The versatility and areas of dry-type 
transformer applications are greatly in¬ 
creased by the use of this insulating struc¬ 
ture. 



Fig. 12. Dielectric breakdown of inorganic cylinders treated with 

silicone 



Fig. 13. Power factor at 90-per-cent relative humidity of inorganic 
cylinders treated with silicone 
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Discussion 
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“““■S-o.yaaio ^ 
Mo... t ♦ ^ ^yPh transformer application. 
MMt tests ^em conducted on a cZponent 
ba^ m what is caUed a "reasonable rc^ 
*ntation” of the conditions to 

wotfd be subjected in a transformer. 
I ani not sure after reading the oaoer 

reans. Emphasis is placed on the use of sili- 
treatment of con ven- 
wnr^ ^ insulations. In other 
^Sanic link in the base material 
IS shielded from the effects df oxygen and 
moistme by the silicone resin coating To 

fS " Z relatives of the silicone 

tSlinf i possess 

tne life of the silicone resms. 

fsituation for usage in trans¬ 
formers, I suggest the following procedure: 

wfifh comparison should be made 

nir ? Th^f!" ^ transformer models aged in 
thJ „^^®^oomp^on would be made using 
^e same tests mduding power factor of 

construction of 
ravels. Such a structure actually simu¬ 
late a power transformer, i.e.. pancakehigh- 
-l^e coils, axial spacem. a 

Wi^ t^sSSiST"^ictIs 
® silicone-organic 

3*. What happens if a short-circuit fail- 
^o^ in the siUcone-organic-insulated 

^rfoimers? By tet, sealed silicone-in- 

Siou^^ safe 

W»p^?d 

T,a«« If nitrogen atmosphere is lost, what 
220 orgamc-siUcone reins used at 

2^*f“P®^fure m air. the preeut hot- 
^ tempeature permitted for group 

^ air? Silicone re- 
ins^drubb^ used in the insulation struc- 
refeence 1 make use of 
the high het-stable silicone. This insula- 
;^on system can be used at 220 C in air. 
Prom the users point of view, it would seem 

abUity of a 

tr^sfonne to erry normal load in event of 
nitrogen leakage; 


silicone-impregnated systems 

air oceanic structure in 

air, but he concludes that a dry-type in- 

containing organic impreg- 
nmte and using silicone e a final treat- 
met for use m circulating air apparate 
SS"" dielectric stregths 

systems containing 
only sihcone impregnants. It appears that 
msuflSciet tet data eist in the pane for 
group 3 (220 C) transformed ^ ^ 
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Shaker Com- 

ed Mr P^«f “ted by Mr. Simmoe 
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tidi as far e turn insula- 

DielJSJ ‘"Nation are enemed. 
Dielectric effects eused by the eossing of 
the edges of 


in these tests alth^b they am^ee^?®! 

^an^g s discussion is certainly a 
r f““ctional evaluation and should re- 
sult m lowe breakdown voltages. Have the 

Do the authors think it possible and prac- 

S J?"?'* trensformers 

*>“ 18-lre Clare in the 

b^t of the difficulties experienced in creep- 


^^^temrat that "sfficone-hnpregnated 
systems... unproved only slightly by the 
^oval (3f oxygen from the suixoiJdW 
medi^ IS contradictory to data submitted 
m reference 6 of the paper. The author 


G. T. Simons and A. L. Scheideler: Dr 
Hal^sy has questioned the functionaUty of 
the test samples used for layer and turn in¬ 
sulation tests. It must be remembered that 
the primary purpose of these tests is to as- 
^ the thermal stabiUty of the system and 
not to evaluate dielectric breakdown levels 
of a complete transformer. The samples 
determining therSial 
stability sm^ ^ey are being subjected to 
fields typical of those in the bulk of the 
transformer coil. Oossovers are further re¬ 
moved from consideration since in general 
they are insulated in addition to the insula- 
tion provided by the regular wire covering^ 

AlTltJl •vi’r iVTovn•MM ^ i-v„ Tw.-i - ® 
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--- cucac lusvuauon comomations 

be terted by the use of models aged in air as 
descnbed in reference 1 of Mr. Manning’s 
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discussion. Such tests are, of course, in the 
very early stages of development. A Work- 
mg Group of the AIEE Transformer Com¬ 
mittee m which the Pittsfield High Voltage 
Laboratory .is participating has been work- 
mg for some time to provide answers to 
questions relatmg to model size and struc¬ 
ture, test cycles, and life criteria. 

An Mcample of the questions to be an- 
sw^®d IS raised by the results obtained on the 
models m the reference just quoted. Dr. 
Halacsy states that those tests show "that 
crcepage sets the limits to voltage in diy- 

Ible ^ teason- 

“‘^® predominance of 

te a deficiency in the 
models. Service experience does not point 

Un^®®5^^® “ “^‘^^ssarily being the weakest 

bnk under operating conditions. 

It IS rather difiicult to compare service 
Pttforn^c® on the basis of a few years for 
^tfent tyM of insulation, unless one type 
oc«?v T operating failmes 

bSon? silicone-organic com- 

^ ‘^^^^^bed in the paper, operat- 
““proved when this com- 
bmarion is apphed to the 160 C hot-spot 

betti°ZiS ^ obvious, since there is 
a^^ toTi^ *:®s«tance and more resist- 
S? * T ^ deletenous effects of tempera- 

® “ “tibze the 

sihcone-organic combination. 

silicone-organic resin combina- 
tons as descnbed in this paper, are depend- 

either'hi'^f ^ bot-spot temperatures, 

It is advocated 
tot op^ dry-type transformers for use at 
tamperatoes of 220 C hot spot embody 

toatiouTi'Obviously, if these in- 
sulations are good for use in air, there is no 

dry-type transformer 
^ P^chance replace the nitrogen, 
the moisture effects upon un- 
pamted steel surfaces and the like. 

tion f decomposi- 

Silicone insulated sys- 
Combustion was ^t 
to ®^drt-circuit failure 

• ¥“““te«’s reference 2 
W?wo?i? ® ^ immersed in nitrogen, 
bilitv of f criteria for fiamma- 

latad to ®^ structure be re- 

ted to the total organic and semiorganic 
(l.^, sfficone) extent of tie structmT^ 

Ditoe O'«« h of 

“ preventing short-dr- 
ailures. The silicone-organic resin 
^mtions d^bed fa the^'er^ 
body the superior mechanical strmgth as 

silicones at the high tempera- 
*<5 S' ^e e”** °™’‘ 0 M or 

• Tbc composite may therefore 


April 1966 







be expected to exhibit more reliability than 
can be obtained in presently available 
silicone sjrstexns. 

Mr. Manning questions our statement 
that silicone-impregnated systems are im¬ 
proved only slightly by the removal of oxy¬ 
gen from the surrounding medium. Al¬ 
though the improvement is significant, it is 
much less ttau that obtained with organic 
resins. It is true that silicone-impregnated 
systems are much superior to organic struc¬ 
tures in air from both the moisture-resistant 
and high-temperature-life point of view. 
It is also true that a dry-type insulating 


system containing organic impregnants, and 
using silicones as a final treatment for use in 
circulating air apparatus, possesses, me¬ 
chanical and didectric strengths greater thati 
those of S3rstems containing only silicone im¬ 
pregnants. Nothing is contradictory about 
the two statements sin<» they refer to dif¬ 
ferent properties. We agree that the use of 
silicones overcoating organic resins would 
not resiilt in a better moisture-resistant and 
high-temperature-life condition than with 
pure silicone-impregnated ssrstems. How¬ 
ever electric and mechanical strength are of 
as great importance as moisture resistance 


and high temperature life in electric ap¬ 
paratus. 

Dr. Halacsy questions the practically of 
dry-type transformers for voltages higher 
than the 16-kv class. Such a unit, which is 
now being manufactured, utilizes a gas with 
a higher dielectric strength than nitrogen, 
thus improving all insulation character¬ 
istics. 

Rbfbrbkcb 

1. Rblatton op Transpormbr Dbsion to Firs 
Protbction, S. D. Treanor, L. C. Whitman, AIBE 
TrartsacUons, vol. 71, pt. Ill, Aug. 1952, pp. 678-81. 


The Determination of incremental and 
Total Loss Formulas from Functions 
of Voltage Phase Angles 


C. R. CAHN 

ASSOCIATE MEMBER AIEE 


A new approach in the form of 
remarkably simple formulas for 
the determination of incremental trans¬ 
mission losses in electric power systems 
has been advanced by Brownlee.^ He 
derived the formulas for the simplest 
possible transmission system of two 
generators connected by a single trans¬ 
mission line and apparently showed 
them to be applicable to practical power 
systems by heuristic reasoning, which 
lead him to solve some numerical cases. 
Brownlee’s formulas are functions of 
the phase angles of the generator bus 
voltages, so that their application is 
restricted to those cases where the phase 
angles are known. Since phase angles 
are not presently available on the actual 
system, Brownlee’s results are useful at 
this time mainly in load studies on a-c 
network analyzers. 

The purpose of this paper is to provide 
a more solid foundation for Brownlee’s 
results, showing some of the conditions 
which must be satisfied for their validity, 
to provide additional numerical examples 
of the successful use of Brownlee’s theory, 
and to provide an extension of Brownlee’s 
theory to give expressions for incre¬ 
mental and total losses which do not 
require knowledge of generator voltage 
phase angles. The resulting loss formulas 
are conventional in that they require 
specification of the generator power 
outputs only. It is believed, however, 
that the method of calculating incre¬ 
mental and total loss formulas presented 


here is considerably simpler than any 
yet advanced. 

The Brownlee Formulas 


The Brownlee formulas in slightly 
modified form are derived and presented 
here for reference. The sending end 
and receiving end power inputs to a 
transmission line of impedance 
are 


ViVi 

(i? cos 9—X sin 9) 


„ FjSi? ViVi , 

*~2j2_|_jy2 9-{-X sin 9) 


where 6 is the angle by which the sending 
end voltage leads the receiving end. 
The subscripts 1 and 2 denote the sending 
end and the receiving end respectively. 
If it is assumed that the two ends are 
maintained at constant voltage, any 
change in Pi and Pa is caused by a varia¬ 
tion in 6. Differentiating with respect 
to 0 and defining the transmitted power 
as the average of the sending end and 
receiving end powm-s results in 


dPi,/d9 


2ViVi 

R^+X^ 


Rsm9 


(3) 


dPi-i/dO 


ViVt 


X cos 6 


(4) 


dP jj/dPi-^ 2 


R 

X 


tan 9 


(5) 


where Pi,—Pv\-P% is the system loss and 
Pi- 2=(1/2 )(Pi—P a) is the transmitted 
power. Integrating with respect to 9 
between the initial value 9a and the final 
value ^6, the equations for a finite change 
are obtained 


( 6 ) 

An 2F1F2 „ /9b-{-9a\ . /6i,—0a\ 

( 7 ) 

APi/APi-a=2 ^ tan (8) 


APz./APi-2=2 


In the foregoing derivation the varia¬ 
tions caused by changes in voltage 
magnitude have been neglected com¬ 
pletely. This is justified by the actual 
practice on power systems of maintaining 
all busses at practically constant voltage. 
Thus, although a 1-degree dfiange in the 
phase angle between two plants is quite 
small, it produces as much voltage acting 
to circulate current as a 2-per-cent 
change in the voltage magnitude at one 
of the plants, a quite considerable voltage 
change. Therefore, it is assumed in the 
following that voltage magnitude varia¬ 
tions never need to be taken into account. 
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The Brovralee Fomulas on Practical 
Systems 

The demonstration of the applicability 
of the Brownlee formulas to practical 
systems hinges on the finding of an 
analytical method of exchanging genera¬ 
tion between two plants or tie lines, 
all of which will be called “gen^ators.” 
One possibility is to take advantage of 
the fact that a considerable variation in 
the power flows has only a relatively 
small effect on the voltages at the loads 
if the generator voltages are held fixed. 
Then, if one generator has its voltage 
phase angle increased at constant magni¬ 
tude, holding the voltage of another, 
generator fixed in both magnitude and 
angle and holding the currents of all 
other generators and of aU loads fixed 
in both magnitude and angle, the result 
will be an approximation to the desired 
condition where generation is exchanged 
between the two generators with no other 
changes in the generation or in the loads. 
The low impedance of the transmission 
system connecting the two generators 
allows a large change in their currents 
with only small voltage changes on the 
system. Changes in power at the other 
generators and at the loads are a result 
of the small voltage changes acting on a 
fixed current. If the other generators 
and loads were then trimmed to their 
proper values, the additional incremental 
losses would be small in comparison with 
those caused by the major swing. 

The procedure just described for ex¬ 
changing generation between two genera¬ 
tors will now be applied to a transmission 
system with three points of entry, the 
first two being the aforementioned two 
generators, the third being an additional 
generator or load, as shown in Fig. 1, 
This is the most general S 3 rstem which 
must be considered since the extension 
to a larger number of points of entry 
will be evident. The results to be 
obtained will indicate some of the 
conditions which must be satisfied for 
the validity of Brownlee’s formulas on 
practical systems. 

The system is isolated from ground 
except at the points of entry, with the 
usual assumptions of neglecting off- 
nominal turns-ratios and lumping line 
charging in the loads being made. In 
terms of the open-circuit self- and mutual 
impedances willi generator 2 

grounded, the relations between voltages 
and currents are 


£1 —' JSs = ZjlJl -|-Zi3 Js 
£!»—jEj = Zaj/i 4*Z«sl8 


(9) 



.__t3at!3_I 

GROUND BUS 

Fig. 1. Transmission system equivalent 


tions,®*® In addition, the currenli h is 
the negative of all other currents com¬ 
bined. That is 


Jj= — 


( 10 ) 


Solving equations 9 and 10 for h and 
h gives 




( 11 ) 


If equations 11 are multiplied by the 
complex conjugate voltages £ 1 ’“ and Ei* 
respectively, and the second equation 9 
is multipHed by Is*, the complex power 
inputs to the three points of entry are 
found to be 

TFx*=£i*/i=:^(£i£i*-£i*£s)-f-* Ex*h 
Zu Zii 


Zii 


(>-f) 


£ 2 * 1 * ( 12 ) 


where 1% does not appear in the equa- 


Differentiating with respect to the 
angle of 9i, assuming that the magnitude 
of E\ and all other quantities are fixed 
and taking the real part to get only the 
real power loss, gives 

sin ((?a- 02 )-)- 

|Zu|® 

Xn cos (9 i-^>2 )J+ ^ Fi| h] X 

sin (^ 1 —^)—Zsl X 

cos (01-^a) (13) 

ViVi : 

dPs/d0i=|-^^j {Pu sin ( 0 i- 02 )- 

Xu cos (01— 02 )] (14) 

dPz/dei’^-(^Re^Vi \lz\ sin( 01 -^)- 

(iw^) Fi| J«| cos (0i-<^8) (15) 

where£»= F«/^nand/„= -R®and 

Im mean real part and imaginary part 
respectively. Then the rates of change 
of power loss and transmitted power 
with 01 are 


.71, (dPz,dPz,dPz\ 2 V 1 V 2 .. 
dPz/d0i 

Rii sin ( 01 — 02 )+ 2 Fi| Is | cos (0i—^3)X 
PisXii—XiaPn .... 
Rn>+X,? - 

'/dPi dP 2 \ V 1 V 2 

^11 cos ( 01 — 02 )"I” 1 / 2 FiIJ 3 I sin (0i~^)X 

•Ri8Pu4*-^i3Zii 


PuHXll* 

cos ( 01 —flba) 


^l/ 2 Fi|J 8 lX 
Pi 8 .yu—.yiaPii 


(17) 


It is seen that equations 16 and 17 are 
the same as equations 3 and 4 with 
additional correction terms. However, 
the correction terms in practical cases 
may be expected to be small for two 
reasons. The first is that the magnitude 
of a load or generator current is normally 
small in comparison with the ratio of the 
system voltage to the self-impedance of a 
generator (with another generator 
grounded) unless large loads are supplied 
by large generations in the same area. 
The second is that the correction term 
in equation 16 is zero if the resistance- 
reactance ratio is uniform in the system. 
It may be expected that the resistance- 
reactance ratio of the sdf- and mutual 
impedances will not vary excessively for 
most loop interconnected systems unless 
there exists important transmission at 
different voltage levels. The first correc¬ 
tion term in equation 17 is small for high 
power-factor loads, and the major cosine 
term is large enough so that the cor¬ 
rection terms in this equation can be dis¬ 
regarded in all practical cases. Since 
the major term of equation 16 involves 
a sine of a small angle, it may be expected 
that the incremental losses will be more 
in error than the incremental transmitted 
power when the correction terms are 
neglected. 

It is thus dear why the Brownlee 
formulas can work on practical systems. 
Since all other points of entry to the 
system besides those of the two genera¬ 
tors between which generation is ex¬ 
changed are considered as open circuits 
during the swing, the proper impedance 
to use in Brownlee’s formula is the one 
measured with all loads and capadtors dis¬ 
connected. A final verification is provided 
by numerical examples presented in the 
following. 

A New Derivation of Incremental 
Loss CoeflS.cients 

The Brownlee formulas, having been 
shown suitable for applica,tion to most 
practicd power systems, are used as the 
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point of departure in the development of 
expressions more suitable to economic 
studies. Since phase angles are not 
available on present-day power systems, 
they cannot be used in system operation 
without the introduction of additional 
telemetering equipment, which must 
be highly accmrate because of the small 
phase-angle differences involved. Also, 
phase angles could not be of use in 
economic scheduling of generation, since 
they could not be accurately predicted. 
Thus, expressions involving powers are 
preferable except for system planning 
on a network analyzer where phase 
angles are available. Such expressions 
may be obtained if it is possible to relate 
phase angles to generator powers. The 
relationship may be established from the 
first equation 9. The left side of the 
equation can be manipulated so that it 
becomes proportional to the major term 
on the right side of equation 16, while 
the right side of equation 9 can be 
manipulated into the form of the sum of 
terms, each of which is a coefficient 
times a generator or a load power. 

Then, provided that the correction 
terms in equations 16 and 17 can be 
neglected, it is shown in Appendix I 
that the incremental loss between gen¬ 
erators « and M is given by 

N 

(18) 

where Pn is the power output of genera¬ 
tor w, Pn-u is the average of Pn and 
—Pm and a total of N generators num-- 
bered 1 to iV is assumed. There are 
N—1 equations, one for each value of 
nj^M. For n=M all coefficients are 
zero. The A^m coefficients are taken 
as constants evaluated from a chosen 
base case. As originally derived, the 
sum in equation 18 was extended over all 
generators except number M and over 
all loads. However, the load powers 
were eliminated and the output of 
generator M was introduced by using 
the approximation that the total genera¬ 
tion equals the total load, neglecting the 
effect of losses as a second-order correc¬ 
tion. Also required to eliminate the 
loads were the assumptions that each load 
power remains a fixed fraction of the total 
load and that the Q/P ratio of each load 
remains fixed. Line charging is included 
in the loads. The Anm coefficients will 
be called incremental loss coefficients. 

The Anm coefficients are evaluated by 
the following procedure: 

1. Select a large generator to be the swing 
machine M and, with its point of entry 
grounded, measure the open-circuit self- 
and. mutual resistances and reactances 


Pnm and X„m between the generators. A 
procedure for making these measurements 
on the network analyzer is described in 
the literature.® 

2. Using values. from the base case, 
calculate for each value of « and m 

Pnm ^^■^nm-^nm X 

(1 ^m^nm) COS — dn) "f" 

_ (%+A:nCT) sin (efn-6n) . . 

V„VMCOS(en-9M) ^ ^ 

where Knm — Pnm/Xnm and Sm^Qm/Pm 
is the ratio of the reactive output to power 
output of generator m. 

3. Calculate for each n 

C^PlI dFn—AT)baafl oaaa “ X 

tan 

ease (20) 

4. Using the base case generator powers, 
calculate for each n 

w 

^ ' ^nmPm~ (dPt/dPn-M% ftB6 OMft 





( 21 ) 

5. Calculate for each value of n and m 
Anm^Pnm —( 22 ) 

It has been found that greater accuracy 
is obtained if the portions of the reactive 
outputs which do not vary with exchanges 
of generation are included with the loads 
before calculating the generator Q/P 
ratios. In Keu of such data it is suggested 
that each Sm be taken as equal to either 
zero or its base case value, whichever 
is algebraically smaller. 

Equation 18 may be used for finite 
increments also if average powers are 
used. Prom equations 5 and 8, re¬ 
written for exchan^ng generation be¬ 
tween plant n and plant M, and equa¬ 
tion 18 

APi/ APn—M—^Xnn tan (0«—0jif)av 

or- X (^»~^M)lnUUl+(®«—0Jlf)fiii*l 

=2iC«ntan-—- - - 

1^1/2 [2i?n« tan (Bn —^jf)initiai'l"2iirnn tan 

N 

(5»—0jf)flnnl ] ^ ] ■dnw(Pm)av (23) 

m=ml 

This, development assumes that the 
phase-angle differences are all small, as 
must be the case if the derivation of 
equation 18 is to be valid. 

The application of equation 5 or 18 to 
the economic scheduling of generation 
is now outlined. At the most economic 
dispatch, generation may be exchanged 
between two plants without affecting 
the fhel cost input. Letting Fn be the 
fuel cost input of plant n, for each 719 ^ M 

dP»+dPjif=0 (24) 

or 


^(dPn.M+l/2dPL) 

alTn 

- ^^i-dPn-M+WPt) ( 2 S) 

dritt 

Rearranging equation 25 gives 

^ l+(l/2)dPL/dPn-M dPM . 

dPn l-(l/2)dPi/dP«_jf“dPitf ^ 

To a reasonable degree of approximation 
it may be written that 


l + (l/2)dPi,/dPn-M 
l-(l/2)dPL/dPn-M 


^1+dPL/dPn-M 


l—dPj,/dPn-M 


since dPz/dPn-M is normally relatively 
small. It may be shown that incre¬ 
mental loss coefficients can be applied 
in the same manner as total loss coeffi¬ 
cients except in the calculation of total 
losses. 


Derivation of Total Loss Coefficients 
from Incremental Loss Coefficients 

The precedingincrementalloss formula, 
equation 18, is entirely satisfactory for 
economic scheduling of generation and 
becomes inadequate only when total 
losses are desired, as is the case if an 
evaluation of annual fuel cost savings 
is to be made. For such pturposes the 
derivation of a total loss formula is 
necessary. It is shown in Appendix 11 
that a total loss formula of the form 

N N 

Pz=2 ^PnBnmPm (28) 

- 1 »b 1 fftssl 

can be derived from the incremental loss 
formula of equation 18. The assumption 
is made in the derivation that the total 
loss is proportional to the square of the 
total generation when all loads and all 
generations are changed proportionately. 
This is reasonable if the busses are 
maintained at nearly constant voltages. 
The derivation calculates the total loss 
for an arbitrary generation total by 
first multipljdng all generator powers in 
the base case by the ratio of the actual 
total generation to the base case total 
generation. Then, starting from the 
scaled base case and maintaining the 
total generation constant, each generator 
in turn is changed from its scaled base 
case output to its value in the actual 
case, the incremental loss caused by the 
change being calculated by equation 18. 
The various calculated increments are 
added to the scaled power loss of the 
scaled base case to get the total loss of 
the actual case. The result is then 
rearranged in the form of equation 28. 
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Table I. Generation Data 


Table II. Base Case Data 


Case 





1 

2* 

3 

4 

S 

Gl^ 



.. 43.8... 

.. 93 ... 

..144 ... 

.. 196 ... 

.. 244 




, 5S.4... 

.. 64 ... 

.. 30 ... 

.. 22 ... 

.. 21 

G2... 



!. 86 ... 

.. 46 ... 

.. 13.2... 

..-20.9... 

..-64.2 




.. —64 _ 

..-18 ... 

..—0.7_ 

.. 12 ... 

.. 19 

G3... 



.. 78.6... 

., 61.6... 

.. 84.6... 

.. 18.2... 

.. 4.9 




..—13.2_ 

.. —8 ... 

..-6.9_ 

.. -2.9.... 

1.4 




.. 8.00.... 

.. 3.70... 

... 2.72..., 

.. 4.68.... 

.. 9.00 










* Sase case. 


The procedure for calculating the 
Bntn coeflScients from, the Anm coeflBLcients 
is now outlined: 

1. For each value of n, using the generator 
powers from the base case, calculate 

Oa=» 

n If 

AnJtPni'h (.Attfn 

w—i ____ 

Jf 

in»i 

(29) 

2. Calculate for each value of n and m 
with n^m 


4. For each value of n and m with n^m, 
calculate 

(32) 

The Bfm coefficients calculated by 
this procedure will be called new total 
loss coefficients. Because of the addi¬ 
tional assumption required in the deriva¬ 
tion, the total loss coefficients will not 
predict incremental losses as well as the 
incremental loss coefficients themselves. 

Examples 

Example I 


n Vn On Sa 


1 .1.016. 8.0®.-0.200 

2 . 0.980. 8.0®.-0.600 

3 .0.963.22.1®.-0.210 


First, Ajtm coefficients will be cal¬ 
culated. Generator 1 is chosen as the 
swing machine. The self- and mutual 
impedance of the generators with gen¬ 
erator 1 grounded are calculated to be 

Zu = Zi2 Zu=0+j0 

Zi2 “Zm= 0.0300+7*0.1030; ir2a=i5r23=0.291 

Z88=0.1905+j0.688; /Cm =0.277 

The Dnn quantities of equation 19 are 
calculated in tabular fonn in Table III. 
From the base case data equation 20 
gives 

(dF£/dP 2 —i)i>iuio oMo “2(0.291) tan 0.0°= 

0.0000 

(dPi/dP,_,)ba,. “2(0.277) tan 14.1 

0.1391 


® jMn “ Bmn “ (1/2)(.4 —.4 )+a„+ 

(30) 

3. Using generator powers from the base 
case, determine 


Bmu=- 


(Pi)baie eMe~~ ^ ^ riBimBn 


{h.y 


(31) 


86 . 0 , 


TWIN BRANCH 
101.5 /SO® 



me nrst mustrauon oi tne preceding 
theory is made on a simple system which 
has already been presented in reference 4 . 
The impedance diagram and the base 
case load flows are shown in Fig. 2, and 
additional generation data for several 
other dispatches are listed in Table I, 
as obtained from reference 4. The 
system loss for each case, found by 
summing the PR loss in each line, is 
also listed in Table I. The base case 
data used for calculating the loss formula 
are given in Table II. The generator 
Q/P ratios are taken as the slopes of the 
linear approximations to their P-Q 
characteristics, as plotted from the data 
in Table I. 


FT WAYNE 
98.0 /ao° 

FLOWS IN MW. AND 
MVAR. UNCORRECT¬ 
ED FOR LINE CHARG¬ 
ING. 


Fig- 2 (1^). Impedance 
diagram and base case load 
flows 


MARION 

96.0 


MUNCIE 

95.7 


IMPEDANCES 
PERCENT ON 


ARE 
100 MVA 


ll06*J4Q3l JI-5 


80- 


ks) 


PORTSMOUTH 
95.3 7 22.I* 


Fig, 3 (right). Comparison of 
calculated and actual losses 

— Losses by l*R 
O New total loss formula 
X Kirchmayer formula 


JIAW UCMV*ULXeil,.AUU Ui LUC Wfi 111 Cl.jua.tlun Z 1 

is shown in Table IV. The incremental 


are found from 

2 3 

0.0000 0.0000 
0.0367 0.0306 
0.0103 0.3696 


loss coefficients Anm 
equation 22 to be 

w=l 

n = l 0.0000 
Anm^ 2 ““0.0846 

3 -0.0606 

These coefficients are in per unit on a 
100 -megavolt-ampere (mva) base. 

The generation data do not include 
cases where generation is exchanged 
between the swing machine and only 
one other. Therefore, the incremental 
coefficients are used to obtain total loss 
coefficients. The an quantities are cal- 
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Table III. Calculation of Dn^ 


n 

m 

(VmVi) 

COS (flu —ft) 

flm—fln 

(1 — RnmSm) 
COS (flm—fln) 

(Rnm-|-8m) 
sin (flm-fln) 

2 SIniiXnm 

Unm 

2 . 

.2... 

.0.995.. 

0 .0®... 

.1 

n nnn 


...0.0702 

...0.0660 

2 _ 

.8... 

.0.967. 

... 14.1®... 


...0,020. 

...0.0600. 

8 . 

_2... 

.0.966. 

...-14.1®... 


...0.066. 

...0.0671. 

...0.0708 

8 . 


.0.937. 

... 0.0®... 


...0.000. 

...0.3810. 

...0.4800 


Table IV. Calculation of Wq 

m 

Pm 

Dtm 


Dtm 

PmDim 

1. 

.0.930. 

.0.0000. 


.0.0000. 

. 0.0000 

2. 

.0.460. 

.0.0702. 


.0.0708. 

. 0.0326 

8. 

.0.515. 

..0.0660. 

.0.0386. 


. 0.2215 



-dPL/dP^u... 


...-dPL/dP»-u... 


Total. 

.1.906. 


.0.0658. 





Wt . 

.0.0346. 




Table V. Calculation of an 



Alt or 




m 

Pm 

Aim — Aml4'Amt 

Production 

Alt 

Production 

1. 




...-0.0605_ 


2. 


.-0.0345.... 

.—O.Ol.'iO . 

—.A HAAR 


3. 


.—0.0403,... 

. —0 no/ia 

=.A AAAA 


Total. 



.—0.0688. 





Ol .... 


... at .... 



culated in Table V according to equation 
29. Then, equation 30 is used to cal¬ 
culate the Btt„ coefficients, e.g. 

Bm =.(1/2X0.0103+0.0605) -0.0303 - 

0.0181 =. -0.0130 

The resulting Bn„ coefficients are 


w=>l 2 3 

»=1 0.0000 X X 

2 -0,0181 -0.0011 X 

3 - 0.0303 - 0.0130 0.1544 

The value of Bu is chosen to make the 
total loss formula fit the base case loss 
of 0.0370 per unit. Equation 31 gives 


Table VI. Comparison of Actual and 
Calculated Losses 


Case 

Actual 
Loss, Mw 

New Total 
Loss, Mw 

Kirchmayer 
Loss, Mw 

1.... 

.8.00... 

.8,65... 


2.... 

.3.70... 

.3.70... 


3,... 

.2.72... 

.2.77... 


4,... 

.4.68... 

.4.72... 


5,... 

.9.00... 

.9.02... 



the result: Bn=0.0129. Adding Bn to 
all B„„ coefficients gives the final matrix 
in per unit on 100 mva 

1 2 3 

1 0.0129 

Bnm= 2 - 0.0052 0.0118 

3 - 0.0173 -0.0001 0.1673 

This matrix is symmetrical. These total 
loss coefficients may be compared with 
those calculated by Kirchmayer’s 
method.* 

A comparison between the actual loss, 
the loss calctdated by the foregoing 
B„m coefficients, and the loss calculated 
by Kirchmayer’s Bnm coefficients for 
each case in Table I is given in Table VI. 
Fig. 3 presents a graphical comparison. 
It is felt that for this system the new 
loss coefficients provide a closer correla¬ 
tion between calculated and actual 
losses than do the Kirchmayer loss 
coefficients, although both are quite satis¬ 
factory. 


Table VII. Open-Circuit Impedances for nm System* 


10 


11 


12 


13 


14 


15 


16 


17 


n*» 1.0.0880 

0.293 

2 .0.08S6. .0.1420 

0.280 ..0.421 

3 .0.0536..0.0542..0.0540 

0,1774..0.1780..0.1770 

4 . 0 .. 0 .. 0 _0 

0 ,, 0 ., 0 _0 

5 .0.0096. .0.0006. .0.0096 _0_0.0476 

0.0334. .0.0334. .0.0334... ,0 _0.1404 

6 .0.0113. .0.0113. .0.0113_ 0... .0.0387. 

0.0390. .0.0300. .0.0390 _0_0.1160. 

7 .0,0113, .0.0113, .0.0113... .0.,. .0,0387. 

0.0300. .0.0300. .0.0390 _0.. ..0.1160. 

8 .0.0154. .0.0154. .0.0154... .0,.. .0.0218. 

0.0403. .0.0403..0.0493 _0_ 0.0704. 

0.0.0220. .0.0220, .0.0220 _0_0.0160. 

0.0802. .0.0802. .0.0802... .0 _0.0490. 

10. 0.0160. .0.0160. .0.0160 _0_0.0210. 

0.0513. .0.0513. .0,0513... .0 _ 0.0690. 

11 .0.0161. .0.0161. .0.0161.., .0... .0.0214. 

0.0508. .0.0508. .0.0508... .0... .0.0697. 

12 .0.0161. .0.0161. .0.0161,.. .0... .0.0214. 

0.0508. .0.0508. .0.0508... .0... .0.0697. 

18.0,0161. .0.0161. ,0.0161.,, .0.., .0.0214. 

0.0508. .0.0508. .0.0508 _ 0... .0.0697. 

14 .0.0161. .0.0161. .0.0161,.. .0... .0.0214, 

0.0508. .0.0508. .0.0508 _ 0....0.0607. 

15 .0.0161. .0.0161. .0.0161_0... .0.0214. 

0.0508..0.0508..0.0508....0....0.0697. 

16 .0.0161, .0.0161. .0,0161,.. ,0.,. .0.0214, 

0.0508..0.0508..0.0508....0....0.0607. 

17 . 0.0860. .0.0848. .0.0539 _0_0.0096. 

0.282 ..0.275 . .0.1776...,0....0.0384, 

* Upper figure is resistance, lower figure is reactance. 


.0.0545 

.0.1640 

.0.0545. 

.0.1640. 

.0.0295. 

.0.0946. 

.0.0204. 

.0.0642. 

.0.0280. 

.0.0025. 

.0.0282. 

.0.0934. 

.0.0282. 

.0.0934. 

.0.0282. 

0.0984. 

.0.0282. 

.0.0934. 

0.0282. 

0.0084. 

0.0282. 

0.0984. 

0.0113. 

0.0300. 


.0.0065 

,0.306 

.0.0205..0.0500 

.0.0946..0.1570 

.0.0204..0.0311..0.0422 

0.0642..0.0935..0.305 

0.0280..0.0472..0.0356..0.0656 

0.0925..0.1527..0,1084..0.218 

.0.0282..0.0483..0.0830..0.0584..0.0890 

0.0984..0.1644..0.1048..0.201 ..0.296 

0.0282..0.0483..0.0339..0.0684..0.0892..0.1130 

0.0984..0,1644.,0.1048..0.202 ..0.297 ..0.372 

0.0282..0.0483..0.0889..0.0584..0.0892..0.0960..0.1021 

0,0984..0,1544..0,1048,.0.202 ..0.297 ..0.312 ..0.336 

.0.0282..0.0483..0.0339..0.0584..0.0892..0.0945..0.1007..0.1022 

0.0934..0.1544..0.1048..0.202 ..0.297 ..0.310 ..0.332 ..0.838 

0.0282..0.0483..0.0389..0.0584..0.0892..0.0942..0.1001..0.1001..0.1230 

0.0934..0.1544..0.1048..0.202 ..0.297 ..0.810 ..0.330 ..0.330 ..0.427 

0.0282..0.0483..0.0339..0.0584..0.0892.,0.0942..0.1001..0.1001..0.1230..0.1350 

0.0934..0.1544..0.0148..0.202 ..0.297 ..0.310 ..0.330 ..0.330 ..0.427 ..0.493 

0.0118..0.0154..0.0220,.0.0160..0.0161..0.0161..0.0161..0.0161.,0.0161..0.0161..0.0900 

0.0890..0.0498..0.0802..0.0613..0.0608..0.0508..0.0608..0.0508..0.0608..0.0508..0,304 
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Example II 

A practical application of the previous 
theory was made to a somewhat simplified 
representation of the 110 -kv transmission 
S 3 rstem of the Niagara Mohawk Power 
Corporation. Although the resistance- 
reactance ratio is fairly uniform through¬ 
out the system, the interconnected New 
York State Electric and Gas Corporation 
system has been replaced by a reactance 
equivalent so that the effect on losses 
in the Niagara Mohawk Power Cor¬ 
poration from interchange power with 
the New York State Electric and Gas 
CajT)oration may be estimated. Fig; 4 
is a combined impedance diagram ari<i 
base ca^ load study, 

psweg^o was chosen as the swing 
inachine, and the open-circuit self- and 
mutual impedances of the generators 
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with Oswego grounded were measured 
On the network analyzer, the results 
being presented in Table VII. Incre¬ 
mental loss coefficients were then cal¬ 
culated, assuming that all generators 
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had Q/P ratios equal to zero excepi 
Huntley, Dunkirk, and Albany, 
slopes of their P-Q characteristics i 
used for these plants, the respective va 
being -0.266, -0.255, and - 0 . 
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Table VIII. Inaemental Lots Coefficients for nm System 
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The Anm coefficients are presented in 
Table VIII. New total loss coefficients 
were then calculated from the incre¬ 
mental loss coefficients, the results being 
presented in Table IX. 

Several load studies were made to 
determine the inoremental losses when 
generation was exchanged between 
Oswego and another generator. The 
losses were calculated by each of the 
following methods: 

1. Brownlee formula, equation 8 . 

2. Incremental loss formula (Anm coeffi¬ 
cients). 

3. New total loss formula (Bnm coeffi¬ 
cients). 

4. Kirchmayer total loss formula. 

In addition, the incremental transmitted 
power was calculated by equation 7. 
The results are presented in Figs. 5 
through 12 along with the actual losses 
found by summing the PR loss in eadi 
line and the actual incremental trans¬ 
mitted powers. 

An arbitrarily selected criterion for 
judging the accuracy of the various 
formulas was that incremental rates 
should be accurate to at least 1/lOthmil 
per kilowatt-hour at the 4-mil level. 
According to equation 26, this means 
that the allowable discrepancy between 
actual and calculated incremental losses 
should not exceed 2.6 megawatts (mw) 
for a 100-mw swing of generation. This 
criterion is satisfied for all swings except 
for Dunkirk and Binghamton. For the 
Dunkirk swing and the new total loss 
formula is outside the acceptable range, 
but the Brownlee and the incremental 
formula are just inside. Apparently the 
interaction between Dunkirk and Huntley 
is causing the Brownlee formula to give 
somewhat erroneous results. For the 
Binghamton swing the Brownlee and 
the incremental formula are just on the 
borderline. The new total loss formula 
is outside the acceptable range. The 
failtire of the Brownlee formula in this 
case is ascribed to the unrealistic as¬ 
sumption of pure reactance tie lines. 
Also of interest is the fact that the 
voltage in the neighborhood of Deerfidd 
had to be raised with increasing Deerfield 
generation to prevent the gena*ators 
there from operating at a leading power 
factor. The accuracy of the Brownlee 
formulas is still good in this case, but a 
definite error in the incremental trans¬ 
mission formula is observed. 

A final test of the formulas was made by 
scaling all loads to 70 per cent of their 
value in'Fig. 4. Two load studies were 
made in which some of the Oswego 
generation was swung to Huntley. The 
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RATION - MW. Pjg_ 9 ^ Comparison ol actual and calculated losses for exchange 

Fig. 5, Comparison of actual and calculated losses for exchange of generation between Rochester Gas and Electric Corporation and 
generation between Albany and Oswego Oswego 


— Network analyzer values # New total loss coefficients 

O Brownlee angle formulas A Kirchmayer coefficients 

X Incremental loss coefficients 

These symbols also apply to Figs. 6 through 12 



FIs. 6. Comparison of actual and calculated losses for exchange of 
generation between Huntley and Oswego 



Fig. 9. Comparison of actual and calculated*losses for a varying 
Massena net load supplied from Oswego 
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Fig. 11. Comparison of actual and calculated losses for exchange of 
generation between New York State Electric and Gas Corporation and 

Oswego 
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®^CONSOU DATED EDISON INTERCHANGE TO NMPC-MW 

12. Comparison of actual and calculated losses for an exchange 
of generation between Consolidated Edison and Oswego 


results are shown in Table X. It is 
seen that the Brownlee formulas and 
the incremental formulas are in good 
agreement with the actual values. The 
Kirchmayer formula gives a somewhat 
closer agreement with the actual total loss 
than does the new total loss formula, 
although both are satisfactory. 

In all test cases, then, the Brownlee 
formulas and the incremental loss formula 
displayed acceptable accuracy for eco¬ 
nomic scheduling purposes. As must be 
expected from the approximations in 
its derivation, the new total loss formula 
is less accurate than the incremental loss 
formula. The Kirchmayer total loss 
formula provided an excellent correlation 
with the actual losses. 

Conclusions 

On the basis of the preceding theory 
and numerical cases, it is concluded that 
the Brownlee theory and the new loss 
formulas are applicable to practical 
electric utility systems at least in those 
cases where all important transmission 
is at the same voltage level. The 
Brownlee formulas appear to be about as 
accurate in most cases as the Kirch¬ 
mayer Bnm coefficients. It has also 
been demonstrated that incremental and 
total loss coefficients can be obtained 
with considerably less computation than 
has hitherto been possible, and that 
these coefficients display satisfactory 


accuracy except where a wide variation 
in reactance-resistan<» ratios is encoun¬ 
tered. It is hoped that others interested 
in the problems of economic scheduling 
will apply the theory developed in this 
paper and so determine for themselves its 
advantages and disadvantages. 

Appendix I. Derivation of 
Incremental Loss Coefficients 

The derivation of incremental loss 
coefficients, already outlined in equations 
19 through 22, is now presented. The 
correctness of the Brownlee formulas, 
equations 3, 4, and 6 , is assumed. Addi¬ 
tional assumptions are listed where needed. 

Continuing the use of the system in 
Fig. 1, the law of cosines and equation 9 
give 

7i*+Fs*-2Fx7* cos 
“(^iiIx+Zi3/3)(Z„*4*+Zi»*I,*)(33) 

Dififerentiating with respect to 0i and 
noting that only h is variable 

27i7j sin i.ei-ei)-=Zii^Zu*Ii*+ 

dSi 
‘ dI^** 

^i8%’^)+Zu*^(ZuJx-|-Zi,J,) (34) 

Ignoring the correction term in equation 16 
gives 

dPt 27x7, „ . , 




Table X. Results for 70-Per-Ceiit Load Level in Mw 


Incremental Losses 

Incremental 
Transmitted Power 


Total Losses 


Brownlee Incremental Actual 

Brownlee Actual 

Case 

New 

Total 

Kirchmayer 

Total 

Actual 

—2,41.._-2.90.-2,6... 

.78.1.82. 

2.,,. 

...27.2,, 

...23.9.. 

.26.0_ 

.26.2_ 

...26.7 

...24.1 


According to equation 11 

dJi*_ 1 -jBi* 

dBi "Zix* dSi “ Zii* 

Then, letting be the angle of Znm,- 
equation 85 becomes 

= -^1 7i I Ji I M - g0" 4. 

~ 7» I Is I •- gi+ttxa ~ 90 

2 jR i 

7t|2i| sin (^ 1 —tfi-)-aii)-{- 

^isl Vi \ 

^7j|Jg| sin ft+au) 1 

2 i?ix 

='j'^I 7 i|Jxl[sin( 0 i-ffi) cos ttii-f- 
cos (<;frx“"^i) sin auH" 


■^18 

■2^11 


^78|I,|x 

Kg 


[sin cos (Ot—h) cos axa— 

sin C^g—flg) sin (0t—0i) sin uig-)- 
cos (^g—Sg) sm (9g-—ffi) cos cKig-l" 
cos (08—ft) cos (ft—ft) sin axsIJ (37) 

Noting that Rnm “ | I cos 
A'nro = I Zntn I sin P„ = 7»1 In | COS 

( 0 «“^«)» and Qn““7jBl/jt| sin ( 0 »—^a), 
equation 37 finally becomes 

7i 


dpL _ 2Rn r. 

d0i |<^ul*L 

[cos (ft—ft).X^x 8 “l-sin (ft—ft)Pig] “H 


PiXn-QiRn+r^ PzX 

Kg 


Qt [sin (ft—ft ).X’i 3 —cos (ft—ft )i?x 8 ] 


] 


(38) 

Now, ignoring the correction terms in 
equation 17 


dPi-a ViVa 
ddi 

so that dividing equation 38 by equation 
39 gives 
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2Rn 


dPL 
dPi-t V 2 cos (e. 


- J^( hQi , mental loss formula may be written as 

'.-WlnV PiXnr 


dPf 


/ ] ^tmPn 


sta (fc-«(|!+|)]} C«) 

Equation 40 is exact in so far as the 
elimination of the correction terms in 
equations 16 and 17 is justified. It is not 
tweful unless reasonable assumptions about 
the constancy of the various terms f'an be 
made. As the simplest assumption, the 
usual practice of taking the terms as 
constats equal to their values in the bas e 
is introduced. Writing equation 40 
for the general case with several other 
generators or loads besides the first two 

dPx. 
dPi- 


m = i 


(47) 




(41) 


where 

Dm =2ICiiXita X 

/cos(em-ex)(l~SmKim)-h 

I _ sin(g^-gi)CJri«+r,„) 


VmVi cos (fil—di) 


— (42) 


with 

“ Qm/Pm and Kfim ~Rnm/^nm 

Equation 41 is not useful as it stands 
bemuse the summation is over all loads as 
well as all generators, the coefifident of 
gen^ator 2 being zero. The loads may be 
ehnunated and the power output of gener¬ 
ator 2 introduced if the usual assumption of 
proportional, constant power-factor loads 
IS made. Then, the summation over all 
loads may be replaced by a single term 
■KrPs whose magnitude is proportional 
to the total load P^. The constant of 
proportionality, Kg is not known, since 
no Dm coefficients have been calculated for 
the loads. However, it may be evaluated 
mdu-ectly from the base case. First tnair^ 
the substitution 


p,>--'£p. 


(43) 


where iV generators are assumed. Equa¬ 
tion 43 assumes that the total generation 
equals the total load with the system losses 
bem^r neghgible. Then, equation 41 be¬ 
comes 


All coefficients with «=Jlf are talroi^ as 0. 

Appendix II. Derivation of 
New Total Loss Coefficients 

The derivation of the new total loss 
coefficients from the incremental loss 
coeffidents is now presented. The theory 
behind the derivation is that the incre¬ 
mental loss formula may be used to cal¬ 
culate the^ total loss for some dispatch 
of generation by determining the incre¬ 
mental loss obtained every time a plant 
is changed from its base case value to its 
value in the dispatch for which the total 
loss is desired. Because the incremental 
loss formula concerns changes of generation 
at constant system loads, the total loss for 
a dispatch at a system load different from 
that of the base case cannot directly be 
calculated by the foregoing procedure. 
Therefore, an additional assumption is 
mtroduced, which is that, if all generations 
m the base case are multiplied by the 
factor k with a corresponding change in 
^ch load, the total loss is multiplied by 

corresponding to the assumption of 
fixed bus voltages, making currents and 
powers approximately proportional. Fol¬ 
lowing this assumption, the base case 
generation is scaled by the ratio of total 
generation in the dispatch whose loss is 
desired to the total generation in the 
base case. The incremental loss formulas 
are then applied to go from the scaled base 
case to the given dispatch. Since the 
incremental loss formulas were derived 
assuming a fixed system load, a slight 
additional error is introduced by neglecting 
the effect of incremental losses on the 
output of the swing machine when the 
various increments are found. 

The derivation is illustrated for a 4-plant 
system; the extension to a larger number 
^1 be e-rident. The incremental loss 
formula, with plant 4 being the swing 
machine, is 

dPi 


dPi. 


4 


im "m 


£ (.Dm-Kg)Pr, 




TO»1 


Kg is chosen so that dPL/dPi -2 has the cor¬ 
rect base case value, as determined from 

equation 5, which is rewritten as 


dPt 

dPi—i 


4 

y AsnjP m 


dPi, 

,j^^^2KnU.nidi-e2) (45) 

Equation 44 may be rewritten as 
dPb An 

(46) 

. «»<=i 

wth the summation extending only over 
the^ generators. A similar equation can be 
derived for each pair of generators, but 
only the iV -1 equations between one 
gen^ator arid all others are necessary. 
Letting M be the <^osen plant, the incre- 




(48) 


Base case powers and power loss will be 
indicated by the subscript 0 . Define the 
ratio fe by 

Pfn /^ ] Pmo (49) 

f tn='i 

^d define the difference in power outputs 
between the case for which the total loss 
IS desired and the scaled base ca% sls Pm 

Pm^Pm ^Pfno (50) 

Th^, the desired power loss is found by 
applying the incremental loss formulas for 


finite increments. First, plant 1 is changed 
from its scaled base case value to its fina l 
value, the incremental loss being calculated. 
The decrease in P 4 is assumed equal to the 
increase in Pi. This is repeated for plants 
2 and 3. Thus 

Pi = ^*Pi0-f-|^ylll^^Pj^-f-^^ +Ai2JfeP2o-f 

•4 likP^o+Au^Pio —Jpi + 


+ 

p2+ 


j^.42l(^Plo+pl)H-.<422^^Pj!0+~*^ 
A2zkPio+An(^Pto-Pi -•f 

^■4 ii(,kP\o-\-pi)+A at(JiP3o +P 2 )+ 
Ait(^Pto+^^+Au(^Pu>— pi—Pi— 
= AimPmo+ 

' mmi 

* 4 

^P^ j^^A2mPtiu>~i’kpt AsmPmi>~i~ 

»»™i m^i 

(1/2)(A„-Ai4)Pi*+(1/2)(^22- 
A24)p2^~i~(l/2)(A33—Asi)Ps^-j- 
(.4 21—A 24 )P2Pl+(.4 SI — .(4 84)P8Pl+ 

(432 —.< 454 )^ 3^2 (51) 

If in equation 61, equation 60 is sub¬ 
stituted for Pm and equation 49 for k and 
the expression simplified 


^imPmo~ 

(4u—4 l 4 )Pw — (.4 21 — 4 24)P20 — 


'W"! / \m-il 

Aw“Au)P 10—(421— 

4,i-A34)P8o) ^Pm/y^fPm 

/m = i / TO-,1 

^ V AimPmo~(A2i‘~Agi)Pio 

^■22 Au)P 20“(432—484)P8o^ ) 

2 ^^mo+PzC^AgmPfM- 

m“i ' TO=>i \mo>i 

» (482—4S4)P2o — 

7 W*! / OT = l 


(Asi A3t)P]0 — (A33—A34)Pso-- 
\ 

(488-4,4)p,o) xy.Pmfy: Pmo+ 


(1/2)(4ii--Ai4)Pi*+(1/2)(.422- 

424)P2*+(1/2)(438—484)P8*+ 

(421—424)P2Pi+( 4 , 1 —.4 34 ) X 

-P8Pi+( 432-484)P»P2. (52) 
where C is a constant involving the base 
case power outputs and power loss. It will 
be determined indirectly. Now define 
the quantities 

.^-/4n4Pi»o+ (Anm~~Amn~{-Am*)Pmo 


i»«i 


«“»+! 


2^^Pmo 
m=t 
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Table XI. Generation and Load Data/ Mw 


The numerator in equation 63 is the same 
as the quantities in parentheses in equation 
62. Then, equation 52 may be written as 

4 4 

y ^ ] PffinmPm (54) 

« = 1 TO = 1 

where for 

“-Bmn = C+Ctt+a„+(l/2)(u4««,—.(4n4) 

( 55 ) 

It is seen that C is identical with 
Bu is found by making equation 64 fit the 
base case loss. Thus, choose Bu so that 

4 4 

PnojBnm~P*A)Pmo + 

«=l »»«=i 

4 4 

^ ^ PnoPmo (56) 

n"i m = i 

Generalized to the case of N plants, the 
foregoing derivation is outlined in equations 
29 through 32. 
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Case 



1 

2 * 

3 

4 

5 

Twin branch G1 . 


... 93.0.... 

....144.0. 

... 196.0. 

.. .. 244.0 

Fort Wayne, G2 . 

. 86.0.... 

... 46.0.... 

.... 13.2. 

...-20.9__ 

_-64.2 

Portsmouth G3 . 

.73.6_ 

... 51.5_ 

_ 34.6. . 

1 A 2 

4 9 

Subtotal. 

.203.3_ 

...190.5_ 

. ..191.R. 

IflS 3 

194 7 

Less actual losses. 

. 8.0.... 

... 3.7.... 

.... 2.7. 

... 4.7. 

9.7 

Net indicated load. 

.196.3_ 

...186.8.... 

....189.1. 

... 187.6. 

... 185.0 

Set load. 

.186.4.... 

...186.4.... 

....186,4. 

... 186.4. 

... 186.7 

Closing error. 

. 8.9.... 

... 0.4.... 

.... 2.7. 

... 1.2. 

... -0.4 


Base case. 


Table XII. Arithmetical Calculation of Incremental Losses 


System Loss, Portsmouth to Fort Wayne, Mw 



Base Case, 

With 0.1 Mw 

With 0.1 Mw 

Line Section 

No. 2 

to Ft. Wayne 

from Ft. \ftayne 


Portsmouth-Muncie.3.170222.3.182298 . 3.168176 

Munde-Fort Wayne.0.061899.0.052294 0.061612 

Muncle-Marion.0.069542.0.070021. 0.069066 

Marion-Fort Wayne.0.060635.0.060383 . 0.060689 


3.842198 8.354601 3.829443 

Loss differences...0.012793.-0.012766 

Incremental loss (average).0.12774 per unit 


Table XIII. Comparative Calculations of Incremental Loss, Portsmouth to Fort Wayne (Plant 

3 to Plant 2) 


Per Cent 


Actual Incremental loss (from Table XI)..0.1277 or 12.77 

Direct phase-angle calculation, ec^uation 18 (ref. 1 of the paper) 

4 X 8.66 X 0.12367 

(3.66+0.124)1 “..0.1268 or 12.68 

Kew (Cahn) total loss constants 

Af« = 2(0.616X0.1673+0.9S(-0.0173)+0.46(-0.0001))« 0.14006 

M*=.2(0.46X0.0118+0.93(-0.0052)+0.616(-0.0001))- 0.00108 

M«*-(0.14005 —0.00108) + (l—0.00108)- 0.1391 or i8.91 




Discussion 

W. R. Brownlee (Southern Services Inc., 
Birmingham, Ala.): In his justification of 
the phase-angle method, the author has 
derived certain correction terms appearing 
in equations 16 and 17. It appears that 
these are based on constant current from 
the third generator. In an actual power 
system, the current from this generator 
would vary, especially in its phase position, 
since the phase angle of the bus voltage at 
generator no. 3 would move forward as 
required to keep its power output constant 
when generation is being increased at plant 
1 and reduced at plant 2. This influence 
may be quite difficult to introduce in equa¬ 
tions, but I am confident that full recogni¬ 
tion of this fundamental fact of power 
system performance would reduce the mag¬ 
nitude of the correction terms to a negligible 
value. 

In his conclusion, the author avoids a posi¬ 
tive assertion that phase-angle equations 
and the new loss constants based thereon 
are applicable to systems with superposed 
high-voltage transmission. It is believed 
that this lack of complete confidence may 
arise from Fig. 11 where power is exchanged 
between Oswego and a foreign system. The 


foreign ties have been represented, as shown 
in Fig. 4, by pure reactance. My previous 
paper (ref. 1 of the paper) had only a brief 
mention of the use of a pure reactance line for 
a foreign path. This concept has been found 
quite usrful to det<amine the incremental 
losses between two plants on a particular sys¬ 
tem when some 26 per cent of the inter¬ 
change between these plants may pass through 
a foreign system. However, when this ex¬ 
pedient is utilized, as the author has done 
in Fig. 4, the system then becomes of the 
line type with a high-reactance path between 
plant 9 and the intermediate generation 
and the usual reactance-resistance ratio 
from this equivalent intermediate plant to 
plant no. 4. This system should be so 
treated by assigning all of resistance in¬ 
dicated between plants 4 and 9 to a section 
between plant 4 and the equivalent inter¬ 
mediate plant, assigning a reactance to this 
section based on the ratio shown between 
plants 3 and 4, and assigning the remaining 
reactance from the intermediate plant to 
plant 9. Such a calculation results in an 
indicated loss between the base case and a 
flow of 49.5 mw to Binghamton of 6.46 mw, 
or a total loss of some 36.6 mw, which is 
only slightly above the actual loss curve of 
Fig. 11. This illustrates the flexibility of 
the direct phase-angle method for dealing 


with high-reactance paths. 

The formulas in this paper make use of 
incremental loss referred to the average of 
sending end and receiving end power, 
whereas previous analyses have referred 
this loss to the designated terminal. With 
the proper designations followed, the 
author’s equation 26 is equivalent to equa¬ 
tion 11 of my earlier paper (ref. 1 of the 
paper). However, the approximations 
shown as equation 27 may not be justifiable 
for substantial angles. For example, with 
an incremental loss from one plant to an¬ 
other of 30 per cent, the economic fuel ratio 
by equation 26 would be 1.429, whereas, hy 
equation 27, it could be either 1.363 or 1.648. 
To avoid confusion, it is suggested that a 
bar be used over the letters representing 
average sending and receiving power or in¬ 
cremental losses referred to such power as 
dPia or Mii. 

An interesting comparison of the use of 
constants calculated has been provided by 
the new method and those advocated by 
Glimn, Habermann, Kirchmayer, and Stagg 
(ref. 4 of the paper). The author states that 
the total losses are derived more accuratdy 
by the new method (based on phase angles) 
when compared with earlier methods which 
made no use of phase-angle incrementals. 
The information in Fig. 3 provides incom- 
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O BROWNLEE ANGLE FORMULAS 


X incremental loss coefficients 


A NEW TOTAL LOSS COEFFICIENTS 


A kirchmayer coefficients 


- I wuRK ANALYZER VALUES _ 

O BROWNLEE ANCLE FORMULAS 
X INCREMENTAL LOSS COEFFICIENTS 
A NEW TOTAL LOSS COEFFICIENTS 
A KIRCHMAYER COEFFICIENTS 



130 140 150 160 

DUNKIRK generation-MW 




30 -20 -10 o ,0 20 30 40 50 60 

Rg. 13. Comparison of actual and calcuUteJ I * "^^SEs interchange to nmpc-mw 

plate suDoort nf+1,}= __ ... . * «nav./$wego 


plete support of this assertion. Two of the 
points shown are definitely bettJ bv ^ 

side of the figure appears to show betf«»r 

How- 

» this point IS in serious error in the 
paper, as is shown in Table XI. The dis 
^epancy indicated for case 1 amounte to 
over 4 pa^t of the total syet^SS .nd 
ieereate than the total 

steJ^h^ would not be expected that a 

?rrp.raX^-“€ 

^A ow better con-elation than the earUer 

total loss 

constants may be made by comparing the 
Sr lo^es between pairs of plants of 

incremental loss from 
ortsmouth to Fort Wayne was calculated 
by supposing a flow of 0.1 
^uto tow^d Fort Wayne, with the pro^r 
j^nge in lalovar flow, and calculating Sie 
section before and aften A 
^ilar analysis gives the change in loss for a 
Portsmouth from Fort 
Wayne, the average value being a genuine 

™ provides detail^ 
XIII shows 

^e (^Icularton of the incremental losses by 

constants. The new constants yield a 

cuwtiy by phase angles is closer to the 
actual mcremental loss. ® 

The new method presented has several 

published 

previously. The denvation of the con- 

simpler, and some of the 

SJ?e iHtin are avoided, 

mere is still a suspiaon of w' although the 

tr^cherous Q/P ratio has been properly 
relegated to the background. Finally the 
^ ^^dence of the gro^ng 
convi^on that adequate co-or dina tion of 
fuel and ttansmisaon requires loss constants 


A. F Gliim and L. K. Kirchmayer (General 
^ectnc Company, Schenectady, N. Y.V 

tHa commended for his 

toorough Malysis of and his contributions 

loss^^*in^en°^ calculating transmission 
iiQf A tv ffcacral, good loss formula results 

therZuU^ # particularly gratifying that 
fownnS of the so-caUed Kirchmayer 
fomula give the best correlation between 
cdculated losses in the study of 
the Niagara Mohawk system. 

r obtained by the simplified 

Cahn formulas and the Brownlee formula 
appear to be in error principaUy iTthe 
s^gs between Oswego and Dunkirk and 
Oswe*„ and Ne^ York State fflSS Sd 


^.1 swing of approxi 

mately 80 mw^ Fig. 13. the error in the 
change in loss by the Kirchmayer formula 
w^ neghgible. The error was 2.2 mw by 
the Brownlee formula. 2.5 mw for the 

for loss formula, and 3.8 mw 

for tl^ Cahn total loss formula. In Fig. 14 

YorkStatr^ Oswego and New 

the errA?*^ ^t*^*^*^ ^ 5®®“ that 

mw swmg was 3.6 mw for the Brownlee 
«•» «» for the Cahn in^SS 
loss formnla, 42 for the Cahn SS w 

fomS: ® ® Kirehmayer 

These wors result chiefly from the fact 
Brownlee formula nor the 
^phfied Cahn formulas correctly consider 
toe effects of intermediate load and gS^a- 

have d§S 
reactance-resistance ratios. Inspection of 




WSUfKsm 





MW NET OUTPUT 


fig. 15. Incremental fuel cost curves for station P7 
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Table VII shows that variation in reactance- 
resistance ratio need not be excessive to 
produce such errors. 

The .nature of these discrepancies has 
been previously pointed out in our dis¬ 
cussion last year of Mr. Brownlee’s paper 
(see ref. 1 of the paper). Mr. Cahn has 
contributed to a proper unders tanding of the 
Brownlee approach through means of equa¬ 
tions 16 and 17, which also indicate the 
nature of the errors introduced by the 
Brownlee method. These equations, al¬ 
though derived for slightly different assump¬ 
tions than used by Glimn and Kirchmayer, 
can be employed to calculate the error 
curves involved in the application of the 
Brownlee formula as presented in our 
discussion of the Brownlee paper. The 
K-irchmayer formula does not rely on any 
assumptions with regard to the reactance- 
resistance ratios of the lines in the system. 
The errors illustrated by Mr. Cahn’s study 
are usually significant in systems in which 
the transmission lines are at different volt¬ 
age levels and in which transformers ap¬ 
pear. 

^ Has the author had an opportunity to use 
his more exact approach in his study of the 
Niagara Mohawk system? 



Travers (Ohio Edison Company, 
Akron, Ohio) and R. W. Long (Westing- 
house Electric Corporation, E. Pittsburgh, 
Pa.): Mr. Cahn has done an admirable 
job of extending Mr. Brownlee’s work in the 
development of loss formulas to the form in 
which this theory can be used in system 
operation and in economic dispatching. 
The methods of approach used by both 
Mr. Brownlee and Mr. Cahn are unique 
and depend to some extend on intuition. 
Therefore, for a complex system, it is not 
feasible to present a rigorous mathematical 
derivation for the constants developed. 

Approximations of derivation are intro¬ 
duce when some of the mathematical terms 
of an expression are dropped with the 
reasoning that their numerical significance 
is negligible. This is a device frequently 
utilized in many branches of applied en¬ 
gineering and, when it is used, it necessitates 
setting up some criteria of accuracy for the 
final results. 

In this paper the "criterion for judging 
the accuracy of the various formulas was 
that incremental rates should be accurate 
to at least Vioth mil per kilowatt-hour at 
the 4-mil level.’’ In terms of the resulting 
power dispatched to a particular station this 
statement is somewhat ambiguous. If the 
slope of the increment curve is steep, a 
shift of ^/loth mil in incremental cost might 
mean a shift of 1 or 2 mw in power output. 
However, at lower loadings on that same 
station, a similar shift in incremental cost 
could change output by as much as 30 or 
40 mw. 

This suggests that possibly the point in 
the development of economic dispatching 
has been reached where the loss formulas 
are relatively more accurate than the basic 
fuel cost data. In the newer plants 
equipped with modem instrumentation in 
the steam end, it is possible to get well- 
defined input-output (kta from which incre¬ 
mental heat rate curves of good accuracy, 
can be determined. This is not necessarily 
tme of the older plants. 

In the co-ordination equations for eco¬ 


nomic dispatch recognizing incremental 
transmission loss, the predominant factor is 
the station incremental fuel cost. To illus¬ 
trate this, we have made a set of 11 eco¬ 
nomic dispatch solutions using erroneous 
data of various types, and calculated the 
resulting change in total fuel input cost to 
the system caused by these errors. 

Fig. 15 shows the correct incremental cost 
curve for one station as a solid curve. The 
dash curve is another increment cost curve 
determined from data which involved errors 
in reading superheat temperatures. Two 
system comparisons are made with these 
date. For a 1,062-mw system generation, 
this station should carry 203 mw. The 
erroneous curve, about 4 per cent in error 
at the 200-mw region, yields a dispatch 
which allocated only 197 mw to this station, 
a shift of 6 mw. These 6 mw were picked 
up over several other stations on the system, 
as shown in Table XIV, column A. All 


of these incremental shifts in generation were 
then evaluated at bus-bar costs, and the 
increased fuel costs at the other stations in 
picking up this 6 mw was $1.20 more than 
the saving in fuel cost resulting from un¬ 
loading station P7 by 6 mw. This value of 
$1.20 may seem smaU but, as an error of 
this magnitude persists, it integrates with 
time and can easly reach several thousand 
dollars a year. 

Another solution at the 596-mw system 
generation level where this station is loaded 
at 82-mw showed a shift of 12 mw, this time 
an increase in P7 load caused by apparent 
lower bus-bar cost of about 4 per cent. 
Here again, evaluation of the shifts at all 
plans showed a net increased cost to the 
S 3 rstem of $1.31, as shown in Table XIV, 
column B, In this example no correction 
has been made for the increased generation 
which would be necessary to carry the same 
customer load since losses have increased. 


Table XIV. Effect on Generation Dispatch and System Fuel Cost When Cost Curve for Station 
P7 Contains Error in Superheat Temperature 


station 


A 



B 


Economic Dispatch 
Solutions 

Change in 
Total Fuel 
Cost Caused 
by Using 
Erroneous 
Data for P7, 
Dollars 

Economic Dispatch 
Solutions 

Change in 
Total Fuel 
Cost Caused 
by Using 
Erroneous 
Data for P7, 
Dollars 

Using 
Correct 
Data, Mw 

Using 
Erroneous 
Data, Mw 

Using 
Correct 
Data, Mw 

Using 
Erroneous 
Data, Mw 

P/. 

... 240.0 ... 

... 240.0 ... 


...IBS 2 

164 3 

1$ 16 

P2 . 

... 29.3 ... 

... 29.8 ... 

....-1- 1.27 .... 

... 17.9 ... 

... nio ' 


P3 . 

... 169.0 ... 

... 160.5 ... 

....+ 1.38 .... 

... 98.1 ... 

... 96.4.... 

_- 2.94 

P4 . 

... 0 ... 

0 ... 


0 

A 


PS . 

... 124.0 ... 

... 124.7 ... 

....-1- 1.69 .... 

... 96.3 ... 

!.! 94.1... 

_- 2.13 

P6 . 

... 129.0 ... 

... 131.3 ... 

....+ 6.68 .... 

... 74.9 ... 

... 74.6... 

....- 0.63 

P7 . 

... 203.0 ... 

... 197.0 ... 

....-14.43*.... 

... 82.4 ... 

... 94.6... 

....-i-23.07* 

P8 . 

... 26.6 ... 

... 27.3 ... 

....+ 2.41 .... 

.... 14.8 ... 

... 14.8... 


P9 . 

... 4.9 ... 

... 4.9 ... 


_ 4.6 , 

4 ^ 


PIO _ 

... 61.6 ... 

... 62.4 ... 

....+ i.76 .... 

_ 24.8 ..! 

24!8!!. 


Pll _ 

... 76.0 ... 

... 76.2 ... 

....+ 0.64 .... 

.... 20.0 ... 

... 20.0..., 



1062.2t... 

....1062.2t... 

....-1- 1.20. 

....696.lt... 

....696.1..., 

.H- 1.31 


* Evaluated at correct fuel cost. 

t Blspatch data not corrected for changed system losses. 
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table XV. 


tttecl on Generation Dispatch and System Fuel Cost r * o 

Y m ruei Jf Wh«n Co,t Curve for Station P2 Contains 


.#-r«r-\.enr error 



Station 


Sconomic Dispatch 

Using Using 

Correct Erroneous 
Data, Data, 

Mw Mw 


Change in 
Total Fuel 
Cost Caused 
by Erroneous 
Data for P2, 
Dollars 


Economic Dispatch 


Using 

Correct 

Data, 

Uw 


Using 

Erroneous 

Data, 

Mv 


Change in 
Total Fuel 
Cost Caused 
by Erroneous 
Data for P2, 
Dollars 


Economic Dispatch 

Using Using 

Correct Erroneous 

Data, Data, 

Mw 


Change in 
Total Fuel 
Cost Caused 
by Erroneous 
Data for P2, 
Dollars 



* Evaluated at correct fuel cost. 

T.bl.XVI. 

_ olCo.1 


Station 


Pi, 

P2.., 

P3 ...; 

P4 . 

PS . 

P6 . 

P7 . 

P8 . 

PP. 

PlO . 

Pll . 


Economic Dispatch 
Using 

Correct Erroneous 
Data, Data, 

Mw Mw 


.134.3.... 
. 82.6_ 

• 70.7.... 

• 61.6..,. 

. 60.0..., 

.109.3. 

. 20.0 . 

. 18.0. 

26.0. 

6.0 . 

16,0. 


....130.3. 
06.0. 
67.0. 
66 . 8 . 
60.0. 
108.7. 
20 . 0 .. 
18.0.. 
26.0.. 
6.O.. 
15.0,. 


Change in 
Total Fuel 
Cost Caused 
by Erroneous 
Data for P2, 
Dollars 


.- 6.42 
..+21.69*,. 
6.94 .. 
- 7,71 .. 

.- 0 , 97 ".’. 


B 


Economic Dispatch 

Using Using 

Correct Erroneous 
Data, Data, 

Mw Mw 


601.4.601.8. 

12.2. 12,6 


..215.3. 
..142.1. 
.. 92.2. 
.. 98.4. 
.127.8. 
.138.9. 
.. 62.0. 

. 18.0., 
. 23.0.. 
. 6 . 0 .. 
. 17.8.. 


. 212 . 0 , 

.169.2. 

. 91.7. 

. 97.1.. 
. 121 . 8 .. 
.137.8.. 
. 49.4,. 
. 18.0.. 
. 25.0.. 
. 6 . 0 .. 
. 17.2.. 


Change in 
Total Fuel 
Cost Caused 
by Erroneous 
Data for P2, 
Dollars 


...- 6.62 . 
...+32.78*.. 
...- 0.99 ., 
... - 2.67 ,. 
..-12.13 ., 
..- 2.23 .. 
5.80 .. 


- 1.69 .... 


. + 0.86 .... 


Economic Dispatch 

Dsing Using 

(^rrect Erroneous 

Data, 

Mw Mw 


' Change in 
Total Fuel 
Cost Caused 
by Erroneous 
Data for P2, 
Dollars 



240.0. 
169.0. 
136.8. 
126.2. 
182.9., 
146.0. 
72.7, 
26.6., 
62.1.. 
6.9.. 
33.0.. 


240.0 

172.6. 

136.6. 
126.0. 
182.0. 
146.0 

72.1 

26.2. 

61.6. 

6 . 8 .. 

32.9.. 


.. +8.04* 
..- 0.68 
.. -0.46 
.-2.08 


.1191.1. 

44.2.. 


.1191.6. 
. 44.7 



+0.26 


•1146.9.1146.9 


T«W« XVII. 


Elf«c( on G„„rtl«, Dhpatel, SyrtM, F„,| C«( Wk®. All B r» . ua 

«. Wh« All B Con«.»k to suBon P2 A« fc, ,0 P„ 



Station 

Using 

Correct 

Data, 

Mw 

Using 

Erroneous 

Data, 

Mw 

Total Fuel 
Cost Caused 
by Erroneous 
Data for P2, 
Dollars 

Using 

Correct 

Data, 

Mw 

Pi.... 

PZ . ’■ 

P3... .■■ 

P4... 

PS........ "" 

PS....... 

P7....... ■■■’ 

PS........ 

PP. ■■ 

PlO...:...., ■■■ 
Plli ■' 

.134.3..., 
. 82.5.... 

. 70.7.... 

. 61.6,... 

• 60.0,... 
.109.3.... 

. 20.0.... 

. 18,0,... 

. 25.0,,.. 

. 6.0..... 
16.0,.., 

...,132.8 _ 

.... 88.6 .... 
.... 68,9 .... 

.... 69.4. 

.... 60.0 .... 

...109.0 _ 

... 20.0..... 

... 18.0 . 

... 25.0 __ 

... 6.0 ..... 
... 16.0 ...;. 

.-3.64. 

.... -0.49..... 

...216.3.. 
...142.1.. 
... 92.2,, 
... 98.4.. 
...127.8.. 
...138.9,. 
... 62.0... 
... 18.0... 
... 23.0... 
... 6.0... 
.. 17.8.,i 

Doss........ 

601.4. 

12.2.... 

...601.6 ;.... 
... 12.4*. 

....+0.21. 

..932.6,,. 
.. 32.4 

Net load..... 

689.2...., 

...589.2..,,,, 


..900,1... 

♦ Ixksses evaluated 

using correct B constants. 




Using 

Erroneous 

Data, 

Mw 


..213.3 
..162,1 
.. 91.8 
.. 97.4 
..123.6 
.138.2 
. 60.6 
. 18.0 , 
. 25.0 . 
. 6,0 . 
. 17.8 . 


Chaugein 
Total Fuel 
Cost Caused 
by Erroneous 
Data for P 2 , 
Dollars 


...- 3,96... 
...+19.81... 

.. .- 0.79... 
...- 1.98... 
..- 8.60... 
..- 1.42... 
..- 2.46.... 


Economic Dispatch 


.933.1 . 
. 83.0* 


.900.1 


.+ 0.70..... 


Using 

Correct 

Data, 

Mw 


.. 240.0. 
.. 169.0. 
.. 136.8. 
.. 126.2., 
.. 182.9.. 
. 146.0.. 
. 72.7.. 
. 26,6.. 
• 52.1.. 

. 6.9.. 

. 33.0.. 

.1191.1.. 

. 44.2.. 

.1146.9.. 


Using 

Erroneous 

Data, 

Mw 



Change in 
Total Fuel 
Cost Caused 
by Erroneous 
Data for P2, 
Dollars 


... +6,165 
... -1,13 
. ..-0.46 
...-2.64 

. ..r-0.78 
.. -0.72 
..— 0.66 


...+0.65 

..+0.03 


.1146.9 
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This correction would tend to increase the 
magnitude of the error. 

Fig. 16 shows similar incremental cost 
curves for another station. In this case, 
the error is caused by a 5-per-cent error in 
slope of the incremental heat rate curve.- 
This type of error can easily occur, since these, 
heat rate curves are plotted from test data 
and are usually someone’s judgement as to 
the best curve which fits a cloud of test 
points. Here the solutions are at system 
net load levels of approximately 600 mw, 
900 mw, and 1,160 mw. Using the erron¬ 
eous incremental cost curve, increased load¬ 
ings are obtained for P2 of 3.3 mw, 4.1 mw, 
and 2.2 mw respectively. Evaluating these 
shifts for total changes in system fuel cost 
results in increases of $.09, $.16, and $.23, as 
shown in Table XV, columns A, B, and C. 
At the points where these solutions were 
obtained, the bus-bar costs for station P2 
were in error by approximately 2 per cent 
or less. 

Fig. 17 again relates to station P2 and 
shows an error curve for a 6-per-cent reduc¬ 
tion in fuel cost. At the same system net 
load levels as before, the dispatches using 
this erroneous curve increase loading of the 



NYSEaS. interchange to nmpc-megawatts 

Fig. 18. Comparison of actual and calculated 
losses for exchange of generation between 
New York State Electric and Gas and Oswego 

— Actual 

O Modified Brownlee 
X Revised incremental 


station by 13.3 mw, 17.1 mw, and 3.6 mw 
respectively. Because of this error in fuel 
cost at station P2, the fuel cost input to the 
system was inaeased by $.65, $.85, and 
$.26, as shown in Table XVI, columns A, 
B, and C. 

Station P2 has the highest over-all incre¬ 
mental transmission loss penalty of any 
station on this system. Therefore, all the 
B constants relative to this station were 
arbitrarily reduced by 10 per cent and new 
dispatches were obtained for the same three 
levels of system net load as before. The 
resulting increases in loading of P2 were 
6.0 mw, 10.0 mw, and 2.6 mw and the 
changes in fuel cost to the system were 
$.21, $.70 and $.03, as shown in Table 
XVII, columns A, B, and C. 

From these data it is apparent that a 
change of 10 per cent in a group of B con¬ 
stants is less serious economically than a 4 
to 6-per-cent change in a plant incremental 
fuel cost, and in one comparison less serious 
than a 2-per-cent change in fuel cost. 
Based oh these data, it appears desirable 
for the steam production people to examine 
their methods more dosdy so as to give 
better basic cost data for use in economic 
dispatching. 

By the same token, however, efforts 
should be made to obtain better loss 
formulas because there are many instances 
where these formulas are being iwed to 
determine incremental losses for sale power, 
and these incremental losses are then 
used in billing calculations. For this latter 
purpose it is still necessary to strive for 
the highest accuracy possible in these B 
constants. 


C. R. Cahn; I am grateful for the interesting 
and informative discussions. Mr. Brownlee 
has rightly indicated that the correction 
terms in equations 16 and 17 assume con¬ 
stant current at all generators other than 
the two between which generation is ex¬ 
changed, An attempt to hold constant 
powers at the other g^enerators leads to great 


analytical complication, and it becomes 
difficult to draw any general conclusions 
from the results. In some simple cases, 
however, the correction terms in equations 
16 and 17 have been shown to give reason¬ 
ably accurate corrections to the basic 
Brownlee formulas, 

Mr. Brownlee points out that a study of 
Table I shows a system load nearly 9 mw 
more for case 1 than for the base case. Ref¬ 
erence to the original load study shows that 
the increase at each load was not propor¬ 
tional to the base case load power. Correct¬ 
ing the load distribution results in only an 
0.2-mw increase in losses so that the 
Kirchmayer-Glimn formula is still the more 
accurate one for this case. 

Mr. Brownlee has contributed a powerful 
and simple method of extending his basic 
formulas to obtain more accuracy in the 
frequently recurring situation of a line- 
type system with different reactance- 
resistance ratios in the various sections. A 
single intermediate bus may be assumed 
with an appropriate division of the total 
resistance and reactance being made to the 
two sections. The incremental losses are 
then computed separately for each of the 
sections. 

Illustration of the foregoing is given for 
the Binghamton and the Dunkirk genera¬ 
tion swings for which the basic Brownlee 
formulas gave somewhat unsatisfactory re¬ 
sults, as shown in Figs, 7 and 11. For the 
Binghamton swing, the total impedance is 
divided into j0.1670 between Binghamton 
and the equivalent intermediate bus and 
0.0422 -f j0.1380 between the intermediate 
bus and Oswego. The latter section has a 
reactance-resistance mtio characteristic of 
the main transmission system. The com¬ 
parison between actual losses and those 
calculated by the Brownlee formulas applied 
to each of the two sections is shown in Fig. 
18. In addition, a new incremental loss 
formula was obtained using the 2-section 
equivalent. Losses determined with the 
incremental loss formula are also shown in 
Fig. 18. 

For the Dunkirk swing the total imped¬ 
ance is divided into 0,0130 between Dun¬ 
kirk and the equivalent intermediate bus 
and 0.1290 -f j0,421 between the inter¬ 
mediate bus and Oswego. The latter sec¬ 
tion has a reactance-resistance ratio 
characteristic of the main transmission 
system. The losses in the zCTO-reaqtance 
section are calculated by 7*2?, assuming that 
the full output of Dunkirk flows in the 



Fig. 19. Comparison of actual and calculated 
losses for exchange of generation between 
Dunkirk and Oswego 

— Actual 

O Modified Brownlee 
X Revised incremental 
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incremental loss in the 
oth^ section is calculated with the Broira! 
lee foimulas. The losses calculated in the 
foregoing manner are shown in Fig. 19 alon? 

by a revised incremental loss formula. 

It is sem tiiat an excellent correlation 
between c^cukted and actual losses Tnow 
obtained for both genemtion swings Z 

appIicaSn S 

m the newformulas 

to the system shown in Fig. 4 . It is beUev^^,^ 
pse of the foregom/topro™^;^ 

application of S 
methods of the paper to systems with trans¬ 
mission hnes at different voltage levels inter- 
co^ected by transfoimer £ 

pomted out by Mr. Glimn and MrKir<^ 
rS usuaUy will have 

raSs. reactance-resistance 

The analysis by Mr. Travers and Mr. 


of the effect of various troes of errors 
“ loss formula 
coefficiMts on the economic dispatch is very 
interesting It is particularly welco^ 
ance I feel that no adequate discussion of 
w accmacy of a loss formula 

yet been advanced. The accuracy 
cntenon proposed in the paper is based on 
observations of actual utiHty practice. It is 

‘^ata presented 
by Travers and Mr. Long seem to 
support the proposed criterion. The re 
suits of Table XIV indicate a relatively W 
excess fuel cost when the increment mte 
of one plant is in error by about 4 oer cent 
^though Tabta XV. XVI. and wn do 

Tibia XIV it comparable with 

lame .JQV, it may be noted that Table XVI 

^Qt ? relatively large excess fuel 

cost when the incremental rate of one plant 
IS in wor 1^ 5 per cent. On the other 
hand. Table XV shows a quite small excess 


incremental rate is L 
^ Of course, thi 

^ be attnbuted to the parabolic nature o 
^e Monomc minimum, allowing smal 
deviations from the optimum dispatch witi 
neghgible error. wiu 

It is shown in Table XVII that a lO-oer- 

^ coefficients 

for plant 2 produces in two of three in¬ 
stances a negligible excess fuel cost. But 

^ 10-per-cent error 
m the co^aents means only a 2.6-per-ceut 
^or m the ^ciliated incremental rate so 
that the results are not unexpected. 

agrte that further research into the 
mpr^^tetibn of plant incremental ra^ 
IS de^ble to assure the accuracy with 

established in the 
ffice of such vanable factors as the cooKng- 

umt rate of the coal, etc. 


A New Approach to the Odiculdtion of measured values have a ce: 

^ . or degree of saturation which tenc 


Synchronous Machine 
Reactances—Part I 


M. E. TALAAT 

ASSOCIATE MEMBER AIEE 


Sywpsis: In Part I of this paper, the 2- 
rea,^ou theory of synchronous machinesi 

m^or^Jdfb ^ unexcited synchronous 
motor with one eqmvalent damper-windiue 
ormtm^chaxis. It is then ^own that 
ms syn^onous motor torque equation 

°f uniform 

^ gap and continuous damper to the 
torque equation of the induction motor as 
developed from its equivalent circuit * A 
PMamount criterion for the correctness of 
reactance equations 
“T syuchronous machines is their 

^uabihty m the special case of uniform 
^ gap and continuous damper to those 

dimensions and 
physicd constants are derived in this 

coupled circuits. 
^11 “ all of these equations 

®/a previously mentioned special 

damoer “r gap and continuous 

uuiversaUy given*.* for 
toe squirrel-cage mduction motor. These 
equations are then inserted in the definitions 

obt^S^h^^ subtransienl reactances 

obtamed by operational calculus methods.* 
The riomendature of this paper will be 
found in Appendix 1. 

^o^Parison will be made 
of ^culated transient and subtransient 

hSe^S^tbi^®^ equations given 

aS test and reference,* 

and tte discrepancies will be discussed, 
^n^encal samples of calculations of the 
r^ctances will be given, using in¬ 
formation based on the present paier. 


176 


^HERE have been many papers on 
■ steady-state and transient circuit 
analysis of synchronous machines, but 
relatively few presenting design equations 
for the constants which are used in the an- 
al:^cal theory of syncihronous 
Nee^ess to say, accurate theoretical 
analysis of synchronous macdiine steady- 
state or transient performance can be 
p-eatly jeopardized if the constants to 
e mserted in the analytical equations 
or equivalent circuits are themselves 
maccurate. 

It has been noticed by many designers 
over a period of time that the unsaturated 
calculated values of transient and sub- 
tr^sient reactances of synchronous ma- 
chm^, using equations presented in a 
pre-wous paper® on this subject, have 
gelded results that are often lower 
than &ose obtained by test. This has 
made it iiecessary for many designers to 
apply an empirical factor based on ex¬ 
perience, to increase their calculated 
values to approximate more closely the 
test values of transient and subtranamt 
reactances. 

Hence, the need arises in practical 
^gn work for a new approach to the 
subject. The new equations must give 
i^aturated calculated values which are 
higher than any test values. This is 


, - -—w** rroxiuu tena 

to give lower values by test than bi 

calculations which neglect saturation. 

If saturation factors referred to in the 
pre^ously mentioned paper® were ap- 
phed, the calculated results will show an 
evm greater discrepancy from test 
values. 

Discussion and Conclusions 

In respect to the damper windings 

Re main points of view a^efoMn 

deahng with the calculation of syn¬ 
chronous machine constants. One®*’^ is 
to cemsider each two damper bars sym¬ 
metrically located with respect to the 
direct axis or quadrature axis as com- 
^smg one damper-winding circuit in 
tte direct or quadrature axis respectively. 
This m^es the subsequent subtransient 
or starting analysis of the machine very 
involved, and would require the use of 
the ne^ork analyzer which may not 
be readily available, or may not be 
economically justified in the majoritv of 
cases. 

The o^er point of view,®.* which is 
adopted in this paper, replaces the un- 
synmetrical damper winding by two 
eqmvalent windings, one with its mag¬ 
netic axis in line with the direct axis 
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(pole center), and the other with its 
magnetic axis in line with the quad¬ 
rature axis (interpole center). 

This point of view simplifies the 
analysis of S3mchronous maoJiinpf i, and 
is readily applicable to the majority 
of cases, where a single bar material is 
used in the damper winding. Where 
more than one material is used, as in 
the case of many S3mchronous motors, 
one circuit can be added for each addi¬ 
tional group of bars of one material, or 
an equivalent bar material figured* for 
all bars and, hence, one equivalent 
damper-winding circuit can still be used 
in each axis. 

In this paper, the argument is first 
advanced that the paramount criterion 
for the correctness of any resistance or re¬ 
actance equations derivedior the equiva¬ 
lent one damper-winding circuit in each 
axis is their redudbihly in the case of 
continuous damper and uniform gap, 
to those universally given for the re¬ 
flected secondary resistance and second¬ 
ary reactance of the squirrel-cage induc¬ 
tion motor. That this reducibility must 
be the case is shown in Appendix II, 
where the induction motor torque equa¬ 
tion is obtained by the application of 
the 2-reaction theory of S}nnchronous 
machines to the nonexcited case with 
continuous damper windings and uni¬ 
form air gap. 

In Appendix III the magnetomotive 
force (mmf) distribution in each of the 
equivalent damper-winding circuits is 
studied, and certain coefficients are 
defined. These are then used in Ap¬ 
pendix IV to obtain self-, mutual, and 
leakage reactances as well as resistance 
of each equivalent damper-winding cif. 
cuit referred to the stator side. The 
results are all shown to reduce for con¬ 
tinuous damper and uniform gap to 
those given for the reflected constants of 
the squirrel-cage induction motor.®-* In 
Appendix V, equations for the self¬ 
mutual, and leakage reactances of the 
field winding referred to the stator side, 
are derived. In Appendixes IV and V, 
it is clearly shown that mutual reactances 
derived from either side and referred to 
the stator side are all equal. Their 
rdlation to the armature reaction react¬ 
ances in the direct or quadrature aas is 
given. 

Results from Appendixes IV and V 
are then inserted in the definition of 
transient and subtransient reactances 
obtained from operational calculus meth¬ 
ods. This yields equations for react¬ 
ances which are readily seen to agree 
qualitatively in form wifli the equivaloit 
circuits of synchronous machines for 


transient and subtransient conditions 
when one equivalent damper win ding 
only is considered in eadi aviR. 

No per-unit (pu) system is used in this 
presentation. This was done in order 
to present, to beginners in the design 
field, equations for the reactances of 
salient-pole S3mchronous machines on the 
basis of the principle of coupled circuits 
and the fundamental concepts of physics 
with which they have some familiarity. 

The equations presented are given in 
terms of dimensions and physical con¬ 
stants, and they 3 rield values in ohms. 
If any pu system is to be sdected by 
the design or application engineer, he 
can simply divide the values obtained 
by his pu impedance to get the react¬ 
ances in pu. 

In Part II of this paper, numerical 
examples of calculating the synchronous 
machine reactmices using the equations 
presented here will be given. The results 
obtained will be compared with those 
given by using equations given in re¬ 
ference 6 and those obtained from 
tests on several machines. A discussion 
of the discrepancies will be given. 

General Theory 

In this paper the analysis equations 
developed are based on the generalized 
2-reaction theory of synchronous ma¬ 
chines, in which the following assumptions 
are made.^® 

Assumptions 

1. Saturation, hysteresis, and eddy cur¬ 
rents in all magnetic circuits are neglected. 
This linearizes the machines. Eddy cur¬ 
rents in electric circuits and rTinrging 
currents between electric circuits or parts 
of circuits are also ignored, 

2. The armature phase winding is dis¬ 
tributed in such a way as to produce sinu¬ 
soidal space distribution of mmf. 

3. The pole structure is symmetrical 
about the axis of the pole, A symmetrical 
polyphase armature winding is assumed. 

4. The variation of armature phase self- 
and mutual inductances contain only zero 
and second-harmonic sinusoidal space coni- 
ponents. 

6. The magnitude of the second-harmonic 
components of armature phase self- a n d 
mutual inductances are equal. 

6. The variation of the mutual inductances 
between any armature phase circuit and 
any rotor circuit with respect to rotor 
position is purely sinusoidal. 

7. The self- and mutual inductances of all 
rotor circuits are independent of rotor 
position. This neglects the effect of the 
slots. 

8. Effective armature winding flux linkages 
are produced only by the fundamental 
component of air-gap^ux density. 


Asynchronous Torque Equation 

It is shown in Appendix II that by the 
use of Park’s equations® the torque 
equation of the unexcited synchronous 
machine with uniform air gap and con¬ 
tinuous damper winding at any slip s 
is given by 

T^-Pe • saaCxa-xa‘') 

4 (f'aa-'Scoxa‘')^+(sar-haaxa)‘ 

watt-seconds (1) 

(Torque has negative sign for motor- 
action.) 

It is further diown in Appendix II that 
when the definitions of aa, Xa and x/ 
are introduced in equation 1, then equa¬ 
tion 2 results 


_ m^ehn 
r=--p—X 
4 a 


m 

2^J>aXtta^SXaj>i 


\* 


( tn 


-r-RjM) 


SXaDa4r^SXi,DaXa 

watt-seconds (2) 

which is identical with induction motor 
torque equation as obtained from circuit 
theory® if the identities given by equa¬ 
tions 38 to 46, inclusive, are noticed. 
Equation 2 leaves no doubt that any of 
the equations developed for the constant 

2 ^^’ 2 ^^^* ^^ttDdp and '^Xdm 


for the equivalent l-drcuit damper 
winding in fibe direct axis as well as 

~RDg> "^XiiOq, ~XaD(it and ~X 2 )Dq 

for the equivalent l-drcuit damper 
winding in the quadrature axis must 
reduce for the case of uniform air gap 
and continuous damper winding to tliose 
normally given for the squirrel-cage 
induction motor.®*® 


Equations for Damper-Winding 
Constants Referred to Stator Side 

In Appendix IV the following equations 
are derived for leakage, mutual, and 
self-reactances as well as resistance for 
each of the equivalent single-drcuit 
damper winding. These are given 


V 2‘irXi)ea , 

lO-P 

(3) 

XaDd- jQgp XflCtfiohms 

(4) 

^i>m—Xiji)i-\-XaDi ohms 

(5) 

8(jVifejo)* 

“ O /II. 

(6) 
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S/£(Art„)> 2xXj„ 

SfL(Nk„)\ ^ 

■^aDq~ IQsp AgCji onins 

^DUg’=‘Xi,[}q-\‘XaDq ohms 

8(iVfea.)^ r^eq 


Roq 


P Itbil+ki,) 


(7) 

( 8 ) 
(9) 

( 10 ) 


sienx ana suoiransieni 


A ura.il 


Equations for Field-Winding 
Reactances Referred to 
Stator Side 

In Appendix V, the following equations 
are derived for mutual and self-reactances 
of the field winding. These are given by 

Xafd — XfDi=‘XaDi ohms (ll) 

SfhiNk 


X 


m'- 


io»p (ctj 


ohms (12) 


Equations for Transient and 
Subtransient Reactances 

By operational calculus methods^ it 
can be shown that the equations for 
transient and subtransient reactances of 
svTichronous machmes with one damper- 
winding circuit in each axis in addition 
to the field winding are given by 

2 Xffa 

=xia-\-Xad—^X 

^ooi^d/d*~-^XaDaXafaXfDa+XffaXaoa^ 


(13) 


XoDdXf/a — Xfod* 


(14) 

(15) 


2 Xooq 

Now if values of Xzn^i X y 

Y Y , * Aaod, JCood^ 

^efd, -X-THd. and Xffo, from equations 3, 
4, o, 11 , and 12 are substituted in the 
de&itions of direct-axis transient and 
subtransient reactances given by equa 
aons 13 Md 14, tto the follomng ex- 

pressions are obtained 

y 2Cj,\,H —\jfJ 

.^''’^^Ld+XadX 

A*/at,)\,+ix,J-|-2rXj«fXaCaVCat 

ohms (17) 

if vahtes of Xrr,. X v 

&«mequatioas7 8 q ’ 
bt and 9 are substituted 

ffl the definition of quadrature-axis tran- 
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by equation 15, then the following 
expression is obtained 

X',=x-,=xu+xa, 

ohms (18) 

Appendix I. Nomenclature 

5fl(j “amplitude of space fundamental com¬ 
ponent of air-gap flux density due to 
fundamental component of Tnmf due 
to current in phase A when its 
magnetic axis is in line with the pole 
center 

5i)i “amplitude of space fundamental com¬ 
ponent of air-g^p flux density due to 
fundamental component of Tn mf 
due to equivalent single-circuit 
damper winding in the direct axis 
S/i “amplitude of space fundamental com¬ 
ponent of air-g^p flux density due to 
field winding mmf 

Cn “ratio of the amplitude of the funda- 
m^tal air-gap flux density produced 
by a sinuMidally distributed mmf 
whose axis is in line with pole center 
to that which would be produced 
with a uniform air gap equal to the 
effective ^ gap over the pole center® 
Qi“ corresponding coefficient for the quad¬ 
rature axis® 

Cl “ratio of the fundamental to the actual 
value of field form at pole center® 

Cp “ratio of average to value of the field 
form at pole center® 
i?=stator core bore, inches 
Iff =>rotor diameter, inches 
eTO=amplitude of terminal voltage per 
phase 

direct-axis armature voltage^ 
quadrature-axis armature voltage* 

/=supply frequency in cycles per second 
g«=eqiuvalent air g^p under pole center 
inches ' 

4“instantaneous cmxent of phase A 
4“direct-axis eumature current* 

4“quadrature axis armature current* 

/iw “instantaneous current of equivalent 
single damper winding in the direct 
axis 

/^^“in^ntaneous currrat of equivalent 
smgle damper winding in the quad¬ 
rature-axis 

//“instantaneous field current 

*6 “Sin sin at (see equations 67 

and 61) 

*«, “Stator winding factor for fundamental 
components, includes pitch, dis- 
bibution, and skew factors 
*ni, ftn,“brradth factors for equivalent 
angle-circuit damper windings in 
the direct and the quadrature axis 
respectively® . 


, sin 2 . 

kj)q --for even or odd »t 

2nt sin — 

2 

^/“field-winding breadth factor for funda¬ 
mental component of flu.v density 
distribution in the air gap. .See 
equation 104 
/“Core length, inche.s 

subtransient inductances in direct 
and quadrature axis respectively 
Ld, /ff “synchronous inductanoe.s in direct 
and quadrature axis respectively 
LoDdt self-inductance.s of equivalent 

single-circuit damper winding in the 
direct and quadrature axis respec¬ 
tively 

LaM, “amplitude of mutual induct¬ 
ances, between phase A and direct 
and quadrature axis eijuivaleut 
damper windings 

wi=number of pha.scs“3 for 3-pluise 
winding 

il!fa“amplitude of fundamental component 
of armature mmf, due to current in 
phase A 

Mud, 11 / 0 ^“amplitude of fundamental com¬ 
ponent of mmf of equivalent damiier 
windings in direct and quadrature 
axis respectively 
J//“field winding mmf“//iV/ 

17“number of stator series turns per 
phase 

lV/“ number of field series turns per pole 
“number of damper bars per pole 
«“rpm 

P “ number of poles 
^ dt 


Rod'- 


sin* Nod— 

A 

s — 

KT • 

Nod sm 

2 


for even nt. iVotf “l/2«j 




sm gin 

Nud sin — 

2 

for odd nt, Nud “ l/2(»j-1) 
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02 “ number of rotor bans 
Rodf ■Rnff“resistance of equivalent single- 
circuit damper windings in direct 
and quadrature axis re.spectively 
referred to stator side 
R/“field resistance referred to stator side 
r“ stator resistance per pha.se. 

*'6e“ equivalent single-bar resistance includ¬ 
ing end ring effect 

r“slip 

time, seconds 

/’“asynchronous average torque 
Xd\ «/“ direct- and quadrature-axis sub- 
transient reactances per phase re¬ 
spectively 

Xd\ “direct- and quadrature-axis tran¬ 
sient reactances per phase re¬ 
spectively 

direct- and quadrature-axis syn¬ 
chronous reactances per phase re¬ 
spectively 

direct- and quadrature-axis leak- 
^e reactances per phase respectively 
iDei* direct- and quadrature-axis 
equivalent single-circuit damper 
le^ge reactances referred to stator 
side 

A-zuw, Xnnff“direct- and quadrature-axis 
equivalent single- 
windings referred 

to stator side 

-STantf. A-«n«“amplitude of mutual react¬ 
ances between the windings of 
phase A and the equivalent single- 
^cuit d^ct- and quadrature 
damper wmdings respectively, re- 
f^ed to stator side 

»ad, 3,nd quadrature-axis 

a^ture reaction synchronous re¬ 
actances respectively 
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xje = equivalent single-bar reactance* 

2T/XjeLlO“* (2); subscripts d and g 
refer to direct and quadrature axis 
respectively 

ctRoa toRjja /n , ~ 

—, otq=— —sL(See equations24 and 

^DDd ^DDq 

26) 

5=angle in electrical degrees between 
magnetic axis of phase A and rotor 
direct axis 

angle between ii-n bars (electrical 
degrees) 

Xfte * equivalent single bar leakage per¬ 
meance including end ring effects,* 
per inch; subscripts d and q refer 
to direct and quadrature axis re¬ 
spectively 


. 6.38Z> , 

^a — —z —(see reference 5) 
^Se 


X/i'==pole leakage flux linkage permeance 
due to body and tip® per inch 
^a,^q=fLm. linkages in direct and quad¬ 
rature axis respectively! 
to =2ir/ 


aft* angle between two bars (uniform 
distribution of bars) 

T*pole pitch 


T»* distance between «-« bars 


Appendix II. Development of 
Torque Equation of Unexcited 
Synchronous Machine at Any 
Slip s from 2-Reaction Theory 

Based on the generalized 2-reaction 
theory presented by Park! with an equiva¬ 
lent 1-rotor circuit in each rotor axis, the 
following fundamental relations are ob¬ 
tained 


dd — —em. sin 5 * —ru—pqpe (19) 

eq’^em cos i^pyl/q-riq-^-yl/apO ( 20 ) 

For no field excitation pa and pq are given by 


adLd+pLa" , 

»+p 

(21) 

aqZ.q-\-pLq' . 
ajH-p 

(22) 

where 


d 

^’^dt 

(23) 

Rod 

= 7- 

J^DDd 

(24) 

. Rdq 

(25) 

tut PaDdLjiad 

Ld =Ld— 2 

pDDd 

(26) 


LaOqLiiaq 

Lq"’=‘Lq - (27) 

•-‘DJiq 

At any slip 

d-—S(at (28) 

Pd^il-s)a (29) 
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Fig. 1. Pulsating sinusoidally distributed space flux density with magnetic axis in line with 
direct axis (pole center), or quadrature axis (interpole center) 


And if complex quantities are used, then 


P^^joiS — l (30) 

ea^jem (31) 

(32) 

Also, the average torque® will be given by 
7’=— Piiq^A—idPq) watt-seconds (33) 


Equation 37 is identical with induction 
motor torque equation as obtained from 
circuit theory* if the identities given by 
equations 38 through 45, inclusive, are 
noted, and if the eddy current and hysteresis 
losses are neglected and unit of torque taken 
as watt-seconds. 

F*em/-\/2 (38) 

ri*r (39) 


Now, if values of and 4^9 from equations 
21 and 22 are substituted in equations 19 
and 20, and if, next, equations 29 through 
32 are used, and since for uniform air g;ap 
and continuous damper winding the direct- 
and quadrature-axis constants are identical, 
then *d and iq will be given by 

. tas—jaa , . 

=•«« 7--;-: (34) 

\rad—StaXd ) + <Xd?fd) 


Substituting values of id and iq from 
equations 34 and 35 into equations 21 and 
22 respectively, then using the results in 
equation 33, the following torque equation 
is given for the induction motor 

tJH _ -sotdixd-Xd'') 

4 (raa—jwxd'')*-|-(jwr-|-a(ia:4)* 

watt-seconds (36) 

Torque has negative sign for motor action. 

Now, by inserting the definitions of otd 
and xa" as given by equations 24 and 26 
into equation 36, and arranging terms, it 
follows that 

mPera^ 

4« ^ 

— (^RD^«ad(^—sXaD(^ 

^ sX ldi^ Xd — 

(m^ M* 

—And I watt-seconds (37) 


xi =XLa 

(40) 

r*'*— 

(41) 

Xi ——JLLDd 

a i 

(42) 

Xm — Xad * ~ Xand 

(43) 

Xi^rXfji — Xj^d 1 X(id *ZJd 

(44) 

Xi'+Xm ~^Xi,od~i~Xaj)d "^XoDd 

(45) 


Appendix III. Amplitude of 
Fundamental Component of 
Sinusoidal Mmf Distribution for 
Each Equivalent Single-Circuit 
Damper Winding in Direct and 
Quadrature Axis 

If a pulsating sinusoidally distributed 
space flux density with its magnetic axis 
in line with the direct axis (pole center) is 
assumed (Fig. 1), then the currents induced 
in each two damper bars, located sym¬ 
metrically with respect to the flux wave 
axis, are of equal magnitude and of opposite 
direction®'®. The currents of maximum 
magnitude are induced in the two damper 
bars that would be located one-half pole 
pitch from the flux wave axis. The cur- 
r^t in each other two damper bars 
located at an electrical angle *0/2 from 
the flux wave axis will have a magni¬ 
tude equal to sin 0/2 times the maximum 
magnitude. 
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i T' j cun-ent of maximum magni- 
in ^enoted by Ii>a, then the current 
m the 1-to-l circuit is given by 

/w=/z,^sin| 


^nd’=‘lDd sin — 
2 


(47) 


Now, consider the rectangular trimf 
wave pixiduced by the two dSiper ^ 

\ amplitude of 

this rectangular mmf wave is La. Bv 
Fouritt series the amplitude of the funda¬ 
mental component is given by 

^idmax‘=‘-Ld sin ^ ampere turn per pole 

(48) 

m 1 ?“/ sym¬ 

metrically located with respect to the pole 
axis can be treated similarly 
The amplitude of the r^ultant space 
fundamental mmf of all pairs of bars in 
ampere turns per pole is given by 


Moa 


ine re^tant space fundamental Tnmf of 
ml pairs of bars in the quadrature axis 
m ampere turns per pole can be derived as 

lOllOWS 

^+/ 2 C cos J-f-... -t- 

IjfDff cos (58) 

-f-cos* —-f-, . , -f* 

2 

(59) 


'XJ.yKfo 

iod ^Pni,{l-ki,) (<55 

The voltage ratio between phase A ant 
tte equivalent single-circuit direct-axi 
damper vmding when the magnetic axis 

of phase ^ IS in line with the direct axis is 
given by8 




-ir ( 


gjg Nkto 


Eod PNoakoa 


(66 


From equations 66 and 66. the impedanc 
ratio for the equivalent direct-axis dampe 
winding IS given by ^ 


4 / . 

V** ““ 2'^^^ sin ... -f- 


2 r A 7 

Afn« = -/i,j[^.Arofl+~(cos tfi-f-cos 02 -f- 

• •. +COS ^i>ff)J (60) 

And if equations 63 and 64 or 66 and 66 
are used m the same manner as in deriving 
equation 67, the following expression is 
obtained for Mdq for both cases of even 
and odd numbers of bars per pole. 

^ \ Wisinoj/ 


P^^l>dkD^}j{^ 1 — ^j) 


(67 


Now, the total leakage flux linkage of th 
givSb^^ ‘^^ect-axis damper winding i 

^LDd =P(Ld+Ld + ... +Ind +... + 

^tfj>d) 2 X^eaL (68, 
^^J0dkDdIx>^2\^eaL ) 

Th^efore, from the fundamental defini¬ 
tion of r^ctance as flux linkage pu current 
xiDd IS obtained as follows ‘ 


IifDd sin (49) 

Substituting values of 1 ^, 4i.. Ka 
from equations 46 and 47, etc., and 'a^l 

rangmg terms, then 


1 ^ 1)1 Dtil+ki) (61) —2ir/ “F iV))tf^jD^(23(;jj^)ohms 


2 


Mod^-lDaNDdil-And) 

7t * 


(SO) 


where, in general 

cos ^s+... + cos dn^ 


and 

<1 

c'n®*—T 


... + cos evDd) (SI) 


(S2) 


If the case of uniform space location of 

face is con- 
number of bars per 
pole the followmg relations are true 

ii6=2jyDi 5 = even number (S3) 

Si “ aj, ^2 =305 .., « ( 2 n — 1 ) 0:5 ( 54 ) 

And for the odd number of bars 
«5=2i\rj)4-f-i=:odd number (S3) 

Si =‘ 2 ab, ^2 =4o5 .. .On^ 2 ntxi, (56) 

Now if equations 63 and 64. or 66 and 56 
are used m equation 61, and the resultant 
nnite trigonometric summation evaluated 
^d then substituted in equation 50, the 
followmg expression for is obtained 
for both cases of even and odd number of 
bars per pole 

\ »5sina5/ 

(1-h) (57) 

By a sinular reasoning, the amplitude of 
180 


(In dermng equation 61 for the case of 
odd numb^ of bars the effect of the center 
bar IS obtained by taking the average of the 
two expressions; once neglecting the center 
bar ^ect and once considering the whole 
bar effect.) Notice that in the induction 
motor case the angle and hence, 

the second term kb in the brackets of both 
equations, 57 and 61, reduces to zero. 

Appendix IV. Reactances for 
tach Equivalent Sinsle-Circuit 
Uamper Winding in Direct and 
Quadrature Axis 

The amplitude of the fundamental com¬ 
ponent of armature mmf due to an equiva- 
. f , <l^ect;axis damper-winding current 
circulating in phase A only is given by* 

4 Nk„, 

Ma^-~iOd 
T Jr 


10*4/ 

( 6 ! 

Consequ^tly, if the ratio given b 
equation 67 is used to refer Xzna given b 
equation 69 to the stator side??hS 


^LDd- 


8(^„)* 


Pnbil-kbf^^^^ 


(7( 


(62) 

Therefore the amplitude of the funda- 
mental component of flux density due 
Ma when the magnetic axis of phase A 
IS m Ime with the direct axis is given by 

4 m„ . 3.19 

(63) 

Similarly, from Appendix III, the funda- 
menrid component of flux density Boa due 
to Mjoa IS given by 

R f-i 1 . ^3.19 

ODd ^ hx^l-kby-^ Cai (64) 

Now, if the fundamental armature mnif 
and the equivalent damper winding mmf 
^fundamental flux density 
distnbution when their respective magnetic 
axM we aUgned, then from Baa’^Bod the 
toUowmg current ratio is obtained 
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In Appendix III, it was mentioned th£ 
m the case of the induction motor kb^\ 
ana Xbed—Xbe, consequently 

__B(Nkv,y 

2 ^LDd Xbe ohms =X 2 ' (72 

(See references 2 and 3.) 

Also, from equation 63, the flux linkag 
n the eqm^ent direct-axis damper wind 
mg due to phase A current is given by 

4 

^Dad^NDfikj)aNktir~CdihaBiDa (72 

^n^uentlj, from the ftmdamental 
concept of inductance as flux linkage pti 
cuirent. and by use of equation 66 fm 
the amplitude of the mutual 
H ® between the equivalent 

winding and phase A 
referred to the stator side will be given by 

SfL(Nka)i 

^^DdPNnakua iQsp ^ 
Cd0<a ohms (73) 

11 ^t®^.®^tivdy, from equation 64 the flux 
^ge m phase 4 due to the current in 
direct-axis damper winding 

^uDd =(1 -h)nbNku,(^CaO^LLia (74) 

Consequ^tly, if the current ratio, 
equation 66, is used to eliminate 1 ^ from 
equation 74, and the fundamental Snce^ 
of mductance as flux linkage pu current 


-Apiol 19 



is again applied, then the amplitude of the 
mutual reactance Xam between phase A 
and the equivalent direct-axis damper 
winding referred to the stator side will be 
given by 

^aDi ^Nkn 
rrr: ~ ——— toa 
Pfibi 1 “ ^6) 


SfLiNK)^ 


CtfiXa ohms 


Equations 73 and 75 show that the 
amplitude of the mutual reactances be¬ 
tween any phase and the equivalent direct- 
axis damper winding calculated from either 
side are equal. Also, since C<n goes to 
unity for the induction motor case, then 

';^XaDi=‘~Xoad‘^Xja—Xm^>^ (76) 

By reasoning similar to that used in 
deriving equations 73 and 76, it can be 
shown that the self-reactance of the equiva¬ 
lent direct-axis damper winding referred to 
the stator side will be given by 

JirfL 4(iyA«,)» 

10« P^NnakDatitd-kt) 

1 — ki,)NDakDa^ + 


The loss in the damper winding 




{““‘I 


+ sin* ^ +... -f- 


. ,y/fDd\ 

nn*—j 


P watts (78) 


By the use of relations given in Appendix 
III it will be seen that for both odd or 
even numbers of bars per pole, equation 78 
will reduce to 

PDd = l/2ri,edTDd}nbd~h)P watts (79) 

Now, if the current ratio given by 
equation 65 is used to replace loa by its 
equivalent im in the stator side, then 


S(Nk„y 

Ptiiil—h) 


iod^bea watts 


Therefore, from equation 80 the equiva¬ 
lent direct-axis damper-winding resistance 
referred to the stator side Rod is given by 

8(i\r^)* 

Pod ^ 

Notice the similarity of equation 81 
for the r^ected resistance with equation 
70 for reflected leakage reactance. Equa¬ 
tion 81 was obtained from the argument 
that the reflected resistance Rod must be 
-such as to have the same heat loss as that 
•of the real damper winding. 

Also, for the case of induction motor 
Jib=0, and again 

4tm{Nkv,y 

-Rod^- ■ p~— rbe^rt' (82) 

t(See references 2 and 3.) 


Appendix V. Field-Winding 
Constants 

The amplitude of the fundamental com¬ 
ponent of flux density B/a due to M/a is 
given by reference 5 

3 19 

(83) 

Now if Bfi is equated to its armatiu-e 
phase and its damper-winding equivalents 
respectively, and treated in a similar 
manner to that given in Appendix IV, 
then the ciuxent ratic« between field and 
armature and field and damper respectively 
are given by 

_ 4 Cdl Nky, 
ifa~^CiPNf 

If Cdinb(l—kii) 

IfDd ^ Cl Nf 

Also, from Appendix III it can easily 
be seen that for the same amplitude of 
the fundamental component of direct-axis 
flux density Ba, the voltage ratio between 
phase A, the equivalent direct-axis damper 
winding and the field is gfiven respectively by 

g/d Nkio 

Ef^PNfkf 

PfPd Npakpa 
Era Nfkf 

From equations 84 and 86, the impedance 
ratio for the field winding is given by 


^^^~Cikf P^mr 

Again by similar consideration to those 
given in Appendix IV, the flux linkage in 
the field winding, due to current in phase 
A when the direct axis is in line with 
magnetic axis of phase A, Ls given by 

4 

4'fad^NfkfRlkw-Cai'KaLia (89) 

T 

Consequently, from the fundamental 
concept of inductance as flux linkage pu 
current and by use of voltage ratio, equa¬ 
tion 86, the amplitude of the mutual 
reactance Xfaa between the field winding 
and phase A referred to the stator side will 
be given by 

^/«.-2^/ ——^- 

ohms (90) 

Alternatively, from equation 83, the 
flux linkage in phase A due to the current 
in the field winding is given by 

'/'afd ~ Nku)NfC{K(iLIf (91) 

Consequently, if the current ratio, equation 
84, is used to eliminate If from equation 91, 
and the fundamental concept of inductance 
as flux linkage pu current is applied, then 
the amplitude of the mutual reactance 
Xafd between phase A and the field winding 
referred to the stator winding will be given 
by 


Xafd-~2irf 


'kafd 4 Cdl Nkfo . 


lOHfa ir Cl PNf 
—— Cdi\i’=‘Xfad ohms 


Equations 90 and 92 show that the 
amplitude of mutual reactances between 
any phase and the field winding derived 
from either side and referred to stator side 
are equal. Also, it is readily seen that 

m m 

-Xafd ——Xfao. -Xad ohms (93) 

By similar reasoning to that used in 
deriving equations 90 and 92, and if the 
impedance ratio equation 88 is used, it 
can be shown that the self-reactance of the 
field winding referred to stator winding 
is given by 




SfL(Nka,y 


CpXaA^p I ohms 


Again, from equation 83, the flux Ihikage 
in the equivalent direct-axis damper wind¬ 
ing due to field current is given by 

't'Dfd=PNfNpdkpdCikaLIf (96) 

Consequently, if equation 84 is used to 
eliminate If from equation 96 and then the 
voltage ratio given by equation 66 is used 
to refer the quantity lAn/a to the stator 
side and the definition of inductance is 
applied, then the mutual reactance Xpfd 
between the equivalent direct-axis winding 
and the field winding referred to the stator 
winding is given by * 


Xpfd = 


2t/ yj/pfd 4 Cdl Nky, ija Nky 
10» ifa TT Cl PNf If PNpdkDd 


SSUNh^y 


CdiKa ohms 


By similar reasoning, it can be shown 
that by usmg equation 64, the flux linkage 
in the field winding due to the equivalent 
direct-axis damper winding is given by 

^fod’^PNfkf"- nbil—kb)Cdi\iLIpd (97) 

V 

and in the same manner, if equations 65 
and 86 are used to refer the quantity to 
the stator side, and the definition of in¬ 
ductance is applied, the mutual reactance 
XfPd between the field winding and the 
equivalent direct-axis damper winding 
referred to the stator winding is given by 

y ^fpd ^Nknipd ^ Nkw 

10 * ipd Pnb{l-kb)IpdPNfkf 


SfLiNkiay 


\iCdi™Xpfd ohms 


Equations 96 and 98 show that the 
mutual reactances between the field wind¬ 
ing and the equivalent direct-axis damper 
winding derived from either side and 
referred to stator side are equal. Further, 
it is readily seen that 

'^Xfpd^—Xpfd^Xad (99) 

The loss in the field winding 

watts (100) 

Now, ifj;the current ratio given by 
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equation 84 is used to replace If by its 
equivalent in the stator side, then 


^ ( 101 ) 

Since the equivalent field-winding re- 
SSS"? to the stator side 

loss as. that of the real field winding, then 


rn^td component of space flux densities 
due to If or its reflected phase equivalent 


kf^^^ 


References 


/4C^jV^Y 
V^rCi PNf) 


Tf ohms 


Equation 102 gives the following im¬ 
pedance ratio from energy consideration 


VxCi PNf) 


comp^ing equations 103 and 88 the 
foUomng relation for kf should hold if the 
eflected loss is based only on the funda- 


Sykchronous 

iS r H pfSf Analvsis- 

J«ly S. riiso vol. 48. 

Glustl. s. S. L. 

I34S-SS. rrajMa6«o«i, vol. 66. 1947, pp. 

I’b*cSS' 


Discussion 


(General Electric Com- 
W. Sch^ectady. N. Y.): Earlier papem 
form a set of classical references which 
pioneered in penetrating the mysteries of 
synchronoiK machine behavior. Because 
^ different facet of the 
approaches, definitions 
and symbols were used. While this was 

^lable and consistent present-day treat- 

reSL'^faSwlS ^ of previous 

of the subject. This 
v!w • fesents reactances in ohmic 
hi this direction. 

The hterature had developed the concept 

Sreactance betweSi 
the polyphase armature and each of the 
many rotor circuits. In this concept, the 
rotor sees the mmf of the several phLes of 
armature. One phase of the armature 

interest. The author 
^ nicely avoided this confusing issue by 
always ref^ng to mutual reartance be- 
one direct-axis phase and the rotor. 
Smce reactances are quoted and used in pu. 
the conversion from ohms to pu should, for 
completeness, be covered in Part II of this 
pa]^, or good references should be given. 

several equations for 
m<^e torque expressed in watt-seconds. 

watt-seconds have the same basic 
imits as pound-feet, nevertheless the former 
construed as a unit of work 
while the pound-foot is universally accepted 

^“^etricunitsSeprt 

“ewton-meter is commonly ac- 
Talaat’s paper 
hdp to the young engineer who 
IS attempting to become acquainted with the 
elusive ways of synchronous machine react¬ 
ance. 


(Westinghouse Electric 
Co^oratton. East Pittsburgh. Pa.): The 
author has attempted to improve on the 
^quation for transient and subtransient 
tCactonce giv^ ^ years ago (reference 6 of 
^ to?S « ^ certainly long enough 

tS « ^ ^PFoach. He states that 
too W results which were 

too low. It ha^p^ that the earUer equa- 


tton for transient reactance was an exact one 
If the nght permeance values are used and 
as far as the exp^ence of the writer and his 
colleagues goes, it has always given accurate 
_ resulte. There have been a number of 
important water-wheel generator jobs where 
'f a low transient reactance was specified 
e where it was economicaUy profitable to be 
e able to calculate this constant accurately 
s and where it was never found necessary to 
take any exc^sive margins to meet the 
guarantees. The author’s equation 16 
• appears to be identical with that given in 
> .the earlier paper, so it may be in the deter- 
■ of the permeance factors for the 

field where the author has differed. How- 

SJJ; for this quantity is not 

pven. It would be interesting to see a 
tabulation of test and calculated values 
su^ as were given in the original paper. 

subtransient reactance, 
the author makes the assumption that the 
axis components of current in the damper 
tm^ngs are sinusoidaUy distributed. On 
the direct axis this seems a particularly poor 
assumption in many cases. The original 
paper at least made an attempt to represent 
the tnm cuirent distribution in the pole tip 
bar This IS a point where some further 
work woidd seem justified, since no method 
short of that in Linville’s paper (reference 6 

fo complete, 
and that method is too involved for ordinary 
use. Again the writer's experience with 
toe early equation has been very good with 
the exception of its application to syn- 
’^®^ resistance 

damper windings where the apparent sub- ■ 
^nsient reactance on test is higher than 
^Ic^ated because even in one-half cycle 
toe induced current in the outer damper has 
decayed appreciably and the osciUograms 
do ^t show this high decrement term in the 
subtransient reactance. Possibly the as- 
s^ption of a sinusoidal current would fit 
this case better, but would not fit a low- 1 
r^stance damper. The author states that J 
toe paramount criterion for the correctness j 
of toe equations are that they reduce to the 1 
conventional values for a round rotor ma- £ 

tome. This would be desirable but cer- S 

^amly not the major factor, since no salient £ 
poie^ machine approaches a round rotor t 
ma^ne in this respect. Again, it would t 
®^® ®°®® to b 

Know the damper bar size and resistivity. 


5. Calcdlation of Synchronocs Machiwb 
Constants-^bactancbs and Time Const^s 

Characteristics. a 
rra»Mac«oBj, vol. 60, Dec. 1931, 

6. Starting Pbrporhancb op Salient-Polb 
Synchronous Motors, T. M. Linville ATPtf 
Transactions, vol. 49, April 1930, pp. 

Quadrature-Axis Equiva- 
lbnt Cm^s OF THE Synchronous Machine. 

AIEE Transactions {Electrical 
Engtneertng), vol. 64, Dec. 1945, pp. 261-^8 

8. Starting Performance op Salient-Polb 
Synchronous Motors, M. M. Liwschlte A/eI 
Transaaions, vol. 69, 1940, pp. 913-19. ' 

9. Staring Performance op Synchronotts 

3 Transient Synthesis op 

Mo™ (Synchronous 

E. r““ ^^cn-ATiON), Mostafa 

Ssi pp i963i7^^ vol. 70, pt. II. 


I believe the author’s approach has more 
value in calculating constants for syn- 
toronous motor starting than for subtran- 
si^t reactance. I have used such a method, 
but even for this purpose widely different 
unpedances of damper bars could lead to 
senous error and caU for special treatment. 


Talaat- 


-CalcuUuion of Synchronous Machine Reactances 


\ I ^ ®^®® Harrington 

ttot the us^ unit of torque is the pound- 
root; or the newton-meter in the meter- 
Kilogram-second system of units. How¬ 
ever, when torque is considered as the 
flux linkage and current, and 
^ linkage has the 

unit of volt-second and current has the 

**'®^ P^'^duct is in watt- 

bvT^TB watt-seconds 

by 0.7376 to obtain toe result in pound-feet. 

fo tfle newton- 

mtter and the conversion factor is 1. 

+ the per-unit system, it is ‘usually 
a^eed to refer machine reactances to thefr 

toted phase 
Siy^ in ohms and 
d^Frf h ^®.®fofo^ side can therefore be 
impedance in ohms 
value based on machine- 
W ^°^tage. In network ana- 

0“ large systems it is 
oftra found necessary to refer machines’ 
r^^nces as well as transformers’ and 
*®P®flances on a com- 
voltage base, and further con- 
^ desirable. Reference 1 

® treatment of the 

Sr.?® ‘^ect-axK transient reactance in the 
paper is identical in form with that given in 
^®®® reference 5 of the 
“ searching for the truth by 
ST ® approach the same equation 

lonir f ^ Si process of elimination should 
look for other possible sources of discrep- 
anmes between^tested and calculatedSalu^. 
fi Penneance factors for the 

^termg in the calculation of 
permeances. As men- 
ttoned in the paper these points will be 
brought out in Part II, to foUow. 

However, I cannot agree with Mr. Kilgore 
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that the subtransient reactance is a truer 
assumption of the current distribution in 
the bars than that made in the paper. 
The coefficient (reference 5 of the paper) 
cos («^— l)Tj/rr t/2 if examined for the 
case of the induction motor where = 
Trhh would go to 



. Tft T 

sin-« 

Tr 2 


TJ IT 
Tr 2 


Since, for the induction motor the field 
leakage permenance goes to infinity and 
(reference 6 of the paper) 


6.38(o.5+^®+^') «6.38i?6 

\ 062 SOji/ 


represent twice the permeance per bar, 
then his 


Xnd=>- ^.38i?6 = 10-^6 

Tr 2 Tr 

while his is taken to be actually that of 
the induction motor and is given (reference 
6 of the paper) as 

Tr 

where is taken here for brevity to mean 
the leakage permeance factor per bar. This 
means that by Mr. Kilgore’s paper 

for the case of the induction motor. 

This shows that Mr. Kilgore’s treatment 
of the damper winding case fails to meet the 
paramount criterion for the correctness of 
the equation of Xm (reflected damper wind¬ 
ing leakage reactance in the direct axis), 
namely, that for the case of continuous 
damper and uniform air gap the direct- and 
quadrature-axis quantities should become 
equal to one another and identical with the 
induction motor constant. On the con¬ 
trary, the quadrature axis reflected second¬ 
ary reactance in Mr. Kilgore’s paper be¬ 
comes twice that of the direct axis, which is 
physically inconceivable. 

In a typical large water-wheel syn¬ 
chronous machine Mr. Kilgore’s Xm' = 
0.069 (in per-unit of rated phase voltage 
and rated phase current), and by the new 
method J¥’/)d;'=0.12. The subtransient re¬ 
actance by his method was =0.176, 
and by the new method Jfx)d'= 0.226 
(using the same stator leakage reactance = 
0.106), while the measured value at 16.5 
per cent (%) voltage was 0.217. If for the 
sake of comparison we accept the tested 
value at 16.6% voltage to be the correct 
unsaturatcd subtransient reactance and the 
stator leakage reactance to be true at 0.106, 
this leaves 0.217—0.106=0.111 for Xj)^'. 
This means an error in Mr. Kilgore’s Xds! 
of —38% and an enror in Xjn' by the 
new method of only +8%, The error in 
the subtransient reactance by Mr. Kilgore’s 
method is —18.5% and the error by the new 
method is only +4%. The calculated un- 
saturated value should always be slightly 
higher than any measured value, because of 
saturation. This accounts for the plus sign 
in the percentage difference between meas¬ 
ured value and that calculated by the new 
method. The machine given here for com¬ 
parison had all bars located near the pole 
face; they all had the same configuration 
and they all were of copper. The ratio of 


bar reactance to bar resistance was 26 at 
60 cycles and 76 degrees centigrade, and the 
machine had higher subtransient time con¬ 
stant than normal machines 7’^*’ = 0.087 
second. The large discrepancy between 
tested value and that calculated by Mr, 
Kilgore’s method cannot be blamed there¬ 
fore on a high resistance damper winding or 
on a fast-decaying subtransient current, as 
he pointed out in his disctission, but lies in 
a more basic error in his equation, as ap¬ 
pears from its failure to be true for the 
limiting case of the induction motor. The 
basis on which Mr. Kilgore has taken the 
factor 


special treatment will be presented in Part 
II of his paper. 

From these two assumptions one can 
proceed as follows to substantiate the 
assumption of sinusoidal space distribution 
of currents in the damper bars. With 
reference to Fig. 1, the sinusoidally space 
distributed time varying flux density in the 
direct-axis is given by cos 

— X , or B(d,t)>=Ba(t) cos $ where 6 —— ir. 

T T 

The flux linking any two damper bars 
n-n that are located symmetrically with 
respect to the flux wave axis is given by 


/ in'*'® 

cos(«6 —1)— - 

Tr 2 


to be the fraction of the armature mmf, 
acting across the subtransient leakage paths 
in the rotor was not indicated in his paper. 
In his tabulation of calculated and tested 
results, no mention of the test voltages 
during measurements was given or whether 
saturation was taken into consideration in 
his calculations, or how. In Tables I and 
II of his paper eleven cases out of 19, for 
machines with damper bars, show higher 
subtransient reactances by measurement 
than by calculation. This discrepancy is in 
the wrong direction since any measured 
value should be less rather than* greater 
than a calculated value with no saturation 
taken into account. 

It is probable that the measured direct- 
axis subtransient reactances given in Mr. 
Kilgore’s paper were obtained from tests 
taken at voltages high enough to give rated 
current values of direct-axis transient re¬ 
actances, and therefore yielded fairly 
saturated values for the subtransient re¬ 
actances, which made them seem closer to 
the low values calculated by his method. 
This, together with the fact that in many 
cases a large percentage of error in calculat¬ 
ing Xoa' reflects in a smaller percentage of 
error in the calculated direct-axis sub¬ 
transient reactance, may have been the 
reason why Mr. Kilgore and his colleagues 
did not notice the seriousness of the dis¬ 
crepancy between calculated and measured 
values. 

The assumption of sinusoidal space dis¬ 
tribution of currents in the bars located in 
the pole face is based on the following two 
assumptions: 

1. That during disturbance a time- 
varying sinusoidal space distribution of 
fundamental air-gap flux density is centered 
along the magnetic axis of the pole fpr the 
case of direct-axis quantities and along the 
interpolar axis for the quadrature-axis 
quantities, A pulsating field is, for in¬ 
stance, the case in method 3 of the AIEE 
test code for synchronous machines* for 
determination of direct-axis subtransient 
reactance form a static impedance test with 
single-phase voltage whose magnetic axis 
is in line with the pole axis. 

2. That the impedance per bar, com¬ 
posed of leakage reactance per bar and 
resistance per bar, is the same for all bars. 
This assumes that all bars are located in the 
pole face and have the same confignn’ation. 
This neglects only the variation in harmonic 
differential and tooth top leakage per¬ 
meances due to variations in the air gap, and 
which are generally small. For pole tip 
bars which have different configuration a 


^n(t) 


-€ 


Bait) cos-afd* 


2 , Bn 

—-rLBait) sm — 
v 2 


where 


/L.. ’■« 

0 »=—ir 


Therefore the voltage induced in n-n circuit 
is given by 

T? /A 

Bnd{t)== —-—10“* 

at 


(2 j.dBa(t) \ . 6n 
i -rZ—;—10 » ) Sin — 
\7r dt / 2 


Now, from basic principles 


^^be^ndii) "bZZrSe" 


dt 


dn 

■ EM(f)sin~ 


—Xnai^ —Ejodit) sin — 

. • ^ 
Solution of this differential equation yields 
a current of the form 

Indit) ^lodit) sin Y 

where loait) is the instantaneous current 
that would be induced in the two bars em¬ 
bracing a full pole pitch, and is the maximum 
possible current. 

From a qualitative point of view, it is 
known that the basic principles of damping 
state that maximum damping effect in the 
direct-axis is given by the outermost bars 
in the pole face and zero-damping effect by a 
bar located at the pole center. A sinusoidal 
space distribution of currents in the damper 
bars meets this qualitative requirement. 

It is therefore clearly seen that the as¬ 
sumption of sinusoidal sj^ace distribution of 
currents in the damper bars is as good an 
assumption as that of a sinusoidal funda¬ 
mental space distribution of effective flux 
density in the air gap, which is one of the 
basic assumptions made in the development 
of the 2-reaction theory of synchronous 
machines.^ 
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Gas-Pressurized 120-Kv and t61-Kv 
Pipe-Type Cables in Ontario 

STEPHEN KOZAK COLIN PRESCOTT 

ASSOCIATE MEMBER AIEE NONMEMBER AIEE 


A dditional power requirements in 
the Toronto area of the Southern 
Ontario System led to the construction of 
the Richard L. Hearn Generating Station. 
The output of this thermal generating 
station is taken at 115 kv into the pvigting 
system by a 4-circuit overhead line. 
Where the new 4-circuit line joins the 
existing network, difficulty was experi- 
^ced in obtaining rights of way for addi¬ 
tional overhead circuits. Underground 
construction was the only practicable al- 
teniative. In 1951, approximately 1 
mile of 115-kv pipe-type gas compression 
cable was installed, followed in 1952 by a 
further 4 Vj miles of pipe-type cable. 
Two miles of the latter were of the gas 
compression type and 2 Vj miles were the 
Atkinson-Fisher gas-pressurized type. It 
is with this latter 2V* circuit miles that 
this paper is concerned. 

Koute 


The route length of !*/< miles traverses 
undeveloped laud of the Don River basin, 
Tig. 1. Difficulty in obtaining per¬ 
manent right of way on the east river bank 
led to the placing of part of the route on 
the west bank and necessitated two river 
crossings. The preliminaiy investigations 
of the route can be divided into three 
parts. 

First, the river crossings were selected 
from several profiles of soundings, utiliz- 
mg the cone penetrometer method to 
determine solid bearing tmdemeath the 
accumulated silt. Fig. 2 is representa¬ 
tive, and mdicates that unstable bearing 
extended for approximately 4 feet below 
normal river bottom. The resultant 
recommendation of burial at the 237-foot 
devation was modified to the 235-foot 
elevation, when dvic authorities revealed 
an intention to dredge to the 239-foot 
elevation at some future date. 

Second, a soil classification was con¬ 
ducted ^ong the route by sampling at 
auger holes evety 300 feet. A tabulation 
of soils, hydrogen ion concentration, and 
of free water was prepared. 
The information obtained was of limited 
'ise as actual excavation showed much 
more frequent variation, and on future 
projects it will not be pursued. 


The third investigation was concerned 
with soil thermal resistivity. The results 
obtained by the transient needle method^ 
are shown on Fig. 3. In the section from 
2,500 to 3,500 f^t, the natural undis¬ 
turbed clay has been covered with as 
much as 3 feet of trash fill induding ashes, 
bottles, and various jnetal scrap ranging 
from bottle caps to bedsteads. The low 
values on the chart at 3,500 to 4,500 feet 
are coinddent with an underground water 
course. The high thermal resistivily for 
the ground surface under Bloor Viaduct 
at 4,600 feet may be remarked, the bridge 
effectivdy shielding the ground from rain¬ 
fall. Excavation of the heterogeneous 
fill revealed many air pockets, no doubt 
partly responsible for the high thennal 
resistivities. After laying, 2 feet of sand 
backfill was used in these areas. The 
remainder was of the original excavation 
materials, suitably screened. 

The minimim required 3-foot depth of 
cover was maintained wherever possible. 
However, the vertical approaches to the 
nyer cro^gs, coinddent as they were 
with main railway-line crossing, neces¬ 
sitated much greater depth, as did cer- 
tmn uncharted obstructions. The ver¬ 
tical and horizontal bends were onerous 
and demanded due conadaration in plan- 
mng the cable pulling. The profile and 
spKdng locations were established in co¬ 
operation with the cable manufacturer in 
the early stages of the project. 


steel pipe was most adaptable to thc.se 
conflicting requirements. 

In tlie selection of a pipe-type syslcin, 
gas-pressurized, gas compression, ami 
high-pressure oil-filled were considcrctl. 
The first two were similar in first cost 
and less than the high-pressure oil-tilled. 
The Atkinson-Fisher gas-prc.ssurizetl pii»c- 
type cable was selected for the .section 
from Gerrard Transfonner Station to 
Bloor Street Junction. 

Circuit Requirements and Cable 
Description 


Choice of System 

^ A system obtaimng great mechanical 
mtegnty and yet possessing flexibility 
was of prime concern. AdditionaUy, in 
such a relatively short route length it 
was of paramount importance to have 
the land cable suitable for the river cros¬ 
sings Both direct burial and duct and 
manhole systems would require special 
f^bmanne construction. The direct- 
bi^l alternative was considered not 
suffiaently sound mechanically. 

fiiditions with the attendant 
likelihood of interference by other under¬ 
ground^ plant dictated maximum me- 

Qty conditions also 
^ed te .^u,n flodbflity of routing 
It was decided that a system employing 
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IS* 

^ Of the two parallel circuits, one was 
g required to operate on the (»()-cycIe 121)- 
kv (nominal llS-kv) solidly grounded 
^ neutral system, the other to operate teiu- 
porarily on the 25-cyclc 120-kv (nominal 
^ 115-kv) system convertible to ni)-cycle 

operation at some future date, 'riic lut- 
ter system is grounded through a re.sisl * 
^ ance and is considered as tingrountled for 
the purpose of voltage rating. This cir- 
g cuit was insulated for 101-kv eiiuivalcnt 
j grounded neutral.* For the potheads 
j the 138- and 161-kv clas.ses of the AIEli 
j st^dard for potheads* were selected. 

^ Joints were rated to be in accord with 
j cable rating. Both circuits were required 
to transmit 125 megavolt-ampercs at 115 
kv, 60 cycles, at a design load factor of 
100 per cent (%). 

For these conditions of load capacity 
with all losses considered, a copper con- 
ductor size of 1,160,000 circular mils of 
annidar cross section, operating at 85 
degrees centigrade (C) maximum con¬ 
ductor temperature, was required for the 
pipe sections. With sheaths open-dr- 
cuited, the terminal ends capacity was 
consid^ably higher for the some size, 
ihe ^ble dimensions are given in Table 
or bo^ 120- and 161-kv designs. For 
the cables in pipe, the hollow annular 

segments is 

nsulated with mass-impregnated paper 
didectnc, protected with bronze, poly¬ 
ethylene and copper tapes, and D-shaped 
copper skid wire. The three cores are 
factory cabled, with a length of lay of 

e tlie cores was influenced by 
of prime importance 

being as follows: 

iMulated 
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'overhead to 

LEASIDE 


Fig. 1 (left). Schematic 
pipe-type cable systems 


OVERHEAD — 
UNDERGROUND m 


BLOOR ST. 



Oo/aHo 


Fig. 2 (right). Profile of 
typical river crossing. 
Cone penetrometer read¬ 
ings indicate ultimate bear¬ 
ing capacity in tons per 
square foot 


1. To mitigate end thrust on the joints 
during load cycles. 

2. To contribute to easier pulling and avoid 
any danger of jamming on relatively short 
bends. 

3. To simplify installation and reel han¬ 
dling, and reduce exposure time to outside 
atmosphere. 

The terminal ends were of the same 
conductor construction and insulation 
details but were sheathed with seamless 
aluminum sheath. 

All cables were shipped under nitrogen 
pressure of 26 to 30 pounds per square 
inch (psi) in the core; tlie pipe cables were 
additionally protected by a gas-tight reel 
construction. The sliipping lengths of 
pipe cable were dictated by the route 
access difficulties, river crossings, and 
horizontal and vertical bends. The 6,- 
000-foot route was supplied in five 
shipping lengths, between 1,000 and 1,200 
feet in length. The pipe route was 
particularly difficult in respect to bends. 
At one river crossing vertical bends to 
reach specified depth were immediately 
followed by tight tight angle horizontal 
bends (minimiun radius 22 feet) to re¬ 
main within the right of way. 

Pipe Cable: Design and 

Manufacture 

The cable design was founded on the 
principles of gas pressure void control in 
mass-impregnated paper dielectric. The 


use of an almost inert gas at high pressure 
in intimate contact with, and forming part 
of, the dielectric was first suggested by 
the Atkinson-Fi^er team in their 1926 
patents. Wherever possible the design 
incorporated manufacturing techniques 
already successfully developed, notably 
those related to the conventional oil-filled 
system, and which would realize to the 
fullest extent the economic and reliable 
exploitation of these principles. Experi¬ 
mental work on similar cables since 1960 
had shown that the criteria of design, 
available materials and terminations, 
were suited to this pipe-type Atkinson- 
Fisher system. 

Adoption of a hollow conductor has the 
advantage that the maximum gas pres¬ 
sure is coincident with the maximiirn 
electrical stress at the conductor surface. 
It permits the use of gas supply through 
the terminal ends after the faslfion of oil- 
filled system oil feed. It also permits 
the use of a simple pothead design un¬ 
cluttered by accessories. Coupled with 
the use of a tight-fitting, seamless, and 
pressure-retaining aluminum riieath, it 
allows a simple design of factory-sealed 
single-conductor terminal cable which has 
sensibly the same constructional and 
electrical characteristics as the cable in 
the pipe. For the required cross-sectional 
area, the annular conductor offsets skin 
effect to a degree comparable to a seg¬ 
mental conductor. 

Initially, the insulant thickness for both 





circuits was chosen to limit the mariTniTtn 
operating stress to 92 kv per centimeter 
(cm). This premised the use of single 
annulus of conductor segments; sub¬ 
sequently a 2-layer construction was 
adopted which increased the conductor 
diameter approximatdy 1.6%, resulting 
in a maximum operating stress of 90 kv 
per cm. 

The maximum radial stress of 92 kv per 
cm was (hosen to provide the following 
factors of safety: 

1. With respect to external surges—^8 

2. With respect to internal surges—^3 

ge 

3. With respect to ionization ignition 
ge 

where 

gc^^radial stress at the conductor surface at 
rated voltage rms. 

get»radial stress at the surface of the con¬ 
ductor at the 1-hour abscissa on the 
voltage-time-to-breakdown curve, 
gea—radial stress at the conductor surface 
for impulse voltage breakdown (crest 
value) wherein puncture occurs on 
the crest or tail of the wave, thus 
giving minimum breakdown rather 
than a maximum one which would 
occur if the value were on the wave 
front, 

gcn=* radial stress at the conductor surface 
at the ionization ignition voltage. 

Laboratory development tests on 69- 
kv cable designed to the same parameters* 
confirm that the design factors of safety 
with respect to ga, gen, and goo are readily 
attainable. For an impulse test of 4.5 
(E-flO) kv, where E is the line-to-line 
voltage in kv, the corresponding cal¬ 
culated values of radial stress at the 
conductor surface are 760 kv per cm 
and 760 kv per cm for 120- and 161-kv 
cable respectively. Devdopment and * 
type tests have indicated an impulse 
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strength for this cable corresponding to 
values of ge^ of at least 900 kv per cm, and 
the work of a host of contributors’(see 
references to reference 4) has shown repre¬ 
sentative values for all high-voltage cables 
between 800 to 1,000 kv per cm. 

T^e hollow conductor is constructed by 
utilizing a double layer, each of 16 
shaped segments. The double layer had 
the following advantages over a single 
construction: 

1. BettCT drawing and stranding when 
compared to that obtainable with the rela- 

segment of a single layer for 

2. The first layer of 850,000 circular mils 
was a construction used for many mUes of 
coi^Mtional oil-filled cable and production 
techniques were thus in existence. 

3. The double layer facilitated the fitting 


of a flush connector desired in the joint 

o' 

The selection of the 0.690-inch gas 
channd was influenced by item 2 in the 
foregoing, but included the forethought 
that the channel must be blown dear of 
any excess impregnating compound after 
manufacture. However, in the case of an 
alumimnn-sheathed cabled with a 3/8-inch 
gas channel, manufactured concurrently 
with the subject cable, no difficulty was 
experienced in this respect. Unless other¬ 
wise dictated, future construction will 
adopt a 0.6-inch diannel. • . 

The shield construction around each 
core was designed to consist of 1 by 0.004- 
inch bronze tape intercalated with poly¬ 
ethylene tape; 1 by 0.004-inch bronze 


intercalated with polyethylene tape; and 
1 by 0.070 by 0.200-mch*copper skid wire 
with 1.5-inch lay over-all. During the 
processing of an experimental length, it 
was found that the bronze tapes tended to 
open up when the cores were cabled to¬ 
gether, thereby impairing the moisture 
seal for installation purposes. As in- 
st^ation was to take place during the 
i^ny fall season, it was dedded to replace 
the outer tapes with two intercalated 
soft copper tapes which would hold down 
the bronze and polyethylene moisture 
seal. 

Application of the insulant papers 
followed conventional practice for solid- 
type cables with additional dose atten¬ 
tion to paper tape widths and tensions. 
Superdense, relativdy thin papers were 


Conductor 

Diameter 


Table I. Cable Deicripti on and Dimensions, Inches 
3-Condactor Pipe-Type Cables 


Rating Outride mside SSlIs ProtecUve Tapes* 


Diameter 


1-Conductor Terminal Cables 


Tbickness 


Diameter 


Over Over Cabled , - —- 

Slddwire Conductors , Pipe Sire Rubber Over 

__Sheath Sandwich Sheath Over-aU 
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applied next to the conductor for di¬ 
electric grading. Approximately 0.050 
inch of 0.0025-inch superdense paper was 
applied, the remainder of the insulant 
thickness was of 0.005-indi dense papers. 
Cables were dried and mass-impregnated 
before skid wire application and cabling 
(and also before sheathing the single 
conductor terminal cables). Close atten¬ 
tion was paid to the pressure-cooling 
process to ensure a dielectric as com¬ 
pletely saturated as possible. The im- 
pregnant was a compound of poly¬ 
isobutylene and mineral oil having a 
viscosity, of 4,000 Saybolt universal 
seconds at 50 C and exhibiting an ex¬ 
tremely low and stable power factor of 
0.03% at 100 C. 

Single-Conductor Terminal Ends 

This application of aluminum sheath 
to high internal pressure high-voltage 
operation is of some interest. The 
superior performance of al uminum , over 
lead or lead alloy sheathing materials®'® in 
respect to greater strength, hardness, 
fatigue, and creep resistance is con¬ 
sequently applied to the fullest economical 
benefit. For example, calculation for the 
161-kv terminal ends show that a pres¬ 
sure of 700-1,000 psi is required before 
a stress corresponding to 0.1% elongation 
(proof stress) is attained. The aluminum 
sheath in this case is of 0.135-inch thick¬ 
ness and 2.72-inch outside diameter. 

The application of aluminum sheath 
for the terminal ends was made possible 
by taking advantage of three develop¬ 
ments, as follows: 



Rg. 4. Terminal design, 138-kv and 161-kv 
grounded neutral rating at 200-psi internal 
pressure 


1. Development of a cast-plumb technique 
to effect the seal between sheath and pot- 
head and between sheath and trifurcating 
joint. 

2. The application of an asphaltic, rubber- 
and-fabric tape combination, commonly 
known as a rubber sandwich, which permits 
direct burial and sheath isolation. 

3. The design of a rugged gas feed pipe-line 
insulator capable of withstanding 600-psi 
internal pressure which, coupled with item 2 
permitted operation of the terminal end cable 
with sheaths open-circuited. Adequate cur¬ 
rent-carrying capacity for the terminal 
ends was practical only with the sheath cur¬ 
rents interrupted. 

Terminal Design 

The general layout of the terminal 
design is shown in Fig. 4. The porcelain 
shell, stainless-steel 'dome, and cast- 
plumb body are designed for the full 
operating pressure of 200 psi. Each 
pothea& assembly was subjected to an 
acceptance test of 500 psi oil pressure for 
6 hours, followed by 300-psi air pressure 


for 6 days. Dining experimental work 
similar porcelains have withstood 500- 
psi 1/2-hour cycle tests and sustained 300- 
psi pressures of several weeks’ duration. 

The aluminum sheath is sealed to the 
wiping bell by a cast plumb. First, a 
small wiped seal is made over asbestos 
packing between the sheath and bell. 
This seal is then reinforced by pouring 
a molten alloy of 63/37 tin-lead at the re¬ 
quired temperature into an aluminum 
mold clamped around the sheath. The 
act of pouring displaces a hot palm oil 
flux from the mold. 

On installation, the terminal is filled 
witli oil to a predetermined level, such 
that a gas space is obtained at the top. 
The gas from the external gas supply is 
carried through the filling oil by a heavy- 
wall Pyrex glass tube. Gas is introduced 
to the conductor hollow core from the gas 
dome through a needle valve orifice. The 
proper oil level is realized by allowing 
heated compound into the bottom of the 


terminal while vacuum is maintained on 
the glass tube. The height of the glass 
tube is so arranged that the oil level, upon 
contraction to ambient temperature, 
drops to approximately 8 inches below 
the top of the tube, thereby effecting the 
proper balance between a compound-filled 
terminal and an internal volume com¬ 
pensator. 

Design parameters of the stress control 
cone are those used in designs which have 
successfully withstood long-time 60-cyde 
and impulse voltage tests.® The radial 
stress on the surface of the cone for both 
138 kv and 161 kv is 7 kv per cm. Longi¬ 
tudinal stresses are limited to 1.5 kv per 
cm along the stress cone profile and to 
5.0 kv per cm in the terminal filling oil 
adjacent to the stress control cone lip 
flare. These stresses are in accord with 
other comparable empirical data.’ 
Dimensions imposed on the pothead to 
provide adequate external flashover 
values provide adequate internal creep- 
age distance and prove to be approxi¬ 
mately three and four times the design 
stress criteria of 1 kv per cm for the 161- 
kv and 138-kv designs respectively. 

Joints 

Joint design was based upon the use of 
hand-applied preimpregnated straight- 
paper tapes, similar in density and 
thickness to the factory-applied cable in- 
sulant. They w^e supplied preimpreg¬ 
nated with cable compound in sealed con¬ 
tainers after drying and vacuum treat¬ 
ment. Stepping and taping profiles were 
calculated by methods according to 
Short,® using the following design param¬ 
eters: 

Radial stress at conductor surface for 
rated voltage 

ge’^92 kv per cm 

Radial stress at cable insulant surface for 
rated voltagje 

g,=68 kv per cm for 120-kv cable 
g, >=49 kv per cm for 161-kv cable 

Radial stress at ferrule surface for rated 
voltage 

gf between 0.48 ge and 0.50 ge 

Maximum longitudinal stress along step¬ 
ping profile 1.3 kv per cm. 

Maximum longitudinal stress along stress 
cone profile 1.2 kv per cm. 

These criteria result in a design strength 
of joint, with factors of safety to internal 
and external transient surges, compatible 
to that of the cable itself. Since cable 
geometry is undisturbed by the flush 
ferrule, the factor of safety in relation to 
conductor and ferrule surface stresses 
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braid wiped to 
SHIELDING TAPE 

ALUMINUM CRADLE, 
CABLE 

SHIELDING TAPES 
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WELD« 




ONE PIECE FLUSH FERRULE 

STRAIGHT 

PAPER JOINTING TAPE 

CABLE INSULANT STEPPING 


TRIFURCATING 
jEND PLATE 

SEAL WIPE 

eutectic alloy 
^ brass mould 


I-5^^- 

Fig. 5. Trifurcatins joint design, 120-kv 
grounded neutral rating 

may be whofly applied to offset the un¬ 
certainties of field jointing 
Features of the joint are shown in Figs, 

. , and 7. The completed single¬ 

conductor joints are supported in cast- 
aluminum cradles, which are banded with 
stainless-steel ribbon, spaced apart, and 
connected by an aluminum channel. 
Tins channel allows the joint casing to 
^oothly over the assembly. 
Ongmally, it was intended that the joint 
casing would serve as a temporary cap 
ovCT the cable ends during the period 
between puUing and start of jointing, and 
a somewhat complex system of gasketed 
flanges was designed. Subsequently, the 
sleeve proved much too heavy and un- 
weldy for this purpose, and compara- 
rivdy light sheet metal caps were used 
Skid wires were terminated on binding 



posts and the posts at each end of the joint 
were jumpered together. 

In the case of trifurcating joint, the 
plate was a 1-piece machined bronze 
casting. Castings were gammagraphed 
using a radioactive isotope “Iridium 192’’ 
of approximately 60 curies’ strength, and 
^y showing porosity or shrinkage was 
discarded. After machining, the plates 
were given a 500-psi pressure test for 4 
hours, surface-tinned over-all, and given 
a repeat pressure test. The union be- 
tween joint sleeve and end plate was a 
Victai^c coupling. Junction between 
the dummum-sheathed terminal cables 
and the end plate was achieved by use of 
the cast-plumb technique as described 
for the potheads. 

Jointing procedure was similar in 
many respects to that followed for the 


ALUMINUM CRADLE^ 


braid wiped to 

SHIELDING TAPE 


CABLE SHIELDING TAPE] 


FIELD WEL[ 


riNSEL BRAID JOINT SHIELDING 

ONE PIECE FLUSH FERRULE 

HAND APPLIED STRAIGHT 
PAPER JOINTING TAPE 


= RUBBER^SANDWICH 
VICTAULIC COUPLING 

SKIDWIRES FROM 
ALUMINUM SHEATH 


conventional low-pressure oil-filled 
systm. In this case, gas instead of oil 
was kept under a positive pressure within 
tte hollow core and was allowed to flow 
from It when cut, thus preventing con- 
toination from the atmosphere. To 
ttis safeguard was added flushing with 
hot compound at frequent intervals 
^oughout the jointing. The l-piece 
flush ferrule is fitted with a valve enabKng 
the mfrogen to bleed past the soldering 
opaation. Taping over the stepping 

width, thickness, and density. Once 
me hand-applied insulation reached the 
Aameter of the factory insulation, wider 
tapes were appKed to speed taping. 
Whoever and whenever possible, ex- 
pMe insulation was tanporarily wrapped 
with polyethylene tape to exclude mois- 


^ABLE INSULANT STEPPING 


rixixnj: 


-FIELD WELD 



Fig. 6. Nomai |oInt design, 16Ukv 
grounded neutral rating 
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Fig. 7. Trifurcating joint, 161 kv, showing 
victaulic coupling and cast-plumb seals be¬ 
tween pipe and single-conductor aluminum- 
sheathed terminal ends 


ture and contaminants. No effort was 
made to air-condition the joint bays, 
which were sheeted over and warmed 
above ambient by electric heat lamps. 
Almost all operations were kept confined 
to the joint bay so that exits and 
entrances were minimized. After com¬ 
pletion of the acceptance pressure tests, 
the joints were directly buried. 

Gas Charging and Ancillary 
Equipment 

Both circuits, 120-kv and 161-kv, are 
supplied from a gas-charging cubicle 
located at Gerrard Street. Each phase 
of each circuit is fed through its Gerrard 
Station terminal by underground gas 
lines of 3/8-inch outside diameter dehy¬ 
drated copper tubing, insulated and 
protected with a 1/16-inch wall of extruded 
polyethylene. A diaphragm-type valve 
and a high-pressure pipe-line insulator 
were interposed at the base of each pot- 
head to maintain isolation of the pothead 
above ground and to permit control of 
gas to each terminal. 

The insulated gas lines were drawn into 
conduit embedded in the concrete pro¬ 
tective cover over the direct-buried 
terminal cables. Each line was purged 
to a dew-point value of —20 degrees 
Fahrenheit before connection. The steel 
pipe of each circuit was similarly fed at 
the Gerrard end at the underground 
trifurcating joints. 

The control panel in the gas-charging 
cubicle was arranged so that manipula¬ 
tion of valves would enable gas to supply 
the pipe, each individual hollow core of 
each phase, or all four together. Fig. 8 
depicts the schematic diagram of the gas 
connections. In normal operation the 
two stand-by gas bottles are disconnected 
from the line, and the pressure gauge on 
the manifold is connected to read the 
pressure on all three phases. Pressure 
alarms are connected to the pipe gas feed 


line and to the manifold phases, and are 
set for low alarm at 175 psi. These 
alarms are bourdon-tube actuated 
mercury switches. 

Throughout the panel standard com¬ 
ponents were specified and the design 
permitted simple and flexible gas feed 
manipulation. Individual gas feeds oari 
be isolated and tested for leaks. One 
disadvantage of the panel design rests in 
the multiplicity of fittings subject to 
possible leakage. 

Pipe Protective Covering 

Since factory-applied protective coat¬ 
ings are customarily expected to be 
superior to field application, a factory- 
applied coating was specified. This 
decision was strengthened by the rela¬ 
tively small amoimts of pipe required and 
the number of route obstructions pre¬ 
venting any degree of continuous field 
application. Coal tar, Fiberglas rein¬ 
forced enamel coating was specified as 
follows: 

1. Pipe to be cleaned internally and ex¬ 
ternally by shot-blasting. 

2. Bond coating of coal tar primer. 

3. Hot coating, 1/16-indi minimum, coal 
tar enamel. 

4. One wrap 0.016-inch Fiberglas wrap. 

6. Hot coating, 1/32-inch minimum, coal 
tar. enamel. 

6. One wrap tar impregnated 15-pound 
asbestos pipe-line felt. 

7. One wrap heavy Kraft paper. 

A tliin spray coating of No-Oxide 
export no. 2 W pipe primer was speci¬ 
fied for the inside of the pipe. An elec¬ 
trical holiday-detection test was applied 
at the factory just after coating applica¬ 
tion, using a spark coil type of detector, 
producing a maximum voltage of approxi¬ 
mately 12 kv. All holidays, which were 
not numerous at this stage, were repaired. 

The pipe was transported to the site 
of the work by rail, stored for a m inimum 
of two weeks, and distributed direct to 
the work by truck. Great care was 
taken at all times to avoid damage to the 
coating, the pipe being lifted by means of 
an attachment to eadi uncoated end. 
Pipes were plugged at the factory to keep 
out dirt and wato:. 

The first sections of pipe were welded 
and made ready for holiday test approxi¬ 
mately one month after coating applica¬ 
tion. Many holidays in the coating were 
revealed by test—averaging 12 per 40- 
foot length of 8-inch pipe, and approxi¬ 
mately 6 per length of 6-inch pipe. 
Reduction of the detector output voltage 
to the minimum value whidh would arc 



Fig, 8. Schematic diagram: gas-charging 
controls 

across a gap in the coating, approxi¬ 
mately 5 kv, showed no reduction in the 
number of indicated holidays. 

Inspection of the holidays revealed 
some slight signs of mechanical damage: 
a few hair-line cracks radiating from a 
central point such as might have been 
caused by a blow. The remaining holi¬ 
days coincided with small gas bubbles 
between the primer and the first enamel 
coat. Surprisingly, the hand-coated and 
wrapped joints were consistently the 
better covering by a wide margin. 

It was found that a light blow, for ex¬ 
ample, a stone weighing 1 pound dropped 
from about 4 feet, would produce a holi¬ 
day. The bond between the pipe and 
the coating was poor. The difference 
between this bond on the sample prepared 
for laboratory test and the pipe in the 
field was most marked. On the former, 
the enamel could be chipped off only in 
small flakes with the use of a hammer 
and chisel; on the latter the pipe could 
be peeled by hand. Analysis of the coat¬ 
ing materials ^owed no adulteration or 
evidence of inferiority of the raw mate¬ 
rials. 

Patching all holidays would have been 
both expensive and so frequent as to 
constitute almost a route-long hand¬ 
wrapping job. It was decided to 
abandon electrical holiday detection; 
to patch the few places where there was 
obvious mechanical damage, relying on 
cathodic protection to back up the poor 
coating. 

Subsequent investigations could not 
isolate any single reason for the poor 
quality of coating. One possible ex¬ 
planation for the bubbles is the fact that 
asbestos pipe-line felt has been found to 
give off volatiles on contact with hot 
enamel of 500 degrees Fahrenheit.® Im¬ 
proper curing of the primar, over-heating, 
and improper stirring of the enamd are 
all possible causes, and investigation 
riiowed that conditions would allow 
such occurrences, but riot their persistence 
during coating. Evidence of mishandling 
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Fig. 9. Laying of 6- and 8-inch pipe in com- 
■non irench 


of the hot pipe immediately after coating 
on poOTly padded racks and rollers was 
also evident, and could have contributed 
to numerous holidays, especially where 
the leng&s were allowed to roll together 
while still warm. Our experience lia s 
shown that tliere is very little tolerance in 
the application recommendations, and 
any future job will have to be pains¬ 
takingly inspected at every step. 


aid the pulling in. Actual pulling ten¬ 
sions were not recorded in this installa¬ 
tion, as only short lengths were involved 
(maximum 1,200 feet); however, it is 
sufficient to say that the pulls in all cases 
were relatively light, and no disturbance 
of skid wire or protective tapes was 
observed. 

After completion of pulling in a 
particular length, the cable cores were 
blown dear with a grade of nitrogen of 
high purity, containing less than 0.002% 
oxygen, excess cable was cut off, and cable 
ends were capped and jumpered to the 
nitrogen supply. All operations were 
performed on the principle of maintain¬ 
ing the cables under pressure and/or gas 
flow at all times. After capping, and 
check of cable cores and pipe for dew 
point, the ends were sealed in nightcaps 
gasketted to the joint flanges. 



Installation 

Following pipe placement and wdding 
of sections, Fig. 9, the welds were water- 
bath tested at 150 to 175 psi. Backfill 
consisted of a 3-mch layer of sand under 
and over, a 6-inch layer sdected from 
previously excavated material, foUowed 
by machine placement of the remainder. 

Advantage was taken of the proximity 
of the cable manufacturing plant by 
arranging that no cable was to be ordered 
on the job site unless conditions favored 
immediate installation. Prior to a pull¬ 
ing date, joint flanges were welded to 
each pipe section, tarpaulins erected and 
pipe sections wired and purged to a dew 
point of —20 degrees Fahrenheit, with the 
use of nitrogen of 0.1% oxygen content. 
The cabled pipe cable was transported 
on welded steel reds sealed by an im¬ 
pervious laminated gas blanket tmder 
the lagging. The large size of red per¬ 
mitted only a slight positive pressure 
within the blanket. However, the cable 
cores were maintained at a positive pres¬ 
sure of 30 to 40 psi during shipment and 
during pulling operations. The three 
conductors were fitted with pulling eyes 
and end seals made gas-tight to the outer 
tapes by the use of a sleeve filled with low- 
melt alloy; see Fig. 10. 

During pulling in, a nitrogen flow was 
mdntained on the pipe fr(mi the end 
remote from the cable feed, and a slight 
amount of cable compound was used to 


Acceptance Tests 

^ After installation was completed, par-h 
circmt was subjected to a 12-hour pressure 
test at 300 psi. A d-c test voltage as 
outlined in the Assodation of Edison 
Illuminating Companies’ spedfications* 
was applied for 15 minutes after comple¬ 
tion of the pressure test. The test volt¬ 
age for the 120-kv circuit was 203-kv 
direct current; for .the 161-kv circuit the 
d-c test voltage was 250 kv, limited by the 
test set and atmospheric conditions. 

Anticorrosion Protection 

The cable route paraUels two trunk 
railways systems and the installation was * 
followed by the construction of two 
parallel oil pipe hues. The dty street 
railway system also imposed an involved 
stray current pattern and it was dedded 
to postpone the dioice of a cathodic 
protection system until construction 
activity had subsided and a regular 
patt^ of soil potentials had become 
manifest. The cable pipes were bonded 
to the sthtibn grounds at each terminal. 

An early sunrey indicated that a mag¬ 
nesium anode bed near Gerrard might, at 
l^st, provide some temporary protec¬ 
tion, this was installed but subsequent 
measmements indicated that it was in¬ 
effective. 

Pipe-to-soil potentials measured during 
the first year of service indicated peak 
pipe potentials of up to plus 1 volt 
ineasured to a copper sulphate cdl, coin- 
ddent with transit system rush hours. • 
At this time current peaks of 3 to .4 

amperes were entering one station ground, i 
flowing through the pipe, and out at the 1 

other end. 


Fig. 1 0. Reel of S-conductor pipe-type 1 20- 
kv cable, showing pulling eyes and end seals 


A system that would protect the pipe 
and, incidentally, the station grounds 
would require very high currents. An 
arrangement was sought whereby the 
potential required could be inserted in 
series between the station ground and the 
pipe, and at the same time have a low 
a-c impedance to fault currents. Such 
an arrangement .would use the station 
ground bed as an anode but it was thought 
that the yearly loss of metal could be 
tolerated. 

It was decided to insert 2-volt sec¬ 
ondary cells of the automotive type in 
series between the pipe and the station 
ground beds to be kept charged by 
rectifiers and which would, in effect, float 
between the rectifier terminals supplying 
protective current to the pipe. In¬ 
vestigation showed that the cells would 
effectivdy shunt a-c fault current across 
the rectifier terminals and prevent undue 
potential rise in this event. 
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Experience in Service 

The 2 years of operation under normal 
load have recorded two electrical faults 
on Ike. 120-kv circuit, the second directly 
attributable to tiie first, and both line-to- 
ground faults. Additionally, a number 
of gas leaks have occurred on the circuits. 

The first 8 months of operation on load 
were without incident, except for a 
gradually decreasing gas pressure, partic¬ 
ularly on the 120-kv circuit, as indicated 
by the charts of daily peak loading and 
pr^sure readings; see Fig. 11. During 
this period some small leaks were located 
on loosened fittings on the ancillary equip¬ 
ment, and were rectified. 

Continued pressure decrease in the 
following months demanded replenish¬ 
ment of nitrogen from standard cylinders, 
pending out-of-service availability of the 
circuds to investigate what appeared to 
be leaks of more consequence. 

The first line-to-ground fault on the 
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120-kv circtiit occurred approximately 
11 months after the in-service date. The 
second fatdt occurred less than 2 hours 
after returning the repaired circuit to 
service potential and load. In the first 
fault the gas pressure was of the order of 
125 psi, whereas the pressure on the 
occurrence of the second fault was 230 
psi. 

Location and Repair of Both Faults 

On the occurrence of the first fault the 
pressure dropped to zero on the circuit. 
After immediately establishing a gas feed 
to the circuit to maintain a slight positive 
pressure, the fault resistance was burned 
down by passing heavy current at low 
voltage from the turbine generators. 
The fault location was indicated by lina- 
scope and oscillator, finally it was 
accurately located using a sensitive 
Murray loop bridge. The fault was 
located 31 feet from a joint location and 
2,430 feet from the Bloor Junction 
terminal end. The fault was uncovered 
within 24 hours from the time of failure. 

Externally the fault had burned a hole 
approximately IV 4 inches in diameter 
through the 0.280-inch wall of the steel 
pipe. Removal of approximately 2 feet 
of pipe revealed severe local charring of 
the insulation on one phase right to, and 
including, burnout of some of the con¬ 
ductor and partial charring of a second 
phase. The third phase was undamaged. 
Examination of the insulation of all three 
conductors immediately adjacent to the 
fatdt by “boiling out” individual tapes 
and application of magenta dye tests 
revealed no moisture present nor any 
ionization. Visual appearance of all 
paper indicated adequate compound 
on all tapes, and no drying out of the 
insulation was in evidence. 

The decision was made to cut all three 
conductors and to remove sufficient pipe 
to allow making of a normal 3-conductor 
joint. Flanges were subsequently welded 
to the pipe, with the cables protected 
from the welding heat by packing with 
asbestos and foil. The joints were 
constructed and the sleeve welded in 
position without incident. 


Several leaks were repaired on the 
circuit and the system tested at 300 psi 
for 7 days. A d-c test potential of 200 
kv was applied without incident for 15 
minutes on each phase to ground, and 
the circuit was restored to service. 

The second electrical fault occurred 
without drop of pressure and was again 
located within the confines of the repair 
joint by the linascope, oscillator and 
Murray loop tests. On removal of the 
repair sleeve and on examination of the 
faulted phase, it was evident with little 
doubt that the heat of welding the flange 
for the first repair had damaged the 
cable resting on or near the bottom of the 
pipe. The other two cables were im- 
damaged; also the three cables in the 
vicinity of the opposite flange, after very 
careful inspection, showed no indication 
of heat damage. 

The repair to the faulted phase was 
carried out by cutting the conductor and 
inserting a lengthened ferrule, and taping 
a normal single-conductor joint. The 
flange and 2-foot section of attached 6- 
inch pipe were slid back to make room 
for the joint by cutting out a diort section 
of the 6-inch pipe. This method per¬ 
mitted more thorough wrapping of the 
cables under the weld region joining the 
6-inch pipe with the flange to the 
rest of the pipe. Alternate layers of 
asbestos paper and aluminum foil were 
wrapped many times round the cables 
for approximately 2 feet, and the weld 
performed over a standard split-backing 
ring. The 12-inch joint diameter sleeve 
from the repair joint was extended by two 
half sections of similar pipe welded to¬ 
gether, and the whole assembly was 
finally coated and wrapped and sup¬ 
ported on concrete pedestals. The cir¬ 
cuit was again pressure-tested to 300 psi 
for 7 days, tested to 250 kv direct current 
for 15 minutes, and returned to service. 
Opetation has been without further in¬ 
cident. 

Possible Causes of First Fault 

In the following are crystallized the 
findings of a joint co-operative investiga¬ 
tion of the possible causes of, or condi¬ 
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Fig. i 1 . Chart of peak daily load and gas-pressure 1 SO-kv circuit 
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tions giving rise to, the first fault: 

1. A lightning storm occurred in the area 
before the occurrence of the failure. A 
lightning stroke component counteroperat- 
ing in range of the cable, recorded one 
lightning discharge 1 hour before the fault. 
Otherwise there were no system disturb¬ 
ances recorded within a contributable period 
of time. 

2. A possible accident or imperfection 
during cable manufacture not detected by 
the routine tests. 

3. Possible damage during shipment or 
instaUation of the particular length of cable. 

4. A local hot spot due to the heterogene¬ 
ous nature of the surrounding soil. 

One other observed fact was the steady 
decrease in gas pressure throughout the 
11-month period prior to the fault, as 
charted in Fig. 11. However, the results 
of test data, particularly those of Fig. 6, 
reference 3, and the experience and tests of 
others, were considered sufficient basis for 
allowing the pressure to drop as shown 
without taking the circuit out of service. 

Examination, as explained previously, 
did not reveal any indication of heating 
or drying out of the insulation. Never¬ 
theless, in an effort to obtain more data 
on the possibility in item 4, a number of 
thermocouples were attached to both 
pipes. Records have so far indicated no 
pipe temperatures exceeding 27 C. How¬ 
ever, it has not been possible, as yet, to 
duplicate the circuit-loading conditions 
together with the soil environmental 
conditions which preceded the fault. 

Gas Leaks 

During tlie repairs of the electrical 
faults, the trifurcating joints and pot- 
heads were carefully examined and 
checked for gas leaks. Some potheads 
^owed deformation of the neoprene 
gaskets at the top porcelain-to-cap seal, 
caused by uneven tightening of the 
cap-retaining bolts. To repair these 
leaks, gaskets were replaced and bolts re- 
torqued at daily intervals. 

Leaks were found at several of tlie cast 
plumbs, one on a pothead and others on 
the trifurcating joints. Of these, a 
number were rectified by recasting new 
metal in the original mold. Two cast 
plumb could not be sealed completely by 
this relatively simple process, and the 
original mold bodies were replaced with 
split-mold bodies of more ample dimen¬ 
sions. 

More than 85% of the original cast 
plumbs are in satisfactory operation after 
repeated pressure tests of the system at 
300 psi for long intavals during the fault 
repairs. This is considered, undpr the 
circumstances, reasonably satisfactory 
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eyid^ce of the soundness of the cast- 
plumb technique. 

The troubles experienced and the 
nature of the successful remedial measuies 
W m&cated that the original molds, 
unl^ the cast is skillfully and carefully 
m^e, were of dimensions not quite 
^aent to ahow for aU the vagaries and 
degrees of skill encountered in the field. 

Summary 

The features of this installatiou of pipe- 
*m gas-pressurised cable may be briefly 
enumerated: ^ 

®*““^“ttL-sheathed terminal 
ends for high-voltage high-pressure^X 

components such as 
h^h protective coverkg and 

hi^pressure mpe-line insulatom to perSt 

terming ends 

with sheath currents interrupted. 


facflitate gas 

an^fto ^ough iugh-pressure terminals. 
Md to obtain an improvement in applica¬ 
tion of gas pressure to the dielectric. ^ 

4. High-pressure potheads without inner 
pressure-retaining chamber. 

^^Cabling of conductors for the pipe-type 

The application of these features to 
tte gas-pressurized pipe-type cable system 
lias produced a pipe-type cable system of 
smple design, without encumbrances 
of complex accessories. It should be 
remarked, however, that several improve- 
m^ts of design details have become 
evident during the manufacture and in- 
st^ation, which when applied in future 
will penmt further economies and refine¬ 
ments for more reKable field appKcation. 
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Discussion 

R. W. Atkinson (General Cable Coroora- 

afSrnfJh”^*’ *3 useful to note 

between these very 
totaHAtious Aud^ 

terminals of a 
resistant porcelain shell is of 
mttfert smce the customary desim in fhl 
w^hich uses an inner "stc^ tube” 
pmssS. wL 

«« f ^ ^ porcelain shell with 

as^ed strength was not available. 

^^“Jmium-sheathed terminal cable 
sectioM, compared with United States orac 

^ “Wer p 4 is' 

*c.^«ouofcurrenti^^Se^f^^‘ 

mth the ample United States practte of 
the harfware of the teLnStei 
supporting structure. 

in TiJr authors of flush ferrules 

m the sphcM has worked nicely with their 

o' “ aosi MU. 

nector (ferrule) makes it very much easier 
to produce a joint having a SelSS 
equal to that of tte eatofSS? 
c^n^ connector much larger than the 
a acceptable only if 

a strength considerably less than typical 
of tte cable is expected from the joint. 

It IS noted that the cable saturant used 
ttat of United States praS 

^ <=' greater 
'u^sity than that currently used for so 
^e^Hd-type reMes. We Sy. C 
T^s«‘y used in the United 

Twi“ “ saturant 

problems occasioned by the 
ttZ l»ave all 

proved sunnountable. ^ 

Smy Com- 

Pauy, Detroit, Mich.): The Detroit Edison 

192 


congratulate the 
^ respective companies 
paper. Because of our close tie 
Omario-Hydro System and our 
pr^ection for high-voltage, gas pressme 
pgra^-lurly iuterested in their 

Mention was made of the use of 4-mil 

mnf with polyethSS^ 

^e wMch was to serve as a moisWe sS 

stimSTsSF s^^^ 

The viscosity of the impregnating com- 

about 80,000 SUS at 50 G 

Sr 260000 atToo dtSeS 

We think that the iS 

^cosity of the compound in such pipe- 
°P”ating temperatures, Uie 

M^”^,^,“^-v«esity 

.n? rrfa tbe discussion of ieafcs 

confrois in Pig. s and gas 

the aiumSum'S.eii m’StiS'in 

^ sbea^, and wonid it hay^ 

Agam in Detroit we prefer a pressure 
^mber comprised of steel pipe, tritocatiug 

1 me ^Die. The other observation in this 
.s that the fewer gas conn^S 
there are in such a pipe line, the less 

Ranees for 1^. If the aluminum shelth 

oetweeu the shieldmg tape and the alu 
mmum sheath, one connection shown in Fig. 
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S. ^ pressure in the three 
lengths would have been equaHzed 
with the pressure in the pipe through ^ 

^ves leas?^ three 

msulators, and six con- 
Sa~ K ' °“® manifolds, could 

^ We cannot hdp 

wfwaS construction, 

we noted with interest that the terminal.! 

^ ^ pressure for 6 

^ys Md that some sustained this pressure 
for several weeks' duiation. Co^d the 
authors enlighten us as to whether they 
®^cr disturbing 

^ Th7S„ ^ hardware during these tests? 

in detefl fnT ^ described 

m detail and mention is made that the coat- 

poo.-that 

JS ^ ™P‘oy=d to protect the 

p£ ta r“ “oPy other 

T, L ®^*CS' very good re- 

Ite have been obtained with the use of 
^mastic covering for such pipe Hn^ Is 

and wasTcoJ 

sidered for use on this line? 

re^tW engineers who 

i^d t^s inter^tmg paper, we also wondered 

^ble after 

11 months of service? We have an exneri 
m^tal hue in which a cable similar to^SL 
Toronto cable employing 400 mils of insula- 

SSyTrh“^ o P' urlTtt 

rated J^P^tures, operating at the 
rated 120 fcv. We had failure on this 
rable after operating at 100 C for a while 
tum^i *^^^® failure was ascribed to a 

the outer 

straud-shieldmg tape on the conductor 
(^gh-stress region). We discovered effects 
failure, and since 
^^® the 400 mils of in- 

sSv ^ 0 °"® ^^® ^’tfficient factor of 

safety to overcome such comparativelv 
^or factory impa^ections. We also fed 

ofriS^® ^P°rtant “ gas cables 

this type. In a self-contained gas pres- 
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sure cable the temperature of the con¬ 
ductor is not very different from that of the 
pressure container (reinforced lead sheath) 
and thereore the number of the nitrogen 
molecules in the butt space near the con¬ 
ductor are not reduced to such a degree as 
can^ happen in a pipe-type cable under 
conditions. The expansion of the 
oil in the self-contained cable being re- 
st^ned by the comparatively tight sheath 
will also increase the gas pressure in the 
butt space to greater extent than in a pipe- 
type cable of similar construction. In view 
of this, the ionization voltage in the butt 
space near the conductor in a pipe-type 
cable is lower than in an equivalent self- 
contained cable at higher temperature. We 
agree that results of test data do permit the 
dropping of the pressure to eveti less ttinn 
126 psi; however, we do not do this in 
Detroit. We do not operate our cables 
normally below 205 psi. The pressure may 
drop to 190 psi before an alarm rings, and in 
an emergency we may operate the cable at 
much lower pressure for a short tim<> We 
feel that if we do this we are definitely im¬ 
pairing the life of the cable. 

In Detroit we believe that the high gas 
pressure pipe-type cable is the simplest and 
most economical type of cable to install 
and maintain. We now have over 50 milps 
of this cable in service at present and we are 
installing several additional lines. 


Both these equations apply for triangular 
configuration of the conductors and will be 
approximately correct for three cabled 
conductors. 

Thus, at 30 C the incremental conductor 
resistances due to shidd loss will be 

Cable with 385-mil insulation, 2.46-f-0.87= 
3.33 microhms per foot. 

Cable with 565-mil insulation, 2.84-1-1.02 « 
3.86 microhms per foot. 

Since the conductor resistance at 30 C is 
9.6 microhms per foot, the shidd loss adds 
36% (in terms of d-c conductor loss) to the 
loss of the system in one case, and 40% 
in the other. These values compare with 
3-i^out 2.5% for the shidd structure as 
originally contemplated by the manu¬ 
facturer. At operating temperature the 
in^emental conductor resistance due to 
shidd loss will be 12 or 14% lower than at 
30 C, but obviously this does not change the 
general picture. 

In their discussion of the reported cable 
failures on their S 3 rstem the authors mention 
as a possible cause “a local hot spot due to 
the heterogeneous nature of the surrounding 
soil.” It is suggested that the high losses 
in the shidds may also have contributed 
materially to the overheating of the cables. 

Rbfbrbnces 


L. Meyerhoff (General Cable Corporation, 
Bayonne, N. J.): It is noted that the shield 
construction of the cables consisted of a 
4-mil bronze tape, intercalated with a 6-mil 
polyethylene tape, followed by two 4-mil 
copper tapes intercalated with each other 
and a 70 X 200-mil copper skid wire. This 
construction did perhaps insure a good 
mositure barrier, as suggested by the authors 
but it may be noted that it also resulted in a 
shield of extremdy low dectrical resistance. 

In Table IX of reference 1 of tbis dis¬ 
cussion there are given measured values of 
the shield resistance of three different cables 
in which the shidd constructions were 
similar to those described. Calculation 
shows that the resistance of the two inter¬ 
calated^ 3-mil copper tapes in those three 
cables is, on the average, 1.56 times the 
calculated resistance of a copper tube of 6- 
mil wall thickness. Assuming that the 
^me factor is valid for the authors’ cables, 
it will be found that r*', the shield resistance 
minus skid wires, is 240 microhms per foot 
for the cable with 385-mil insulation and 
205 microhms per foot for the cable with 
^6-mil insulation at 30 C. The skid wires 
in parallel with the tapes make the values 
of r,, the shidd resistance, 226 and 195 mi¬ 
crohms per foot respectively. 

According to equation 6 of reference 2 of 
this discussion the incremental conductor 
resistance A 22* due to shidd circulating 
current is 

555 

ARs =— microhms per foot 

fg 

and, from equation 13 of reference 1 of this 
discussion, the incremental conductor resist¬ 
ance |i2As', due to shield proximity effect 
is 



microhms per foot 


1. A-C RBSISTANCB of SbOMBNTAI, dA nt.^S IN 
Stebl Pipb, L. Meyerhoflf, G. S. Eager, Jr. AIEB 
Transactions, vol. 68, pt. II, 1940, pp. 816-34. 

2. A'C Ebsistancb op Pipb-Cablb Systems with 
Sbqmbntal Conductors, AIEE Committee Report. 
AIEB Transactions, vol. 71, pt. Ill, Jan. 1062, 
pp. 393-414. 


Stephen Kozak and Colin Prescott: In Mr. 
Atkinson’s remark regarding prevention of 
sheath currents at the terminal ends, it 
is not clear which method he considers 
expensive. The terminal hardware is simply 
isolated from the supporting structure per¬ 
haps very similarly to United States practice 
and is certainly not expensive. The pipe¬ 
line insulator in the 3/8-inch outside diam¬ 
eter copper gas feed line, though operating 
at 200 psi, is far from expensive, and com¬ 
pares most favorably with United States 
practice of insulating the oil feed lines. The 
asphaltic and rubber sandwich corrosion 
protection on the aluminum sheath is neces¬ 
sary for corrosion protection. Isolation of 
the sheaths of course is a corollary function 
but similar precautions would be advisable 
regardless of what materials the buried riser 
pipes were formed. 

As confirmed by Mr. Atkinson, the joint 
design employing flush ferrules permits 
easier attainment of joint electrical strength 
equal to that of the cable. Not only is the 
stress distribution more favorable, and the 
maximum value correspondingly reduced, 
but the smooth surface permits use of 
straight paper hand-applied tape, intrinsi¬ 
cally superior to creped paper tape. Not 
only does a more compact and denser joint 
result but the quality of the paper and the 
type of impregnating compound is at the 
cable manufacturer’s controL 

Mr. Komives’ searching observations ar- 
appreciated. In respect to the shielding 
tapes, Mr. Komives’remarks have prompted 
a review of the experimental data compiled 
in 1961, and the actual production specifi¬ 
cation cards for the cable. We must admit 


to an error in describing the make-up of the 
shields as detailed in the section "Pipe Cable: 
Design and Manufacture,” and in Table I. 
The shield construction supplied was 

One IVa X 0.005-inch polyethylene tape 
inter^lated with one 1 X 0.004-inch com¬ 
mercial bronze tape. 

One 1 X 0.004-inch soft-copper tape inter¬ 
calated with one 1 X 0.004-inch commercial 
bronze tape. 

Of sever^ solutions investigated to better 
the behavior of the tapes during cabling 
operations, the rugged and conservative 
shield construction just described was 
adopted for this first installation. At the 
time, there was no indication of how the 
various shield constructions would bu ndle 
in pulling the cabled lengths through the 
somewhat arduous pipe section pulls. Our 
findings during installation have shown that 
elaborate shielding and moisture seals are 
not necessary for cabled conductors since the 
cabling of the conductors proves attractive 
in ease of handling, pulling, and wear on 
skid wires and shielding tapes. Our next 
design would consider either Mr. Komives’ 
construction or possibly only one semihard 
copper tape intercalated with polyethylene 
tape. 

The impregnating compound was selected 
after many tests of its qualities, both elec¬ 
trical and mechanical, and several factors 
influenced the choice of viscosity. Pri¬ 
marily the viscosity of 4,000 SUS, though not 
as high as that preferred by Mr. Komives, 
was considered more than sufliciently high 
to prevent migration of any consequence. 
The hollow-core design of gas-pressurized 
cable with the gas permeating outwards 
from the core presents a cable structure not 
as susceptible to leaking out of the com¬ 
pound as does the design of cable employing 
the "segmental” conductor. Such concepts 
as consideration of the compound in suspen¬ 
sion in the gas, the balance of pressures in 
the insttlant structures, the surface tensions 
between the tapes and the compound 
density, and the impregnation procedure 
must all be assessed along with considera¬ 
tions of viscosity. The compound selected 
was the best of several studied taking all 
factors into account. The compound has 
extremely low and stable power factor, and 
a high dielectric strength. It is outstanding 
in its nonadsorption of moisture character¬ 
istic. Another factor influencing the ot io ic e 
of compound was its suitability of handling 
in the existing cable plant, in respect to the 
hollow-core principle; a very viscous com¬ 
pound would be practically impossible to 
blow out of the core. Yet another factor 
was the desire to avoid the disadvantages of 
lifting the cable out of the impregnating 
tanks prematurely. Our strong preference 
is toward full completion of the impregnat- 
ing process under applied pressure during 
the cooling cycle down to room tempera¬ 
ture. 

We agree with Mr. Komives that the 
gas-cliarging panel can be simplified. Our 
present thinking would point to halving the 
number of manifolds and valves, but not 
for the reasons put forth by Mr. Komives. 
We would maintain a tight aluminum- 
sheathed cable and a separate feed to each 
pothead, if only for the reason that a pot- 
head can be replaced or repaired without 
losing any of the gas in the pipe. Since 
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nitrogen in Canada is expensive, the feature 
is worth while. The aluminum-sheathed 
terminal lengths are likewise pressure-tested 
before installation, are very easily handled 
without need of threading exposed cable 
through long risers, and the seals to the 
pipe and to the pothead are simply made. 
The pothead oil is contained adequately by 
a silk-tape poultice over the sheath, pot- 
heads can be installed at whatever time is 
suitable, and no welding or specialties are 
reqi^ed. In other words, the procedure 
for installing terminal ends on high-pressure 
cable is kept almost as simple as terminating 
ordinary solid-tsqie high-voltage cable. 

With respect to pressure tests on pothead 
assemblies and the behavior of gasket sur¬ 
faces, one disadvantage noted was the neces¬ 
sity of torquing the bolts of the gasketted 
jomts several times in the field before apply¬ 
ing gas pressure to the pothead. Normally 
these gasketted joints are fully torqued in 
the factory, but in this case the components 
had to be separated and then reassembled 
m the field because the pothead metal 
parts adaptable to our stress cone diameter 
could not be obtained in time. The gaskets 
are confined in recesses in the metal parts, 
and once the initial compression and set have 
been reahzed by torquing, no gasket dis¬ 
placement, bulging, or distortion was 
evident even after the severe pressure test 
cycles. 

Unfortunately Somastic coating for the 


Table II. Inaemental Conductor Resistances 


Cable ARs-haRs' R#«/R«l()* 

120 kv (0.385-}nch paper).1.48-1-0.493*1.97.1.10.I .Og 

161 kv (0.565-uich paper).1.642-1-0.677 * 2.22.1.22.1 ,(I7 


♦Ratio at the shield for lX0.004-inch copper tape and 2 X0.004-inch bronze tape ussemlttv ttt oin-rattiiK 
temperature. • 

tRatio at the shield for the formerly contemplated shield assembly of two 0.()r)4-inch bronze tniips etieh 
intercalated with polyethylene tape. 


pipes could be supplied only by shipping the 
pipe to the United States for coating. The 
expense and the delay would have been pro¬ 
hibitive and the likelihood of damage during 
shipment increased. However, the coating 
specified would, we feel, be entirely adequate 
were proper quality control and determined 
inspection stringently observed. 

Some of Mr. Meyerhoff’s observations can 
be answered by referring to our reply to 
Mr. Komives, wherein we corrected our re¬ 
porting of the shield assembly construction. 
We are not in agreement with the factor of 
1.66 quoted; indeed the factor varies quite 
appreciably wi^ the extent of overlay or 
overlap in the intercalation practice. Our 
test measurements of the resistance of ."sTiipld 
assembKes consisting of two intercalated 
copper tapes with 76% overlay showed that 
the factor was 2.06 for dry tapes, and for the 
same construction with the tapes applied 


with a film of viscous cubit* comiMumtl, 
the factor was a.s high as BM. Applying 
the more pes.simistic dry value t« an ellectivc 
calculated resistance of a thin-walletl eoji|K*r 
and bronze tube of O OOO-iuch lluckiu*,s*i 
(assuming conductivity of the hn>n/.e is 
60%), the incremental conductor resistances 
due to shield lo.ss arc as in 'I'abk* 11. 

The shield lo.sscs are therefore much less 
than Mr. Meyerhoff's 35% uml certainly 
these losses do not reduce the rating tm 
severely as Mr. Meyerholl would imuly. 

The cliange in shielding constrnctioti after 
running the experimental length was not 
enacted without due consideration of the 
shght increase in losses, but with tlu* fcitowl* 
ed^ that the coaservative ussumptiona 
made m the original caleulatlous forcoiidtte- 
tor size^ would permit an additional ctrpper 
tape without significant reduction in rat¬ 
ing. 


Epoxy Resin Casting of Dry-Type 
Current Transformers 


w. C. FARNETH 

ASSOCIATE MEMBER AIEE 

^nopsis. The use of synthetic resins a nd 
^tmg techmques for the embedment^ f 
electneal components is continually in- 
^ing m the United States and iSo^. 
^ pa^ presents to the industry soL 
i^ts of approximately 3 years of work 
techniques at 

aJ^“'^ acturing Company. 
.Although the work to date has been con 

® insulation-dSs 

tmi^orm^. experience clearly indicates 
ttat the extension of the use of these ^ 

f<»Tnei^°^ <fry-tJTpe current traus- 

^^«. pphcaao-s “ "« “"ly dsirabSit 

“•'"“Oy possess 

^ ^ctenshes whid. mate them 
stable far use as rasulation for diy-tyne 

«™l traiisformera. These ch^taL 

cera^S'to metal and 
^ ”«I«mcaI strength, good 
properties, good resistauM to 
tePp^ture variations, low 


GEORGE GAlLOUSIS 

associate member AIEE 

absolution, low shrinkage during cure 
and high resistance to solvents. In addi¬ 
tion, the epoxy resins are well suited to 
use m casting processes which are rela¬ 
tively simple and inexpensive. 

_ J .- 


voltage Class ha-;;“^“‘^2.” S 
ail preseatiug more diffleoit con- 
f^tious, me now bebg evaluated. 
^totyp« of such units are shown in 
tiofl’ss complex configura- 

careful deJ^”r^ transformers require 
I ff to resolve coil support and 
^age problems as weU as tokeen 
the tow amount of resin used to « 
economical minimum. The designer, 

TraasL 
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tion at the AIEE presenta- 

Tork,N’.Y., January Meeting, New 

script submitted October 18 
for prmting November 16, 19 M.^^’ available 
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however, has many types of epoxy resins 
available to him. Proper adju.stnicut of 
tte base resin fonmilation, the resin- 
fiUCT proportions, and the casting process 
m^e successful new applications possible. 

For the specific application of tlie cur¬ 
rent transformer shown in Fig. 2 the use 
of the epoxy resin eliminates the need for 
a conventional case and hushing and con- 
sequent sealing and gasketing problems. 
L JJf^ventional unit is shown 

I’lg. 6 .) The epoxy resin ca.stmK lech- 
mque results in a nigged unit windi may 

The four manufactured airrent rat- 
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Fis* 2. Allis-Chalmers Manufacturing Com¬ 
pany type-TWM 600-volt class cast current 
transformer 


ings (200, 6-ampere; 400,6-ampere; 600, 
6-ampere; and 700, 5-ampere) are all 
satisfactory for use at 200-per-cent (%) 
continuous rated primary current. A 
typical 400-ampere unit element is shown 
in Fig. 4. It consists of an electric steel 
core insulated by means of pads and 
creped Kraft paper tape upon which the 
secondary winding is placed. Secondary 
terminals and a base-mounting arrange¬ 
ment complete the element assembly. 

Casting 

Smooth, inexpensive metal molds 
coated with release agents are used in the 
casting process. Each mold is provided 
with a bracket supporting the transformer 
element, an arrangement for positioning 



Fig. 3. Conventional outdoor window-type 
current transformer 


and aligning the secondary terminals, a 
pouring reservoir, and a clamping ar¬ 
rangement. The initial casting steps in¬ 
clude the drying of the transformer and 
the establishment of a uniform mold and 
element temperature. To achieve this 
the transformer is inserted in the mold 
and the combination placed in an air- 
circulating oven. 

The epoxy base resin to which a filler 
has been added is heated to the same tem¬ 
perature as the transformer and the mold. 
This step is followed by the introduction 
of the hardener or catalyst into the resin, 
the thorough stirring of the resin-hard¬ 
ener mixture, the careful filling of the 
molds, and the curing of the resin in an 
air-circulating oven. Upon removal from 
the mold the transformer is cooled to 
room temperature, the flash is removed, 
and a rating plate, customer’s number 
plate, secondary tmninal board, and base 
are attached. 

The material evaluation tests which 
have been performed to date are of two 
types, those performed on actual trans¬ 
formers and those performed on material 
samples. The tests on transformers are 
discussed first. 

Long-Time Tests 

Of primary importance in evaluation 
are long-time tests under actual operat¬ 
ing conditions. On the roof of Allis- 
Chalmers* Pittsburgh Works, since Octo¬ 
ber 1962, prototypes of the present units 
have been operating continuously at 
200% rated current. Approximately 
every 3 months, measurements of capaci¬ 
tance, dissipation factor, insulation re¬ 
sistance, and resin hardness are made and 
recorded. These measurements indicate 
no significant change in the condition of 
the units. Values recorded on a repre¬ 
sentative 200, 6-ampere unit appear in 
Table I. 

The primary conductor for these tests 
consisted of a steel bar 9 inches long fitted 
tightly into the primary opening of the 
transformer. 

Thennal Cycling 

Additional transformers underwent 
thermal-cycling tests for 1,008 hours. 
The temperature sequence of each cycle 
was —30 degrees centigrade (C), +76 C, 
and room temperature. During the tests 
units progressed directly from one cycle 
to the next, remaining in each tempera¬ 
ture condition for 24 hours. No voltage 
or current was applied to the trans¬ 
formers during these tests. Again, as in 
the case of the long time tests, capad- 



Rg. 4. Element of 400,5-ampere type TWM 


tance, dissipation factor, insulation resist¬ 
ance, and resin hardness were measured. 
The test results in Table II indicate no 
significant change in these characteris¬ 
tics. These transformers withstood a 
standard 2,600-volt 60-cyde aue-minute 
applied potential test from secondary 
to ground after 2-cydes, and again after 
14 cydes. 

Thermal Aging 

Thermal aging tests were also per¬ 
formed during which units were subjected 
to a temperature of 130 C for 1,600 hours. 
The standard 60-cyde applied potential 
test of 2,600 volts for 1 minute was applied 
after 600 hours and 1,000 hours, and was 
successfully withstood by each unit. 

The test results presented in Table III 


Table I. Representative 200, 5-Ampere 
Unit Long-Time Test Results 



October 

1952 

September 

1954 

Primary to secondary and 
ground 

Capacitance, micromlcro- 
farads . 

- - 82 , , 

€4 

Dissipation factor, %. 

.. o.§.. 

... 1.1 ■ 

Secondary to primary and 
ground 

Capacitance, micromicro¬ 
farads. 

.-fi.'JO 


Dissipation factor, % . 

.. 3.8.! 

..! 0.0 

Primary and secondary to 
ground 

Capacitance, micromicro¬ 
farads . 

..830 ,, 

603 

Dissipation factor, % . 

.. 2.9.. 

..! 0.9 

Durometer hardness, shore 
C scale . 

- r 90 , 

97 





Resistance measurements, made at the same time 
as the capacitance and dissipation factor 'measure¬ 
ments, were equal to or greater than 10* megohms 
throughout the test. 
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Table II. Thermal Cycling Test Results 


Secondaiy to Grotmd 


Number 

of 

Cycles 


Capacitance, 

Micro- 

microfarads 


Dissipation 
Factor, % 


A . 

n 

.. 0. 

. .408... 

.1.3... 


c. 

A. 

B. 

.. 0. 

..14. 

,.14. 

..456. 

..386. 

..405. 

..450. 

.0.5... 

.3.2... 

.1.9... 

1 2 


C . 

.14. 

..386. 




- —xuauc HI. lac same ume as tne capacitt 
were equal to or greater than 10* megohms throughout the test. 


indicate no appreciable change in the 
characteristics of the units tested. The 
test at 130 C for 1,500 hours was based on 
the average copper rise of a 600, 5-ampere 
unit operating at 200-per-cent load. 
This rise was found to be less than 30 C. 
Therefore the average copper tempera¬ 
ture of a unit operating continuously at 
200-per-cent load in a 30-C ambient would 
be less than 60 C. Assimiing a 10-degree 
^e of insulation life (the i nsul ation life 
is halved for each 10 C increase in tem¬ 
perature) 1,500 hours at 130 C is approxi¬ 
mately equivalent to 20 years at 60 C. 


Artificial Weathering 

Transformers were operated for 1,000 
horns at 200-per-cent rated current in the 
mifiaal weathering chamber shown in 
•Fig. 5, built expressly for this test. The 
chamber used was a tank above which a 
b^ of ultra\4olet lamps were positioned. 
The intensity of the lamps was controlled 
to provide an ultraviolet intensity of ap- 
proj^ately five times the maximum in- 
t^ty of the sun and an infrared inten¬ 
sity equal to the maximum intensity of the 
sun. Fresh tap water was automatically 
sprayed on the units for 10 minutes every 

hour. This test indicated no appreciable 

change in capacitance, dissipation factor 
to g^und. or rosui 


j Weight Loss 
& 

I Several material tests were made, 
i The first, a good indicator of the thermal 
stability of material, was a test of weight 
loss versus time at devated temperature. 
Fig. 6 shows that the weight loss after 46 
days of aging in an air-circulating oven 
at 170 C was only 1.8 per cent for the 
specific resin tested. 

Dielectric Strength Versus 
Temperature 

Tests of dielectric strength versus tem- 
pera.ture were also made on sheet sample 
castings of the material. These tests 
performed on 80-mil-thick 6-inch square 
samples, in accordance with American 
Soaety for Testing Materials Standards,* 
were 60-cycle 1-minute step-by-step hold 
t^ts using standard 2-inch diameter 
dectrodes. Creep occurred around the 
edge of the samples at room temperature 
^d at 50 C in air. These tests were 
th^efore made under oil. The other test 
points at devated temperatures were ob- 
tmned m auoyeninair. Test results are 
p o e m Fig. 7. A comparison has 
been made on this curve between the 
epm^ resm tested and asphalt impreg¬ 
nated paper. The data indicate the reste 

toje superior to the asphalt-impregnated 


Table III. Thermal Aging Teit Results 


Secondary to Ground 


Average Type C 
Shore Durometer 
Hardness 


Capacitance, 

Micro- 

Unit microfarads 


Average Type C 
Dissipation Shore Durometer 
Factor, % Hardness 


Before Heat Aging 

D.353.2.1. ‘C 

E.270.1.5.tC 

F.310.1.5. !iit 

After Heat Aging for 1,500 Houra tt( 1.10 C 


Resistance mensiireineut.s, inuile at the same time 
as the capacitance and dissipation fuetor ineusiue- 
ments, were equal to or greater than lO* iiiegtdtmH 
throughout the test. 


Flammability 

Fig. S .shows ti unit sul)jvcti*rl (n n 
flammability test. I<or this tt*st the unit 
was exposed to an o.xygcn atvt vU*f«* 
flame for 30 seconds using a nuinlH‘r 10 
tip. The temperature of the llaine was 
approximately 3,500 C. On renuival of 
the flame the rc.sin continuetl to Imrn 
slowly for 8 seconds after which it ex¬ 
tinguished itself. Very little smoke was 
evolved during this periotl of hurning 
^d no irritating elTeels were noticed. 
After cleaning the eliarred reshi from the 
area to which the flame hud fieen iUrcctly 
applied, it was found that the charring 
had occurred to a depth of 3/10 i,udi 
Beyond this depth the resin was up< 
parently still solid. 


f ill* • •--•spsPiUlU 




ncwl westherfng chumber 


Rs. 6 (upper right). Weight 
lots versus time at elevated 
temperature 
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Fig. 8. Application of 3,500 C oxyacetylene 
flame to type TWM 


A number or the units were placed in 
an incinerator at 425 C. No unusual 
behavior was observed dming these opera¬ 
tions. On removal from the incinerator 
the physical dimensions of the units were 
found to be unchanged, but the charred 
resin was easily chipped off. From the 
described tests it is apparent that the 
operation of these units under conditions 
of extreme heat is satisfactory and also 
that the units do not constitute a lire 
hazard. 

Quality Control 

Prior to shipment, each production 
unit is subjected to an unusual quaUty 
control insulation test. Each unit is im¬ 


mersed in a saline solution to a depth 
.slightly below the ^ondary terminals. 
The salt solution is grounded, thereby 
grounding the moimting feet and core 
and simultaneously acting as a primary 
conductor. A 60-cycle test voltage of 
4,000 volts is then applied to the second¬ 
ary terminals for 1 minute, stressing the 
resin from secondary to primary and 
ground. This test voltage, which is in 
excess of the 2,500-volt 60-cycle dielectric 
test between secondary and ground as 
specified by American Standards Associa¬ 
tion standards,® results in maximum in¬ 
formation from a single testing operation. 
It checks the condition of aU the resin 
between the secondary and the saline 
solution. 

Stumnaiy 

The use of synthetic resin and casting 
techniques for the embedment of elec¬ 
trical components is continually increas¬ 
ing. The use of such techniques and an 
epoxy casting resin has produced success¬ 
ful 600-volt insulation class window-type 
current transformers which are now in 
large-scale production. Material and 
transformer evaluation tests made to 
date indicate that the production of higTi or 
voltage class and larger current trans¬ 
formers is feasible. Several prototypes 


of these more complex units have been 
experimentally produced. 
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Discussion 

Dr. A. A. Halacsy (I-T-E Circuit Breaker 
Company, Philadelphia, Pa.): The 

authors mention that their tests indicate 
the feasibility of the production of higher 
voltage class and larger current trans¬ 
formers. I should like to mention some 
past development of such current transform¬ 
ers. 

The idea of producing such a 16-kv class 


wound-type current transformer, fully en¬ 
capsulated, was considered in 1949. Tests 
were carried out and prototypes produced 
in 1952 and 1953 in the factory of Eastern 
Power Devices, Toronto, the I-T-E Circuit 
Breaker Company’s plant in Canada. 

A prototype of a 16-kv class 300/6- 
ampere current transformer, having a 6-tuni 
primary and a wound-steel core, showed a 
remarkable reduction in the length of a 
current transformer, with taped insulation 
from about 23 to 11 inches. This was 


achieved by increa.sing the crcepage with 
the use of cast ribs, which would not be 
possible in the case of taped insulation. 

Today our company is producing quite 
a few 16-kv epoxy resin encapsulated de¬ 
vices, and we can be sure that epoxy casting 
will be used for considerably higher voltages 
in the not too distant future. 


Paul Wildi (Pacific Oerlikon Company, 
Tacoma, Wash.) and A. Ernst (Oerlikon 



Fig. 9 (left). Line 
of epoxy-cast in¬ 
door current hens- 
formers for 10-kv 
rated voltage, with 
single and double 
secondaries 


Fig. 10 (right). Cur¬ 
rent transformer (or 
outdoor applica¬ 
tion. Rated voltage 
16 kv 
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wx Company, Zurich, Switzer- 

Jhe use of epoxy resin as an in- 
^lator for dry-type current transformers 
. "^wtely an improvement over pre- 
techniques. Its appUca- 
tion rs, however, not limited to low-voltage 
wstrumeat transformers. The low-dissipa- 
on factor, the high dielectric strength and 
when used with proper fillers, the good heat- 
ri-ansfer characteristics of the material, make 
It Ideally suited for high-voltage applica¬ 
tions. Our company adopted this tech¬ 
nique m 1948 and is currently building 
cast instrument transformers up to a 
rated voltage of 60 kv. 

Fig. 9 shows a line of indoor current traus- 
ro^ers as built at present for 10-kv rated 
maximum operating voltage, 
and 42-^ low-frequency one-minute with¬ 
stand voltage. The design offers consider¬ 


able advantage over the conventional de¬ 
sign, specifically, high resistance to moisture, 
very high instantaneous current rating (300 
to 600 times rated current), economy in 
manufacturing, and very little tendency 
to accumulate dust and dirt. The excellent 
weather resistance of the insulation material 
offers the possibility of using cast resin 
application for outdoor use. 

Fig. 10 shows a current transformer with 
a completely embedded secondary core for 
use on electrical traction systems. Current 
transformers of this type have been in 
use for longer than 6 years. The one shown 
is rated 16 kv, 500/6 amperes, at 16»A cycles 
per second. 

Field experience with this new design of 
current transformers indicates that we have 
not yet reached the Kmit of performance 
of the new material We are at present 


experimenting with prototypes up to a 
rated voltage of 380 kv. 


W. C. Fameth and George Gallousis: 
We appreciate the discussers’ comments. 
We are aware, of course, that other higher 
voltage work with epoxy resins has been in 
progress. This has been indicated in our 
rrferences and synopsis. However, in 
higher^ voltage class applications, a con¬ 
servative approach demands that trans¬ 
formers utilizing a new material and process 
be subjected not only to routine insulation 
tests but also to accelerated and long-time 
tests comparable in severity to those out¬ 
lined in our paper. Results of such tests 
or results of field experience are a valuable 
addition to the information now available in 
this field. 


Mineral-Insulated Metallic-Sheathed 

Cables 


will be used in the following for the sake 
of convenience and brevity. 

Cable Materials, Constructions, 

Sizes, and General Dimensions 


C A. JORDAN 

MEMBER AIEE 

C ERTAIN inorganic materials of min¬ 
eral or mineral-like nature have long 
been recognized as possessing properties 
which make them attractive for use as 
insulation for electric cables. Materials 
that have received consideration as in- 
sulants are magnesium oxide, aluminum 
oxide, kaolin, asbestos, powdered glass, 
and zircon porcelain, to mention a few. 
Of th^e, magnesium oxide is the only 
material (aside from low-density fibrous 
asbestos) that has received important 
practical application to date. The prin¬ 
cipal factors that have influenced this 
status are: 1. magnesium oxide, in proper 
form, makes an excellent cable insulation, 
and 2. it has the characteristics needed for 
practical cable fabrication, and field han¬ 
dling and installation. 

The nature and properties of in¬ 
organic cable insulants in general are 
such as to require a protective covering 
over all. In the case of the cables here 
described, this takes the form of an im¬ 
pervious metallic sheath. 

Mineral-insulated metallic-sheathed 
cables, although relatively new in the 
United States, have been used for many 
years abroad, notably on the European 
continent and in Great Britain. Cables 
of this type were first produced commer- 
dally in Prance in 1934. In 1937, pro¬ 
duction was started in Great Britaiu. 
World War II temporarily retarded fur¬ 
ther development in other countries, par- 


G S. EAGER, JR. 

ASSOCIATE MEMBER AIEE 


ticularly in view of the relatively complex 
and expensive plant required for manufac- 
ttne. Ill 1946, however, the company 
with which the authors are associated 
first produced prototype mineral-insu¬ 
lated high-frequency coaxial cables for 
military use (since standardized as the 
RG-81/U and RG~82/U cables of Joint 
Army-Navy Specification JAN-C-17A^), 
In 1949, this company made available in 
the United States 600-volt rated single¬ 
conductor and multiconductor mineral- 
insulated metallic-sheathed power cables, 
and fittings therefor. In all three coun¬ 
tries the cable materials and constructions 
and the methods of fabrication, have been 
substantially similar; in particular, mag¬ 
nesium oxide has been the basic insulant 
employed. 

It is ^e purpose of this paper to de¬ 
scribe mineral-insulated metallic-sheathed 

cabl^ and their terminating fittings with 
parti^ar reference to United States 
I^actice, to present the principal proper¬ 
ties and characteristics of such cables, and 
to indicate some of the novel and unique 
features and characteristics which make 
such cables advantageous for many ap¬ 
plications. In this country, cables of the 
type under consideration are offered under 
the trade name Pyrotenax Safety Mineral 
Insulated Wiring, and have been given 
the generic designation by the industry 
as a whole (see the National Electrical 
Code) of type MI. The latter detignation 


Materials 


While a number of choices of conductor 
and sheath materials are theoretically 
possible, performance, economics, and 
manufacturing considerations nominate 
copper as the metal of principal useful¬ 
ness for mineral-insulated power cables. 
Its electrical properties are unexcelled in 
practi(^ conductor metals, and it pos¬ 
sess in high degree the strength and duc- 
tihty essential for fabrication of this type 
of cable in coanmercially long lengths. 
(This will be clearer from tlie discussion 
of manufacturing methods to follow.) 
For these reasons, present standard type- 
MI power cables consist essentially of one 
or more solid copper conductors em¬ 
bedded in finely divided, highly com¬ 
pressed magnesium oxide insulation, the 
whole enclosed in a continuous, seamless 
copper sheath. Conductors and sheaths 
of all cables are annealed dead-soft to 
normalize internal mechanical Stresses 
and to facilitate handling and installation 
in the field. 


Mineral-insulated cables have been 
made abroad with aluminum conductors 
and sheaths, and with copper conductors 
and alxuninum or aluminum alloy sheaths. 
All-aluminum cables have been 

produced experimentally in this country. 


f., _ zrr -Mpprovea oy tne AXEB 

^mndttee on Technical Operations for present^ 
AIEE Winter General Meeting, New 
Vork,N.Y., January 3I-Pebruary 4,1956. Manu¬ 
script submitted October 19, 1964; made available 
for pnnting December 2,1954. 

w’^ General Cable Corpora- 

tion, Perth Amboy, N. J., and O. S. TtApim jo. ia 
with the Genera] Cable Corporation, Bayonne, N. J. 
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Table I. 600-Volt Type-MI Power Cables, 
Standard Constructions and Sizes 


No. of 
Conductors 


Size Range, 
AWGInclusive 


sheath of type-Jl// cables, being directly 
die-drawn, can be and is held to dose di¬ 
ameter tolerances to ensure good match 
with the appurtenant terminating fit¬ 
tings. 


16 to 4/0 
16 to 4 
16 to 4 
16 to 6 
16 to 10 


In addition to the standard copper MI 
power cables, there is in regular produc¬ 
tion here at present a spedal small cable 
which has conductors of a copper-nickel 
resistance alloy and a sheath of copper, de¬ 
signed for heating service. The British 
regularly produce thermocouples of the 
MI type having chromel-alumel and cop¬ 
per-constantan couple conductors and 
sheaths of nickel-chrome and mild steel. 

• They also produce standard type-lf/ 
thermocouple compensating cables hav¬ 
ing these same conductor combinations 
and iron-constantan, as well, and shpatTic 
of cupro-hickd and mild steel. These 
various thermocouple cables are available 
in two basic diameters, 0.266-inch and 
0.126-inch respectively. Aside from these 
cable applications, magnesium oxide in¬ 
sulation is used in heating elements, such 
as Calrod units. 

Sizes and Constructions 

Type-JlifJ 600-volt power cables are 
available in single-, 2-, 3-, 4- and 7-con¬ 
ductor constructions, as may be required 
for particular applications. The standard 
size ranges for the various constructions 
are indicated in Table I. 

The spedal 2-conductor heating cable 
just referred to has 0.038-inch diameter 
copper-nickel resistance alloy conductors, 
compressed magnesium oxide insulation, 
copper sheath over all. It has an over-all 
diameter of 0.246 inch, and is rated 300- 
volt. 

As will be evident from the manufac¬ 
turing methods to be described, the con¬ 
ductors of type-ilfJ cables are not directly 
die-drawn. As an unavoidably inherent 
characteristic of this type of cable, there¬ 
fore, the conductors cannot be expected 
to meet the exactingly high standards ap¬ 
plicable to die-drawn wires with respect to 
surface finish and dose diameter toler¬ 
ance. This, however, involves no prac¬ 
tical disadvantages or sacrifice in the use 
of such cables. Conductor size is conven¬ 
iently and dosely controlled by resistance 
measurement in lieu of conventional di¬ 
ameter measurement by micrometer. Con¬ 
ductor concentridty and uniformity of 
cross-sectional area are completely ade¬ 
quate for all practical requirements. The 


Insulation Thickness 

By design in multiconductor type-JIff 
power cables, the separation between sur¬ 
faces of adjacent conductors (thickness of. 
insulation) is identical to that between 
surfaces of outer conductors and sheath. 
Actually, of course, multiconductor MI 
cable may be regarded most accurately 
as belted cable having nominal conductor 
and belt insulations of the same thickness, 
each equal to one-half of the separation 
between conductors or between conduc¬ 
tors and sheath. For simplidty and dar- 
ity, however, the term “insulation thick¬ 
ness” will be employed to designate the 
combined thicknesses of insulation and 
bdt, i.e., the separation between surfaces 
of metal components. Thus interpreted, 
the design insulation thickness of multi¬ 
conductor MI cables is nominally the 
same as that of single-conductor cables. 

The thickness of insulation in 600-volt 
rated type-Jl/i power cables varies some¬ 
what with conductor size, ranging in ap- 
proximatdy Knear relationship (with re¬ 
spect to cable diameter) from about 0.060 
inch for the smallest size (16 American 
Wire Gauge (AWG)) to about 0.080 inch 
for the largest standard size (4/0 AWG). 
Strict theoretical rdationships are, how¬ 
ever, slightly modified in some instances 
to gain the important practical advantage 
of a reduction in the required number of 
fitting sizes (by equalizing and grouping 
cables of different constructions but 
nearly equal outside diameters) if that 
can be done without violating funda¬ 
mental design requirements. The nom¬ 
inal insulation thickness of the spedal 
300-volt heating cable is 0.043 inch. As 
will be seen later, magnesium oxide in¬ 
sulation has such properties that in each 
instance the design insulation thiclcncss js 
adequate for the assigned voltage rating. 

Sheath Dimensions 

Sheath thicknesses of type-ikf/ cables are 
determined by both medhanical and elec¬ 
trical requirements, i.e., the sheath must 
be both feasible of manufacture and rug¬ 
ged enough to afford requisite medianical 
protection, and must also have sufiident 
conductance to. insure proper grounding 
and handling of fault currents. In the 
case of 600-volt MI power cables, sheath 
thicknesses vary linearly with cable diam¬ 
eter from a nominal value of 0.023 inch 
for the smallest cable to 0.039 inch for the 
largest. A more significant picture of 


Table II. 600-Volt Type-MI Power Cables, 
Minimum Relative Areas of Outer Sheaths 


No. of Coaductors Ratio of Sheath Area to 
ia Cable Area of One Coadaetor 


1 

2 

3 

4. 

7. 


.0.478 

2.35 

2.58 

3.74 

8.11 


For single-conductor cables, sheath and conductor 
area equafize at 4 AWG; for that tdze the ratio of 
sheath area to conductor area is 1.02. 


electrical relations will, perhaps, be af¬ 
forded by Table II, which indicates the 
nominal area or conductance ratio of 
sheath to conductor for the maximum 
size of cable of each construction. The 
sheath area ratios, or relative sheath con¬ 
ductances, of smaller sizes of cable are 
greater than those indicated in Table II 
in all instances, i.e.. Table II shows the 
minimwn relative sheath conductances. 

As will be noted from Table TI, me¬ 
chanical considerations dictate sheath 
cross-sectional areas larger than are electri¬ 
cally required (in terms of an arbitrary 100 
per cent (9c) of the conductance of a single 
conductor) for all multiconductor cables, 
and for all sizes of single-conductor cables 
4 AWG and smaller. Even in the of 
the larger sizes of single-conductor cables, 
a single-phase circuit would have a mini¬ 
mum combined sheath area of about 96%, 
and a 3-phase circuit about 143%. These 
relative conductances, of course, far ex¬ 
ceed the requirements of the National 
Electrical Code for grounding conductors. 

General 

Finally, type-JI/7 cables of all sizes and 
constructions are very compact and rela¬ 
tively light, which contributes greatly to 
ease of handling and installation. 

Methods of Manufacture 

With the briefly outlined history and 
current status of lype-AfJ cables, and 
their salient features and dimensions in 
mind, it is of interest to give some con¬ 
sideration to manufacturing methods, not 
so much with the purpose of covering 
tedious technical detail but rather to give 
users a clearer appreciation of what, aside 
from the inherent properties of the com¬ 
ponent materials, makes type-AfJ cables 
what they are. 

There are two variants of the general 
method of manufacture. Both develop 
from what may, for lack of a better term, 
be called the “starting assembly.” In so 
far as metal parts are concerned, the start¬ 
ing assembly consists of a rdatively large, 
seamless, cylindrical copper tube and one 
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or tnore relatively large solid copper start¬ 
ing conductors, all having the same rela- 
tive proportions as they will have in the 
finished cable. 

In the older of the two methods of man¬ 
ufacture, magnesium oxide powder, after 
preliminary treatment to secure the 
proper condition and properties, is molded 
under heavy pressure into cylindrical pel¬ 
lets, each of which is longitudinally cored 
for the desired number of conductors in 
the cable. These pellets have, with prac¬ 
tical clearance fits, outside diameters 
to fit dosely into the starting tube, and 
core hole diameters to fit closely the 
starting conductors, automatically giving 
them the correct relative proportions for 
the fimshed cable. After complete de¬ 
hydration and while still hot, the pellets, 
together with the starting conductors, are 
assembled within the starting tube, with 
the magnesia pellets closely stacked end 
to end and with the starting conductor(s) 
inside their core holes. It will be seen that 
this process affords a high degree of ac¬ 
curacy and uniformity of conductor spac¬ 
ing and insulation thickness. 

In the newer of the two variants of the 
general method of manufacture, now 
coming into use because of the increased 
production rate it makes possible, the 
starting conductor(s) is placed within the 
sterting tube, and are automatically 
to exact position by new complex 
equipment wHch at the same time con- 
tinuoudy and progressively feeds pre¬ 
treated, dehydrated magnesium oxide 
powder into the tube and around the con¬ 
ductors, and tamps it into the correct uni¬ 
form body and density from one end of the 

starting tube to the other. This alternate 
method of preparing starting assemblies 
also results in high accuracy and uni¬ 
formity of conductor positioning and in¬ 
sulation thickness. 

Subsequent manufacturing operations 
are the same regardless of the method of 
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preparing the starting assembly. The 
latter is drawn down in successive stages, 
with the necessary intermediate anneals, 
to the fimshed size of cable in exactly the 
same manner as is employed in conven¬ 
tional wire drawing, except of course for 
the differences of degree occasioned by 
the relatively large starting size. In 
these (hawing operations, the tube or 
sheath is, of course, the only component 
that is directly die-drawn, but fortunately 
it happens that the properties of dptipp 
magnesium oxide and copper, at least, are 
such that insulation and conductors, as 
weU as sheath, all draw down smoothly, 
tmifonnly, and in proper relative propor¬ 
tions to the final cable size. The final 
operation after coiling the finished cable 
is a deep anneal to normalize internal 
stress^ and insure proper and uniform 
handling properties. 

This brief re<atal of basic manufactur¬ 
ing methods immediately makes it pos¬ 
sible to understand a number of salient 
factors about type-Jkf/ cables. First, the 
tooling is complex and expensive, and in¬ 
volves a considerable time element, which 
makes it difficult to produce special con¬ 
structions, or cables with other component 
materials which may or may not, when as¬ 
sociated with magnesium oxide insula¬ 
tion, draw down satisfactorily in com¬ 
mercial coil lengths. Second, the method 
of nianufacture lends itself only to pro¬ 
duction of solid conductors (at least there 
wc)u]d be no practical advantage to be 
gained by indirectly drawing stranded 
conductors) and the indirectly drawn con¬ 
ductors characteristically differ in ap- 
pearan<;e and tolerance range from di¬ 
rectly drawn wires, as has already been 
mentioned; sucffi conductors are not 
nece^arily inferior but merely different 
and in any case are completely adequate 
for their intended use. Finally, it is ob¬ 
vious that feasible continuous coil lengths 
of completed cables are controlled by the 


mass of the starting assembly and, si nc e 
the starting assemblies of all MI cables 
have somewhat similar mass, feasible coil 
lengths of large cables are less than those 
of small cables. Shipping lengths are, 
however, commercial in all sizes and con¬ 
structions, and in those comparatively 
rare cases where cable runs exceed avail¬ 
able lengths the cables can readily be 
spliced in boxes with standard fittings. 

As a natural result of the method of 
manufacture, which involves tremendous 
pressures during the drawing operations, 
the originally relatively dense, dry mag¬ 
nesium oxide insulation becomes so 
lughly compacted that, although essen¬ 
tially a powder at all stages, it eventually 
assumes many of the characteristics of a 
solid. For all practical purposes of cable 
handling it acts as a solid, i.e., while the 
insulation can readily be removed frcxm 
the conductors for making connections 
and terminations, there is little if any 
tenden<y for it to flow or chalk out when 
cable ends are cut and the cable is being 
handled and trained to position. The 
seemingly solid nature of the insulation 
also contributes much to the desirable 
rigid, yet flexible, handling properties of 
MI cables, and explains in consideraf le 
degree the remarkable physical properties 
and resistance to abuse which are in¬ 
herent in this cable type. 

Properties of Magnesium Oxide 
Insulation 

Commercial magnesium oxide is ob¬ 
tained by calcining the natural magnesite 
(magnesium carbonate) or by calcining a 
synthetic material (magnesium-carbonate 
or magnesium-hydrate) produced from 
sea water. The electrical properties of 
magnesium oxide depend a great deal on 
the source of the magnesite, the method 
and degree of calcination, and the type 
and amount of impurities present. Ex¬ 
perience has indicated that one of the 
most siutable sources of magnesium oxide 
for dectric wires and (tables is the natural 
calcined India magnesium oxide. Typical 
chemical composition of this natural mag¬ 
nesium oxide as used in cables is: 


Magnesium oxide, 89.47% 
Calcium oxide, 1.29% 

Silicon dioxide, 3.88% 

Ferrous oxide, 0.07% 

Aluminum oxide, 0.24% 

Free moisture, 0.67%* 

Volatile matter (com¬ 
bined water and 
carbon dioxide), 4.48%* 


100 . 00 % 

♦Expelled upon drying in normal course of 
manufacture. 
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of magnesium oxide depend a great deal 
upon the degree to which the powder is 
compressed. Gemant and Glassow* have 
reported that the a-c dielectric strength of 
compressed magnesium oxide increases 
appreciably as the density of the com¬ 
pressed powder increases. 

The dielectric constant of mag npgium 
oxide also varies with the density of the 
compressed powder. The magn^^gititn 
oxide insulation in cables has a density in 
the range of 1.6 to 2.0 grams per cubic 
centimeter. Fig. 1 shows the variation of 
the dielectric constant of magnesium oxide 
as the density is increased. These data 
were taken on coaxial cables, at a fre¬ 
quency of 1,000 cycles per second (cps) at 
room temperature. 

Magnesium oxide has relatively high 
thermal conductivity. This is advanta¬ 
geous for an insulation used for electric 
cables. The thermal conductivity is 
three to five times greater than that of 
most organic insulations used on electric 
wires and cables. As may be expected, 
the heat conductivity increases as the 
specific gravity (density) of the com¬ 
pressed powder increases. 

Magnesium oxide is hygroscopic. When 
combined with water it forms magnesium 
hydroxide. The presence of free mois¬ 
ture quickly reduces the dielectric 
strength and allows an appreciable leak¬ 
age current to flow. When used as an in¬ 
sulation in cables, arrangements must be 
made to prevent moisture from coming 
into contact with the insulation. This 
is accomplished by end seals which are 
discussed later. 


Properties of Type-MI Cables 

Insulation Resistance 

The insulation resistance of mineral 
insulated cables is relatively high com¬ 
pared to that of most organic insulations. 
At room temperature it exceeds that of 
any extruded insulation commonly em¬ 
ployed on cables except polyethylene. 
The insulation resistance decreases with 
increasing temperature. Fig. 2 shows 
typical data for single-conductor 4/0 
AWG type-Jl// cable. The i ns ulation re¬ 
sistance was measured at 600 volts direct 
current between the conductor and the 
sheath after a 1-minute electrification 
time, in accordance with the procedure 
of the American Society for Testing Ma¬ 
terials (ASTM).® Samples were placed 
in an air oven for 16 hours at 120 degrees 
centigrade (C) for dr3dng unprotected 
cable ends prior to testing, as was done 
prior to taking all electrical data reported 
in this paper. 

That the data in the foregoing may be 
compared with those for other well- 
known inorganic insulations, the curve of 
Fig. 2 is replotted in Fig. 3. The data for 
alumina porcelain, muscovite mica, and 
high tension porcelain were reported by 
Lindsay and Berberiti* and are shown in 
Fig. 3 for comparison purposes. The ab¬ 
scissas of Fig. 3 show temperature, but 
the values are plotted on the basis of the 
reciprocal absolute temperature scale, as is 
done in several sub^quent curves in this 
paper. Magnesium oxide has a consider¬ 
ably higher resistivity than high-tension 
porcelain at the higher temperatmres, and 


compares favorably with alumina por¬ 
celains. As would be expected, magne¬ 
sium oxide exhibits the same general type 
of resistivity-temperature characteristic 
as the inorganic insulations reported by 
Lindsay and Berberich. The transition 
point of magnesium oxide appears to be 
at approximately 260 C. 

PowHER Factor 

The power factor (pf) of magnesium 
oxide is very low compared to that of 
most insulations used in electrical wires 
and cables. The room temperature value 
for typical cable is generally 0.1% when 
measured at 60 cps, 40 volts per mil. 

Typical pf data are given in Fig. 4. 
Measurements were made at 1,000 cps 
using a General Radio bridge 716A. As 
will be seen later the pf of magnesium 
oxide insulation is substantially independ¬ 
ent of frequency. Samples were placed 
in an air oven for these tests to attain the 
correct temperature. The samples were 
6 feet long, equipped with suitable guard 
circuits. The pf is less than 1% up to 260 
C, above which the increase is more rapid. 
This temperature corresponds to that 
observed as the transition temperature in 
Fig. 3. 

Dielectric Constant 

The dielectric constant of magnesium 
oxide insulation in type-AfJ cables is 
shown in Fig. 6. This value varies some¬ 
what, as discussed previously, with the 
degree of compression of the powder, i.e., 
with its density. The dielectric constant 
is relatively constant for temperatures up 
to about 300 C, above which it increases 



TEMPERATURE-C 


Rg. 2 (left). 
Insulation resist¬ 
ance, tempera¬ 
ture relation for 
typical single- 
conductor 4/0 
AWG type-MI 
cable 


more rapidly. These data were taken at a 
frequency of 1,000 cps, using a General 
Radio bridge 716A. There is no sharp 
transition point at 260 C as observed in 
the case of pf and insulation resistance. 

The dielectric constant is independent 
of frequency over the range from 60 cydes 


Rg. 3 (right). Re¬ 
sistivity, tempera¬ 
ture properties of 
various inorganic 
insulations 
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DliLeCTRIC. CONSTANT AT 1000 CPS 



fis* 4. Pf, temperature relation lor typical Ml cable 



Fig. 6. A-c dielectric strength of Ml cables aa InAuenccd by 
temperature 


per second to 400 megacycles per second. 
This particular feature plus the low pf 
mentioned previously makes this insula¬ 
tion attractive for use in high-frequency- 
cables, as will be discussed later. 

A-C Dielectric Strength 

The 60-cycIe dielectric strength of mag¬ 
nesium oxide in type-JI47 cables is ap¬ 
proximately 60 volts per mfl when meas- 
ur^ at room temperature, which is re- 
lativdy low compared to most other in¬ 
sulations used on wires and cables. The 


breakdown voltage of typical completed 
cables is generally 3,600 to 6,000 volts, 
whiA is considered adequate for cable 
having a 600-volt rating. Performance of 
cable in service bears this out. 

The didectric strength of Ml cable de¬ 
creases with an increase in temperature, 
and at about 260 C this rate of decrease 
becomes greater. Typical data are shown 
in Fig. 6. These tests were conducted on 
t 3 q)ical MI cables, following generally the 
ASTM D 149-44 procedure. < Tests on 
1-foot lengths were made at temperatures 



temperature-600 800 


Rs. Dielectric constant of 
Ml cables; effect of tempera- 
ture; single conductor 4/0 

Awq 
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from 26 to 200 C in an air oven at the lest 
temperature Tests at tem peratures from 
200 to 860 C were made in 6-foot lengths 
of cable heated by conductor current and 
lagged with asbestos insulation. Tem¬ 
peratures were measured by thenno- 
couples strapped to the sheath which 
would give temperatures slightly below 
the insulation temperatures. An initial 
voltage of 40 volts per mil at 60 cps was 
maintained for 6 minutes, then increa.sed 
20% each 6 minutes thereafter until 
breakdown. The transition point is 
fairly close to the transition temperature 
(260 C) observed for the insulation re¬ 
sistance and the pf. 

D-C Dielectric Strength 

D-C didectric strength when measured 
m the manner described in the foregoing 
Js 1.6 to 2 times the 60-cyde rms strength. 
Typical data are shown in Table III. 

Surge Voltage Strength 

The surge voltage strength of type Ml 
cables has been measured using a Marx 
ar^t arranged as described by Newman 
and Kemppainen." The procedure in 
generd was in accordance with the 
^»ican Standards Association Standard 
the measurement of voltage in didec- 
1 R ^ negative (to conductor) 

1.6x40-micrpsecond-wave surge voltage 
w^ employed; 1.6 microseconds to rea^ 
voltage peak and 40 microseconds to fall 
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Table Ml. Dielectric Strength, Type-MI Cable 



Room Temperature 


Type of 
Cable, 
AWG 

«0 

Cps, 

Rms 

Volts 

Direct 

Current, 

Volts 

Surge 

Strength, 

Volts, 

lVtf40 

Switching 

Surge, 

Volts 

1-cdr 4/0. 
1-cdr 16 
1-cdr 9 

.2,800.. 

.2,900., 

.3,500. 

..6,900 

..6,000... 

..6,100... 

...5,000 

...5,200 


to one-half peak voltage. Tests were 
made on single-conductor cables, sizes 16 
AWG and 4/0 AWG on samples approxi¬ 
mately 10 feet long. The wave shape was 
observed by means of a cathode-ray os¬ 
cilloscope. Measurements were con¬ 
ducted at room temperature. The surge 
voltage was initially 6,000 volts; it was 
raised in 5% steps until failure occurred. 
It has been found in surge testing that re¬ 
petitive tests on the same cable sample 
may result in subsequent breakdowns at 
voltages equal to or greater thati the 
original breakdown level. In actual serv¬ 
ice, however, a surge breakdown may 
cause power follow-up and permanent 
failure. In Table III typical surge 
strength data taken at room temperature 
are given. For comparison purposes, di¬ 
electric strengths at 60 cps are given. 
These were obtained following the step- 
by-step procedure described previously 
under a-c dielectric strength tests. The 
1.6 X 40-microsecond surge strength of 
MI cable is about 60% greater than the 
.60-cycle peak voltage strength. 

Switching Surge Voltage Strength 

Switching surge voltage strength tests 
were made on the same MI cable sizes as 
were employed in the surge voltage tests. 

A switching surge which took 1,000 micro¬ 
seconds to reach the first peak was em¬ 
ployed. A damped wave was used, each 
succeeding peak decreasing 20% from the 
previous one. The surge was initiated by 
discharging a capacitor (previously 


diarged by d-c voltage) across the pri¬ 
mary winding of a testing transformer. 
The MI cable specimen was connected 
across the secondary winding of the trans¬ 
former. Wave shape was observed by 
means of a cathode-ray oscilloscope. 
Otherwise the same procedure of test was 
followed as described under surge voltage 
strength tests. The switching surge 
breakdown voltages are tabulated in 
Table III. 

Mechanical Properties 


Table IV. Mechanical Abuse Tests, Single- 
Conductor 4/0 AWG 



Breakdown Voltage, 
Kilovolts, Rms 

After Bending 
Around 

3X JMCandrel 

After Stretching 
Longitudinally 10% 

Sample A . 

.2.80. 

.2.30 

Sample B . 

.2.70. 

.2.40 

Sample C . 

. 3.20. 

. 2 fin 

Average. 

_ 2.90. 

2 an 

Original. 

_ 3.85. 

. 2 Sfi 

Reduction, %. 




The cable will withstand severe me¬ 
chanical abuse such as bending, twisting, 
and impact without appreciably impairing 
its electrical efficiency. 

Table IV indicates the reduction in di¬ 
electric strength of single-conductor 4/0 
AWG cable after bending the cable at 
room temperature around a mandrel 
haying three times the diameter of the 
cable. The dielectric strength after 
stretching the cable 10% of its original 
length at room temperature is also given. 
Dielectric strength test procedure was the 
step-by-step procedure described previ¬ 
ously under a-c dielectric strength tests. 

Another sample of 4/0 AWG cable was 
placed in an Amsler Universal testing 
machine and slowly crushed between a 
steel plate and a steel mandrel of the same 
diameter as the cable but set at right 
angles to it. The compressive load to 
cause insulation breakdown, when 1.8 
kilovolts (three times the voltage rating) 
were maintained between conductor and 
sheath, was 17,600 pounds. The magne¬ 
sium oxide insulation was flattened, along 
with the cable sheath and conductor. 

Additional crushing tests comparing 
MI cable to conventional types of ar¬ 
mored cable and wire-in-conduit are in¬ 
dicated in Table V. Three samples were 
cut from each cable, tube, or conduit 
under test and were placed between a 
flat steel plate and a V-shaped anvil hardy 
having a smoothly rounded edge with 


1/4-inch radius, and crushed by means of 
a Dillon tester. The outside diameters 
were measured and the forces necessary to 
crush to one-half of the outside diameter 
were observed. The samples were ohQgpn 
at random from various manufacturers 
of labeled rigid steel conduit, electric 
metallic-tubing, and armored cable. 

Impact tests were also conducted to es¬ 
tablish the effect of a sudden blow on MI 
cable; the results appear in Table VI. 
These tests, in addition to MI, also in¬ 
cluded other conventional t 3 ^es of wiring 
systems utilizing samples dbosen at ran¬ 
dom from various labeled manufacturers. 
In these impact tests, the cable was laid 
over an anvil hardy having a smoothly 
rounded edge with a 1/4-inch radius. 
Weights of 60, 20 and 10 pounds were 
dropped on the cable and the length of 
drop in feet determined which produced 
not more than two failures in 10 separate 
blows. A 3-phase 4-wire 120/208-volt 
a-c supply with neon lamps in the circuit 
was used to detect failure. 

These various mechanical abuse tests 
indicate that type-Mf cable has greater 
resistance to impact than armored cable 
and less than rigid steel conduit. It has 
greater impact resistance than electrical 
metallic tubing in the larger sizes, and 
equivalent resistance in the smaller sizes. 
With regard to crushing, the resistance of 
type-JlifJ cable is greater than that of ar- 


Table V. Comparative Crushing Tesb 



Armored Cable 

Electrical Metallic Tubing 

Rigid Steel Conduit 

Tme-MT CaMm 

Identification 
for Armored 

Cable and Electrical 
Metallic Tubing 


Weight to 
Crush to 

1/2 OD,* 
Pounds 







AWG Size 
and No. of 
Conductors 

Trade 

Size, 

Inches 

Weight to 
Crush to 

1/2 OD, 
Pounds 

Trade 

Size, 

Uchps 

Weight to 
Crush.to 

1/2 OD, 
Pounds 

AWGSize 
and No. of 
Conductors 

Weight to 
Crush to 
1/2 OD, 
Pounds 

A . 

B . 

C.. 

.14/2. 

. 788. 

. 800 


-1,283...... 

.V.. 1/2...... 



.4,400 

E .. 

1 19 






F ... 









A . 

B... . 



..... 1 ....... 

... .1,517 
....2,488. 


....7,500. 


.9.633 

C. 

£.... . 

.14/3.. 

.1,017 



. 


. 6/8. 


F . 



.1 /.C 

....2,267 
...2,417 





^Outside diameter. ■ . . . ^ " ----- 
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Table VI. Comparative Impact Tests 


Description of Material. 


Position of Conductors 
or No. of Wires 
Within Conduit 


Lowest Height to Cause Failure, 
Feet 

SO-Ponnd 20-Pound 10-Pound 
Impact Impact Impact 
Weight Weight Weight 


Type-Jl^/ cable, 2-conductor 14 ATvo 

T^r^/ 14 AWG., .'flat. . . 

cable, 2-conductor, 6 AWG.. .flat . 1*5 

EleMnc.I...eUll.ct.l>i.,.l/ 2 iad,. lo-r a.f , 

.fo^lSwO typ^-R. .Hthta.. .«,„7 5. 

B««oal „.uiuc .typ,.R, „.u.... 5 5 

■ ..«^°t“wO .ypy-R, 

^mored cable, 2-conductor. 14 AWG ^o^^uit 

Armored cable, 3-conductor. 14 AWG. .1.6.. 

—.. .. 0.1 . 2 .. 


*Limit of test equipment. 

mored cable, electrical metallic tubing, 
and rigid steel conduit in the larger sizes; 
the crushing resistances of type-MI cable 
and the smaller sizes of rigid steel conduit 
are equivalent. 

As would be expected, the breaking 
strength, elongation, and stress-strain 
properties of type-MI cable are essentially 
those of an annealed copper wire having 
the same cross-sectional area as the com¬ 
bined areas of sheath and cohductor(s). 
Fig. 7 is a cyclic-loading stress-strain dia¬ 
gram for single-conductor 12 AWG t 3 q)e- 
Ml cable. In this test, load was cydicallv 
applied as follows: 

1. Starting from an original value of 8% of 
the cable s ultimate strength, load was in- 
CTCMed to 30% of the cable strength and 
neld for 16 minutes. 

2. Load was next reduced back to the 
ongmal 8% value, then raised to 60% of the 
cable strength and held for 1 hour. 

3. Once more, load was reduced to the 8% 
value and again raised, this time to 70% of 
me cable’s ultimate strength, and held for 
2 hours. 

Fiually, the applied load was again re- 
tmeed to the 8% value, and raised to 73% of 
me cable’s ultimate strength and held for 
1 hour. 

6. Thereupon the extensometer was re¬ 
moved and, after returning once more to t he 
original 8% starting load, the sample pulled 
to destruction. 

This test was performed on a 134.6- 
inch gauge length in an Amsler tensile 
inachine. The rate of both load applica¬ 
tion and removal was 100 pounds per 
minute. 

The ultimate strength of this particular 
type-MI cable was 660 pounds. Inas¬ 
much as the cable as a whole has a cross- 
sectional mea of 0,0476 square inch, and 
the combined a:oss-sectional area of the * 
^eath and conductor is 0.0216 square ! 
inch, this corresponds to a tensile stress j 
of 13,700 pounds per square inch in the 


cable as a whole, and of 30,100 pounds 
per square inch in its metal components. 
This latter value is quite usual for an¬ 
nealed copper conductors. The MI in¬ 
sulation itself, of course, has negligible 
strength in tension. The final modulus of 
elasticity indicated by Fig. 7 is 6.9X10® 
pounds per square inch based upon the 
entire cable, and 13 X lOs based on its 
metal components alone. 

In Fig. 7 the cross-sectional area of the 
entire cable has been taken as the stress 
base primarily to demonstrate that the 
cable responds smoothly as an integral 
unit to changing mechanical loads. Thus 
presented, it should be understood that 
the figure is particular to single-conductor 
12 AWG type-JIfJ cable. However, this 
figure may be translated readily to one 
that is universally applicable to type-ilf/ 
cables of all sizes and constructions, 
merely by multipl 3 ring the ordinates of the 
diagram by the ratio of the cable area to 
the metal compdnent area, i.e., by the 
ratio 0.0476/0.0216. 

Resistance to Corrosion 

Because copper is more resistant to cor¬ 
rosion than most metals in conunon 


usage, type-ilfj cable can be installed 
successfully in most industrial locations. 
However, in enviromnents containing 
gaseous or liquid reagents detrimental to 
copper, such as some chemical and proc¬ 
essing plants, etc., the advisability of a 
protective covering should be considered. 
This might take the form of a simple coat 
of acid-resistant paint, neoprene jadeet, 
or the like. The necessity of such cover¬ 
ings can be judged most simply and re¬ 
liably by experience with copper vessels, 
tubing, bare conductors, etc., in the same 
environment. Direct burial of plain 
type-Jlf/ cable in the earth is usually in¬ 
advisable unless it is known that elec¬ 
trolysis and exposure to acid-reaction ma¬ 
terials are not involved. Cathodic pro¬ 
tection may be effective where electrolysis 
is a factor, and a suitable protective cover¬ 
ing will usually provide protection against 
both electrolysis and chemical corrosion. 

Electrical Constants 

The electrical constants of interest in 
engineering given applications of type-MI 
cables differ little, if at all, from those of 
the older conventional forms of low-volt¬ 
age power cables. Cable size (aside from 
" thermal or current rating relations dis¬ 
cussed later), voltage regulation, and 
operating effidency are all calculated in 
conventional manner; in fact, existing 
voltage drop and power loss tables will be 
found to serve satisfactorily. Where, 
however, it is desired to engineer a given 
job with dose accuracy, the following in¬ 
formation will prove helpful. 

Resistance 

The conductors and sheaths of type-MI 
cables are of high-grade annealed copper 
and naturally have the standard resis¬ 
tivity and temperature coeffident of re¬ 
sistance of that material. In short, the 
d-c resistance of a given MI conductor 







Rs. 7. Stress- 
strain diagram. 
Single-conductor 
12 AWG/ type- 
MI cable 
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at any given temperature is the same as 
that of any other good, solid, annealed 
copper conductor of the same size at the 
same temperature. 

For greatest accuracy in all a-c ap¬ 
plications, particularly in the case of the 
larger conductor sizes, there should be 
added to the d-c resistance the further 
effective resistance components resulting 
from skin and proximity effects grid 
sheath losses. Methods for doing this are 
presented in the Appendix. 

Contrary to first impressions in some 
quarters, the increased resistance of type- 
M1 cables to alternating currents is 
moderate. Considering, e.g. a, 3-phase 
60-cycle circuit composed of three single¬ 
conductor 4 /OAWG MI cables (the largest 
standard size) arranged in equilateral tri¬ 
angular configuration with sheaths in con¬ 
tact and operating at a conductor tem¬ 
perature of 85 C, the total increment in 
effective conductor resistance due to com¬ 
bined skin and proximity effects and 
sheath losses is only 6.8% (see the Ap¬ 
pendix), about the same as the resistance 
increase that would occur with three con¬ 
ventional 4/0 AWG single-conductor 
cables in conduit. The added losses of 
smaller MI cables, and in particular multi- 
conductor MI cables, are much lower, as 
will be apparent from the typical ex¬ 
amples given in the Appendix. 

The principal cause of increase in ef¬ 
fective conductor a-c resistance of single¬ 
conductor MI cables is, of course, the loss 
created by sheath-circulating currents. 
Inasmuch as the effect of sheath currents 
increases with cable spacing, it is gener¬ 
ally desirable to group single-conductor 
cables of a circuit closely together if best 
voltage regulation and lowest power 
losses are important desiderata. 

Inductive Reactance 

For both multiconductor and grouped 
single-conductor MI cables, the induc¬ 
tive reactance from conductor to neutral 
is given quite simply by the following 
equation 

;fi=0.8820X10-y logic (1) 

d 

where 

Xi=inductive reactance to neutral, ohms 
per 1,000 feet 
/sa frequency, cps 

S =effective spacing between conductor cen¬ 
ters, inches 

d—diameter of conductor, inches 

The inductive reactance of MI cables is 
inherently low compared with that of 
older conventional cables because of rela¬ 
tively dose conductor spadngs, a factor 
generally hdpful in improving voltage reg- 
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ulation, particularly at power frequen¬ 
cies in excess of 60 cps. 

Capacitance 

The spedfic inductive capacitance of 
compressed magnesium oxide insulation is 
about 3.8, generally comparable with that 
of a good rubber insulation of low spedfic 
inductive capadtance. For all low-volt¬ 
age, low-frequency power work, there¬ 
fore, capacitance effects are of little prac¬ 
tical significance and, as in the case of 
most other low-voltage cables, may be 
neglected. However, where operating 
frequendes become suf&dently high to 
make capadtance of possible interest, it 
may be evaluated by methods presented 
by Simmons,*'® Dwight,*® and Lee.** Ref¬ 
erence 8 will be found most convenient 
for rapid evaluation of capacitance from: 
1. conductor to sheath, i.e., to neutral, for 
single-conductor cable; 2. conductor to 
neutral for 3-conductor cables; and 3. all 
conductors to sheath for 2-, 3-, and 4-con- 
ductor cables. Reference 9 also gives 
an equation for estimating the capad¬ 
tance from all conductors of an »-con- 
ductor cable to sheath. Unfortunately, 
however, no satisfactory Gi factors for 2- 
and 4-conductor cables (for the calcula¬ 
tion of capadtance from conductor to 
neutral) have yet emerged in the litera¬ 
ture, so far as the authors are aware, 
which makes it necessary to determine 
such capadtances empirically where re¬ 
quired. 

Temperature Capabilities 

The temperature capabilities of MI 
cables are truly remarkable. Mention has 
already been made of the fact that the 
final manufacturing operation is a deep 
anneal, something that would be totally 
impossible with any other type of cable 
known today. Magnesium oxide insula¬ 
tion is stable and unaffected by tempera¬ 
tures up to its melting point, 2,800 C. 
Actually, the only temperature limit in 
short-time exposures is the melting point 
of copper itself, 1,083 C. Short of that 
point, MI cable is completely nonfiam- 
mable; not only will it not bum or sup¬ 
port combustion, but it will not develop 
flammable or toxic gases. In a word, it is 
the most nearly fireproof cable available 
today and, remarkably, its end tempera¬ 
ture Hmit is determined not by its in¬ 
sulation but rather by its conductor 
or conductors and sheath. Its refractory 
properties constitute an important prac¬ 
tical advantage for many t 3 rpes of applica¬ 
tions. 

The temperature limit of MI for con¬ 
tinuous operation is determined only by 


the progressive oxidation temperature of 
its copper sheath. Investigation shows 
this to be about 250 C, i.e., provided that 
temperature is not exceeded, a reasonably 
long sheath (and cable) life may be ex¬ 
pected. Operation at temperatures in 
excess of 250 C, on the other hand, ap¬ 
pears likely to cause progressive oxidation 
of the sheath (oxidation, spalling of the 
oxide coating with expansion and con¬ 
traction of the cable, and exposure of 
fresh metallic copper, further oxidation, 
etc,), and curtailed sheath life. 

Pilling and Bedworth** have developed 
an equation for oxide film growth on cop¬ 
per in the following general form 

( 2 ) 

where 

TF=increase in wire weight due to the com¬ 
bined oxygen in the surface oxide 
film, grams per square centimeter of 
wire surface 

ir=oxide film growth parameter (see Fig. 8) 
f=«time, seconds 

Pilling and Bedworth give the oxide 
film growth parameter for oxygen from 
1,000 C down to 400 C; and that for air 
from 1,000 C down to 700 C. The values 
for air obviously are less than those for 
oxygen. The oxide film growth parame¬ 
ter for copper in oxygen is reproduced 
in Fig. 8 from data provided by Pilling 
and Bedworth. To increase the useful¬ 
ness of the data tlie growth parameter is 
extrapolated downward to a temperature 
of about 250 C. The Pilling and Bed- 
worth equation can be translated to the 
following more convenient form 

d=2l.my/Kt (3) 

where 

d=the thickness of copper converted to 
oxide, mils 

iC=the Pilling and Bedworth oxide film 
growth parameter 
/“time, hours 

Based on equation 3 and using the film 
growth parameters indicated in Fig, 8, the 
calculated decrease in copper sheath 
thickness as a function of time is given in 
Table VII. Values given are for oxygen 
and are somewhat higher than those for 
air; this is particularly true for tempera¬ 
tures in the range of 250 C. 

Campbell and Thomas** have demon¬ 
strated that at temperatures below 250 C 
the rate of oxidation is somewhat less 
than predicted by equation 3. Their data 
indicate that the oxide film grows in ac¬ 
cordance with the following general equa¬ 
tion 

(4) 

where 
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Fig. 8 (left). Oxide 
film growth param¬ 
eter 


Fig. 9 (above). In¬ 
sulation thermal re¬ 
sistivity and sheath 
surface themaal re¬ 
sistivity as a function 
of temperature 


T^=weight of oxygen absorbed, micrograms 
per square centimeter 
<a»time, minutes 
K, C=constants 

Samples of representative type-ikfi 
cable were placed in an air atmosphere at 
temperatures of 750 and 1,000 C. The 
thickness of the oxide film was measured 
after representative periods of time. 
The measured decreases in wall thickness 
of the copper sheath are shown in Table 
VIII. These measured values are com¬ 
pared to values calculated from equation 
3 with the use of the oxide film growth 
parameters for oxygen as presented in 
Pig, 8. 

A design-operating temperature of 
250 C is, of course, high for most ordinary 
cable applications (save for running 
through local hot spots and the like) be¬ 
cause of ddetetious effects on common 
building materials and hazard to person¬ 
nel and, even where cable runs are suit- 


Table VII. Decrease in Copper Sheath 
Thickness as a Function of Time at Various 
Temperatures 


Decrease in Sheath 

250 C, 

400 C, 

800 C, 

Thickness, Mils’** 

Years 

Years 

Honrs 

1.. 

.. 2;67., 

..0.0583. 

.. 0.250 

2..;. 

; 10.3 ,. 

..0.233 . 

.. 1,04 

6. 

. 64.3 ., 

,.1.46 . 

.. 6.48 

10.. 

.257 ., 

..5.83 . 

,.25.9 


*1 oiQkO.OOI inch. 
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ably isolated and/or guarded, because of 
the heavy voltage drops and power losses 
associated with temperature-resistance 
effects, particularly for circuits of appre¬ 
ciable length. The resistance of copper 
at 250 C is 1.52 times its resistance at 86 
C. This might, of coturse, be compensated 
by correspondingly larger conductor cross 
section, but in most instances this would 
be uneconomical. Most high-tempera¬ 
ture applications of MI, however, are of a 
special nature, either involving imusually 
high ambient temperatures, extra-heavy 
current or short cable runs, or both, direct 
connection to electric heaters or other 
heat sources, or actual utilization of MI 
cable itself as a heater. All such high- 
temperature applications obviously re¬ 
quire special treatment both wilh re¬ 
spect to the installation as a whole and 
to the necessary terminations and con¬ 
nections. These various considerations 
introduce a third operating temperature 
limit for MI in most routine appKcations, 
this time determined by ordinary prac¬ 
tical service requirements and to an im¬ 
portant degree by the temperature capa¬ 
bilities of the appurtenant te rminating 
fittings available at present. At the 
moment, this latter limit is 85 C, based 
primarily upon the temperature capabili¬ 
ties of the preset standard terminating 
fittings. This, of course, does not pre¬ 
clude higher local hot-spot temperatures 
for JIfi cables per se, provided tennina- 


tions are located in cooler areas such that 
the combined effects of load current and 
ambient temperature do not cause ter¬ 
mination temperatures in excess of 85 C. 
Development of terminating fittings for 
temperatures higher than 85 C is under 
way. 

Current Rating 

As Fig. 9 indicates, the thermal resis¬ 
tivity of compressed magnesium oxide in¬ 
sulation used in type-Jlf/ cables is low, 
being of the order of 160 C per watt per 
centimeter (cm)® at a conductor temper¬ 
ature of 85 C, greatly facilitating flow of 
heat from the conductor(s) to the outer 
sheath. 

The surface thermal resistivity of the 
sheath is dependent upon the degree of 
weathering or oxidation, upon the diame¬ 
ter of the cable, and apparently also to 
some extent upon the sheath temperature. 
Fig. 9 indudes two curves of sheath sur¬ 
face thermal resistivity applicable to type- 
MI cables, one for a cable haying a di¬ 
ameter of 3/8 inch, the other for a cable 
having a diameter of 3/4 inch. The sur¬ 
face resistivity decreases somewhat as the 
sheath temperature increases, but in the 
80 to 86 C temperature range the indi¬ 
cated sheath surface thermal resistivity is 
about 630 and 830 C per watt per cm® for 
the 3/8- and 3/4-inch cable diameters re¬ 
spectively. The decrease of sheath sur¬ 
face resistivity with increasing sheath 
temperature may be partially explained 
by the blackening of the sheath (with re- 

Tdble VIII. Comparison of Measured and 
Calculated Decrease in Wall Thickness/ Type- 
Mi Cable 




Decrease in Wall 



Thickness, Mils’** 

Temperature, 

Time, 

Measured 

Calculated 

C 

Hours 

in Air 

in Oxygen 

750...,. 

... 4.... 

.,.. 2.5. .., 

2 0 

750. 

...72.,., 

.... 9.0...; 

.;;io;8 

1,000.,... 

... 2.... 

....10.8,... 

...11.8 

1,000. 

... 3.,.. 

....13.5.... 

...14.7 

1,000. 

... 7.... 

....20.3..,. 

...23.7 


*1 mil-. 0.001 inch 
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Table IX. Dimensions of Cables Employed in Tests 


Description of 

Cable 

Conductor 
Diameter, Inch 

Nominal Insolation 
Wall Thickness, 
Inch 

Nominal Thickness 
of Copper Sheath, 
Inch 

Diameter Over 
Copper Sheath, 
Inch 

1-conductor 16 AWG. 

_0.061. 


.... :.0.023. 

.0.216 

1-conductor 14 AWG. 

....0.064. 



.0.230 

1-conductor 12 AWG. 

....0.081. 

.0.069. 


.0.246 

1-conductor 9 AWG. 

....0.114. 



.0.293 

1-conductor 4/0 AWG.... 

....0.460. 



.0.699 

2-conductor 14 AWG. 

....0.064. 

.0.063. 

.0.027. 

.0.371 

8-conductor 14 AWG. 

....0.064. 

.0.061. 


.0.387 

2-conductor 6 AWG. 

....0.162. 



.0.690 

3-conductor 6 AWG...... 

....0.162. 

.0.064. 


.0.621 

RG-81/U . 

RG-82/U ... 

....0.063. 

....0.126. 

.0.129. 

.0.263. 

.0.027. 

.0.376 


sultant increase of the effective emis- 
sivity factor) as the test proceeded, but 
it appears doubtful that this can be re¬ 
garded as the sole reason. Increasing 
temperature would tend to increase heat 
dissipation both by radiation and convec¬ 
tion. 

The data presented in Fig. 9 were taken 
on RG-81/U and RG-82U cables having 
the dimensions indicated in Table DC. 
The cables were placed in a special cham¬ 
ber free of air drafts, so equipped that an 
ambient temperature of 40 C could be 
maintained. Conductor temperatures 
were obtained from conductor resistances 
measured by means of a Kelvin double 
bridge arranged so that the conductor 
resistance could be measured while the 
d-c loading current was passing through 
the conductor. The sheath was elec¬ 
trically idle. The sheath temperature and 
the ambient temperature were measured 
by suitable thermocouples placed along 
the length of the cable. The total watt in¬ 
put to the conductor was determined by 
measuring the conductor current and cal- 
ctdating the watts from the product of the 
square of this current and the conductor 
resistance. The insulation thermal resis¬ 
tivity p and the sheath surface thermal re¬ 
sistivity B were then calculated from the 
following equations 

Tc-T, 


0.00522W Iog€ — 
d 

j^ jTs-n)D 
0.0041Iw 

where 

Tc, Ts, Ta®* conductor, sheath and ambient 
temperatures respectively, C 
21 diameter over insulation, indhes 
D » outside diameter of cable, inches 
conductor diameter, inches 
w^If^Roe where Jc is the conductor d-c 
current in amperes, and is the 
conductor resistance in ohms at the 
test temperature, watts per foot 
p =» insulation thermal resistivity, C per watt 
per cm* 

surface thermal resistivity, C per watt 
per cm* 
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Rosch^^ has diown that the surface 
thermal resistivity of cables having out¬ 
side diameters of about 1.75 inches andless 
is dependent upon cable diameter. As a 
result of this work the National Electrical 
Manufacturers’ Association (NEMA) and 
the Insulated Power Cable Engineers As¬ 
sociation (IPCEA)^® have adopted a con¬ 
ventional standard, which has been used 
by the industry for many years, and in 
which the surface thermal resistivity of all 
types of cables is taken as a value var 3 dng 
linearly from 660 at cable diameter equal 
to zero, to 1,200 at cable diameter equal 
to 1.76 inches. For diameters larger tiian 
1.76 inches, a constant value of 1,200 C per 
watt per cm* is used. Since all stand^d 
MI cables have sheath outside diameters 
of under 1.75 inches, the applicable NE- 
MA-IPCEA surface thermal resistivity 
would be given by the expression 

F»314.3i?+660 (D^ 1.75 inches) (5) 

where 

jB*=> surface thermal resistivity of sheath, 
C per watt per cm* 

1?=cable outside diameter, inches 

Surface thermal resistivities indicated 
by equation 6 appear to be high in com¬ 
parison with those indicated by the in¬ 
vestigations of Schurig and Frick*® on the 
heating of bare conductors. Fig. 10 
shows two curves of surface thermal re¬ 
sistivity B, one a plot of equation 6, the 
other derived from curve A, Fig. 13, of 


reference 16. According to Sdiurig and 
Frick, their curve A is based on a 30 C 
rise above a 40 C ambient, at an indicated 
conductor temperature of 70 C. Also in¬ 
cluded on Fig. 10 are two test points 
taken from Fig. 9 of measured sheath 
thermal resistivity for the 3/8-inch and 
3/4-inch diameter MI cables at a sheath 
temperature of 70 C. These latter points 
fall between the IPCEA and Schurig and 
Frick curves. It is evident from all of the 
available data that the IPCEA curve is at 
le^t on the conservative side when ap¬ 
plied to MI cables, perhaps unduly so. 
Nevertheless it is accepted as a basis for 
the following estimates of current-carry¬ 
ing capacities for type-JlfJ cables, to¬ 
gether with the insidation thermal re¬ 
sistivity of 160 C per watt per cm* indi¬ 
cated by Fig. 9. Inasmuch as dielectric 
loss is negligible in type-MT cables, the 
following current-rating equations then 
become applicable 


„ 0.7832G 

i?<“- 

n 

(«) 

2.672 

Rs “—^+1.292 (2? ^ 1.76 inches) 

(7) 


(8) 

/= J 

If nReRtk 

(9) 

where 


i?i“ thermal resistance of insulation, C per 
watt per linear foot 


2?*=surface thermal resistance of sheath, 
C per watt per linear foot 
Rth => total thermal resistance of cable, C per 
watt per linear foot 

Ro =• effective conductor resistance at operat¬ 
ing temperature, ohms per foot 
Cr*® geometric factor for heat flow from con- 
ductor(s) to sheath (given for 1-, 2-, 
3-, and 4-conductor cables in r^er- 
ence 8) 

» “number of conductors in cable 
T“ temperature rise of conductors, C, i.e., 
difference between conductor operat¬ 
ing temperature and ambient tem¬ 
perature 

/“current per conductor, amperes 
2? “Cable over-all diameter, inches 
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.31.. 


.... 40.. 


.... 53.. 


.... 71.. 


-94.. 

. . . . 

.... 125.. 



.. 29., 
. . 37.. 
.. SO.. 
.. 65.. 
. . 85.. 
. .114.. 
. .131.. 
..151.. 
..173.. 
.. 200 .. 

. .229.. 
.263.. 
.301.. 


.. 30... 
.. 40... 
. 56... 
.. 70... 
. 100 ... 
.135... 
.155... 
. 180... 
. 210 ... 
.245... 
.285... 
.330.. 


20 C. 
1.09. 


.25 q. 

.1.05. 


..... 

.30 0.,5 0 

. . S^£ .■«?.»c 

tCdr * conductor. 

tCables in triangular configuration, sheaths m contact. 


Three 

1-Cdr 

Cables 

Grouped 


.. 25.. 
.. 30.. 
.. 40.. 
.. 50.. 
.. 70.. 
.. 90.. 
. .105 
..120 
.. 140 
..155 
..185 
..210 
..235 



3-Cdr 

Cable 

4-Cdr 

Cable 


...25. 

...20... 


...30. 

...24... 


...40. 

. .32... 


...50. 

...40 


...70. 

..56 


...90 



7-Cdl- 

Cable 


. .17.5 
. .21 
. .28 


.70 0. 
.0.52. 


.75 0., 
.0.43.. 


....800 

...0.30 


These equations apply strictly to a 
single 1-conductor or ^-conductor isolated 
cable in still air. Where several cables 
grouped closely together with sheaths 
in contact, the group may be treated with 
fair approximation as a single multicon¬ 
ductor cable having a sheath diameter 
eqmvalent to that of the circle circum¬ 
scribing the entire group. Where cables 
are grouped with separations between 
cable surfaces ranging from one-quarter 
to one cable diameter, the group correc¬ 
tion factors. Table IV of reference 16 are 
useful. For cable groupings having spac- 
ings between cable surfaces exceeding 
about one cable diameter, mutual heating 
effects .become small and may be neg¬ 
lected, i.e., the cables treated as individ¬ 
ual isolated cables, without serious error. 

These various considerations are sub¬ 
ject to some modification (based upon 
good judgment) depending upon the phys¬ 


ical arrangement of cable groups; for 
instance, vertical runs have the advantage 
of greater “chimney” effect than horizon- 
t^ runs. Finally all theoretical calcula¬ 
tions based on the simple assumption of 
cables or cable groups isolated in air 
necessarily mvolve departures from the 
actual^ conditions of many practical in¬ 
stallations wherein cables are laid in trays 
racked over surfaces, etc., and hence are 
affected by their surroundings. These 
extraneous effects unfortunately are too 
num^ous and varied to lend themselves 
readily to satisfactory analytical treat¬ 
ment, and usually must be determined 
empincally. 

^ Table X shows current-carrying capac¬ 
ities of typ^-MI cables calculated in ac¬ 
cordance with the methods described. 
These current ratings are based upon an 
operating temperature of 86 C and an 
ambient temperature of 30 C. Current 


ratings for other ambient temperatures 
may be determined readily from the 
correction factors included in the table 
Also included in Table X in parallel col-’ 
mnn arrangement are current-carrying 
capacities prescribed in the 1963 National 
Electrical Code for typt-Ml cables, like¬ 
wise based on a conductor temperature of 
86 C and an ambient temperature of 30 C. 
These code ratings, of course, were not de¬ 
termined specifically for typt-Ml cables, 
rather they are the ratings established 
earlier for other, older types of cables 
having the same assigned operating tem¬ 
perature rating, and are the category into 
which Ml was placed when it received 
code recognition. 


Terminatiiig Fittings 


^ previously mentioned, magnesium 
OHde insulation is hygroscopic, combining 
wth water to form magnesium hydroxide. 
In addition to the water of constitution, 
the hydroxide can also absorb a certain 
^ount of extra water which remains in 
the free state. This latter tends to reduce 



F'S. 11. Standard end seal for 2-conduetor type-MI cable 

A shows knurled cup, slreln relief bends, Bskellse washer, neoprene 
P , sleevins 

I W^'pieS«.r"'““"''' -“'--''-"'I' --blv 
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A shows locknut, compression ring, and threaded gland 

B shows components of A, placed on Ml cable With end s« 

C shows completed termination ready for attachment to endlsure 
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the dielectric strength and current re¬ 
sistance of the insulation and could ulti¬ 
mately cause failure. However, should a 
cable end accidentally become exposed to 
moisture during handling and installation, 
the longitudinal penetration into the 
cable ordinarily is relatively slow, and 
confined to a short distance from the open 
end. In any case, absorbed moisture can 
be completely eliminated and the cable 
restored to its original dry state by play¬ 
ing a torch lightly over a short section ad¬ 
jacent to the cable end, or simply by crop¬ 
ping the affected end. The efficacy of 
sudi treatment can be judged most con¬ 
veniently and effectively by megger test. 
While hygroscopic effects thus constitute 
no particular problem during the handling 
and installation stage, it will be appre¬ 
ciated that installed cables must be per¬ 
manently sealed at their ends to prevent 
subsequent ingress of water. Terminat¬ 
ing fittings are required, therefore, to 
serve three principal functions: 1. Seal 
the cable end as mentioned. 2. Provide 
means for extending and insulating the 
individual conductors beyond the cable 
seal for purposes of connection to ter¬ 
minals or other conductors. 3. Anchor 
the cable to the box, fitting or enclosure to 
which it is attached. 

Fig. 11 shows a cable seal and its com¬ 
ponent parts, in this case for a 2-conduc¬ 
tor MI cable. It consists essentially of: 

1. a cylindrical, knurled brass cup or pot, 
internally threaded at the knurled end to 
fit the cable sheath size for which it is in¬ 
tended, and having a recessed opening 
at the other end to receive a circular, 
reinforced bakelite insulating washer; 2. 
strain-relief insulating beads; 3. the afore¬ 
mentioned washer; 4. special high-temper- 
ature moisture-resistant insulating neo¬ 
prene sleeving of the size required for the 
cable conductors; and finally 6. special 
plastic heat-resistant, moisture-resistant, 
insulatiiDg potting compound. After the 
sheath and insulation have been stripped 
from the conductors for the requisite dis¬ 
tance (which may be much longer than 
that depicted in the figure), the knurled 
brass cup is screwed onto the end of the 
cable sheath, cutting its own thread in the 
process. The knurled cup is then com¬ 
pletely filled with sealing compound. 
N^t, the preassembled insulating washer 
and insulating sleeves (each of the latter 
with its strain relief bead under the 
washer) aire slipped over the conductors 
and pressed home in the shouldered re¬ 
cess of the compound-filled knurled cup 
(excess compound being extruded into the 
sleeving and around the edges of the in¬ 
sulating washer), and the washer firmly 
secured in position by a small tool that 



crimps the lip of the cup thereon. This 
completes the cable seal proper. Seals 
for single-conductor and other multicon¬ 
ductor cables are made in identical man¬ 
ner except, that, aside from suitable ad¬ 
justment of dimensions with those of the 
cable involved, the number of holes in the 
insulating washer and the number of in¬ 
sulating sleeves are co-ordinated with the 
number of conductors in the cable being 
terminated. 

Fig, 12 shows the remaining compo¬ 
nents of a standard termination, which are 
identical in form for both single-conductor 
and multiconductor cables and vary only 
with the outside diameter of the cable in¬ 
volved. These components are three in 
number, all of brass, and consist of: 1. a 
threaded gland internally recessed to fit 
the knurled sealing cup; 2. a compression 
ring which fits over the cable sheath and 
seals it off (on the well-understood prin¬ 
ciple adapted so wddely to pressure pneu¬ 
matic and hydraulic tubing); and 3. a 
follow-up compression-locking nut. The 
threaded gland proper, of coiurse, may be 
inserted into a box or enclosure and se¬ 
cured thereto by a standard locknut, or 
screwed into threaded bosses of various 
types of enclosures, in either case anchor¬ 
ing the cable to the device or fitting on 
which it terminates. Cables may be 
spliced, where required, by terminating 
them into a suitable box, and joining and 
insulating the conductor ends within the 
box. The entire standard MI cable line is 
accommodated by only four sizes of 
threaded glands (with associated seal 
ring and locknut) corresponding to con¬ 
duit sizes of 3/8 inch, 1/2 inch, 3/4 inch, 
and 1 inch respectively. The threads of 
these glands are standard conduit threads. 

It can be seen from this brief outline 
that MI tenninating fittings are both 
simple in principle and ^ple to apply, 
and require no essentially new techniques. 
Properly installed, they very effidently 


and effectively serve their intended pur¬ 
pose, even with standard knpdcout boxes 
and enclosures. Employment of water¬ 
tight boxes and enclosures, where re¬ 
quired, to protect otherwise exposed 
conductor terminal lugs, screws, etc., 
makes possible a completely moisture- 
proof, vaporproof, and dustproof system. 

Present standard terminating fittings 
have an assigned maximum continuous 
operating temperature of 86 C, governed 
by the temperatm-e capabilities of the pot¬ 
sealing compound, insulating washer, and 
insulating sleeving. The possibilities of 
dternate potting compounds and sleev- 
ings, suitable for operation at higher tem¬ 
peratures, are being investigated, with 
currently encouraging prospects. There 
are also possibilities in the ceramic-sol- 
dered-to-metal type of terminal, or small 
cable pothead, for use under very high 
temperature conditions or where atomic 
radiation is a factor. These possibilities 
are being looked into and can exploited 
as occasion requires. 

High-Frequency Uses 

The relatively low dielectric constant 
and the low pf of magnesium oxide make 
this insulation suitable for use at ultra- 
high frequencies. As indicated previ¬ 
ously, the dielectric constant is relatively 
constant over the frequency range of 60 
cps to 400 megacycles per second. The 
pf is relatively constant. Both the di¬ 
electric constant and pf are practically in- 


Table XI. RG-81/U Hish-Frequency Ml 
Cable 


Room Temperature Parameters 

Capacitance. 

..37.1 micromicrofarads 
per foot 

Impedance. 

. .32.5 ohms 

Velocity of propagation.. 

..63.0% 

Attenuation... 

.'. 2,1 db per 100 feet at 
100 megacycles 
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dependent of temperature at frequencies 
even as high as 400 megacycles per second. 
This is particularly advantageous since at 
frequencies above 1 megacyde per second 
the characteristic impedance of the cable 
is essentially constant. 

Table XI shows typical data for a 62- 
ohm coaxial mineral-insulated cable (RG- 
81/U) having a diameter over the copper 
sheath of 0.375 inch, a diameter inside of 
the copper sheath of 0.321 inch, and a con¬ 
ductor diameter of 0.0626 inch. This 
cable is made in accordance with Speci¬ 
fication JAN-C-17A, Amendment 3,^ and 
tlie values presented in Table XI are typ¬ 
ical measured values at room tempera¬ 
ture. 

Measurements of attenuation on RG- 
81/U and RG-82/U were made at room 
temperature. A General Radio type-874 
coaxial equipment set was used for meas¬ 
urements in the frequency range of 1 to 
900 megacycles per second. For meas¬ 
urements at 3,000 megacycles per second, 
the MIT CO-AX instrument and cable 
test unit t 3 fpe Q was employed. Results 
are shown in Fig. 13. 

Appendix 

Sldn and proximity effects and sli « * a th 
losses tend to increase the effective a-c re¬ 
sistance of conductors in metallic-sheathed 
cables. Skin and conductor proximity 
effects are cmnmon to all cables, wKeth^ 
single-conductor or multiconductor. In the 
of grouped single-conductor cables, 
Meath losses consist of two componetits, 
those due to sheath proximity (eddy) cur¬ 
rents which flow solely within the individual 
sheaths, and those due to sheath-circulatitig 
ctinents which leave an individual sheath at 
«ie or more pmnts and return to it at one or 
more others. In the case of individual 
multkonducto: cables, sheath losses consist 
«^y of those due to sheath proximity 
(eddy) currents. ^ 

adn effect can be evaluated most con- 
wn»eaay by means tables contained in 
most electrical handboofcsn of a-c/d-c resist- 
mme ratios co rrespon ding to the function 

e-0.{B768V//J2d.c (10) 

where 

/■"frecpieiicy, cps 

^ ** !°**^« d-c resistance at operating 
<*ms per 1,000 feet 

p«^ty effects can be esti- 

phase) ( 11 ) 


I-(*-aB83(rf/5)»^x) ^®-I*®se) ( 12 ) 

wlmte; 


a increment of conductor resistance due 
to conductor proximity, effect, ohms 
per 1,000 feet, for 3-phase dreuits 
conductor diameter, inches 
5“effective spacing between centers of con¬ 
ductors, inches 

R{-£=d-c resistance of conductor at the 
operating temperature, ohms per 
1,000 feet 

A(x), Gix), !?(«), are functions of x (see 
equation 10) as given in Fig. 14 
a-c/d-c resistance ratio (reference 17) 

Strictly speaking, equation 12 applies only 
to three conductors in equilateral triangular 
configuration remote from all other con¬ 
ducting materials. For other conductor 
configurations, proximity effects on the 
individual conductors will differ iu magni¬ 
tude, but the average proximity effect for 
^e 3-phase circuit as a whole should be 
indicated with practical accuracy by em- 
ploidng the effective conductor spacing for 
the particular configuration involved. Equa¬ 
tion 11 also applies strictly only to con¬ 
ductors remote from all other conducting 
materials. Moreover, particularly in the 
case of grouped single-conductor MI cables, 
at least, the proximity effects indicated by 
b<^ equations 11 and 12 tend to be pessi¬ 
mistic, i.e., too high, because these equations 
do not tahe into account sheath currents 
which, being of opposite polarity to the 
conductor currents, reduce flux linkages 
between conductors and hence reduce 
proximity effects. Howev^, inasmuch as 
conductor proximity effects are relatively 
smaU for type-JkfJ cables, even of the largest 
sizes, these equations serve with practical 
accuracy and tend, if anything, to be con¬ 
servative. 

Eheath proximity loss is attributable to 
eddy currents induced in the sheath by the 
main conducten- currents. For two single¬ 
conductor type-JfJ cables connected in a 
smgle-phase circuit, the sheath proximity 
loss may be calculated from the following 
development of an equation from Arnold*® 


Rpsi (either outer cable) 


' Rs \2S/ 


X10“» CIS) 


Rpsa (middle cable) 


220/*/l>g.V 

“ Rs \2S/ 


X10~» (16) 


73AP/D^Y 

Rs \2S/ ' 


-Rj»n«increment of conductor resistance, 
ohms i)er 1,000 feet 

“Sheath resistance at operating tem- 

perature, ohms per 1,000 feet 

/“frequency, cps 
.Dm “ m e nu sheath diameter, inches 
^-spacing between conductor centers 
inches 

Single-conductor type-JIfJ cables 
a^^d m ^equilateral triangular con- 
fipttarion and carrying balanced 3-pliase 


where symbols are the same as given for 
equation 13. 

The effect of-sheath proximity loss for a 2- 
conductor type-MI cable may be calculated 
from the following equation, which ia a 
development of a similar equation originally 
developed by Meyerhoff*‘ 

1.913 XlO-yMu (17) 


effective increase in conductor d-c 
resistance, ohms per 1,000 feet 


il/2l“4»| 


/ o* c® 

\l+^+9+V» 


'■^25 


d(w+l) 


1.913 X10-y 
"" Rs 

w “ratio of insulation thickness (as previ¬ 
ously defined) to conductor diameter 
ft 8, Dm, and i?, have the mcaning.s given 
previously 

In the case of 3-conductor type-ilf/ cables, 
tte effect of sheath proximity currents can 
be evaluated by means of the equation sugr- 
gested by Simmons® 

^ , 396(25'i)* 


\2sJ 


X10-* 


Rpw-increment of conductor resist- 
Pw 1.000 feet, and the oth« 
tion 13.^ ^ ^ Siveu fdr equa- 

Arnold^ foMo^r^quatitos from 


J:0rdan, 



“effective increase in conductor resist- 
ance, ohms per 1,000 feet 
5i“distance between center of each conduc¬ 
tor and center of cable, inches 
and all other symbols have the meanings 
previously given 

For two single-conductor cables in a 
smgle-pha^ circuit or three single-conductor 

spacing in a 3-phase 
circmt, the added effective conductor resist- 

Stm currents is 

. given by the relations 


Xm>+R,» 

X’«“0.8820X10-*/logio 


f^istance. 

ohms per 1,000 feet 

A^„“mu^aJ re^tance between conductor 
sheath, ohms per 1,000 feet 

“We «n- 

Equations 19 and 20 apply riimrouslv 

^ .Praptfcrt probtems, 
ppwever. tie oro „ relatUrdy smaU, 
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Fis. 14. Functions 
ol X for determina¬ 
tion of conductor 
proximity effects 


References 


0 0.2 0.4 0.6 0.8 1.0 

X 

though it is a maximum for the case of 
cables with sheaths touching. A more 
exact evaluation in such cases has been 
worked out by Miller** and Dwight.**'*^ 

For other atrangements of one and two 
circuits of single-conductor cables, see 
Table VI of reference 8. 

The application of these equations to 
type-Afl cables may best be shown by a few 
typical ex^ples. Consider first a 60-cycle 
3-phase circuit composed of three single- 
conductm 4/0 AWG type-JIfJ cables ar- 
m equilateral triangular configur¬ 
ation with sheaths in contact and operating 
at a conductor temperature of 85 C. For 
these cables the following data are applica¬ 
ble 

Rd-o at 86C=0.0616 ohm per 1,000 feet 
d=0.460 inch 
•5=0.699 inch 

J?*=0.127 ohm per 1,000 feet at an assumed 
temperature of 80 C 
=0.661 inch 


1.2 1.4 


»0.02768i 


:=0.864 


From handbook tables of a-c/d-c resist¬ 
ance ratios, the ratio correspond.ing to the 
value of a; in the foregoing is 1.0029. In 
short, 60-cycle sldn effect increases the re¬ 
sistance of the conductor by 0.29% or 
0.0002 ohm per 1,000 feet. 

For conductor proximity effect, G(x) and 
H(x) are 0.0085 and 0.338 respectively, as 
obtained from Fig. 14. Then 

=0.0067J?d.c=0.0004 ohm per 1,000 

feet 

which is equivalent to ^ increase of effec¬ 
tive resistance of 0,57%. 

For sheath proximity effect 


110X(60)* / 0.661 y 

0.127 \2X0.699/ 
“0,0007 ohm per 1,000 feet 


which corresponds to a 1.14% increase in the 
d-c resistance value of 0.0615. 


^ The effect of sheath circulating current 
is given by 

=0.882 X10-«X60 logic — 

0.661 

=0.0172 ohm per 1,000 feet 
(0.0172)8 X0.127 
“ (0.0172)*-f(0.127)*“®'°®^ 

per 1,000 feet 

which corresponds to an increase of 3.73% 
in the conductor d-c resistance. 

The total 60-cycle resistance at 85 C is 

therefore=0.0616-l-0.0002 +0.0004-1-0.0007 

feet or 

106.8% of the d-c resistance. This is com¬ 
mensurate with resistance increase occurring 
with three conventional 4/0 AWG single¬ 
conductor cables in conduit. 

The example given purposely involves the 
largest standard size of single-conductor MI 
cable.^ The added losses of sTtipllpr cables 
and, in particular, multiconductor cables, 
are much lower. For instance, for ‘rfze 4 
AWG single-conductor cables in equilateral 
triangular configuration with sheaths in con¬ 
tact, the skin and proximity effects are neg¬ 
ligible and the added conductor resistance 
due to sheath circulating currents is only 
0.33% of the d-c resistance, assuming as 
before a conductor operating temperature of 
85 C and a frequency of 60^cles 
The added losses in the case of multi¬ 
conductor type-JIfJ cables are still lower. 
For 3-conductor 4 AWG type-MT 
(the largest standard size) operating at a 
temperature of 86 C and a frequency of 60 
cycles, skin and conductor proximity effects 
again^ are negligible and the increased 
effective resistance due to sheath proximity 
currents is indicated as 

•Si=0,167 inch 

ohm per 1,000 feet at an assumed 
temperature of 80 C 
i2d-c=0.312 ohm per 1,000 feet at 86 C 
i?m=0.691 

„ , 396(2X0.167)*X10“« 
~~ 0.118X(0.691). 

This comsponds to an increase in con¬ 
ductor d-c resistance of only 0,22%, a very 
small value. 
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Discussion 

Henry Richter (Ebasco Services, Inc., New 
York, N.Y.): This type of cable is coming 
into wider use for power, control, lighting, 
and heating tracers for freeze protection. 
For the firat three of these applications the 
considerations leading to its choice may 
include fire hazard, ruggedness, lower 
mstalled cost than the more or less standard 
cables in conduit, high ambient tempera¬ 
tures, etc. In freeze protection circuits 
it may be called upon to withstand one of 
the worst possible conditions for insulated 
cables, namely, the presence of moisture 
and temperatures up to 260 C, or 482 
degrees Fahrenheit (F). 

Based on our experience with t3npe-Jkf7 
cables in all four of the applications just 
listed, it wpuld appear that improvements 
in the terminations wojild assist materially 
in furthering the use of this cable, and the 
following remarks are directed mainly 
toward that end. 

In the section "Properties of Mngnesium 
Oxide Insulation,” it is stated that "The 
presence of free moisture quickly reduces 
the dielectric strength and ^ows an ap¬ 
preciable leakage current to flow.” A test 
w^ made using two pieces of MI cable 
with the conductors spliced and the ends 
of the magneaum oxide left exposed to the 
air. This joint was enclosed in a large 
conduit box with water in the bottom of 
tte box to a depth of about 1/4 inch, the 
joint being about 1/4 inch above the 
water. The box was then hermetically 
seal^. The magnesium oxide thus was 
subjected to almost a completely saturated 
atmosphere. Readings of insulation re¬ 
sistance were taken daily and the test 
was continued for 90 days at room tempera¬ 
ture. The insulation resistance dropped 
from an mitial 200,000 ohms to as low as 
20,000 ohms after several days, then 
climbed steadily to approximately 80,000 
ohms after several weeks and continued 
there for the remainder of the test. If the 
two ends of a cable on a 480-volt circuit 
supplying a motor were similarly exposed to 
extremely high humidity it would thus 
appear that the maximum leakage current 
due to low insulation resistance would be 
about 20 milliamperes. 

It is noted in the section "Terminating 
Fittings” that in the presence of moisture 
the mmeral insulation forms magnesium 
hydroxide, and we are informed that this 
compoimd acts as a stop to the entrance 
of moisture into the magnesium oxide 
insulation beyond the hydroxide. This 
may explain why the insulation resistance 
of an MI cable exposed to moisture- 
saturated air for a very long time is not 
lower than luis been noted. 

At the end of the 90-day exposure, po¬ 
tentials of 120 volts a-c and d-c, 240 volts 
a-c and d-c, and 440 volts a-c and d-c were 


applied successively to this joint without 
failure or any noticeable effects. The a-c 
voltage was then increased in steps until 
flashover occurred at the end of the cable 
at approximately 1,600 volts, but the arc 
left no noticeable damage and the cab le 
undoubtedly could have been continued in 
service at any of the previously mentioned 
operating voltages after breakdown. 

Again, in the subsection entitled "Surge 
Voltage Strength,” it is stated that a surge 
breakdown may cause power follow-up 
and permanent failure. Tests were made 
with a typical type-MI cable the unsealed 
end of which had been immersed in tap 
water for 60 days continuously, 120-volt 
alternating current was applied and a 
small arc occurred at the cable end, but 
when the circuit breaker was reclosed it 
did not trip. The cable end was immersed 
in water again, but for 6 minutes only. 
This procedure was repeated with 220 
volts and 440 volts alternating current. 
There was no visible damage to the cable. 
The worst kind of fault that might be 
encountered in savice was then reproduced 
at the end of the type-Afl cable by com¬ 
pletely coating the magnesium oxide with 
heavy carbon black, and thoroughly mois¬ 
tening the latter. This fault produced 
a loud report on 440 volts alternating 
current but all of the carbon black was 
burned off and the type-MI cable termina¬ 
tion was left unimpaired. When the 
circuit breaker was reclosed there was no 
further trouble. The fault current in 
this c^e was limited by the relatively Bmall 
capacity of the source of potential. It may 
be that with the heavy follow currents 
available from control and auxiliary power 
busses in generating stations an arc would 
result in the spattering of copper at the end 
of the magnesium oxide insulation, which 
would bridge the gap between conductors 
or between conductor and sheath and thus 
produce peimanent failure, but such evi¬ 
dence is still to be produced. 

As regards switching surges, which may 
reach 6,000 to 7,000 volts on control and 
auxiliary power circuits in generating 
stations and thus cause flashover at sealed 
as well as unsealed ends of type-JIfJ cable, 
there are rather simple and inexpensive 
methods for suppressing such surges when 
the source of the trouble has been located. 
For example, a resistor, capacitor or small 
rectifier may be shunted across the relay 
coil or solenoid that gdves rise to the surge. 

It seems still to be proved that switching 
surges will be of consequence in producing 
permanent failure of type-JITT cables in 
generating stations even if the cable ends 
are not sealed. 

In the subsection "Resistance to Cor¬ 
rosion,” a maximum copper temperature 
of 86 C is noted for the more usual circuits. 
The temperature drop through the insula¬ 
tion is not likely to exceed 5 C with the 
conductor at 85 C, which would give a 
sheath temperature of 80 C (176 F). Such 
a sheath temperature would be excessive 
p regards safety to persoimel if the cable 
is installed where it may be touched readily 
by workmen. In some cases the tempera¬ 
ture of bare metal surfaces exposed to 
personnel in generating stations is limt t pd 
to 60 C (140 F). However, lead-covered 
cables and armored cables have been in 
service in such stations for many years 
with maximum copper temperatures of 


86 C and a temperature drop of up to 15 C 
through the insulation, resulting in the 
temperature of the metal covering being 
approximately 70 C (168 F). Apparently 
this outer temperature has been considered 
safe. If the sheath temperature of type- 
MI cables likewise is limited to 70 C it 
would appear that the maximum copper 
temperature should be not more than 76 C 
under these circumstances of exposure. 
Where type-ikfj cables are not exposed to 
workmen, the sheath temperature and the 
corresponding conductor temperatxure ma y 
be allowed to go very much higher, lim ited 
only by other considerations, such as voltage 
drop, oxidation of the sheath, etc. 

A simpler and more reliable form of 
termination for type-AfJ cables than that 
d^cribed in the section "Terminating 
Fittings” would be very welcome. String¬ 
ing the beads on the conductors, forming 
the anchoring bulges at the inner ends of 
the neoprene sleeves, applying the quite 
plastic insulating potting compound to the 
brass sealing cups, and threading the 
washer over the numerous conductors and 
securing it in the cup are fussy operations 
for workmen. Furthermore, at an ambient 
temperature of 100 F or higher, such as 
encountered in the central and southern 
parts of the United States during the sum¬ 
mer, the potting compound quickly flows 
out of the sealing cup when the cable is 
vertical and the cup mouth is downward. 
It may thus be difficult to keep the cup 
filled with compound until the washer 
has been secured in place at the mouth of 
the cup. With regard to stripping the 
sheath of the type-JIfJ cable, it is desirable 
that a sheath-stripping tool for quick and 
easy removal of the sheath be made avail¬ 
able. 

Where t3rpe-JW7 cable is chosen because 
of its imusual quality in resisting fire, it is 
logical to require that the cable termination 
be able to withstand as high a temperature 
as tlie cable itself, namely 1,083 C (1,981 
F), which is the melting point of the copper 
slieath. It is manifest that the type of 
cable termination described in the section 
"Terminating Fittings” would not meet 
this need. 

Work is going forward further to 
introduce improvements in the terminations 
and applications of type-JIfl cable, which 
shoifld facilitate its use greatly where its 
particular advantages make it superior to 
other types of cable. 

The manufacturer of this radically new 
type of cable is to be commended for 
making it available, and the authors of 
the paper are to be congratulated for the 
thoroughness of their presentation. 


S. J. Rosch (Anaconda Wire and Cable 
Company, Hastings-on-Hudson, N.Y.): I 
h^ been my privilege to have followed the 
history of the MI cable and to have seen an 
actual installation of several types on board a 
French battleship. Pyrotenax, as the MI 
cable is known in Europe and Canada, has 
had a fairly successful operating record 
and meets an indicated need under certain 
opiating conditions. That was one of the 
main reasons for its broad acceptance as 
one of the permitted wning methods in 
the 1963 edition of the National Electrical 
Code^ and if used within the temperature 
limitations of 90 C maximum, it should 
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perform satisfactorily under the various 
conditions for which it is now recognized. 

It is for this reason that exception is 
taken to the statement by one of the 
authors that, given the proper type of 
termination, it should be possible to operate 
the MI cable at temperatures up to 250 C. 
It should be noted that the current-carrying 
capacity ratings in Tables 1 and 2 of the 
National Electrical Code^ are based on 
continuous duty. Whereas it is possible 
that the magnesium oxide insulation may 
be operated continuously at temperatures 
up to 260 C, the same is not true of the 
over-all copper sheath or the copper 
conductors. From a metallurgical point 
of view, copper may not be operated 
continuously at temperatures in excess of 
160 C. The term “copper” as used in the 
present discussion, does not include special 
copper alloys intended for higher-tempera¬ 
ture operation. 

Many electrical people have observed 
embrittlement of copper conductors con¬ 
nected to the base of certain gas-filled 
lamps. Actual measxtrements at the base 
of such lamps indicated temperatures of 
about 400 F (approximately 200 C). One 
of the solutions offered, is the use of nickel 
or nickel-clad copper conductors for such 
cases and is so stated in the Underwriters’ 
Laboratories’ standard for .4F fixture wire.* 
When an MI cable should operate con¬ 
tinuously at a conductor temperature of 
260 C, the temperature of the over-all 
copper sheath would undoubtedly be in 
excess of 200 C. This combination is a 
condition which I consider unsafe for 
continuous operation, hence this word of 
caution. It should be noted that this 
general subject, the maximum safe per¬ 
missible operating temperature for both 
copper and aluminum, is now under con¬ 
sideration by a special code committee. 

Rbfbrbncbs 
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E. G. Davies (Pyrotenax of Canada, Ltd., 
Toronto, Qnt., Canada): In presenting this 
excellent paper on MI cables. Dr. Eager 
touched upon the hygroscopic nature of the 
insulant (magnesium oxide), but in the 
event that this may cause some doubts 
concerning the performance of these cables, 
attention is called to an important fact 
relating to this characteristic. In the 
normal course of installing this cable, and 
assuming that a length or coil has been 
exposed to the atmosphere for some time, 
the electrician in stripping away the copper 
sheath from the ends, to produce the re¬ 
quired lengths of conductor tails, auto¬ 


matically frees the end sections of the 
insulation, thus returning from magnesium 
hydroxide to the original magnesium oxide, 
and a megger test on a run of MI. Cable 
thus prepared for terminating in the pre¬ 
scribed manner, will produce a reading of 
infinity. 

The rigidity of these cables has been 
mentioned, but it should be noted that 
the experience referred to was in connection 
with a somewhat special sjze (outside the 
normal range in which these cables are 
produced) in fact, something in excess of 
1-inch outside diameter. The flexibility of 
MI cables throughout the listed range is 
considered adequate for the majority of 
applications, and it will be noted that a 
radius^ of six times the diameter has been 
prescribed and approved by the National 
Electrical Code. (See reference 1 of Mr. 
Rosch’s discussion.) 

Replying to the remarks of Mr. Rosch, 
who appears to be keenly interested in 
striving for a temperature limit of 150 C 
for copper, it is to be hoped that he will 
not overlook the requirements demanded 
by certain branches of industry in such 
applications as vessels, machines, etc. in 
which lighting circuits are required to 
function in temperatures well in excess of 
150 C. For these applications MI cables 
with suitable high-temperature terminating 
fittings will prove most advantageous. 

An incident of World War II in England 
serves to prove the general robustness of 
MI cables. During a severe air raid over 
London, a bomb was dropped on an oU 
refinery on the Thames River, and the feeder 
cable (mineral-insulated) running under 
the jetty and over a section of the river 
was put out of commission. Upon exami¬ 
nation it was discovered that a bomb 
fragment had passed under the jetty, 
sheering off a section of the copper sheath 
of the no. 4/3 conductor MI cable (0.730- 
inch outside diameter). By tlie application 
of a blow torch for a few inches either side 
of the fracture, thus driving out whatever 
moisture had penetrated the insulation, 
it was a simple matter to solder over the 
fracture, and in a very short time the cable 
was in service again. 


C. A. Jordan and G. S. Eager, Jr.: Mr. 
Richter indicates that improvements in the 
terminations for type-AfJ cable would assist 
in furthering tlie use of this cable. This is 
recognized, and it is anticipated that future 
improvements will result ultimately in ter¬ 
minals easier for workmen to install as well 
as terminals suitable for operation at tem¬ 
peratures above 85 C. In addition, it is 
anticipated that improved tools to facilitate 
the installation of terminals will be made 
available. Mr. Richter’s data concerning 
cable without terminals are extremely 


valuable, and they emphasize that mag¬ 
nesium oxide insulation, even though 
hygroscopic, can withstand substantial 
exposure to moisture and still maintain 
reasonable good insulating properties. The 
use of terminals, consequently, not only 
incr^es the margin of safety, but in 
addition maintains the insulation at the 
ends of the cable at its original insulating 
properties even though exposed to hiunidity 
and moisture for long periods. Mr. Rich¬ 
ter’s point concerning surge protective 
devices is well taken. Experience has 
indicated that such devices are seldom 
necessary on a-c circuits. For d-c circuits 
where voltages are 110 volts or higher, 
precautions may have to be taken to reduce 
surge voltages below the withstand values 
indicated. 

Mr. Davies emphasizes that in making a 
normal installation, sufficient insulation is 
removed from the cable ends to ensure that 
the cable actually installed has insulation 
which has not been subjected to moisture 
ingress. The wartime experience enu¬ 
merated by Mr. Davies is a ts^ical example 
of how moisture, even though it may enter 
the cable due to a ruptured sheath or poor 
terminal, will not penetrate far because the 
magnesium oxide changes to magnesium 
hydroxide. Both the crystal structure and 
specific volume change, and the magnesium 
hydroxide formed acts as a seal to further 
water penetration. Experience shows that 
from 6 to 8 inches of the magnesium 
hydroxide acts as a good seal. The “fault” 
is thus restricted to a short section of the 
cable. This “sealing” action has been 
pointed out by Mr. Richter as well as by 
the authors. 

Mr. Rosch’s concern about the suggested 
maximum operating copper temperature of 
260 C must not be taken lightly. His 
example, however, pertains to fixture wire 
and hinge cable where individual copper 
strands ar6 in the order of 6 to 10 mils in 
diameter. Progressive oxidation is a sur¬ 
face phenomenon largely independent of 
wire diameter. Oxidation of metallic 
copper to a depth of, say, 2 or 3 mils would 
have a far more serious effect on a 10-mil 
wire (36 to 16% remaining area) than on a 
100-mil wire (92 to 88% remaining area). 
We do not feel that this experience is 
applicable to tyy^-MI cable where the 
copper sheath diametos and thicknesses 
are both considerably higher, and where the 
smallest conductor wire size is 16 American 
Wire Gauge (51 mils in diameter). Except 
at the ends of the cable, the copper con¬ 
ductors are not exposed to the atmosphere 
which is an additional factor in reducing 
any tendency towards excessive conductor 
oxidation. In our experience, continuous 
operation at a temperature of 260 C will 
not of itself produce embrittlement of 
cppper. 
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D-C Machines—Method for Short 
Circuit Calculations 


JOHN CyBULSKI 

ASSOCIATE MEMBER AIEE 


■N THE U. S. Navy, problems of space, 
■ weight, reliability, and safety of 
electric power S 3 rstems are important on 
the large vessels and become critical 
within submarine. An optimum 
design with adequate protection becomes 
the prime goal whenever electric dynamos 
and their associated equipment are 
employed by the U. S. Navy. However 
a power system of large kilowatt capacity 
when subjected to a fault can cause 
extensive damage to the bus structures, 
machine shafts, and circuit breakers, 
and possibly can disable the d c machine 
through flashover. In addition, the 
reliability of an entire system is en¬ 
dangered if there is incorrect circuit- 
breaker selectivity. On the other hand, 
a d-c power system which is overdesigned 
with a high safety factor because of lack 
of knowledge is also undesirable. 

Because of the design advances 
on d-c propulsion systems, an investiga¬ 
tion was authorized for the study of the 
performance of submarine propulsion 
and auxiliary power equipment. Specifi¬ 
cally, the following information on the 
rotating machinery was desired. 

1. Maximum short-circuit current. 

2. ^te of rise and decay of the short- 
circuit current. 

3. Effect of changes in voltage, speed, 
and machme loading on the short-circuit 
characteristics. 

4. Flashmg characteristics. 

In 1947, methods^'* were employed and 
were found to yield rather high values of 
short-circuit current in the Navy d-c 
power systems. To determine the 
validity of these results, the investigation 
was begun at the New London Naval 
Base where a mockup of a submarine 
electric system was studied under severe 
short-circuit conditions. Interim reports 
outline the experimental setup and con¬ 
tain the original data, progress, and 
development of this preliminary study. 

At the conclusion of this study, Naval 
Research Laboratory reports described 
the transient characteristics of d-c motors 
and generators, the transient charac¬ 
teristics of lead-add submarine batteries 
^d the flashing of d-c machines caused 
by short circuit.®'^ 


JOHN P. O’CONNOR 

member AIEE 


In view of the difference between 
experimental and computed values of 
short-circuit currents using the available 
techmques, it was necessary that the 
theory of transient dharacteristics of d-c 
machines be extended to provide the 
accuracy necessary for attaining the 
optimum in shipboard system design, 
^though the factors contributing to the 
limitation of short-circuit current, 
namely, armature and external circuit 
resistance, brudi-contact drop, reactance 
voltage, and flux distortion and destruc¬ 
tion, were all considered, the application of 
these in calculating transient response 
from machine constants appears in¬ 
adequate. 

Linville® simplified his analysis and 
proposed a new method for plotting the 
transient currents.« It was still evident 
that more fundamental knowledge of 
rotalmg machinery was required before 
relations could be formulated to calculate 
with the required accuracy the transient 
response of d-c machines. A report* 
has been published which contains plots 
of the zero short-circuit transient re¬ 
sistance versus the kilowatt- or horse- 
power-sp^d product for a wide range of 
drc machines. The application of 
curves is smtable for estimation purposes. 
More recent literature contains material 
on related phases of tiiis problem.'^'“i* 
Investigation of the basic phenomena 
occurring during transients led to interim 
reports on the behavior of flux, coefiScients 
of induction, and armature-winding re¬ 
sistance and brush-contact drop.** The 
purpose of this paper is to introduce 
new relationships to provide greater 
accuracy in the calculation of short- 
circuit current flow in d-c machines. 
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ITomenclature 

Upper case letters denote total quan¬ 
tities. Exception is made for flux and 
flux linkages where the same size letter 
IS used. Lower case letters denote per- 
umt (pu) quantities; total quantities 
divided by their respective base values 
result in a pu sys tp-m 

section area of armature tooth, 
mches squared 

a ^number of parallel paths in the armature 


— oiuuxucr w cummutator segments 
0= width of brush contact face in com¬ 
mutator segments 
c=machine constant, PZ/a 60 
depth of armature slot, inches 
armature generated voltage, volts 
Er «=ay«age reactance voltage per coil, volts 
/'-untial over-all flux-fringing factor, ap¬ 
proximately 1.1 

|=mam pole average air gap, inches 
/“current, amperes 

«■ “instantaneous current either armature 
or shunt field; expresses total or 
pu current depending on terms in 
the expression 

coefficient of coupling between two 
circuits 

.8r/s“shunt-field mutual leakage-linkage 
ratio Ttfa/ng; for generalized values 
see Appendix II 

fSTf“permeance of the air-gap line, pu* 
generalized value 1.3 ’ 

“ plus and minus sign for initial motor 
Md generator action respectively, 
l:^(*oo/10ffo) 

steady-state load coefficient, 1 — 
(l/3co) 

■STi“permeance constant of the iron flux* 
P**» 4> i /{ P a/Rp)»*ai“»M 
* 2 —permeance constant of the space flux * 
pu; 1.25Aig/(g4-d.) 

■^1 direct armature-demagne tizing factor 
^ at steady state, {KgbPnia^/B 
=> direct armature-demagnetizing factor 
at peak armature current; equation 

/-“inductance, henrys 
Lpi“inductance of shunt-field winding per 
pole caused by direct axis flux 
Imkages, henrys; equation 69 
Lj “inductance of shunt-field winding per 
pole caused by leakage linkages 
henrys; equation 60 
shunt-pole depth, inches 
Jwjr-a “initial coefficient of mutual induc¬ 
tion between the armature and shunt 
• . V*' equation 27 

/o“ initial shunt-field magnetomotive 
fwre (m m f), Nfijg, ampere-tums 
-M.p®“imtial net shunt-series mmf (Jlf*— 
Mao), ampere-tums 

■Mj--a'=coefficient of mutual induction 
between armature and shunt field at 
peak time, henrys; equation 31 
Ar “Speed of machine, revolutions per 
mmute 

Na “armature turns per pole, Z/2 a 
.^6“pole-face winding turns per pole 
^/“shimt-field winding turns per pole 
w ’*^*^*^***ff turns per pole 

Ng “effective numbw of armature-winding 
turns for direct demagnetization 
action upon the air gap as a result 
of an effective brush shift 
»“mitial coefficient of leakage between 
^atmre and shunt-field circuits 
»/“le^age-linkage coefficient for the shunt¬ 
ed winding, shunt-field leakage flux 
^kages divided by air-gap shunt- 
field linkages at Mfi 
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w*=speed at which no-load saturation is 
taken, pu 

«<=»number of armature teeth per pole arc 
P initial permeance ^of tube a, webers 
per ampere-tum“ 

initial permeance of tube h, webers 
per ampere-tum 

P^“permeance of the air-gap line at no 
load, webers per ampere-tum 
^-steady-state permeance (JPi/3co+P^s; 

P^Kii, pu 
P—number of poles 
^a—pole arc, inches 

^o=initial permeance of air gap, pu; 
^(*/i)=kwji«ao); plus and minus sign 
for cumulative and differential con¬ 
nection respectively 
pole pitch, inches 
effective air-gap permeance at 

<P—permeance, webers per ampere-tum; 
generally appears as P with sub¬ 
scripts and superscripts 
4-^6+^e, actual resistance of armature 
circuit at steady-state short-circuit 
current, pu 

ffe—effective brush-contact resistance at 
steady-state short-circuit current, 
pu; {mK,^Brb+Vc)/Ex 
r'—actual resistance of arma¬ 
ture circuit at peak short-circuit 
current, pu 

Pa “ initial armature-circuit time constant, 
seconds; equation 25 
Pt—decrement time constant, seconds 
Pr “rise time constant, seconds 
tpa — time to peak armature current, seconds 
total effective brush-contact drop per 
unit current, volts 

Tie—normal total brush-contact drop, 
usually 2 or 3 volts 
Z—number of armature conductors 
a=noKi*Erb, reactance voltage pu current 
at peak armature current 
d —1/Pi, decrement factor, seconds 
y^l/Tr, rise factor, second 
A(P—incremental permeance proportional 
to a slope on no-load saturation curve 
/X-permeability of air, 4irl0~^ henry per 
meter in a subrationalized meter- 
kilogram-second system 
<l>a -initial flux in tube a, webers; PaM/o 
<l»( -initial flux in tube b, webers; PtMfao 
^/a—effective initial mutual flux linking 
all of shunt-field winding turns 
Nf per pole, webers; as created by 
armature-circuit direct-axis nunf 
0 <-iron flux for intrinsic saturation (Atrtt 
126,000)/0i, pu 

<^o—initial air-gap flux, eo/ito, pu; or in 
lines as applicable in Appendix I 
direct-axis flux at peak armature 
current, pu; equation 11, or in 
lines as applicable in Appendix I 
(Ac-initial flux linkages of shunt field, 
equation 42 

Subscripts 

fl—external armature circuit current 
6 —effective bmsh contact 
c—cable, circuit breaker 
d—total armature circuit 
e—external to machine winding including 
the short circtut 
/—shunt-field circuit 
0 —initial condition 
j—series-field winding 
—armature winding and all oth^ machine 
windings in series 
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x-loss of air-gap flux resulting from direct 
magnetization plus crossmagnetiza¬ 
tion 

1 -base quantity; with mt-nf other than 
Mfi taken at base armature current 

Prime indicates value of quantity 
corresponding to peak armature current. 
Where there is no subscript or superscript, 
quantity corresponds to steady-state 
condition. Exception is made for initial 
inductances and mutual. 

Derivation of Equations 

The over-all approach in the solution 
of short-circuit transients, as presented in 
this paper, has been to develop a method 
for obtaining peak armature current and 
the corresponding field current. Then 
by using these values of current and the 
rise and decrement factors, the transient 
armature and field current are found. 

In the development of equations the 
pu system has been used. The use of 
the pu system is dictated by convenience 
and by the desire to employ the samp 
nomenclature previously used in treating 
the subject of short-circuit calculations. 
The value of any quantity in pu is ob¬ 
tained by dividing the quantity by its 
base value. 

Base values for the quantities used 
are: 

/fli—base armature current, the armattue 
current for which the reactance 
voltage has been determined 
JVi—base speed, speed at which the 
reactance voltage has been deter¬ 
mined 

Jlf/i—base mmf, the shunt-field mmf per 
pole at which »/ has been determined 
(no load) 

J/i—base field current, the shunt-field cur¬ 
rent corresponding to base field 
mmf 

base flux, air-gap flux per pole corre¬ 
sponding to base field rtimf 
Ex “base voltage, voltage generated at no 
load, base flux, and base speed 
Ex—base resistance, Ex/Jox 

The base armature current and the base 
speed usually correspond to a name¬ 
plate rating at whidi the reactance 
voltage has been determined. The 
reactance voltage for a machine with 
several name-plate ratings is determined 
at that rating for which the product of 
speed and current is a m aximu m. In 
general, rtf is determined at a value of 
shunt-field mmf that represents maxi¬ 
mum operating air-gap flux. 

Equations for Peak Armature 
Current 

The peak short-circuit current of a 
d-c machine can be written as 

*a'“(eo—ear')/r' (1) 


where eo is the initial generated voltage of 
the machine before short circuit a-nd 
r' is the total resistance at peak current. 
The drop in initial generated voltage at 
peak current caused by the loss in air-gap 
flux is represented by e^'. If is 
defined by the equation 

( 2 ) 

then equation 1 may be written as 

^'“Co/(r'+r,') (3) 

In equation 3 all the factors tending to 
reduce the magnitude of the peak short- 
circuit current are expressed in terms of 
resistance and the applied voltage eo. 
By writing equation 3 in a concise form, 
the peak armature current is 

(4) 

where 

fto+re+r^'-l-r®' 

The problem of determining now 
becomes one of obtaining and in 
terms of known machine constants In 
the derivation of equations the following 
assumptions have been made:. 

1. The theorem of constant flux linkages 
can be applied, with negligible erroTi to 
the shunt-field linkages up to the fimfr of 
peak armature current. 

2. The change in permeance of the air gap 
from its initial value can be attributed to 
saturation of the armature teeth alone. 

3. Armature crossmagnetization caused 
by initial load has negligible effect on the 
permeance of the air gap. 

4. The brushes are on neutral and any 
initial load will not result in an effective 
brush shift. 

5. There is negligible change in speed of 
the machine from the initial speed up to 
the time of peak armature current. 

The derivation of equations for the 
effective brudi-contact resistance r\! 
and for the total demagnetization factor, 
fx axe similar in some respects to the 
derivations given by Linville.®*® The 
equations given here, however, include 
the effect of initial conditions on the 
magnitude of peak diort-drcuit current. 
In addition, there is a factor in the 
equation for shunt-field current which 
reflects the effect of the series field on 
the transient shunt-field current. 

Effective Brush-Contact 
Resistance rj' 

With no Initial Load 

In the steady-state operation of a d-c 
maxffiine where there is overload or where 
the commutating flux is insufficient to 
give good commutation, it is well known 
that the center of current collection 
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shifts in the direction of rotation toward 
the trailing brush edge. This effective 
brush shift results in a direct armature 
demagnetizing effect on the shunt field 
equal to the number of armature ampere- 
turns included in twice the angle of 
shift. A second result is an increase in 
the effective brush-contact drop which is 
related approximately inversely to the 
time in which commutation must take 
place. The ordinary reactance voltage 
Sr is based upon linear commutation 
over the complete brush width. On the 
other hand, if commutation is assumed 
to take place linearly over a distance of 
one commutator segment (at the trailing 
brush tip), the reactance voltage be¬ 
comes Erh, where h is the number of 
commutator segments spanned by the 
brush. The effective brush-contact re¬ 
sistance in pu at any given speed is t hen 

Vi,/Ei={noErb+ 7c)/£i=(a!-h Vc)/Ei 

(S) 

The reduction in the time of commuta¬ 
tion (from the time required for the 
commutator to travel one brush width 
to the time required to travel one com¬ 
mutator segment) is made on the as¬ 
sumption that the actual nonlinear 
commutation existing during short cir¬ 
cuit can be represented as a linpgr com¬ 
mutation occurring in this reduced time. 
This results in a uniform current density 
in the brush over a width of one com¬ 
mutator segment and zero current density 
over the remainder. 

Actually, the current distribution in 
the brush face under conditions of poor 
commutation is small at the leading brush 
tip and large at the trailing brush tip. 
An exponential distribution of current 
in the brush face would appear to ap¬ 
proach more nearly the actual distribu¬ 
tion.' Linville,* by solving the basic 
equation of a coil undergoing commuta¬ 
tion, shows that the current density in 
the brush face is exponential and derives 
the following equation for effective brush- 
contact resistance 






+ V 0 /E 1 (6) 


It will be noted that equation 6 is 
amilar to equation 6. The expression 
in parentheses in equation 6 is essentially 
a correction factor. When a/Vc is large, 
the correction factor approaches unity 
and equation 5 could then be used for 
calculating rj'. For simplification in 
computation, the effective brush drop 
in volts, pu current Fj, is plotted in 
Fig. 1 as a function of «, with F^ as a 
parameter. It will be noted fr om Fig. 1 
^t, as a increases, rj' can be expressed 
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Fis. 1. Effective brush-contact drop Vj 
versus reactance voltage 

Straight lines: Va^Vc-f-a 
Curves: 

«—noKi^Eyb 
ra'-Vfi/Ei 

by the more simple relation given by 
equation 6. In the modification of 
equation 6 to include the effect of initial 
load, it will be shown that a as 
by equation 5 is only a special case for 
zero initial load and a more general 
expression will be given in the following 
section. 

With Initial Load 


The derivation of the foregoing equa¬ 
tions for effective brush resistance is 
based on the assumption that there is 
no flux in the commutating region up to 
peak armature current. Experimental 
data^ show that if a machine is short- 
circuited with no initial load there is a 
negligible flux change. With initial load, 
however, the interpole flux is built up to 
a value dictated by the load so that the 
reactance voltage for the initial load is 
compensated. Thus, it appears that 
for any imtial load there is no effective 
brush drop nor shift in the point of 
current commutation. In the case of a 
generator, only that part of peak current 
represented by the difference between 
peak current and the initial current 
ia ~~ id) can give rise to an uncompensated 
reactance voltage and to a shift in the 
cen^ of current commutation. Hence, 
if linear commutation is assumed over 
the entire brush face, then the reactance 
drop for 4' is noEria' for the condition 
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01 zero imtial current and noEr(ia'—iao) 
for imtial load 4o. Similarly, if the 
effective brush shift is b commutator 
segments for 4' When the initial load 
current is zero, then the brush shift is 
1 ~ (4o /b when the initial load current 
is 4o. This formulation results because 
at 4o the brush shift is zero. Therefore, 
tte reactance voltage pu current at 
4' for a generator is 

® “ ^( 1 “ 4o/4 1 ~ 4o/ ia) 

In the case of a motor with initial load, 
the initial commutating flux is in the 
wrong direction to compensate any of 
the reactance voltage under short circuit. 
When a motor is subjected to short 
circmt, the armature current reverses; 
but, as in the case of a generator, the 
commutating flux remains practically 
unchanged in magnitude and direction 
up to peak short-circuit current. The 
magnitude of the reactance voltage at 
4o, which is compensated by the initial 
commutating flux, is W 0 E 740 . This is 
equal to the voltage generated in each 
armature coil by the commuta ting pole 
flux when the armature (Mirrent reverses. 
This voltage effectively incnreases the 
reactance voltage that would exist if th5 
were no im'tial commutating flux. The 
uncompensated reactance voltage for a 
motor with initial load 4o is then n^Er 
[1+(W40] pu current, and the effec¬ 
tive brush shift is [H-(4o/40]6. Hence, 
for a motor the reactance voltage pu 
current at ij is 

® ^(1 ^a^yO'tEri. 1 ■l'4u/*a^) 

This equation is similar to that for a 
generator with initial load. Define the 
factor in parenthesis as follows 

£T=(l=b4o/4') (7) 

where the plus^sign applies for a motor 
with initial load and the negative sign 
applies for a generator with initial load. 
Then a at 4^ for operation as a motor 
or as a generator and for any 4o and «p is 

tt=noKi*Erb (8) 

and equation 6 for effective brush- 
contact resistance rj,' is always applicable 
when values of as defined by equation 
7 are used. In determining values for 
the load factor Ki, it is recommended 
that an estimate of 4' equal to 10 eo be 
used. This estimate is not critical and 
will have negligible effect on the final 
computed value of 4'. 

Total Demagnetization Factor r®' 

The demagnetization of the main field, 
or the reduction in the air-gap flux can 
be attributed to three distinct effects 
resulting from short circuit: 
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1 . Direct-axis armature demagnetization, 
which is proportional to the effective brush 
shift and the magnitude of armatxtre 
current. 

2. The series field which magnetizes or 
dema^etizes the main field depending on 
the direction of series field ampere-turns 
during short circuit. 

3. Armature crossmagnetization, which 
effectively decreases the permeance of the 
air gap. 

The constant Kz used represents the 
direct-axis armature-demagnetizing mmf 
pu current per pole at peak armature 
current. As in steady state, this quan¬ 
tity is proportional to twice the angle of 
brush shift. Hence, for an effective 
brush shift equal to &/2 commutator 
segments 

Ka' = bPmai/B ( 9 ) 

for the condition of no initial load. 
Under initial load conditions it has been 
shown that b becomes Kib. Hence, 
under the condition of initial load 

Ki'—KibPmai/B ( 10 ) 

For simplicity, the derivation for 
is for the case of a differentially connected 
generator with initial load. For other 
initial conditions such as operation as a 
motor or cumulative connection of the 
series field, the derivation would be 
parallel to tliat illustrated. The equation 
for the flux at time of peak armature 
current in terms of tlie direct-axis Tn-mf 
and the effective air-gap permeance p' 
for the case considered is 

( 11 ) 

It is shown in Appendix I that by 
applying the theorem of constant flux 
linkages to the shunt field of a differen¬ 
tially connected generator the following 
equation results 

^— Kfamsiian) 

’=‘<f>d'+nj{i/—K/amtiia') (12) 

The determination of K/t and ap¬ 
plicable values are given in Appendix II. 
Solving equation 12 for i/ gives the 
following expression 

(13) 

Here, <l>o—<l>a represents the loss in 
useful air-gap flux at pesJc armature 
current. The corresponding loss in volt¬ 
age e*' equals and from 

equation 2 the following may be written 

’=‘rx'ia/nt 

Substituting this relation in equation 
13, the value of shunt-field current at 
peaJk armature current is 

“ (r® 'ia*)/tidttf+ifo+KiKfsinnia' (14) 


By the simultaneous solution of equations 
11 and 14, i/ is eliminated and the 
following equation is obtained 

(r* % = Kz'+il-Kfa) X 

(*/«— fttaiiao) (IS) 

The initial direct-axis mmf («yo— msiiao) 
in equation 16, by taing assumptions 3 
and 4, can be written as follows 

if<i—m3iia6’=*4>o/po (15) 

Then substituting this relation and the 
following expressions for and 4>a' in 
equation 16 

^ 0 =fio/no=4 '(r'-hrx 0/«o 

= (fio-ri,'40/no=4 VVno 
tx may be solved for, giving 

[(l/^')-(l/^o)]r'} (17) 

At no load, base speed and base voltage 
is equal to unity; in normal opera¬ 
tion it wdll not differ appreciably 
from this value. The expression (1/^') — 
( 1 /po) represents the change in reluctance 
of the air gap. When a machine is fully 
compensated, the value of this expression 
becomes negligible and may be assumed 
equal to zero. In the computation of 
rx which is usually not more than 30 
per cent of the total resistance, ra it is 
sufficiently accurate to estimate 4 ' by 
CoA' in the expression for p\ The 
derivation of and i/ has been given 
for a differentially connected generator. 
The derivations for a cumulatively con¬ 
nected generator and for initial operation 
as a motor, either cumulative or differen¬ 
tial, are similar. The equations of r*' 
and ij for all these possible conditions 
of initial operation are expressed in 
concise form by the equations in the sec¬ 
tion entitled “Summary.” 

Equations for Transient Current 

The philosophy leading to current¬ 
time plots of short-circuit transients of 
a d-c madiine is that of imposing specific 
boundary restrictions on the peak magni¬ 
tude, rise, decrement, and steady-state 
magnitude of the current. These condi¬ 
tions are introduced into equation 18 
which is the simplest form of a solution 
of an inductively coupled 2 -loop system. 
That is 

(18) 

where 

C 8 =steady-state current 
C\ 4 -C 2 +cj=initial current 
r=l/Tr, rise factor 
^=“1/24, decrement factor 

The peak current 4' and i/ are ob¬ 


tained by equations 4 and 34. After 
computation of the time constants Tr 
and Ttf, the constants C\. and Cz may be 
determined through cut-and-try numeri¬ 
cal reiterations until the peak armature 
current given by equation 18 is in agree¬ 
ment with the value obtained under 
short-circuit calculations. Simultation 
of equation 18 by an analogue computer 
will expedite these ccanputations and 
display the current-time plot of the 
shunt-field and armature circuits. From 
equation 18 the time to peak is given by 

4a = l/(T—^)In ( —7 Ci/j9c2) (19) 

The initial rate of rise is given by 
differentiation of equation 18 and setting 
i equal to zero 

dilH = — yci — jSc* (20) 

The factors 7 and jS wliich appear in 
equation 18 may be approximated by 
the reciprocal of the armature and 
shunt-field circuit time constants Ta and 
Tj respectively. However, a more 
accurate estimate of these factors 
be made if the coefficient of mutual 
induction is introduced. In a linear 
inductively coupled 2 -loop system, the 
defining equation for the time constant is 

(ra + r/)=fc[(ra-4-T/)^—4«roT/)]*/* 

2 

seconds ( 21 ) 

where 


( 22 ) 

Coefficient of leakage between two 
circuits of time constants t* and t/, with 

Coefficient of coupling between the 
shunt-field and armature circuits, with 

•^/-o=PiVjr«^/_elO henrys (23) 

4>r-a=‘{K3'Ki±maiX^P)<h. maxwells per 
pole per base current (24) 

In equation 24 the plus and minus 
sign is used for differential and cumula¬ 
tive action of the series field respectively. 
Equation 21 provides T, and Ta for the 
specific terms employed and applicable 
times. 

It can be assumed with satisfactory 
accuracy that the decrement of both 
armature and shunt-field currents is 
dependent on the shunt-field inductance, 
while the rise time to peak is essentially 
a function of the annature-circuit in¬ 
ductance. However, the coefficients of 
self and mutual induction change during 
the short circuit because of saturation, 
eddy-current effects, and commutation. 
To effect a simple solution while taking 
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into account as much of the actual 
phenomena as possible, the following 
procedure is used. This method restricts 
iteelf to those factors which can be 
obtained at various stages in a short- 
circuit calculation. 

Rise Factor 

Computation of the rise factor requires 
the time constants r, and the leakage 
coefficaent n, which exist immediately 
after short circuit. These initial values 
are determined from the following equa¬ 
tions 

seconds (2S) 

“-C-//R/ seconds (26) 

henrys (27) 

In general, calculations of both anna¬ 
te and shunt-field inductances are for 
me unsaturated condition. Initial condi¬ 
tions of load and field excitation will often 
contribute to a suflicient change in 
saturation to make the unsaturated 
values inapplicable. The effects of a 
variable degree of saturation are difficult 
to calculate for the armature circuit 
because it is composed of the armature 
oanpensating, series, and intetpole wind¬ 
ings. Some of these windings are in 
op^sition so that only the respective 
leakage hnkages contribute to the net 
inductance. A method for calculating 
me imsaturated armature-drcuit in¬ 
ductance is shown in reference 8. Any 
changes in initial saturation may be 
taken into account for Lf and Jlf 
as shown in Appendix III. A Solution'S 
equation 21 for the smaller of the two 
mots wiU provide T, when the values of 
Ta, Tf and n are substituted. 

Therrfore 
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henrys (31) 

In previous work,® the time constant 
of the armature circuit has been reduced 
by factors of two car three. This is 
rather severe, because the region of 
saturation in the armature circuit is 
^all and the leakage inductances caused 
by the air paths predominate. As stated 
previously, the effects of saturation 
u^n armature-drcuit inductance are 
difficult to evaluate. A small reduction 
m the armature-drcuit time constant is 
^own in equation 29, which utilizes 
toe effective transient resistance In 
Appendix III a development is shown for 
^dilating V and at peak time 
A solution of equation 21 for the larger of 
the two roots will provide Ta when the 
values of r^', T/, and »' are substituted 
Therefore 


+C2e + Cj 


(Ta+Tf)-KTa+TfY-4nTaTf] V* 


(28) 

with 

Decrement Fac^tor 

The computation of the decrement 
factor IS similar to that for the rise factor 
In tffis case, the constants r«, r^, and «, 
which exist at the peak current, are used. 
Collation of these constants, as out- 
ii^ed by the foffowing equations, requires 
a knowledge of shunt-field and armature- 
car^t inductances, the respective circuit 
fcdstance, and mfitual inductance at 
peak current 

Ta’^Li/n'Ri ■ ( 29 ) 

Z 


r/ 


u«'+r/)-i-[(7’„'-j.r/)a-4»Ta'r/]V* 

(32) 

with 

Analogue Computer Solution ' 
and Display 

A block diagram illustrating simulation 
of equation 18 on an analogue computer 
IS sho^ in Fig. 2. Adjustment of coeffi- 
aent boxes cy, a, and cz is made until the 
conditions of initial, peak, and steady- 
state mmature current are satisfied. 
From the displayed trace, the armature 
Intone can be obtained. In an actual 
short circuit, it is often difficult to ascerl 
tain accurately when the armature 
It *s easier to determine 
the time it takes the current to reach a 


Fig. 2. Block diagram for an analc 
computer tyitem 

specific percentage of the maximmn i 
the time that elapsed before the curt 
decays below this same percents 
These data woiild be of more value tl 
the peak current and the time to peak 
To plot the shunt field current i 
value of armature peak time is obtaii 
from the displayed trace or from eqi 
tion 19. This peak time and the val 
of shunt-field current 1/ are impos 
as constraints on equation 18, emplojri 
the same rise and decrement factors 
tho^ for the armature. Adjustment 
coefficient boxes and which a 
equ^ to each other for the separate 
excited machines, is made until the for 
going boundary restrictions for the shun 
field current are contained in a transiei 
trace. 


Limitations 

The equations developed for sh 
cu-cuit calculations are necessarily lim 
in their appKcation by the simplifj 
assumptions made in their derivat 
In genial, the assumption of const 
speed is satisfactory since the time 
peak armature current is and, 
large machines, the inertia of the an 
tiire is great enough to maintain 


speed substantially constant up to 


Ai*ril 1 

















time. This assumption does result in 
higher values of calculated peak current 
than if the actual speed were used. 

Total Demagnetization Factor 

The assumption that the effective 
permeance of the air gap at peak arma¬ 
ture current is only affected by saturation 
of the armature teeth caused by armature 
crossmagnetization is not valid under 
all operating conditions. At low initial 
flux density and low short circuit, the 
teeth which carry effective flux ^a' 
may not be at intrinsic saturation. At 
high initial flux density and high short- 
circuit current not only the teeth which 
carry the effective flux <f>a' are at intrinsic 
saturation but also the iron below 
teeth. In the latter case, the present 
formulation for will give a value for 
this quantity which is low and will result 
in a calculated value of which is too 
high. Hence, for initial voltages greater 
than 1 pu, it is probable that the iron 
below the teeth reaches intrinsic satura¬ 
tion and a correction in p\ the effective 
permeance at peak current, should be 
made to reflect this condition. This 
correction on would result in a lower 
value for this quantity than is now ob¬ 
tained. Tf, however, such a correction 
is not made, the results will be on the 
safe side in that the calculated value of 
armature current will be high. 

Theorem op Constant Flux 
Linkages 

The assumption that the theorem of 
constant flux linkages can be applied to 
the shunt-field circuit is only valid if 
the resistance of this circuit is very small 
or if the time to peak current is small. 
Its use is justified on the basis that the 
time to peak cturent is small, and that 
the actual resistance of the shunt-field 
results in the loss of negligible linkages 
in the short time considered. The actual 
loss in linkages would result in lower 
values of peak current than the cal¬ 
culated values. 

Brush-Contact Resistance and 
Armature-Demagnetization Factor 

For the condition of zero initial load, 
the expression used for fj' and are 
the same as those derived by Linville.®*® 
They have, however, been modified to 
account for the effects of initial load. 
Both the original derivations for and 
Kz and their modifications for initial 
load conditions are based on simplifying 
assumptions that give an approximate 
solution. The assumption that there is 
on change in commutating flux up to 
peak current is approximately true for 
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solid interpoles. With laminated inter¬ 
poles,* this assumption would not be 
true and rj' as now obtained should be 
reduced. The assumption that the cen¬ 
ter of current commutation is at the 
trailing brush edge at peak armature 
current may be justified qualitatively 
since it is known that undercommutation 
shifts the center of current commutation 
in the direction of the trailing brush edge. 
The assumption that it is exactly at the 
trailing brush edge at peak armature 
current for the condition of no initial 
load is justified on the basis of simplicity 
rather than rigor. 

Linville* in his derivation of an ex¬ 
pression for rz obtains an equation 
for the current density in the brush 
face at peak armature current. Although 
this current distribution is exponential 
in form, it is always positive and is 
independent of the magnitude of peak 
armature current. Expmmentally, how¬ 
ever, it is found that the current distribu¬ 
tion in the brush face is a function of the 
magnitude of peak armature current 
and, at one edge of a brush may be 
zero or even negative. 

The rigorous development of expres¬ 
sions for commutation losses, eddy- 
current, and demagnetization effects 
under short-circuit conditions would 
prove extremely difficult, it not im¬ 
possible, and would lead to complicated 
and unwieldy expressions. For this 
reason, it is felt that a less rigorous 
analysis having the advantage of sim¬ 
plicity and reflecting in an admittedly 
approximate fashion the physical changes 
that occur will prove sufficiently accurate 
for useftd engineering results. 

Transient Currents 

In a previous paper* the assumption 
has been made that the shunt-field and 
armature-drcuit currents peaked at the 
same time. This is an unnecessary re¬ 
striction. As a matter of fact, the field 
current peaks before the armature cur¬ 
rent. The present development thus 
more accurately reflects the actual 
situation. 

This method utilizes an analogue 
computer to enforce the computed 
boundary conditions for the armature- 
and shunt-field circuit currents and 
enables a rapid solution for the constants 
in a simple equation. A single current- 
time trace is obtained, uniquely fulfilling 
the foregoing limitations without resort¬ 
ing to changes in constants, curve shift¬ 
ing, or other manipulations mid-way in 
the time plot. The time to reach peak 
current is very indefinite in those rases 
where the peak current is maintained 


substantially constant for a relatively 
long time. In view of this, the timp 
to reach 90 per-cent of the peak value 
and elapsed time when the current is 
above 90 per-cent of its maximum would 
be definite and useful information. 

Summary of Equations 

Equations for Peak Armature 
Current 

The equations for peak armature 
current are as follows 

(4) 

where 

-f-rto +rz'-\-rx' 

(6) 

oc^^ttzKi^Erb 

' * l+n/lpo ^ ^ ^ + 

[iVP’)-0.fh)]r'] (33) 

where (1/^0~(1/A) is considered zero 
for a fully compensated ma chine The 
field current 1/ existing at peak armature 
current is obtained from the equation 

i/ “ */o+[(r* V naif) (34) 

Machines tmder short circuit operate 
as generators and the action of the series 
field under short circuit determines the 
sign to be used in equations 33 and 34. 

If the series field, when the mgchine is 
under short drcuit, aids the shunt field 
(cumulative connection), the minus sign 
should be used; whereas if it opposes 
the shunt field (differential connection), 
the plus sign should be used. It will 
be understood that, if a tnaoTiina is 
operated as a cumulatively compounded 
motor before short circuit, during short 
circuit the machine will operate as a 
differentially compounded generator, and 
it is the operation imder short circuit 
that determines the sigpn to be used in 
equations 33 and 34. 

Equations for Transient Current 

The armature current is given by the 
following equation 

i’^Cie~y*+Cte-^^+ia (35) 

where 

_ 42 _ 

(r/ pnz) +KtKs + w*i 

__ 2 _ 

'^^iTa+Tf)-[iTa-hTf)^-4:nTaTf]^/^ 

(28) 

with 
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Rs- 3. Relation of shunt- and series-field 
windings to magnetic pole pieces 


[Ta'+Tr')H(Ta'+ra')»-4nraT/] Vt 

(32) 

with 

Constants ci and c# in equation 36 are 
adjusted until the peak aimature cutrent 
ta IS attained with the restriction that 

***ao at /=s0 

The armature current has a peak time 
given by 

ri/(7-/3)] In (-yci//5ca) (ig) 

The shunt-field circuit current is 
given by the following equation 

where for a separately excited machine 
cs IS equal to —a and ’ 

For a self-excited machine, the con¬ 
stants Cl and C 2 in equation 36 are ad¬ 
justed until the current is reached at 
tune t with the restriction that at 

f equals zero, and f=0 as t approaches 
infimty. 

After obtaining the solution for the 
constants ci and cs in equation 35 , the 
mitial rate of rise of the armature current 
IS given by 

di/dt^^—ciy—afi 

In reference 14 it is shown how these 
eq^tions are employed on five machines 
and results are compared with test data. 


direct-axis armature mmf. Equation 37 
presses tlK flux linkages for the paths 
outlmed m Fig. 3 where / and r repient 
the position of the shunt and series field 
windings respectively 

equation 

* Nf^IMPa +Pb +Po) - NfNJatJiPh +Po) 

(38) 

Equation 38 may be rewritten 

( 39 ) 

where 

^r>^NfMf^Pa-f-p'^)/NfM;rPbHPa+ 

Pb)/Po 
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Fig. 4. Positions corresponding to actua 
and effective series-field windings 

Equation 44 may be rewritten as 

Wa' (4SJ 

w^ analogous to the previous develop- 


»/«) * iV>Jlf>,oP6/iV>Jlf„oPo = (Pb/Po) ~ '^(Pa+Pb)/P' 


to?^'*® ^ ^^^te 

V'o/iVi*0o+Po»/o(Jl<ro-A-/,oifefio) (40) 
where 

“»/so/»/o «P6/(P«-|-Pj) 

Define 

^r^NfMf,(Pa-f-P^)/NfMf,P,^(P^^ 

Pb)/Pi 

^rt’^NfMaPti/NfMaPl^P^/p^ 

Then it follows that 

•Sv* “"/lA/^Pft/CPa+Pa) = a:/,o 

and 

^nl^f^Pi/Pb 

Equation 40 can now be written as 

(41) 

where c^culation of Kj„ which is a function 

q-SutteV' 

(42) 

Linkages at Peak Armature Currbnt 


■»/Pi/P 

%*'“Pb7P'=P»/P'««/,Pi/p/ 

^ the permeance of the air paths a and I 

^ A? peak currents 

Equation 46 may now be written as 

'f''^Nf[iM/-Ms'-Na'Ia')P'+ 

»fPx(U/-Kf,M/)] (46) 

quSSSV® 

« (i/-mj,iia'-Kt'Kiia ')p'+ 

^A*/—Kfsmtiia') (47) 

where further simplification employinx 
equation 11 leads to rapioymg 

'l''=‘<f>d'+nf(i/^Kf,m,iia') (48) 

constant flux linkage 
“ expressed by equating equS 
tion 42 to equation 48 which results in 

Po +»/(V» ~ A/,»»*xSoo) ==‘4>a'+nf(i/— 

A>,Wri4') (12) 

Appendix II.. Calculation of 
Leakase-Linltage Ratio K« 


P^fc time conditions; iJ and s/ Tin* 
^ M peat ^ gi^uu l^r VquaS 

43 for the paths outlined in Fig. 3 

(43) 


Appendix I. Derivation of Shunt- 
Field Flux Linkage Equations 

derivation is based 
S connected generator, 

^efollo^g assumptions are made: 1 . 

.^dmgs have no partial linkages: 
^ 2. imtaal armature current up to 
^ot uffuot the air gap by crj magaS^ 

Initial Linkages 

Initial conditions: 1^0pu; The 
brushes are on neutral and there is no 
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P' = NfMfW-{.Pj,'+pr) 

»^>I'a'(P6'iV-,-|-P'iV,4.p.JV-^r) (44J 


Development of Equations 

is located a 

either one of two positions with respect t 
the ahumt feld; there a« numbJSTaa 

^^-field imdmg. an effective serie 
fidd may re^t by a suitable arrangement o 
^e connection between interpole am 

positions in passinj 
around the mam pole. * 


Fig. 5. Detail 
for development 
of partial flux 
linkage equations 
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By extension of the development in 
Appendix I to the case of partial linkages, 
a more accurate equation for the computa¬ 
tion of Kfs should result. The following 
development utilizing partial linkages is 
offered for position 2, as shown in Fig. 6 , 
with a differential series-field connection. 

For path ai as a function of distance y, 
the turns n equal Nf/yf, the mmf Mf equals 
{Mfily^y, and the permeance P equals 

(■Pai/y/)y- 

For the tube iP at distance y there is a 

d^oi = MfdP ^{Mp.lyf){Pgxlyj')yiy 

The partial leakage linkages caused 

by the shunt-field mmf alone are given by 

/ 'Vf 

Q nd4>ai^NfMfiPai/3 (49) 

For path 02 , the entire mmf Mfi acts on 
permeance Pc 2 , creating flux <pas linkiug 
all turns N/ 

Nf(l>ai=‘NfMfiPa2 (SO) 

For path 61 , as a function of distance x, 
all the turns Nf are linked, the mmf M 
equals Mft—{Mi/x 3 )x, and the permeance 
P equals (Pu/xs)x. 

For the tube dP at distance x there is a 


Calculation of Individual Penneances 

To compute the permeances of the flux 
paths outlined in Fig. 5, the usual as¬ 
sumption of infinite permeability of the 
iron is made so that only the air-path 
permeance is effective with 




If it is desirable to obtain an estimate of 
the absolute value of or »/s, the value of 
Pi is needed. This base permeance can 
be obtained in either of two ways. If a 
saturation curve is available, this permeance 
of the air gap corresponding to one pole is 


Pi = 


<l>i 10-0 
Mfi 


Without a no-load saturation curve, the 
permeance of the air-gap line may be 
approximated by 


Po 


^TrpalaXQ~'* 

39.3gP 


Then 


(57) 


P 

Ki 


(58) 


d4n)i=mdP*^{ Mfi ——^ dx 

\ Xi / X, 

The partial linkages Nf4>i,i caused by the 
combination of shunt- and series-field mmf 
are given by 

Jo Nfd<l>t,i^Nj{MfiPii-MaPn/2) (Si) 

For path 64 , the entire mmf is 

acting on permeance Pbt creating flux 
4>hi linking all turns Nf 

Nfl>ta=Nf{Mfi--Mt)P}>2 (52) 

The total initial linkages for the shunt 
field are obtained by summing up equations 
49 through 62 plus the initial air-gap 
linkages Nf{Mfi-M»)P 2 

f^/i^Pat/3-\-Pai +Pw +P6J +Po) — 

JV/Jlf],(Pji/2-f’Pj4-|-Pfl) (S3) 

In a similar manner to the case in Ap¬ 
pendix I, equations 54 and 66 may be 
written by inspection 

^/o=(Pax/3+Pa2+PM+P62)/Po (54) 

»/iO=“(P6l/2-|-P64)/Po ( 55 ) 

Therefore 

~ (Pm/ 24‘P62)/(Pal/3 “l“Po2+P6i +P 62 ) 

(56) 

Generalized Values 

Instead of attempting a calculation for 
the individual leakage-linkage coefiBcients, 
an wtimate of their ratio K/t is possible. 
Average values of K/s, in general, are 
applicable for the numbered positions shown 
in Fig. 4. 

The following magnitudes of Kfa are 
suitable: 


Position 

12 3 4 

5 

Kfa . 

...0.10,..0.66...0.80. ..0.96., 

.0.86 


Appendix IK. Calculation of 
Initial and Peak Time Shunt- 
Field Inductance 

Initial Inductance 

In the computation of shunt-field in¬ 
ductance it is possible to factor in the 
changes in saturation. If a no-load satura¬ 
tion curve is available, the calculation of 
the shunt-field winding inductance caused 
by direct-axis flux linkages is at 1 pu 
excitation 

^ai/pole~NfBiAPi/cNiI/i henrys (S 9 ) 

where 

c=PZ/a60 

Api=de/nad(if) pu, and at if equal to J/i 

In addition to the contributions of air-gap 
flux, there is leakage self-inductance as a 
r^xilt^ of shunt-field leakage linkages. 
Since it has been shown in Appendix I that 
these linkages are proportional to the 
shunt-field mmf 

Li/pola^n/NfEipi/cNiIfi (60) 

where 

pi=e/naif pu = 1 at if equal to Ifi 

The total initial shunt-field inductance 
Lf per pole is given by the sum of equations 
69 and 60. If there is an initial load, the 
shunt-field inductance caused by the air 
gap can be modified. It has been found 
that^ the incremental permeance Ap (pro- 
to the slope of the no-load satura¬ 
tion curve) can be related to the penneance 
p (proportional to e/*/) approximately by a 
cube law. The incremental permeance for 
the general case is 

Apn = ApiipaY pu ( 6 i) 

The total initial shunt-field inductance 
for the general case is 


•^'/“[(/>o)*I-ai/pole-|-Lj/poleJP (62) 

If a no-load saturation curve is not avail¬ 
able, then Api in equation 59 may be 
estimated at base speed by 

A^i = (l//C4)*pu 

The value of APf> obtained from equation 
61 is also employed in determining coeffi¬ 
cient Mf-a given in equation 27. 

Inductance at Peak Time 

In the computations of shunt-ficid 
inductance, it is pos.sible, as before, to 
factor in the changes in saturation; those 
evidenced at peak time. The incremental 
permeance Ap* is related to the permeance 
p* by a cube law 

Ap‘<= APiip'Y (63) 

It follows that the total shunt-field in¬ 
ductance at peak is 

■^/'“[(^O'^ji/pole-f-Li/poleli’ (64) 

The value of Ap' obtained from equation 
63 is also employed in determining Mf-a 
given by equation 31. 
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D-C Machines—^Short-Circuit 
Calculations and Test Results 


J. P. O'CONNOR 

AIS 

T he wide use of d-c machinery in naval 
and industrial applications and the 
demand for reliability under all condi¬ 
tions of opej-ation increases the impor¬ 
tance of the design and operation of 
protective equipment. For this reason 
the need f6r a reliable method to com¬ 
pute the transient currents of motors 
^d generators when a system is sub¬ 
jected to a fault is obvious. 

The field of rotating d-c machinery 
includes a very wide variety of types and 
designs. The equations used in this 
paper, however, are applicable, for the 
calculation of fault transients, to all 
machines used for power applications in 
industry and in the U. S. Navy. 

A description of the theory and the 
derivation of equations used in this 
paper have been given in a companion 
paper. ^ Like other equations given in 
the literature® for the computation of 
peak short-circuit current, the equations 
used h^e are based upon simplifying 
assumptions. Hence, a discrepancy be¬ 
tween calculated and test values is 
expected. I* or this reason the accuracy 
of results obtained by computation is 
unknown unless test results are available. 

If test results were available on a large 
group of machines for comparison with 
computed results, a degree of confidence 
could be established in the validity of 
equation for the computation of peak 
short circuit of any machine in the 
normd power range. Reported test 
residts in the literature, however, es- 
pedally for machines of 1,000 kw and 
larger, are extremely meager. Con¬ 
fidence in the reliability of any method 
for the cianputation of short-circuit cur¬ 
rent caa only be established by the 
confirming evidence of test results. 

Test Values and Computed Results 

In this paper the test results on five 
Jnachines, which were part of a mock 

recommended by the AIEE RoteUng 
Coi^ttee and approved by the AIEE 
Operations for present*. 

%rir Winter General Meeting, New 

31-Febraary 4,1956. Manu- 
O^ber 22. 1964; made available 
for printing Decembw 16, 1954. 

Nival are with the 

Navri Research Laboratory, Washington, D, C. 
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submarine propulsion plant, have been 
used to indicate the accuracy of computa¬ 
tions. lu a previous paper* test results 
on four of the five machines reported on 
htte were given and were compared 
with the computed results obtained by 
the best method® then available. 

The name-plate data of the five 
machines used for short-circuit tests are 
given in Table I, and the basic constants 
required for short-circuit calculations are 
given in Table II. A comparison of 
test peak short-circuit currents and the 
values obtained by computations are 
shown in Table III. A comparison of 
calculated and test transient currents 
appears in Figs. 1 through 6 inclusive. 

Homeuclature 

^ Upper-case letters denote total quan¬ 
tities.^ Exception is made for flux and 
flux linkages where the same size letter 
is ^ed. Lower-case letters denote per- 
^t Cpu) quantides; total quantities 
divided by their respective base values 
result in a pu system. 

-4=<eff^ve area of armature conductors 
in each slot, square inches; Cih 

width of space taken by copper con¬ 
ductors in slot, in c h e s (average 

0.78&0 

width of armature slot, inches (average 
h^0.37Pa/nd ^ 

C,-number of armature conductors per 
slot, Z/S 


da—diameter of armature, inches 
Eo=armature generated voltage, before 
short circuit, volts; Vc 

(plus and minus signs are taken for 
generators and motors respectively) 
El-voltage generated at base flux, base 
speed, and no load, volts 
/—frequency of commutation, cycles per 
second; PJVi/120 

A—height of space taken by copper con¬ 
ductors in slot, mches (average 
0.87dj/ if dg, ai, and bi are not known 
_ ^ use average h^3A6ZIe/vdaJ) 
ta -estimate of steady-state armature 
circuit current, pu 

Je-armature conductor current, amperes; 
lax!O' 

lai—rated armature current at which the 
reactance voltage has been de¬ 
termined 

//i—shunt field current corresponding to 
base field magnetomotive force 
^n/^f ’ 

«=instantaneous current, either armature 
Or.shunt field; units are in amperes 
or pu, depending on the context in 
which they are used 

/—current density in armature conductors, 
amperes per square inch; CgicfA: 
^eralized value 2,600 
Ei-initml load coefficient, l=fc(«ao/10eo); 
plus and minus sign for initial motor 
and generator action respectively 
K, -steady-state load coefficient, 1 —(l/ 3 eo) 
Aa-permeance constant of the “space 
. P'®! generalized value 0.14 

-initial armature circuit inductance 
henrys 

armature winding turns per pole, Z/2a 
//ft-pole-face winding turns per pole 
shimt field winding turns per pole 
ivi—speed at which the reactance voltage 
has been determined, rpm 
-steady-state permeance, pu; (Ai/ia'-f- 

Aa), p^Ki 

^ 1 —permeance at base conditions in per 
unit equals one 

Eo—resistance of armature winding only, 
ohms 

El-base resistance, ohms; Ex//ai 

—effective brush-contact resistance at 
^ peak short-circuit current, pu 

an equivalent resistance to 
account for the loss in air-gap flux at 
peak armature current, pu 


Machine 


Table I. Name-plate Data on Five Machines 


Constant 

Speed 

]^e. 

Degrees 
Horse- Centi- 

RPM power grade Volts Amperes 


Kw 


Duty 


Venti¬ 

lation 


.■ * ■' • • '^15.. .2,650.. .continuous.forced 


Generator G-1, General 
Electric Company...... i 100 

Generator 0-2,* Westing- ' 
house Electric Corpora- 

Motor M-1, General Elec- .• •260... 1,150.. .continuous.self 

. trie Ooxnp&ny^i aha t 

Motor M-2, Westinghouse * **■ ' ■••..60.416. • .2,600...continuous.forced 

Electric Corporation. ora i are «« 

Motor M-S, General Dy- ••• » •• •• •®®^ •-• •416.. .2,660.. .continuous.forced 

namics Corporation (For- 
merly Electro-Dynamic 
Works)...... 1 

--- ■• *. J_ ••• 00^....40.. ...250... 2 98.. .intermittent.. .self 

♦ Multi-rated machine ^ ----:----- 

includes.. 300... 1,200.. 

160... 600.....260.." 


870 

675 
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Table II. Definitions and Symbols for Basic Machine Constants with Values for Five Machines 

Used in Tests 


Fire MacUnes 


Quantity 


square inches 

.number of parallel paths in armature.. 
.total number of commutator segments. 


by brush 

. .radial depth of teeth, inches. 

.. .base voltage, volts. 


base speed 

.. .main pole air gap, inches.0.175. 

.. .base armature current, amperes. . '. '..2 660 

.. .shunt field mutual leakage-linkage ratio*... .o!lO 

.. .permeance of air gap line, pu..1.26 

.. .armature circuit inductance, microhenr^.*!! .98 
...armature ampere-turns per pole at base...9.130 
load 

...pole face winding ampere-turns per pole...3,976 
at base load 

.. .shunt field ampere-turns per pole, no load,.. .5,020 
base magnetomotive force 

.. .series field ampere-turns per pole at base... 1,325 
load 

I. .base speed, rpm.. 

.. .shunt field turns per pole.560 

.. .shunt field leakage coefficient at base field, .* ,0,14 
current 

. .number of teeth per pole arc. 

.. number of poles.!.!!!!! 10 

... pole arc, inches., 8.5 

. .pole pitch, inches.14.2 

. .resistance of armature circuit, ohms.0.003 

.. brush drop at full load.. 

., total number of active armature conductors.. .690 


^,...6.21 , 

...4.85 

...4.6 

...9.96 

...3.1 

....10 

..6 

...6 

...8 

...2 

...346 . 

.. 198 

...138 

...304 

...85 

d...4.03 . 

..4.05 

...8.66 

...4.73 

...1.64 

....1.74 . 

..1.907 

...1.686 , 

...2.47 

...1.34 

-416 . 

..520 

...415 

...345 

.. .260 

L....3.2 . 

..4.98 

...4.42 

..4.23 

...3.8 


...0,150 .. 
...2,850 
...0.96 
...1.27 
...300 
...12,600 


.0.125 

..298 

..0.65 

,.1.31 

..2,300 

..8,170 


.10.25 . 

.6 

.7.83 
.11.79 , 

.0,00726. 
.2.0 
.396 


* Generalized values; see Appeudix II of reference 1. 


..6,600 . 

..6,626 . 

,.o 

..6,400 . 

..6,100 . 

..4,610 

..1,800 . 

..1,120 . 

..680 

..1,800 . 

..280 

..1,760 

.,600 

..610 

..2,100 

..0,14 .. 

..0.18 . 

.0.142 

..14.14 .. 

.12.2 . 

,.7.74 

..6 

.8 

.4 

..9.0 

.9.85 . 

.7.77 

..14.66 .. 

.16.82 . 

.10.8 

,.0.00304.. 

.0.00612. 

.0.02145 

..3.0 

.2.0 

.2.0 

. .276 

.608 

.170 


fard'* component of r®' due to direct de¬ 
magnetization 

component of due to crossmag¬ 
netization 

5=»nimber of armature slots, PpPnt/pa 
“time to peak armature current, seconds; 
equation 19 of reference 1 
^p/“time to peak field current, seconds; 
equation 8 or 10 

initial voltage across shunt field 
circuit, volts 

terminal voltage of machine, volts 
effective increase in armature winding 
resistance drop at base speed and 
current 

^f^iron flux for intrinsic saturation, pu; 
generalized value 1.1 

^ 1 =* air-gap flux per pole corresponding to 
base field magnetomotive force at no 
load, maxwells 

Subscripts 

b effective brush contact 
total armature circuit 
external to machine winding inrliiding 
the short circuit 
/=shunt field circuit 
0=initial conditions 
J “series field winding 

armature winding and all other machine 
windings in series 

af=loss of air-gap flux resulting direct 
magnetization plus crossmagnetiza¬ 
tion 

l“base quantity; with magnetomotive 
forces other than Mfi taken at base 
armature current 

Prime indicates the value of the 


Table III. Comparison of Calculated and Test Values of Peak Short-Circuit Currents 


Machine Run 


Initial Conditions 

Eo, Hi, lao, Ifo, 

Volts RPM Amperes Amperes 


_Accuracy of Calculated Quantities 

Peak Armature Current Shunt I 


G-1.,.. 

_Alel,... 

_427.. 

71 fi 


Ale2.... 

.,,.416.. 

... 716 


Ale. 

....814.. 

... 716 


Alai..., 

....214.. 

,.. 716. .. 

G-2,,,. 

.,..D-6. 

.,..361.. 

...1,200... 


D-4. 

.,..346... 

...1,200... 


D-9. 

_306.. 

...1,200 


D-7. 

...,300... 

...1,'200... 


D-3. 

....276... 

...1,200... 


D-1. 

....270... 

...1,200... 

M-1.., 

....Alel. 

_427,.. 

...1,238... 


Ale. 

....312... 

...1,238... 


C6ct..... 

....247... 

...1,300... 


CSbt. 

_230... 

...1,300 


Alb. 

,..,216... 

... '63S 


Ala2. 

_209... 

... 960 


Alai. 

....208... 

...1,240... 

M.2... 

...Alelf,.,, 

,...390... 

... 267..., 


Alct. 

_279... 

... 267- ■.. 


C6b.. 

, ,;,253... 

... 280 ... . 


C6ct. 

_248... 

... 280.■. 


Clt. 

_207,.. 

... 234 


AlA2t... 

.,..176... 

.. 204.... 

M-3.... 

...44P. 

...350... 

...2,200_ 


36F. 

...292... 

..1,800.... 


C-6t. 

...256... 

.,1,800.... 


C-7t. 

...263... 

,,1,746.,.. 


36F. 

...260... 

,.1,800..,, 


38F. 

...260... 

..1,660..., 


40F. 

...260... 

..2,200.... 


41F,... 

...260.... 

..2,100.... 


0 . 

...1,046. 

0 . 


.2,600., 
. . 0 .. 
. 0 .. 
, 16.. 
. 267,, 
0 ,. 
0 ., 
0 ,. 
0 ., 


....12.8 . 
....10.8 . 
.... 8.8 , 
.... 6.8 . 
.... 6.46. 
.... 3.86. 
.... 6.00. 

- 3.10. 

.... 4.40., 
.... 2.80.. 
,.,.14.8 .. 
... 8.8 ., 
.... 6.0 ., 
... 2.6 .. 
...18,0 ., 
... 7,2 ., 
... 6.8 ., 
...11,6 .. 
... 6.0 .. 
... 8.3 ., 
... 6.4 .. 
... 8,6 .. 
... 3.3 .. 
... 6.3 .. 
... 6,85,. 
... 2.00,, 
... 2.00.. 
... 4.26.. 
... 7,00,. 
... 2.96., 
... 3.16.. 


..0.00227. 
..0.00190. 
..0.00227. 
..0.00228. 
..0.0049 . 
..0.0049 . 
..0.0040 
..0.0049 . 
..0.0049 ., 
..0.0049 ., 
..0,00204., 
., 0 . 00202 ., 
..0.00330.. 
..0.00286., 
..0.00238., 
..0.00198., 
,.0.00196,, 
..0.00382,. 
..0.00361.. 
..0.00366.. 
,.0.00390.. 
..0.00428., 
,.0.00371.. 
,.0.00293.. 
..0.00293.. 
,.0,01468.. 
,;0.01460.. 
..0,00293.. 
.0.00293.. 
.0.00293.. 
.0.00293.. 


.. 8.89... 
.. 7.86... 
.. 6.71... 
.. 5.17... 
.. 7.63... 
.. 6.60... 
.. 7.10... 
.. 6.74... 
.. 6.60... 
.. 6.29... 
.. 9.96... 
.. 7.46... 
.. 4.92... 
.. 3.69... 
.. 7.16... 
.. 6.98... 
6.16... 

. 6.42... 

. 3.88.... 
. 4.40... 

. 3.93... 

, 2.96... 

. 2.67..., 
.12.46..., 
.12.16.... 
. 9.28.... 
. 9.20..,. 
.10.62.... 
.11.03.. 

. 9.80..,. 

. 10 . 00 .... 


Shunt Field Current 


Accuracy if'Cal. Test Peak Accuracy 


.. 7.02*.119 

.. 7.77.102 

.. 5.70*.118 

.. 3.93*.132 

. 7.95 . 96. 

, 6.39 .102. 

. 7,47 . 96. 

. 6.70.101. 

. 6.72 . 97. 

. 6,07 .104. 

. 8.47*.117 


96.. 

.3.18.... 

.4,00. 

.80 

102.. 

.2.87.... 

.3.36.. 

. 86 

96.. 

.2.80.... 

.3.42.. 


101. 

.2.43.... 

.2.76.. 


97.. 

.2.48.... 

.3.02.. 

.82 

104.. 

.2.17. 

.2.12.. 



* Plashover reduced the value of peak short circuit, 
t Operating as a motor prior to short circuit. 


... 7.05 .106 

.. 4.88.101 

.. 3.67.100 

.. 7.16.100 

,. 6.86. 94 

.. 6.64. 93 

.. 4.16*.131. 

.. 3.44.113. 

,. 4.88.103 

.. 3.23 .122 

.. 2.76.107 

.. 2.64 .101. 

. .10.20*.122. 

..10.70*.114. 

.. 8.40.110, 

.. 8.06 ____114. 

.. 9.90 .107. 

..11.76 . 97. 

.. 7.70*.127. 

.. 7.43*.136, 


.4.28... 

...4.87.. 


.2.83... 

...2.11., 


.2.09... 

...1.48.. 

.141 

.6.46... 

...6,32.. 

. 87 

.6.24... 

...7.06.. 

.74 

.3.64... 

...4.22.. 

. 86 

.3.73... 

...4.22.. 

.88 

.3.40... 

...4.67.. 

.73 

.6.04... 

...6,36.. 

. 80 

.8.27... 

...3.30. 

;.... 99 

.3.42... 

...8.30. 
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quantity corresponding to peak amiature 
cuirent. Double prime indicates an 
estnnate. Where there is no subscript 
or superscript, the quantity corresponds r /- ”/ /1 , 

to a steady-state condition. Exception ' "I+S;VJ'~V 
IS made for initial inductances and mutual 
inductances. 

Additional symbols are defined in 
Tables II and IV and in reference 1. 


, nyiioKi , 


(5) 


terms of the pealc armature current i 
m the form of “ 




(r 


Equations for Short-Circuit 
Calculatio n a 

The equations employed for short- 
^cuit calculations have been derived 
m a companion paperi and are listed 
there. The peak armature current under 
short-arcuit conditions is 

where 

fd ^2) 

^ An improvement in an estimation of 
*a results when the equation for r*' 
equation 33 of reference 1, is separated 
as follows 


( 1 ) 


f’x'—rga'-t-f’xg' 

Then 


(3) 


where the plus or minus sign in equation 
4 IS used when the series field opposes 
or aids the shunt field respectively during 

a short circuit. In a fully compensated 
machine there is no crossmagnetization 
and therefore the term r./ is equal to 
zero. Hence for a fully compensated 
machine the peak armature current is 

When a marine is not fully compen¬ 
sated, or without compensation, it is 
first handled in the same way as a fully 
compensated machine. The value of the 
peak armature current thus obtained 
IS a first approximation and is too high, 
ance r*/ was assumed equal to zero! 
This first approximation of is then 
used to compute r,/. If the computa- 
tion of fxg results in a negative value, 
rxq should be assumed equal to zero 
and equation 6 would apply This 
procedure for machines that are not 
fully compensated is necessary because 
the peak permeance p' is defined in 


Hence to determine p> and r,,/ a good 
approximation to the peak current such 
as given by equation 6 is employed. 

Erom the equations listed in the 
companion paper,i the following equa¬ 
tions applicable to the shunt field have 
been derived; 

For separate excitation 


hr 


;ln r//9 


^LO 


V- 








// 








0 nr 

X 

• 

? An 

TEST 

COMPUTI 

IS Aft 

:R 






(y-/9) 

—Ci(_y—p') 

For self-excitation 
, 1 

dif d/ =a _ (cjy -f C2/9) 

Sample Calculation 

The basic constants required 
short-circuit calculations are describ 
m Table II and values of these constai 
are also given for the five machir 
tested. Fr^ the basic constants. Tat 
U, the derived or computed constani 
Table V, are obtained. Table IV- 
illustrates how the computed constan 
are obtained for madiine G-2, at 


W 

(9) 

( 10 ) 

( 11 ) 


Rg. 2 (left) and 
Rg. 4(ri9h0. Com¬ 
parison of test and 
computed transient 
field cunent G-2 
run D-1 for Fig. 2 
and M-2 run Ale 
for Rg. 4 
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006 008 
TIME (SECONDS) 

Fig. 5. Comparison of test and computed 
transient armature current M-3 run 41F 


TIME (SECONDS) 

Fig. 6. Comparison of test and computed 
transient field current M-3 run 41F 


Table IV-B shows in detail the computa¬ 
tion of the peak short-circuit current and 
fOf*[esponding shunt field current for 
the initial conditions given in Table III 
for run D-1. Table IV-C shows a de¬ 
tailed computation of the rise and decre¬ 
ment factors and steady-state short- 
circuit armature current for this run. 
From the results given in Tables IV-B 
and IV-C a complete transient solution 
can be obtained on an analogue computer. 

A block diagram illustrating simula¬ 
tion by a GAP/R analogue computer is 
shown in Fig. 2 of reference 1. Before 
computation begins a calibration which 
involves scaling of time and magnitude 
is made for the coefSdent boxes and the 
display cathode-ray tube. Actual times 
of interest of the order of 0.2 second are 
represented by a computing interval of 
40 milliseconds. This electronic computa¬ 
tion is repetitive, 20 times during a 
second, so that the solution may be 
displayed on a cathode-ray tube. With 
a rectangular co-ordinate grid on the 
cathode-ray tube the calibration is made 
so as to simplify the reading of the 
magnitude and time data. A picture is 
tahen of the displayed transient and 
superimposed illuminated grid, thus giv¬ 


Ri . 

ifx . 

mai . 

nUn . 

mai . 

tna . 

. 

H . 

Kx . 

Ki . 

Rt' . 

ru> . 

Rfsmn . 

( 1 — 

Erb . 


-- v.urrvna, ana 

Decrement Factors 

_ Defining E quation Value 

Computed Constants for Short-Circuit Calculation on G-2 Rnn"^ 


. Exflax . 

. M/x/Nf . 

. Ma/Mfx . 

. Mb/idfx. .. 

. Mt/Mfx . 

.(Pa/Pp)wai—eifti. 

. Ex Kfi/cNx . 

. 125,000 Amt/^ . 

. H/tnex ... 

.1 • 26g2Ct/(j{-j-da). 

. bPmax/B (no load)... 

. Rvx/Rx . 


...0.452 

•. .6.7 amperes 

...1.265 

...0.460 

...0.170 

.. .0.323 

.. .6.56 X 10' lines 
...0.95 
...2.94 
...0.138 
....0.165 
...0.016 
....0.1615 
...0.0085 
. .20.2 volts 


»: Calculation of Peak Short-Circuit Current Run D-l for Initial Conditions Shown in Table HI 






i 



i' . 



(approx.).... 

.equation 6. 


.. 

..equation 2. 



.equation 5 with nlitn stem 


reference 1 .. 


Cs CalculationofDecrementandRisePactorRunD-lforlnitlalCoaditionsShowalnTableni 

f*.l-(l/3«,). 0 3- 

.. 

.>'t«+r.+r».. Qggy 

/o'.. 

f-hnoRiCRiKs-j-msx) .1.66 

" .^‘.+a.fsx<.. 

ia..V*_ 

r/p»i+RiRs-f-msx.. 

T.«o/m#. 0 62 

..^/(*/o~msiiag). ’ ”l’24 

.(1/Ri)*. . S’318 

L?!::..henry* per poie 

i^ffp .'.v.v. .I- ^ 

. 

Ta . 0.364 second 

. .’oisJo hS-^ 

. .. • • .0.762 

7. ... 2 _ 

■ "(Ta+T/) - KTa + T/)*-inTaT/]x/t .118 seconds-» 

. 

. 

Ta'.. .. . I^/rA’Tt ......0.130 second 

. 

..0.979 

a’” ’ ’ ”' . {Ta’+Tf') + UTa'+T/')t-i„'Ta'Tf']x ft .^^ seconds-i 

Armature*. c,*-yi+ct*-pt+ia 

<..ci(«-rt-,-/9t)+fy.. 


ing a permanent record. 

From the computer solution for run 
D-1, the coefiJcients of the equation for 
the transient, equation 36 of reference 1, 
are found for the armature current to be 
cj=4.46, c»=1.76 (calculated 
steady-state current) 


The transient as obtained by the 
computer and the actual test transient 
are shown in Fig. 1. The computer 
curve was obtained by abstracting 
data every 0.01 second from a photo¬ 
graph of the trace. In Fig. 1 it will be 
observed that the computer curve is 
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Table V. Computed Constants for Short-Circuit Calculations 


Constants in 

Pu Except 



Five Machines 



Where Noted 

G-l 

G-2 

M-1 

M-2 

M-3 

mai. 

mi . 

msi . 

ma . 

^1 (maxwells). 

H . 

Ki . 

Kt . 

••1.820 

..0.792 

•0.264 

..0.298 

..4.82X10*... 

••1.11 

-.3.72 

•0.143 

.1.266 

...0.460 
...0.170 
....0.323 
....6.66X10*.. 
....0.92 
....2.94 
_0.1.98 

. 1.846 . 

. 1.200 . 

.... 0.241 . 

....-0.063 . 

.2.470 

.1.300 

.0.220 

.0.290 

.12.1X10* 

.1.25 

.4.31 

.0.128 

Ki' (no load). 

Ri (ohms). 

rtp.. . 

K/antai . 

(l — Kfa)mai . 

Lffi (henrys). 

Ll (henrvs).. 

Srb (volts).... 

Ifi (amperes). 

•0.213 
•0.157 
.0.0192 
.0.0264 .... 

.0.2380 ... 

• 1.49 
•0.41 
■12.9 

• 9.13 

....0.165 
....0.452 
....0.0160 ... 
....0.1616 ... 
....0.0085 ... 

....2.30 
....1.25 
...20.2 
...6.7 

.... 0.292 . 

.... 0.160 . 

.... 0.0191. 

.... 0.2046. 

.... 0.0362. 

.... 1.40 . 

.... 0.45 . 

.... 16.15 . 

.... 10.8 . 

.0.091 

.0.308 

.0.130 

.0.0471 

.0.2083 

.0.0110 

.3.02 

1.12 

20.0 

10.0 

.0.054 

.0.0836 

connection of the shunt field, in runs C-6 and 0-7 field 
t Constant not needed as ma indicates slight over compensation. 

coils are in 

series, //i«2.16 


Table VI. Initial Rate of Rise, Peak Current, and Time to Peak 
laitial Rate of Rise 


Peak Current. Pu Time to Peak. Seconds 


Pn per Amperes per 
Second Second 


Tost D-1 Computer Basic 
Amperes per Cen- Con- 
Second stants stants 


Test 

D-l 


Computer 
Con- Computer 
stants Display 


Test 

,D-1 


Armature....710... .0.82X10’ 
.250.... 1,670 ! 


.0.80X10*. 
. 1.550 . 


.5.11. 

.2.17. 


.5.29-5.07-0.0278_0.028 

.....-2.12... .0.0247_ 0.027. 


.0.022 

.0.010 


Table VII. 


Comp«i«n o( C.lcul...<) .„d W V.lu« of SI,ort.a«ul. Cu«„l. fo, Z.ro 
External Resistance 


Machine 


G-l... 
G-2.., 
M-1.. 
M-2.. 
M-3.. 


G-l... 

G-2... 

M-lf. 

M-2t. 

M-3.. 


Terminal, 

Volts 


.415. 

.345. 

.415. 

.415. 

.250. 


Speed, 

RPM 


Load, 

Amperes 


Peak Armature 
Current, Pu 


CaL 


Test 


Machines at Rated Conditions, Full Load Initially 


760.. 
1,200.. 
1,300.. 


...2,650.... 
... 870.,.. 

. . 2 ,Rno 

.... 9.66 
-8.67 

280.. 
1,760.. 


..2,650;... 
.. 298.... 

-6.24 

....10.80 


Machines at Rated Conditions, No Load Initially 

•415.. 750 0 

•345......1,200. 0 

•415...1,300.......:' 0 ■■■ 

.416.......... 280.5 ••• 

•260.1,760. 0 '' 


. 8..34. .. 
. 7.28.. 

. 9.49... 
.7.14... 
.11.18... 


.. 8 .. 5 *. 
.. 9.0 . 
.. 7.5 . 
.. 6 . 0 *. 
. 10.0 . 


. 7.5 . 
. 7.9 . 
. 8.5J. 
. e.ot. 
. 11.1 . 


% 

Accuracy 


+ short-circuit current --- 

t No suitable test available for extrapolation. ' 


..112 
.. 95 
.107 
.126 
.103 


■ 111 
. 92 
.112 
.119§ 
.101 


pu. 


smooth while the actual short-circuit 
trace shows the effect of severe arcing’. 
The latter curve was obtained by taking 
the plotted points from an oscillogram 
and then drawing straight-line segments 
between the points to indicate the effect 
of arcing. 

A similar abstraction of a computer 
solution for the shunt field current is 
shown in Fig. 2 together with the test 
data. The coefiScieut 

ci=s—C2 = —2.2 

was obtained for a separately excited 
field from the computer. It can also be 
cdculated directly by evaluating equa¬ 
tion 36 of reference 1 at the peak time 
for armature current. 

The initial rate of rise and peak time 
for the armature and shunt field current 
may be obtained from the transient 
solution. However, it is preferable to 
utilize the coefficients ci and d from the 
computer solution in the applicable 
equations. The initial rate of rise as 
calculated from these equations is shown 

VT, as well as the peak current 
and time to peak. 

In Figs. 3 and 4 comparisons are shown 
of the transient (test and computed) 
armature and shunt field cmrents re¬ 
spectively for machine M-2. A com¬ 
parison of computed and test results 
on M-3 may be made in Figs. 6 and 6 for 
the armature and shunt field transient 
currents respectively. 

If some of the design parameters in 
Table H are not available, then various 
approximations may be made for the 
resistance parameters, the peak current, 
and the initial rate of rise as shown in 
Appendix I. 

Discussion of Results 


Values of peak short-circuit armature 
current, as obtained from oscillograms 
and as computed, are given in Table III 
for 31 low-resistance short-circuit tests 
on five machines. A comparison of the 


T.bl. VIII. Comp.H«.„ .1 .,d T.„ V.l«« p( |>,.|, _Shprt<l„„K C.™,, 

Machine at Raltd CondWons, No Load Initlaily, Zero External Resistance 


Approximatioii of rx' 


Mxcbine 

G-3.., 
M-1.. 
M-2.. 
M-3.. 


•...7,6.. 
.... 7.9.; 
.-..8.5.. 

.... 6t0.. 

...ui.. 


^ Values taken from Table VIl. 




Accuracy 


...11.90..., 
... 7.56,.., 
... 10 . 20 .... 
:.. 7.26... 
... 11 . 00 .... 


. .159. 
.. 96. 
. 120 . 
. 121 . 
. 100 . 


Approximation of Erb 


Inches 

bi, 

Inches 

h. 

Laches 

Its 

Ratio 

Ra. 

Ohms 

Cal. 

U' 

% 

Accuracy 

.0.396... 
.0.173... 
.0.183,.; 
.0.247... 
.0.270_ 

...0.480.... 
...0.260.,. 
...0.235.... 

...0.331_ 

...0.330..., 

s..1.491... 

...1.628... 

...1.470... 

...2.224... 

...1.154... 

...6.20.... 

...5.72.... 

...5.90.... 

...3.72..,. 

...3.88.... 

...0.0016..... 
...0.0044.;.. 
...0.0016...., 
...0,0033.;... 
...0.0144. 

..7.10.. 

..6,80.. 

..8.82.. 

..6.71.. 

..8.86.. 

•.... 86... 
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Approximation from 
Fig. 8 


. 10 . 1 .... 
.. 9.3.... 
. 10 . 1 .... 
, 10 . 1 .... 
. 8.3.... 


% 

Accuracy 


.. 135 

r.ll8 

..119 
:.168 
.. 76 
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Fig. 7 (left). Accuracy of 
calculation of peak short> 
circuit current versus relative 
magnitude of peak short circuit 


Fis- 8 (right). Peak zero 
resistance short-circuit cun-ent 
versus machine terminal voltage 
rating, rated conditions, no 
load initially 


test and computed values of peak anna- 
ture current for the various short- 
circuit runs on the machines used in this 
senes of tests is indicative of the accuracy 
with which the peak short-circuit current 
can be computed for widely varying 
initial conditions of load, speed, and 
voltage. Over-all the calculated results 
obtained on the machines tested are good 
considering that each of these machines 
is of a special design for operation over 
a voltage range of 260 to 415 volts for 
shipboard service. The accuracy of the 
computations as shown in Tables III and 
VII would be better were it not for tlie 
occasional severe flashing which reduced 
the magnitude of the measured external 
current. Hence in those runs where 
flashing occurred the computed values 
are generally on the high side. 

For those concerned with the design 
and application of protective equipment 
for d-c machinery, the peak short-circuit 
current at I'ated conditions and with no 
external resistance is considered most 
important. Computed and test values 
of peak short-circuit current for rated 
conditions and zero external resistance 
are given in Table VII. In this table 
the accuracy of the calctdated data is 
given, using the test data that could be 
extrapolated to these conditions as a 
base. However, there was no test suflS- 
ciently close to full-load initial conditions 
for machines M-1 and M-2. For these 
machines a 1 pu change was employed 
as an estimate of the difference to be 
expected between the no-load to full¬ 
load test data. It is noted from Table 
VII that the higher currents occur for 
motor operation at no load and for genera^ 
tor operation at full load. 

A graphical representation of the per¬ 
cent (%) accuracy obtained by computa¬ 
tion of peak armature current is shown 
in Fig. 7. The abscissa in this figure 
represents the relative magnitude of 
calculated peak short-circuit current in 


% where the base value of peak current 
is that computed for rated conditions and 
no load. For a range of peak currents 
th^ vary in relative magnitude from 
35% to 105%, the mean accuracy for all 
runs is 109% of the test values. If the 
runs where flashover occurred are ex¬ 
cluded the mean accuracy for the remain¬ 
ing runs is 105%. 

In some of the tests shown in Table 
III the transient field current was not 
recorded. In those cases where an 
oscillogram of the transient field current 
was taken the field current i/ correspond- 
ing to peak armature was calculated, 
and is compared to the test peak field 
current in Table III. In the computation 
of the % accuracy of the field current, 
the test peak field current is taken as a 
base and the calculated field current 
if' is expressed as a percentage of the 
b^e. In general, the field current 
if t^t exists at peak armature current 
is slightly smaller than the true peak 
field current because the field current 
peaks before the armature current. For 
this reason it was expected that the 
computed values of i/ would be somewhat 
smaller than the test values of pieak field 
current. An average accuracy of 93% 
was attained for the 17 runs available 
for comparison. 

Although the computed transient 
curves compare favorably with the actual 
test data, the accuracy as to the time 
of the peak armature and field current 
is highly variable so that average figures 



200 300 

rating of machine (VOLTS) 


cannot be cited. There are several 
reasons for errors in computed peak 
time. Primarily, the complex magnetic 
circuit with superimposed eddy-current 
effects cannot be simulated accurately 
with simple time constants. Even if 
more elaborate time constants are em¬ 
ployed it remains difficult to evaluate 
correctly the effective inductance and 
resistance of the circuits at the various 
times. In addition, unpredictable flash¬ 
ing, interpole flux response, and steady- 
state current estimation contribute to 
errors in transient current plots. There¬ 
fore, instead of relying on an estimate of 
pealc time from a current time plot, it is 
believed tliat the time interval when the 
computeci current exceeds 90% or 95% 
of its peak value will, in general, include 
the actual test peak. 

For example, in Fig. 1 a horizontal line 
has been drawn at the magnitude 95% 
ofV.i.e. 


is expected that the 0-95(5.29) =6.03 pu 

if' would be somewhat This line intersects the computed tran- 
st values of peak field sient curve at two points: /-o. 95 p=Odl 9 

ige accuracy of 93% second and 98^=0.044 second. Those 

iie 17 runs available two times are indicative of the short- 
circuit behavior of the d-c machine. A 
computed transient different characteristic is illustrated in 
orably with the actual Fig. 3, where the percentage limits were 
aracy as to the time dropped to 90% of i/. It is suggested 
ure and field current that specifying the peak magnitude of 
3 that average figures current together with the initial rate of 

Table IX. Initial Rate of Rise of Transient Currents 


Machine 


G-1. 

0 - 2 ..... 

M-1_ 

M-2... . 
M-3_ 


f[d(i tt)]/(dt» 10-» 
Amperes per Second 
Cal. Test 


% 

Accuracy 


[d(if)l/(dt ) 
Amperes per Second 
Cal. Tost 


% 

Accuracy 


,..Ale2. 

...Dl... 

...Ale.. 

...Alel. 

...41F.. 


....2.90... 

...3.48.. 

.83. 

....0.87... 

...0.80.. 


....1.80... 

...1.56.. 

.116. 

....1,06... 

...1.68.. 


..,.0.11... 

...0.15.. 



-.4,770.3,100...154 

•1.650.1,650..107 

. .3,760... (no record). (no record) 

-.2,340.1,860.126 

■ .1,450.1,190.122 
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rise of current and two times (the time 
to reach 90% of W plus the time elapsed 
when the current is above 90% 4 ') 
woidd be sufBlcient information for the 
design of circuit protection. 

Trials were made of approximation and 
short-cut procedures. When some of the 
design parameters in Table II are 
unavailable for the computation of r^, 
an approximation given in Appendix I 
can ^ be used. The accuracy which is 
obtained by this method when all the 
other constants but r*' are known is 
shown in Table VIII where the mean 
5-machine accuracy is 119%. Machine 
G -1 is 69% too high because demagnetiza¬ 
tion is much greater than normal as can 
be seen from a comparison of the tenn 
(1 — Kf^ ftigi in Table V. 

When the product Erb is not known an 
alternate procedure for computation of its 
value, developed in Appendix I, may be 
used. The accuracy obtained by this 
method when all the other constants are 
known is shown in Table VIII where the 
mean 6 -machine accuracy is 95 %. 

A rough estimate of the peak armature 
current resulting from a short circuit at 
rated condition and no initial load is 
shown in Appendix I. The results of 
appli^tion of this procedure for the five 
machines (employing the median line of 
Fig. 8 ) are shown in Table VIII with a 
mean accuracy of 123%. 

Approximate procedures were also 
appHed to the calculation of the initial rate 
of rise of armature and shunt field current 
as shown in Appendix I. Comparable 
results to those obtained under the sample 
calculation wctc attained and are shown 
in Table IX with a mean accuracy of 90% 
and 127% for the armature and shunt 
field circuits respectively. 

In Appendix II it is shown that by 
normalizing the no-load saturation curves 
for the five machines it is possible to 
employ generalized values for various 
constants and to develop a simple equa¬ 
tion to represent the saturation curve. 


4. Tune to peak for the armature and field 
current is highly variable. Instead, the 
time to reach and remain above 90% of the 
peak value will provide realistic information. 

6 . Peak armature current by approxima¬ 
tion processes requiring a small number of 
design constants is feasible provided the 
reduced accuracy is acceptable. 

Complete confidence in the method 
presented hm^e and in the accuracy to be 
expected can only be established by a 
comparison of computed and test results 
on a large variety of d-c machines. 

Appendix I. Approximate 
Calculations 

^ The method ^ of calculation for short 
circuit from design constants is reasonably 
accurate for all practical purposes, but is 
open to the objection that a large number of 
design constants are required, and the 
computation is involved and cumbersome. 


Approximation of r*' 

Many design constants are used in the 
c<^putation of a fictitious resistance 
which, when multiplied by the peak 
armature current, represents the loss in 
generated voltage. A rough approximation 
to this iMs m generated voltage when a 
machme is short-circuited at any voltage, 
rated speed, ^d no load is one-third the 
voltage at which it is shwt-dreuited. It is 
also found from tests and the equation 
denved for r*' that the loss in generated 
voltage M ^most directly proportional to 
tbe speed of the machine. Then a rough 
approximation of the loss in voltage 
due to short circuit at peak short-circuit 
current, may be expressed as 


•E®'e=(£o/3)(JVo/iVj) volts 


H^e the generated voltage at peak 
short-circuit current is 

£'=£o(l—jVo/3iVi) volts ( 12 ) 

The peak short-circuit current is then 

Ix ~Fo(l—iVo/3iVi)/i2'amperes (13) 

Allying equation 13 to the machines 
conditions, no load (in 
Table VII) the results are compared with 
test data and are shown in Table VIII. 


Conclusions 

Based on a comparison of test and 
calculated data on five machines, it is 
conduded that the accuracy in the com¬ 
putation of annature and field currents is 
as follows: 

current is within 
105%±10% for 90% of the runs on the 
average if there is no flashover. 

current is within 90%d=20% 

for 90% of the runs on the average. 

armature and 

shunt field currents are variable with a 
mean of 90% and 127% respectively 

228 


Approximation of Erb 


reactance 

voltage Er and the number of segments b 
spanned by the brush are utilized as per 
equation 6 of reference 1 to calculate an 
effecbve transient increase in armature 
^ding resistance due to poor commuta- 
tion If ^e value of Br, which is obtained 
most reliably from the manufacturer, is not 
available it can be calculated from any one 
of a number of equations, which are at 
^^^“^ates. A list of some of these 


G— 0.12 for large machines 
KWa^power developed by the armature, 
kilowatts 

Er ^6,38ATlirdaNilO~^/gc 60 volts ( 16 ) 
where 

.dTssnet difference of ampere-turns at 
rated load of armature and com¬ 
pensating windings 

ge*= length of air gap beneath interpoles, 
mches 

1 “length of armature stack, inches 

For simplex lap windings with full pitch 
turns 

~g^C4-t-0.14)10-® volts (17) 

where 

& “number of segments covered by the brush 
ro^ded off to the next higher integer 
/((-length of end connection for 
conductor, inches 

For simplex wave winding 

Er“0.17—(4+0.1/e)P10“* volts (18) 

Equations 14 through 18 are different 
with each developed from definite as¬ 
sumptions and dependent on what data 
»e available. If neither an estimate of 
Er nor b is available the following method 
IS recommended. 

In the recent literature* there has ap- 
peared an equation 

J = IQvfdih^lZsbi (19) 

^pressing a ratio of the commutation loss 
to the d-c loss of the armature winding. 
Equation 19 is based on the lag in'^ux 
reversal ^ and nonuniform distribution of 
c^nt in the conductor with assumption 
of mstantaneous commutation where the 
energy involved is either lost during the 
emmutation period at the contact surface 
(between the commutator segments and 
brushes) or within the armature conductors. 

Equation 19 is rewritten to express the 
ratio of the increase in armature winding 
resistance to the d-c ohmic value 

i?“0.054oi/ltV&i . (20) 

where h is in inches and a value for s, the 
speafic resistance for copper, is used. This 
ratio is next incorporated as an increase in 
the effective transient armature winding 
resistance as follows 

Tft “( 12 —l)Eo«o/i 2 i-t-Vc/Ei (21) 

If it. is doable to include the effects of 
load, equation 21 may be rewritten as 

n'’^(Ki^oVa'-\-Vc)/Ei (22) 

where 


Vb ' “ (E —1 )Ea/ai volts 


(23) 


Er “ 12 «o/ailO“*/da volts 

Er “ CrKWa/da VOltS 

where 


(14) 

(15) 


Equation 22 is of the form of (a+Ve) /E, 
so that Fig. 1 of reference 1 may be used 
to aid in evaluating rj' whenever a is as 
small as the plotted values of a This 
procedure for approximating Kb by eoua- 
tions 20, 22, and 23 was applied to the five 
machines and the results compared vtith 
test data as shown in Table VIII. 
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Fig. 9 (leh). 
No-load satura¬ 
tion curves for 
five machines. 
Abscissa has 
been multiplied 
by 2 for M-3 


Fig. 10 (right). 
Normalized no- 
load saturation 
curves for five 
machines 



Approximation of Peak Armature 
Current 

In the preliminary design of a d-c power 
system only the voltage and current of 
machines are known and in order to have 
some idea of design requirements under 
fault conditions an estimate of the value 
of peak short circuit of each machine is 
required. It is known from experience 
that the maximum current of a d-c machine 
on solid' short circuit is about 7 to 12 
times rated current. In general, the ht ghpr 
values apply to 600 to 1,500-volt machines 
and the lower values to 125 to 250-volt 
machines. This rough approximation is 
Shown graphically in Fig. 8 where peak 
short-circuit current, represented by the 
median line, is plotted against rated ma¬ 
chine voltage. The other two lines shown 
“ ™ arbitrarily drawn 

at 25% above and below the median line 
and^are suggestive of the band within’, 
which the actual maximum short-circuit 
current of most machines will fall. A 
comparison of test values of peak short- 
drcuit current and the values as obtained 
from the median line of Fig. 8 are shown 
m Table VIII. 


Approximation of Initial Rates of Rise 

It is not always necessary to obtain a 
full solution for the transient armature 
current in order to compute the initial 
rate of rise. An approximation to the 
initial rate of rise of armature current may 
be calculated from the following equation 


rate of rise is estimated by 

^xd/N (2S) 

where the plus and minus sign is for differen¬ 
tial and cumulative action of the series 
field. Equation 25 written on the basis of 
unity coupling is rewritten as: Shunt field 
rate of rise is equal to 

di/dt==‘Ifi{Kz'Ki:hmai) armature rate of 
rise//ai amperes per second (26) 

Application of equation 26 to G-2 listed 
in Table IX results in 

M/dt =>6.7(0. 156-1-0.17)870,000/1,160 

= 1,650 amperes per second 

^ If there is no value of armature circuit 
inductance available, the following pro¬ 
cedure is suggested to obtain an estimate 
of the armature winding inductance. Let 

La =“ CxLa\ ( 27 ) 

where 

Lwi^-lO.lEi/IaxNiP (from reference 6) 
machine base inductance in henrys 

with generalized values for C, (from ref¬ 
erence 6). 


Appendix II. Normalized 
Saturation Curves 

A study was made to see whether general¬ 
ized values may be employed successfully 
for some parameters which are now de¬ 


termined directly or indirectly from the 
no-load saturation curve of rotating ma¬ 
chinery. No-load saturation data were 
obtained at base speed for the five machines 
tested and are shown plotted in Fig. 9. All 
machines begin to exhibit the typical satura¬ 
tion characteristic in the vicinity of base 
field current. 

In an attempt to improve this .similarity 
the abscissa and ordinate values of the 
original saturation data were divided by 
the appropriate base current and base 
voltage for each machine. This normalized 
data may be viewed in curve form in Fig. 
10. These normalized curves show good 
agreement as to shape and lend themselves 
to the setting up of generalized value.s for 
Ki, Ki, ApQ, and Api. Tliat these saturation 
curves come close to each other i.s attributed 
to desip procedures whereby the operating 
point is generally “on the knee" of the 
saturation curve as a compromise between 
full utilization of the magnetic structure 
and high magnetic core losses. 

Another worth-while feature in connection 
with the curve.s is the relation between the 
incremental permeance and static per- 
ineance. This relation was sought by 
obtaining the quantities Bo/I/n and dEo/dT^, 
at eap integral current step from the data 
m Fig. 9. These new data were then 
further^ normalized into a pu system by 
employing the voltage and current base of 
each machine. It was found that there is 
an inverse correlation between Kt and the 
incremental slope at base field current. 
In f^t, when the reciprocal of is taken 
simply to the third power, the computed 

is in good agreement with the actual 
slope in pu at base field current. The.se 


di/dt=Eo/(Lw-\-Le) smpeces per second 


Tabic X. Comparison of Incremental Fermeances 


Application Of equation 24 to machine 
G-2 listed in Table IX results in 

di/di b= 270/(310X10~®) amperes per ao^ond Mactoe 

is also possible to approximate the « 
initial shunt field Current rate of rise by ^2 " "' 

utilizing this estimate of the initial rate of M-iV.V 
rise of armature as shown in the following 
development. Ratio of field to armature '' • 


Volts per 
Ampere 


...4S.5. 
...77.6. 
...38.4. 
...34.5. 
...lie . 


Saturation Curve Slope 


. 750... 
. 1 , 200 ... 
.1,800... 
. 280... 
■1,760... 


dEi/dafi> 
Volts per Ph 
A mpere 


...0.418. 

...0.348. 

...0,304. 

...0.435. 

...0.413. 
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Approximation 

a/K|)« 
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...0.513. 
...0.318. 
. - .0.43.5. 
...0.487. 
...0.444. 


% 

Accuracy 
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tions of incre¬ 
mental slope to 
the average slope 
of a nO-load 
saturation curve 


therefore 

=0.455 

After separating the variables equation 2 
becomes 

^deje^—dpiy'di/i* 

Integrate equation 30, substitute 0.45, 
for dpu and determine the constant o 
integration at *=1 and c«l to arrive at 




AVERAGE SLOPE IN PER UNIT 


10.0 


comparisons are shown in Table X. 

The relation given by equation 

A^o = A^i(^o)8 ^28) 

was found by making a plot of the normal- 
ized mcremental slopes versus the average 

Asshovm 

in «g. 11 these plots for four of the five 
machines were approximated by straight 
Imes of a slope of three, indicating a cube 
power law. In addition, the intersection 
of these Imes with the abscissa of 1.0 pro- 
^des a check as to the magnitude of Ab,. 
An assumption is made that equation 28 


may be employed with p' in place of b, 
to obtain Ap'. As this relation betLn 
he incremental slope and the average slope 
of a saturation curve was satisfactory, the 
development was extended to the writing 
of an equation for representation of the 
no-load saturation curve. 

Essentially equation 28 expresses 

de/di=dp,{e/iY ( 29 ) 

From the previous material when * = 1 
^-l. dp=.(l/Ki)^ where ' 

•S^f=1.3, generalized value from Fig. 10 


0.465+0.645** 

A plot of equation 31 representing a satun 
tion Mrve with generalized values fc 
parameter is m excellent agreemei 
With the normalized curves for the fiv 
machines shown in Fig, 10. 
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Discussion 


Donald T. Bewley (General Electric Com- 
pany. S^enectedy, N.Y.): Figs. 1 through 
6 show^that the agreement between tested 
and calculated transient curves is not as 
dose aa might be desired. This in itself is 
not as discouraging as it may seem since the 
sustained current is not reached before 
either flashover occurs or the circuit breaker 
operates; hence, the important items to be 
accuratdy calculated are peak armature 
current and maximum rate of rise of arma- 
ture current. For industrial machines 
ufahzing ^cuit breakers, an accurate 
determinafron of these items will assure 
proper selection of breakers that will in¬ 
ternet the armature circuit before injury 
apparatus occurs. 

The .test results indicate that the authors 
nave made an important contribution to 

armature 

cuwents, Closer agreement between test 
and cal^ated values of maximum rates 
ofnse of armature current might be realized 
. ^ accurate determination of machine 

mductance could be utilized. For the 
d^igner Imvinr machine parameters at 
^ dispo^l, the determination of armature 
circuit mductance by the method of Sttivdy 
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to be fairly 

reliable. Use of equation 27 of the present 
ts not too reliable because of thf wide 
in val„« c. for diffo«n. 

iriS' ^“thors ^ve indicated a method of 
induding the effect of initial load on the 
short-circuit armature cur- 
'“P°rta“t contribution 
smee It shows that the effect of initial load 
on generating machines is to raise the peak 
^ature cmrent. The effect of initial 
machines, on the other 
hand, IS to lower the peak armature current. 
It has bem the practice, in some circles, 
current and calculate the 
short-cu-cuit armature current on the basis 
Superposition of 
i ® machine, expressed in 
PU as +1 for generators and -1 for motors, 
was assumed to be appKcable if the no-load 
P^ sh^-circuit current values were 
inrfw' re^ts given in Table VII 
mdicate that such a procedure would give 
acceptable results; therefore, for rSid 
^kul^on this method seems to be justi- 
Of course, test data on other ma- 
to ^bstantiatx the 

and 3V£r. Cybulski have 
given us a refined method of determining 
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short-cirwit performance. They are t( 
.be complimented for their contributions. 

Rbpbrbncb 

1. Measurement and Calculation of D C 
-I ef Pt 

J- Cybulski; As indi^ 
transient plots in 
Figs. 1 through 6 do not showas dose agree- 

^ desired. It 

AouMbe emphamed, however, that the mne 

^ected for these transient plots are not 
^ical but rather those that show the 
greatest divergence. In Table III it will be 
noted that the results in general are good 
^ compare weU with the test values, 
^ere lie results are poor, as in run 41F, 
the machine was operating at a speed 20% 
above rated speed, which is hardly typical 
or actual operating conditions. The tran¬ 
sient plott^ in Fig. 3 for run Ale is for a 
low value of mitial voltage and the resulting 
value of peak short-drcaiit current is small 
and equd to the steady-state value. For 
the apphmtions engineer, interested in 
sd^ting ^t breakers, initial conditions 
that result in a short-circuit current equal 
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in value to the normal steady-state value 
of short-circuit current (about 3 pu) is of 
little importance. 

We agree with Mr. Bewley that reason¬ 
ably close agreement between test and 
calculated values of maximum rates of rise 
of armature current may be obtained when 
an appropriate value of armature circuit 
inductance is used. The values of machine 
inductance used in the paper were those 
supplied by the manufacturer. These 
values were checked using a-c measure¬ 
ments (60 cycles) and found to be in close 
agreement with the values given by the 
manufacturers. However, the value given 
by the manufacturer for M-3 was obviously 
too low (5 microhenrys). In the paper a 
value of 2,300 microhenrys obtained by a 
d-c incremental flux method was used for 
M-3. A subsequent measurement of ma¬ 
chine inductance by the a-c method gave 
a value of 900 microhenrys. If this latter 
value had been used for the transient plots 
(Figs. 5 and 6) better agreement would 
Imve resulted. Our experience indicates 
that values of inductance obtained by 60- 
cycle a-c measurements give satisfactory 
results when compared to test values of the 
maximum rate of rise. It should be 
emphasized, however, that the calculated 
or measured value of unsaturated armature 
circuit inductance does not truly represent 
the machine inductance under all initial 
conditions. For example, the effect of 
initial load <Jn a machine reduces the 
armature circuit inductance because of 
saturation effects. 

Equation^ 27 is not an accurate method 
for calculating armature circuit inductance 
because of the difficulty in obtaining a 
r^able value of Cx applicable to a par¬ 
ticular class of machines j it was suggested 
only as an approximate and convenient 
method when a more accurate value could 
not be obtained. The ease with which 
calculations can be made by using this 
equation whenever design details are 
unavailable for the computations indicated 
by Snively and Robinson needs no defense. 
Further, if the values of inductance as 
obtained by equation 27 are compared to 
the values obtained by the Snively and 
Robinson method for the large number 
of machines listed in reference 6 of the 
paper, good agreement is found. This of 
course is not surprising since the generalized 
values for Cx are based on the calculated 
results obtained mainly by the Snively- 
Robinson method. 

It appears to us that for clarity in 
analysis and discussion two terms which 
cause considerable confusion in short-circuit 
work should be clearly defined. These 
terms are the initial or maximum rate of rise 
of short-circuit current and time to peak 
armature current. Measuring the current 
slope at time zero on an actual oscillogram 
of a short circuit is a matter of considerable 
difficulty and it is not surprising that 
different observers will report slopes that 
diffCT considerably. In any event, the 
initial slope is of little practical value , 
unless it is representative of the average 
rate of rise up to a particular value of the ! 

transient armature current. If the maxi- \ 

mum or initial rate of rise of armature 
current is defined and measured as the 
average rate of rise from the time of initio - > 
tion of short circuit up to the time when 
a fixed fraction of peak armature current s 


Tabic XI. Comparison of Exact and Approximate Methods by Short-Circuit Calculations on 

Five D-C Machines 

Rated Conditions/ No LoadS/ Zero External Resistance 


Mean 

Required S-Machine 
Basic Accuracy, 

Constants % 


Machine Range of 

Accuracy Machine 

Mia.-Max., Accuracy, 

% % 


- “I ) + Fc volts 

(with Ve assumed equal to 2 this expression 
may be evaluated using Fig. 1 of reference 
1 of the paper) 

where 

® =((R— l)Ra/ai at rated speed, no load 

with 

Cll==0.67PlViQn0-9 

and 


2 .': 5 p?oximation :::::;;;; .g;;;; • • • • • ..ij-j .27 

!.«Pl>ronitiaOoiiofr.'. 7 . 1 ,, ''' SLIJI . 2? 

.S 

«.apSoCation A.'.V.V.'.!!!!!!!!! i ...isj 

^..1 

* Error on machine M-2. ^ —-- 

t A motor requires one additional constant (horsepower) 

No. 3 approximation of r*' requires E,. lai, Ni, E„ 6. and Vc 
No. 4 approximation B requires Ei, Tai. Ni, Rv>, Ra. and P 

A * knowledge of pole face windings 

No. 6 approximation A requires Ei. lai. Ni, and P wmamgs. 


(say, one-half) is reached, then this rate 
of rise would have a definite meaning and 
would be of practical use. Similarly, the 
time to peak armature current means little 
unless it is definite and has practical utility. 
For example, in a short circuit where the 
armature current remains near its peak 
for a relatively long time the time to peak 
is indefinite and not easily discernible. 
For this reason it is obvious that the time 
to reach a fixed fraction of peak armature 
current (say, nine-tenths) would be more 
practical and desirable from the point of 
view of those concerned with circuit-breaker 
application. 

The adding or subtracting of 1 pu arma¬ 
ture current for motor or generator re¬ 
spectively to account for the effect of an 
initial 1 ^ pu load condition (the initial 
computation for peak short-circuit current 
iDeing made on the basis of zero initial load) 
is considered to be a reasonably accurate 
method of estimating the peak short circuit 
if it^ is a zero external resistance short 
circuit and if the machine is initially at 
or near its rated speed and voltage. In 
extrapolating the test values of peak short- 
circuit current for the initial conditions 
of no-load rated voltage and rated speed 
for motors M-1 and M-2 in Table VII an 
increase of 1 pu was added to the test 
valu«^ obtained at rated load and rated 
conditions. In most cases the effect of 
fiashing or flashover prevents exact experi¬ 
mental verification of this procedure. 

Approximation procedures were devel¬ 
oped in this paper in order to enable 
estimation of peak short-circuit currents 
whenev^ design data are limited. After 
completion of this paper, this work was 
expanded as estimates of short-circuit 
current are often desired during design of 
power systems. The various approximate 
procedures are compared with test data 
and the significant results appear in Table 
XI. Procedures A and B were developed. 
Briefly,^ they result from the application 
of empirical equations ertending the ap¬ 
proximation of JSyJ in combination with the 
approximation of r*' in this paper. The 
end result is that 


( XPF,10A®*i4 


ampere conductors per inch of annature 
periphery. The KWa term is Ei/ai/1,000 
for a generator, 0.746 horsepower for a 
motor. 

A system for rating all seven methods 
listed in Table XI with some figure of merit 
should take into account the number of 
b^ic constants, the absolute value of the 
difference between the mean machine 
accuracy and 100%, and the range in 
machine accuracy. One basis would be 
to assign an equal weight to each one of 
those statistics. A summation of the 
numerical value of each of the three statis¬ 
tics for each method would indicate a 
figure of merit. Assuming that the number 
of basic constants is most important, the 

Table XII. Figure of Merit and Rating of the 
Methods 


rtf'«»-(r«+f6') 
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ure current approximating r,' by one-third ra'. ^ .^ 
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Ho. 

Equal Weight 

Unequal Weight 

Method 

Merit 

Rank 

Merit 

Rank 

1. 

... 69.. 


.28.4.. 

.6 

2. 

... 63.. 

_2.. 

.29.7.. 

.7 

3. 

... 90.. 

_4.. 

.15.8.. 

.3 

4. 

... 76.. 

....3.. 

.12.9.. 

.2 

5. 

...210.. 

....6.. 

.24.6. 

.4 

6. 

...236.. 

... .7.. 

.27.2. 


7. 

...111.. 

. R 

19 n 

1 


























































other two stetisti^ may be given a weight 
of one-t^th their value. On this basis 
°^^erit can be coXtS 

to the ^ta of Table XI with the r^S 

with the lowest figure of merit the 
best procedure. With eijual weight ^ 


Statistics, methods 1 and 2 
are b^ ^th methods 3, 4, and 7 close 
behind. WiA the greater weight attached 
o the number of constants, methods 3 

bettorconsiderably 
better t^n aU the other methods. Either 
system for establishing a figure of 
indicates that the recommended approxi- 


4, Md 7 nme are methods 3, 

We wish to thank Mr. Bewley for his 
^cuMion, which emphasizes the important 
practical reasons for short-circuit calcula 
fa^and affords us tie opp^^nSj^to 

tre^^ additional questions not 

treated m the paper. 


Turbine Generator Stator-Winding 
Temperatures at Various 
Hydrogen Pressures 


"•'■“SO""* 


D. S. SNELL 

mfmber aiee 


S^opsis: The power industry has for 
years ^cepted certain general principles 

ttc Units me based in 

ne ratmg of electrical nia/»lit>Ag and 

Standard No. N 
to be followed b 
»le^g the permissible total temperatures 
at various locations within madSnes de 

pl^ tasularion'em- 

? particular values of allowable 

tempem^ and the locations M 

Standard ""SaS 

S ??® standards established 

focommendations many years aeo 
when turbme generators were all air-coobd 

the performance and life of such machinS 
®,^o®“iant factor in the selection of 
allowable temperatures. ‘ 

J^®“ generators began 

to be hydrogen-cooled, the allowahb 
temp^atures established for air-cookd 
ma^®s Md the temperature differences 

tte ‘^poratur^^ 

the hot-spot temperatures were tacitlv 
assumed to be correct for the new tvoe of 
^tog at a hydrogen pressure 
pound p« square inch gauge (psig) h, spite 
^ a load mcr^ which was SaUzed S 
hy^gM cooling. With time, the^^S 
“‘Ji'Urogen pressures 
general. Also for some years a number of 

machmes have had their^m SS?™ ' 

associated with inSS^h” ' 
S” mid there is no industar < 

2?^ which nmogniaes the mS I 
flUowable measurable fptTirva«- * ^ ^ 

tanperatute ' 

^n.^esraSdatlffi'tlS'^^/ ^ 

Uehavim Of « 
SoTOal years ago, an analysis was pre- di 


tbe temperatures and tempera- 
^dses m turbme generator nr{'n. 4 i 

mcluding both a theoSical approarfTfo 

cSSatof? comparison of test and 
® particular machine » 
^ ^® theoretical approa^as 

b^m^®^^ Md additional tests have 
b^n made m which actual copper tempera 
tures were measured 'risi« •-'=mpera 
the re«i^ of ^his paper presents 

several years’ work 
»n?”* t* Mcnincy of the theoreticai 

and giving additional oomiSs 

m.d calculations. 

m^M as a contribution to the increas^ 
taowiajge needed on the tempSe 
^vmr of turbine generators. KdS 
faM, smcemany data ^ now avaflable tn 
^ temperatures emstmg at 16- and 30 - 
Psig, as well as at 1/2-psig hydrogen 
pressures, certain principles which should 
3^^tly the allowable tempera- 

^ to accompany higher than 

IrA off T P^°Pos«d. These princiS^ 

revisioHr^e 


■pHE almost universal use in this 
■ county, of hydrogen as a cooling 
medium for large turbine-driven genera¬ 
tors, and the expanding use of increased 
ca^g pressure to obtain increased out¬ 
puts from a given size of machine have 
seated a need for an extended under- 
stan^g of the temperatures and tem- 
perature uses which exist throughout 
su^ structures, This need is pa^cu- 
»ly pi^smg with respect to tempera¬ 
tures m the vicinity of the annature wind¬ 
ings because the highest temperature in 
insulation, the tempera¬ 
te of the copper of the coils, cannot be 
mrectly measured with practical devices 
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availabte at present. Hence, it is now 
necessary to establish an allowable rise 
by resistance temperature detectors, for 
v^ous conditions of operation, which 
will give assurance that the total tem¬ 
peratures, which are not now diiectly 
measured, will be satisfactory. 

Today the two standards AIEE No. 1 
Md ASA C501.2 exist as guides to estab- 
hshmg the peimissible temperatures 
toughout large machines. The AIEE 
No 1 m particular defines the philosophy 
underlying the proper selection of tem- 
Features. Neither of these standards, 
tjj wever, takes full account of the condi- 
re tions existing in hydrogen-cooled turbine 
» ff^nerators, as both were created before 

is f ® ^chines. There- 

g fore, the problem that exists today con- 

’■ appheation and extension of 

s Aese standards to take account of condi- 

1 r ^5®f ^*’® ^ particular, 

j what should be the aUowable copper tem- 

I ^ature (hottest spot) in the armature 
[ windings of these machines; what resist¬ 
ance temperature detector rise should be 
^sociated with this hottest spot; how 
liydrogen cooling and in- 
i^ed loadmg associated with 1,2, and 3 
atmospheres absolute casing pressure of 
^e coolmg affect these temperature 
tots, and what happens to the ambient 
cool gas temperatures as casing pressure 
fi&ngj, are questions that need answer¬ 
ing today. But first, what is the philos^ 
ophy expressed by AIEE No. 1 which 
may be used as a guide and an approach 
to the problem? 

aiee No. 1 has recently been under- 
gomg a reappraisal an d revision to include 

CoSS S by the AIEE 

tlon at tfe 

York, N. Y New 

«••*<« -> 

co-i>4 5."S5Sti; 

-Hi 
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Fig. 1, 


v.l.« o« F(o,dW«^.,.[«« of b/b^ „„d^fo„=0; lo,o„=.150C iocb p„ W.«, .odforp,. 

board analysis, with values from mathematical analysis shown for comparison 


OO, 


From calculating- 


knowledge gained in recent years. In its 
revised form, recently presented, it repre¬ 
sents the most modem thinking on the 
selection of proper temperatures for 
various service conditions and various 
classes of insulation used throughout 
industry. To quote directly: 

“This pamphlet. . .deals with the 
general considerations upon which the 
temperature rise limits in. . .standards 
are based. The principles... are intended 
to serve as a general guide in the prep¬ 
aration of the various standards for 
specific types of equipment, and it is 
recognized that variations from the nu¬ 
merical values of temperature rise given 
are desirable in particular cases. . .it is 
recognized that rating limits are most use¬ 
ful if they indicate feasible outputs for 
equipment under usual service conditions. 
A principal determining factor in estab¬ 
lishing temperature rise limits is the ther¬ 
mal endurance of the insulating materials 
anployed, but numerous other factors 
must be considered.” 

These other factors Include considera¬ 
tion of the following: 

“1. Insulation does not fail by immediate 
breakdown upon arrival at a critical 
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t^perature but by gradual deterioration 
with time. Therefore, the question of how 
hot an insulation can be operated can be 
^wered only on the basis of how long it 
is desired to have it last... 

2. The electrical strength of insulation 
cannot be directly correlated with the 
inechamcal strength.. .physical disintegra¬ 
tion [with heat or from other causes] finally 
results in electrical failure.. .In view of the 
important influence of mechanical stresses, 
riiermal expansion and contraction forces 
unpose temperature rise limitations on 
larger equipment, even though higher 
temperature rises [for a given class of 
insulation] have proven to be satisfactory 
in small machines. 

3. Insulation life is dependent to a con- 
. sidwable extent upon the access of oxygen, 
moisture, dirt or chemicals to the interior 
of the insulation structure.. .Particularly 
favorable results are indicated from the 
use of chemically inert gases as cooling or 
protective media. 

4. .. .the useful life of insulation is [de¬ 
pendent on the] percentage time the equip¬ 
ment IS. used, and the degree of loading 
when used. 

6. Insulation life depends on the treat- 
oi®ut the insulation revives during manu¬ 
facture and installation... 

6, It is also important to realize that the 
physical deterioration of insulation, under 


the influence of time and temperature, 
increases very rapidly with temperature. 
[Teste on] Class A insulation in air-eiqiosed 
rotating machines,. .indicate that roughly 
10 to 12 C increase in temperature halves 
the life. For other classes of insulation 
[under varying conditions] a similar change 
in life is observed at varying temperature 
increments...” 

The Standard outlines the following 
basis for the assignment of temperature 
limits: 

“1. [It is neceMary to classify] insulation 
systems or their component materials in 
terms of the limiting temperature which 
can be re^onably assigned to them in 
continuous service, or for a desired period 
of expected life. 

2. [It is necessary to select] a reasonable 
value of limiting ambient temperature 
which, subtracted from the limiting tem¬ 
perature [item 1] gives limiting values of 
temperature rise. 

3. [In order to use temperature indicating 
instruments, it is necessary to establish] 
nominal temperature differences between 
the temperatures read by the various 
practical temperature measurement meth¬ 
ods, and the limiting insulation tempera¬ 
tures at the selected values of limiting 
temperature rise. 

4. [After establishing these temperature 
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temperature ratio f 


differences] limiting values of observable 
[measurable] temperature rise [can be 
assigned] a rating under specified conditions 

As far as large turbine generators are 
concerned, all machines have class B 
insulation. The value of the hottest 
spot temperature for thi^ classification is 
for Class B material. . .130 C ” 

For air-cooled machines of the sizes in 
existence when this hottest spot value 
was selected, AIEE No. 1 also established 
tte following additional temperature 
bench-marks: Ambient temperature (of 
coohng gas), 40 degrees centigrade (C)- 
hot^t spot measurement allowance,’ 

• Using these data, the following 
showing the intent of the standards as o£ 
some years ago, can be derived. Here 
llJ stands for resistance temperature 
detectors. 

Hottest spot (copper) temperature, 130 C. 

S'* 

■^bient temperature of cooling gas, 40 C 
Allowable rise of measuring device (RTD) 
over cooling gas, 80 C. ^ ^ 


In recognition of the various conditions 
which ApE No. 1 stated should be con¬ 
sidered in selecting the allowable tem¬ 
peratures and their associated rises, the 
ASA in recommending aUowable tem¬ 
perature rise by RTD for large cylindrical 
rotor turbine generator armature windings 
placed this allowable rise at 60 instead of 
80 C as permitted for class B equipment 
in general under AIEE No. 1. As this 
wj done a good many years ago, it is 
difficult now to determine whether in 
spcting this figure of 60 C the ASA de¬ 
sired more conservative ratings for these 
large machines than applied under the 
pttest spot 130 C temperature permitted 
by the AIEE, or whether the ASA in¬ 
tended to permit a greater difference be¬ 
tween the hottest spot copper tempera¬ 
ture and the measurable temperature 
man the 10 C suggested by the AIEE. 
There are logical reasons to accept either 
approap. Also, it might be argued that 
the 10 C aUowance was an arbitrary num¬ 
ber applied to an assumed average loading 
condition and, since the loading condition 
argely determines the temperature dif¬ 
ference between hottest spot and meas- 





dimensional ratio 


Fis t V*'»« 

-0.14 Ind, from 
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ons ured temperatures, and therefore as large 
marines have higher loadings than 
smaller ones, a greater allowance should 
the be permitted. Regardless of which of 
m- these two approaches is taken, thei^ is 
cai still an upper limit, namely that the hot- 
igs test spot copper temperature shah not 
of exceed 130 C. 

point, the prob- 
lem today is tq determine the actual dif- 
»s ference between the hottest spot copper 
m teinperature and the RTD measuring 
point; and with this value established for 
k! J^ous loadings currently associated 
with 1/2-. 15-, and 30-psig hydrogen cas¬ 
ing pressures, to construct a modem 
table of temperatures following the princi- 
e- pies so ably outlined in earlier years. 

accurate evaluation of 
^ the annate copper temperatures under 
- load conditions, a program was instituted 
r some 3 years ago by the General Electric 
Company which includes the following 
steps, to be discussed in detail 

y * 

d 

^ analysis of armature 

■ vicinity of highest 

analysis of the tempera- 
tehe S'D'r conductors 

3. A series of factory tests on four genera- 
provided with thermocouples on the 
amate conductors as well as the usual 

4 Fidd tests on two of the factory-tested 
evaluate the armature 
conductor and air-gap temperature rises 
under actual load conditions and to co¬ 
ordinate these data with the previous 
theory and the factory data. 

This program has permitted some ana¬ 
lytical and experimental evaluation of the 
several factors which determine the tern- 
perature rise of the armature winding and 
the temperature drop from the copper 
conductors to the temperature detectors. 

Conclusions 

copper temperature is 

intended by the Standards as the starting 

®®?^ting the temperature risJ 
assoaated mth establishing a rating for a 
matee. In hydrogen-cooled turbine gen- 
wator aroature windings the hottest spot 
copper temperature selected should be a 

coiwtant value, independent of the hydrogen 

^ ^ condition of 

2. Theoretical studies, checked by tests 
ave pri^uced a satisfactory method of 

determining the temperature difference- 

temperature of the practical 
measurmg device, the RTD. { 

3. These studies and tests indicate fha t 

as copper loadings,, md therefore losses, i 
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Fig. 3. Values of the ratio F for different values of b/bi for T = 5, r«0.14 inch. Fo*^ 
comer packing provided and for corner packing omitted. Exposed bar corner and detecto'^ 
surfaces at temperature of tooth iron. For three values of Ti/T,/ for pi, = 150 C inches per watt/ 
and for pj, = CO. From calculating-board analysis 


increase, whi<* is customary practice as 
hydrogen casing pressures increase from 
1 to 2 or 3 atmospheres, the difference 
between hottest spot copper temperature 
and the RTD temperature increases rapidly, 
approximately as the square of the ratio 
of the copper loading at the several casing 
pressures. 

4. With the proportions used at present 
for economical cooler design, and holding 
constant cooling water conditions, the 
ambient temperature of the cooling hy¬ 
drogen rises a few degrees as the machine 
loading increases at the higher casing 
pressures. 

6. Therefore, considering conclusions 1 
to 4, it is obvious that to hold constant 
hottest spot copper temperatures as loads 
increase with hydrogen casing pressure, 
the allowable rise of the RTD over the 
ambient cooling gas temperature must 
decrease. 

6. From the theory and test data pre¬ 
sented here, together with data from other 
somces, a working group under the sponsor¬ 
ship of the ASA 050 Committee has pro¬ 
posed a table of allowable cold gas and 
RTD rises at various loadings and hydrogen 
casing pressures for hydrogen-cooled turbine 
generators. This paper discusses their 
proposal, quotes the table, and advocates 
the acceptance of the temperatures and 
temperature rises given in the table. 

7. With respect to machine performance 
and the effect of hydrogen pressure on the 
temperatures existing in various parts of 
the machine, the following points are of 
interest: 

a. The temperature difference across 
the ground insulation is the principal 
factor in determining the differences 
between hottest copper temperature 
and RTD. Other temperature to be 
considered is the temperature dis¬ 
tribution throughout the copper inside 
the insulation, and the thermal field 
adjacent to the sensitive element of 
the RTD. 

b. The thermal field adjacent to the 
RTD element can be determined as a 
function of the geometry and ma¬ 
terials used in the slot area. 

c. With adequate packing of the space 
between the comers of the armature 
bars and the RTD, heat dissipation 
from the side surfaces of the RTD 
to the cooling gas has negligible effect 
on the RTD readings in slots of the 
width common in turbine generators 
(approximately 1 inch or more) . 

d. With adequate packing of the RTD, 
the temperature drop from copper 
to RTD, for a given loading in a 
given machine, is independent of the 
hydrogen pressure. 

e. Both the total copper temperature 
and the RTD temperature are 
basically related to the local tempera¬ 
ture of the cooling gas in the vicinity 
of the tooth packet adjacent to the 
RTD Ideations in the generator. 

f. The hottest spot in the armature 
winding is located in the top coil 
side adjacent to the hottest RTD, 
about halfway up the coil side and is, 
usually,, for loads between 100 and 
126 per cent (%) of normal, between 


2 and 4 C hotter than the average 
temperature of the top coil side, 
g. The average temperature of the top 
coil side may be approximately de¬ 
termined from the reading of the 
adjacent temperature detector, from 
the equation 

top coil-side temperature 

=RTD temperature-f -(I —F)T^+^To 

where the values of r, and £^Te may be 
calculated, for a given load condition, 
from the equations given in the derivation 
of equations in the section “Theoretical 
Analysis of Armature Temperatures,” 
paragraph 4. The value of F may be 
determined for the dimensions of the 
given armature bar, by reference to the 
curves in Figs. 1, 2, and 3. 

1. Proposed Revision of ASA C50 
Standards 

Several years ago the ASA C50 Com¬ 
mittee established a subcommittee to 


review the present C50-1943 standard for 
rotating electrical machinery and to 
recommend such modifications and 
changes as was deemed necessary to 
modernize the standard. One of the 
subjects for revision considered by the 
subcommittee was Table I of the stand¬ 
ard covering permissible temperature 
rises of various classes of machines, and 
particular attention was directed to es¬ 
tablishing the proper temperatures and 
temperature rises for hydrogen-cooled 
turbine generators. 

Based on the theoretical and experi¬ 
mental data presented in sections 2 to .'5, 
plus similar data from other sources, the 
sub-committee prepared a talfie and asso¬ 
ciated notes for the proposed revision of 
C50. Table lA is a part of the propfjsed 
table and notes applying to stator wind¬ 
ing temperatures at various hydrogen 
pressures. 
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Table lA. timiting Observable Temperatures and Temperatures Hlsm. „» u a 
__^lao Turbtoe Geueratora. C ^ “* Hj-drogeu- 


Uetliod of Temperature 
Meaaoremeat to Be Employed 


ITEM ( 1 ) Tem^tme of CooHag Hydrogen -- 

Mac^neratedatl/.P3lg.,...,enpre»ure.Detector or Thermometer.... 40 

b) Marines rated at Id .De^r^r Thermometer. '44 

(c) Machines rated at 30 psig hydrogen pressure. 

item (2) jj“^*^at«re Rise of Armature Windings . . 

to 2 16 pS hyS^^M .Embedded Detector. gO 

. 

T» Cap 

V?pjg* Hatlr;gatl/2Psig R^Sklt^riJsfg Cap. at Press X 

ISPrfg®.1.00. “«w3J?sig Rating at 30 Pslg 


-^gtemperLur-^^^^^ 


Its adoption. In interpreting and apply¬ 
ing data from this table to particular 
machines it should be noted that the 
values of limiting temperatures and tem- 
p^ture rises in any standard are the 
ghest values permissible on any machine* 
of the class, size, and type covered by the 
standard, and do not necessarily reflect 
proper operating procedures for all ma- 
c^nes covered by the standard. Par- 
ti^ar attention should be paid to note 4 
where it is pointed out that temperatures 
and temperature rises lower than the 
values given in the standard may be ad¬ 
visable for certain large or high voltage 
or variable load units. Especiafly in 
Aese cases, but also for hydrogen-cooled 
achmes M a whole, safe operating prac- 
ce shoifld load the machines in accord- 

Po^er factor (pf) and kva at 
various hydrogen-casing pressures. In 
Aese cas^ temperature rises lower than 
the maximum allowed in other cases 

can be estab- 
^hed by t^ts m the user’s plant, and if 
desirable these lower values can be used 
as guides to the performance of the unit. 

Theoretical Analysis of 
Armature Temperatures 


2 . 




PE^IPHENmi. uore section 
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Using tbe D.C Caicghtdig Boahd 

With generators using the multiple 
^lal sgstem of stator ventilation Uie 
in armature winding is 

m ^ diseharge section nearest the 
the generator. Since the distri- 

butron of gas flow to the several vent ducts 

Sf C N and smce axial heat flow along 
tte TOndu,^ n,ay ie accounted for fa 
tte c^cnlabon, an analysis of the heating 

of the ^tine winding and iron may he 

gently made through considL- 
^ of a umt section of the stator fa the 
(hscharge section, comprisfag a 
.S' oircnmferentialiy and a 

vmt duct pitch ajdally. A sketch 
rf a mt stator section is illustrated fa 

‘“tPorature 

t« of tte armature condnetore and iron 
^ve the temperature of the gas entering 
tte rafafa vent ducts, for different condi- 

^■rfloadandhydrogenpressures, was 

^e through use of the d^: ealculatiug 

m Frg. 4 was considered as repre- 
5^ by a network of themral re^- 

ra<^asrllustratedfaFig.6. The losses 
e umt section were assumed to be 
conctotrated at various points as shown. 

a ^e d-c board the various thennal 
resis^ces were represented by ohmic 
resistances, the losses in the various sec- 
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tions as current flows, and temperature 
drops as voltage drops. The resistances 
were evaluated for one-quarter of a slot 
package, assuming no heat flow across 
the radial center lines of the slot and 
tooth and the axial centerline of the pack¬ 
age. For the portion of the system 
where distributed heat flow was obtained, 
the thermal resistances were calculated 
on the assumption of parabolic tempera¬ 
ture distribution. One-dimensional heat 
flow was assumed and the principle of 
superposition applied. Axial heat flow 
was not considered. Temperature rise 
of the gas in passing along &e ducts was 
included. For the insulation in the coil 
comer, a separate analysis for the deter¬ 
mination of the thermal resistance is 
shown in Appendix I. 

In the calailating-board analysis, the 
temperature rises of the armature copper 
and iron were determined with respect 
to the temperature of the gas entering the 
radial vent ducts. This is the tempera¬ 
ture of the gas in the air gap opposite the 
core discharge section. A method (not 
included here) for calculating the tempera¬ 
ture rise of the gas in the air gap has 
been developed. The gap gas rise at the 
center of the generator is usually higher 
than the total gas rise through the genera¬ 
tor, because of the rotor PR losses which 
are given up to the air gap in the center 
portion of the machine. 

The results of the calculating board 
analyses are given in Figs. 6, 7, and 8. 
The temperature rises of the armature 
coil sides and iron at different radial 
positions, as determined from this study, 
for operation at rated load at 1/2- and 
15-pound per square inch (psi) hydrogen 
pressure, are shown in Fig. 6. The 
average temperature rise of the top coil 
side is shown to be higher than that of 
bottom coil side, as a result of the higher 
eddy current losses in the top coil side. 
Fig. 7 gives the calculated radial tem¬ 
perature distribution in the two coil 
sides at two loads at 1/2-psi hydrogen 
pressure for two values of in^ation ther¬ 
mal resistivity, corresponding to the 
maximum and minimum values expected 
to obtain in practice. Laboratory tests 
have indicated that the thermal resistivity 
of the ground insulation of a standard 
mica-insulated armature bar is determined 
largely by the density of the insulation 
when the bar is in filial condition in the 
slot. It has been shown by test that the 
apparent thermal resistivity of the insula¬ 
tion may vary considerably, being as 
much as 170% of the dense insulation re¬ 
sistivity if proper care is not exercised in 
assembling and fitting the bar to the slot. 
The influence of duct gas rise on the 
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Fig. 5. Thermal-electric circuit or one armature slot and tooth pitch and for a single core package, 

used in calculating-board analysis 


winding temperature is also shown in 
Fig. 7, and is observed to be small. The 
calculated division of heat flow in the 
coil sides and iron, for operation at rated 
load of 1/2-psi hydrogen pressure, is 
shown in Fig. 8. It is observed that the 
major portion of the copper losses passes 
into the tooth iron and is dissipated from 
the duct iron surfaces. Also, some of the 
loss in the bottom coil side passes into the 
core body while some of the core body loss 
passes into the tooth. From this analysis 
and others for difforent loads and hydro¬ 
gen pressures, it is evident that for closely 
approximating the winding temperature 
rises under load, the plane of division of 
radial heat flow in the tooth may be as¬ 
sumed to Ke at a distance inward from 
the tooth root approximately equal to 
one-third the tooth height. 


Equivalent Thermal Circuit 

For convenience in predetermining the 
stator temperatures, equations for the 
numerical calculation of the temperature 
rises of the armature winding and iron 
above air gap temperature for a unit 
stator section were derived as shown in 
the following. 

Calculation of Copper and Iron 
Temp^ature Rises Above Cold Gas 
Tynperature for Thermal Circuit of 
Fig. 9 

rbx-\-rj)y 

rtxrty 

rfccH-rtv 

reareg 

red-hrm 
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DUCT GAS TEMPERATURE RISES 






















“'STANCE ALONG TOOTH AND YOKE FROM AW GAP ^ 

r.M lo.<l .mI '™S,“ T""* •' 

»« 13.8.^, 3^00.,p„ 


■^—rz+n+n 
^^ri+u'+fca 
^ Tj+i2i + i22 

^’=^f3KA+B + C)-2ri^-ABC 

^—U'qeb+nq 

G-R^i-^nq 

Q'^g.b’^qci-qet+qa, 

Si = (l/l>){r3^[G-(EA-R)]i- 

rtU^+B£)--ABGj 
3t’==(l/I?){r3^[E-(jr-i-G)] + 

rzCBC+CFj—BCE} 
Sr=’(l/D)(ra^[B~(Ei-G)] + 

r3(AG+CE)~-ACE} 

3b=‘3-qi~(qs+qr) 

^et=rsqs-l-ffa 

^ei “^cd?7"f"^0 
^(^faqs-hffo 
^b’^Rtqi-hffo 
— if 

^2'^icb—tt 

r3=o.6(ri+r*) 

^ ®® 0.5(4 j—/gj) 

These ^ equations are based upon the 
equivalent thennal circuit of I^ig. g. 

temperature rises of 
flTirf f ^ assumed, 

« ^ which the heat flow 

parabolic temperature dis- 
tnbi^op has been assumed. The surface 

^ beat flow in the ' 

^s^ed to be located in- c 
ward from tooth root by an amount 


equal to one-third the tooth height By 
s^etry. heat division surfaces were 
^so taken along the radial centerlines of 
tooth Md slot and along the axial center¬ 
line of the iron package. Additional 
assumptions were made as follows: 

1. Axial heat flow neglected. 

2. Gas rise in duct neglected. 

?« temperature detector 

to duct and tooth neglected. 

4. Superposition applies. 

The apeement between results ob- 
tamed with this calculation method and 
calculating-board analysis is 
indicated by the following example. 

“>pp“ 

perature rises above air gap gas as ml 
Id.»-Jcv 3,600-rpin generator operating at 


Top coil-side copper: D-c board analysis 
(average), 44.0 C; method described ?n 

sectio^ 2 (“Equivalent Thermal ?ic3f“ 
board analysis 

^average), 36.0 C; same method, 36.1 C. 

For the calculation of the temperature 
nse of the bottom coil side the numerical 
calculation method checks the calculating 
board analysis closely; for the top coil 
side the agreement is not as close. How¬ 
ever, from a number of calculation exam¬ 
ples using both methods, it has been 
detemmed that the calculation method 
based on the equivalent circuit of Fig g 
may be calibrated to yield results which 
are reasonably satisfactory. 

Nomenclature 

Dimensions {Refer to Fig. 4) 

i»thic^ess of coil-side insulation, includ- 
mg clearmce space between coil 
side and slot wall 

insulation at top 
and bottom of armature bar 
th ov».^l copper width inside insulation 
».-ra^ distocn frnm edge of 

^ temperature detector 

iT 1 bar 

-Ai amal length of core package 

a:=ratio ba/b ® 

Equivalent Thermal Resistances 

r4-path mean copper temperature to 
, slot wall, top coil-side 
U =path from mean copper temperature 
3 - bottom coil-side 

r».-path from mean core body temperature 
_ to vent duct gas (axial) 

TJif -path from mean core body temperature 

r^- (radial) 
cd-path from mean copper temperature to 

r side 

ce path from mean copper temperature 

ry^-nat^T ""“iside 

vanfT temperature to 

vent duct gas (axial) 


Fj 5« 7. Radial temperature 
distribution in top and bottom 
erraature bars at normal and 
110% of normal load at 0.5- 
Psi hydrogen premure, for a 
unit stator section of a 111- 

•nva13.8-Icv3,600.rpmgener. 

«ter for two values of insula- 
*jon thennal resistivity (in 
% of value for maximum 
insulation density), as de¬ 
termined from calculating- 
board analysis 

A-1.0 load 125% resisf 
duct gas rise*0 
B--1.0 load 125% rcsfs, 
duct gas risejiiO 



i—iHH 



"MATURE CONDUCTORS 
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distance from bottom of slot - \ 

Sllf /n? S 

ad 125% resis; duct gas rise 5 <so 
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Fig. 8. Distribution of heat flow in unit section of stator at rated load 0.5-psi hydrogen pressure 
for a lll-mva 13.8-l^v 3600*rpm generator/ as determined from calculating-board analysis. 
Flows expressed in% of total heat input 


ftp=path from mean tooth temperature to 
air gap (radial) 

i2i=path from mean core body temperature 
to vent duct and core back gas 
(axial-radial) 

i?a=path from mean tooth temperature to 
mean core temperature (radial) 
i? “armature bar comer resistance (see 
Fig. 10) 

Heat Inputs 

2ci» 2 c 2 . etc. “inputs to conductors (Fig. 5) 
ffa, 2 < 2 , etc. “inputs to tooth (Fig. 5) 

2yi» Qtft> etc. “inputs to core body (Fig. 5) 
gj“mput to core body (Fig. 9) 


j<Ict 



section of stator for use in calculating tempera¬ 
ture rises 


gcj=input to bottom coil-side (Fig. 9) 
g«(“ input to top coil^ide (Fig. 9) 
g/“ input to tooth (Fig. 9) 

Su ff3» gei g 7 =heat flows in thermal circuit 
of Fig. 9 

Temperature Rises (All Except Ti, Tz, and 
T 3 Are Above Cold Gas Temperature) 

Cl, Cz, etc. “conductor temperature rises 
(Fig. 6) 

ti, Iz, etc. “tooth temperature rises (Fig. 5) 
ct“ tooth root temperature rise (Fig. 5) 

W“ wedge temperature rise (Fig. 5) 

Ft, Vz, etc. “Core body temperature rises 
(Fig. 6) 

02, etc. “duct gas temperature rises (Fig. 

. 

^o^air gap gas temperature rise (Figs. 6 
and 9) 

/ft “average rise, core body (Fig. 9) 

/eft“average rise, bottom coil-side (Fig. 9) 
/c«“average rise, top coil-side (Fig. 9) 

/<“ average rise, tooth iron (Fig. .9) 
ri“ average temperature rise of top coil 
side above average tooth iron tem¬ 
perature 

T 2 “ average temperature rise of bottom 
coil side above average tooth iron 
temperature 

73 “average temperature drop in coil-side 
insulation 

Are “difference between average tempera¬ 
ture rise of top coil side and average 
of te&perature rises of top and bot¬ 
tom coil sides 


Thermal Resistivities 

Pi “ coil side insulation (including resistivity 
of clearance space between coil side 
and slot wall) resistivity 

P 2 )“ temperature detector material re¬ 
sistivity 

7 “ ratio, transverse thermal resistivity of 
insulation piAongitudinal thermal 
resistivity of insulation 


3. Calculating-Board Analysis of 
Temperature Drop from Armature 
Copper to Temperature Detector 


A mathematical analysis of the tem¬ 
perature differential between armature 
copper and temperattu-e detector is given 
in reference 4. In the following, an 
analysis made by use of the d-c calculat¬ 
ing board is described, the results of which 
are shown to agree substantially with 
those of the mathematical analysis. Both 
analysis had for their objective the 
evaluation, for various design parameters, 
of the factor F,’ through which the tem¬ 
perature drop from copper to detector 
may be determined. This factor is de¬ 
fined by the equation 


^ temperature difference, detector to iron 
temperature difference, copper to iron 


where the iron temperature is assumed to 
be the average temperature of the tooth 
iron (asstuning uniform radial tempera¬ 
ture distribution) and the copper tem¬ 
perature the average of the temperatures 
of the bottom portion of the top coil side 
and of the top portion of the bottom coil 
side, the portions which mainly influence 
the reading of the detector. From this 
definition, the required temperature dif¬ 
ferential is temperattue difference, copper 
to detector=(l — F)X temperature dif¬ 
ference, copper to iron. In the deriva¬ 
tion of the factor F, in both the mathe¬ 
matical and the calculating board analyses 
both the tooth iron and the top and bot¬ 
tom coil sides were assumed to be at uni- 


INSULATION 



Fig. 10. Crost section of portion of top 
armature coil-side with comer resistance R, 
and transverse and longitudinal insulation 
thermal resistivities indicated 
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ActuaUy, the radial 
toperature distribution in the coil 
ades Md the tooth is nonunifonn as 
^own by Figa. 6 and 7. However, since 
tte of temperature deiecj^ 

“ “f-emsd mainly by the copper ^ 
perat,^ in the bottom portion of the ton 

Stto' ‘op portion of the 

^ o^oe the average of 

fhcac two temperatures was in most i the 
ooolyaed not greatly diffe.2^1^' 
tte average of the mean temperatures S 
the ^0 coa-sides, the factru 

wature. The assumption of a 


tooth temperature may likewise 
beatified, by reference to Pig. 6. 

“ainly a function of the 
«ig design parameters (See Fig. 4.); 

j^jhwohition, > 

2. Ratio, b/bi 

—side insulation thiolmi>»o 
total^dthrf copper 

3 . Ratio, a^bi/b 

radial distance from edge irf copper to center 

aa— __of detector 


--o- 1:0 centei 

aa— __ of detector 

Side insulation thickness- 

“do sround 


COIL C.L. 


I \,^ 






o. K.atlO, 

aS;s^epto^resistivitrofins,"..;n- 

.nalthej^^^^„,^^.on 

6. Outer radius of coil comers, r. 

idSSi'Scr “ ‘»p 

detector ®‘ temperature 

itectmT™* ■'“taation of temperature 

fortotT^°^ ? evaluating the factor P 
of 7 parameter, by use 

analysis ara contained in 

V^^UEs OF Factor F for Coils with 
Corner Radius r=o 

S,-f^^fri"^"“.?'?d^“torFwereob- 


for several valura of 
the foDowing conditions; ’ 


Pi>-150 C, inches per watt 


edge of 


COPPER 










SrWTlIMP. 

DETECTOR 


Xil^rna. Snell-Gonarator Sia*or-Wimn, rsm^^ras 


F'S. 11. Rcpresenfatlon 
of top armature bar insula- 
tion and ad/accnt em¬ 
bedded temperature de¬ 
tector by a network of 
thermal resistors for use in 
calculating-board analysis 
of temperature difference, 
copper to detector. For 
outer coii radius r*0. 
Dimensional ratios b/bi 
and a variable. Forb/bi< 
0.5, network is extended 
to right 
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The results of this analysis for a=l 
and 7 = 1 to 7 = 8 , for condition 2 , are 
shown in Fig. 12. The values deter- 
nuned for condition 2 from the mathe¬ 
matical analysis^ for a = l and 7 = 4 , 5 , 
and 6 , are shown for comparison and are 
observed to be slightly higher than the 
values obtained from the calculating- 
board analysis. 

Figs. 13 and 1 give values of the factor 
F as determined from the calculating 
board analysis for conditions 1 and 2 for 
various values of h/bi, a, and 7 , with 
values from reference* for condition 2 
shown for comparison. Substantial agree¬ 
ment is shown between the values of F 
determined from the calculating-board 
study and the values from the mathe¬ 
matical analysis. Placing the tempera¬ 
ture detector in the thermal circuit, (i.e., 
changing its thermal resistivity from » to 

150 C in per watt) is shown to reduce the 
calculated value of F by a small amount. 

Values op Factor F for Coils wira 
Outer Corner Radius, R5»^0 and for 
Unequal Coil Side Temperatures 

In representing tliese conditions on the 
calculating board, an outer cod radius of 
r=0.14 inch was assumed, and a thermal 
network representing the coil insulation 
for the two coil sides was used. Also, 
calculations were made for the following 
conditions: 

1. The space bounded by outer comer sur¬ 
face, ^ slot wall and detector sealed with a 
packing. 

2 . Corner packing omitted and the ex¬ 
posed coil and detector surfaces inainfaixiod 
at the temperature of the slot wall. 



Condition 2 corresponds to an intensive 
ventilation of the temperature detector. 

Fig. 2 gives values of F for various 
values of b/bi and 7 as determined from 
the calculating-board analysis for « = ! 
and Ti/T 2 =l (where Ti and Tt are the 
temperature rises of top and bottom coil 
sides above iron temperature respec¬ 
tively) for coils with r=0.14 with comer 
space packed, with values of F deter¬ 
mined for coils with r =0 shown for com¬ 
parison. A small increase in the value 
of F resulting from the rormding of the 
coil comers is indicated. 

Fig. 3 shows the effect on the value of 
F of an intensive ventilation of the tem¬ 
perature detector, also of varying the 
ratio T 1 /T 2 from 1.0 to 1 . 45 , as deter¬ 
mined from a calculating-board analysis 
for a=l, 7 s= 5 . It is shown that the 
value of F increases slightly as the ratio 
T 1 /T 2 is increased, and that intensive 
ventilation of the coil comer and of the 
detector edges reduces the value of F by 
several per cent. 


Fiff. 12. Values of the ratio F for different values of b/bi 
From calculating-board analysis, with values from 

comparison 


and7,fora=1. For r=0 ,/,d= ». 
mathematical analysis shown for 


Temperature Distribution in Coil 

Insulation and Detector 

The temperature distribution in the 
coil insulation and idong the width of the 
temperature detector as determined from 
a calculation-board analysis for a coil 
with rounded comers, with comer pack¬ 
ing provided, for assigned values of a, 
7i b/bi, and T 1 /T 2 is shown in Fig. 14. 
In Fig. 16 the radial temperature distri¬ 
bution in the coil insulation along the slot 
ceuterKne has been plotted, as has the 
temperature distribution along the de¬ 
tector width, for the same values of the 
several design parameters as in the fore- 
going. This has been done for comer 
packing provided, and for comer packing 
omitted, detector ventilated. From the 
temperature curves shown at the bottom 
of Fig. 16 it may be deduced that the 
temperature-detector element is sufl&- 


dently narrow in width (0.09 inch) to 
read the peak of the temperature curve, 
which is on the slot centerline. From 
the upper curves in. Fig. 15 it is shown 
that tlie temperature gradient in the in¬ 
sulation on the radial slot centerline is 
nonlinear. 

Results 

The significant points from the fore¬ 
going analysis may be summarized as 
follows: 

1. For the condition of the coil outer 
comer radii=0, the values of the factor F 
obtained from the calculating-board analysis 
were in substantial agreement with thos e 
obtained from the mathematical analysis. 

2. If adequate packing of the coil corners 
IS provided so that the effect of detector 
ventilation on the detector reading may be 
neglected, the curves given in Fig. 1 may 
be used with fair accuracy to predict the 
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difference between the average of the two 
coil-side temperatures and the detector 
temperature. 

3. Correction of the values of F given by 
the curves of Fig. 1, to take account of 
rounding of the coil comers, of unequal 
tempera-tures in the two coil sides, and of 
ventilation of the detector, may be made by 
reference to the curves of Figs. 2 and 3. 


4. Factory Tests on Four Generators 

During the past 2 years, factory heat 
run tests have been conducted on four 
3,600-rpni hydrogen-cooled generators 
provided with thermocouples on the cop¬ 
per of the armature bars, by means of 
which the copper temperatures in opera¬ 
tion at various currents and at various 


Temperature Rises of Armature Copper 
and Resistance Temperature Detectors 
The average temperature rises above 
cold gas temperature of the top armature 
coil-side and the adjacent embedded tem¬ 
perature detector, in the center discharge 
section of the stator of generator are 
shown in Fig. 17 for various values of 
armature current and hydrogen pressure 
as obtained from the short-circuit heat 
run tests. The temperatiue rises at 
armature currents corresponding to 100 %, 

115%, and 125% of the rated current, at 
hydrogen pressures of 1 / 2 , 15 and 30 psi 
respectively, have been indicated. These 
rises are substantially less than under 


load conditions, and do not vary with 
armature current in the same way, be¬ 
cause of the additional losses in the stator 
teeth and the increased gas rise in the 
air gap from rotor TR losses under load. 
However, the difference between arma¬ 
ture copper and RTD temperature rises, 
for a given armature current and hydro¬ 
gen pressure, is the same imder load as 
under short-circuit conditions. 

Fig. IS shows the temperature rises 
above cold gas of a top coil side in the 
armature end windings of generator 3 
at two stations near the end of tlie stator 
core, at various armature currents and 
hydrogen pressures, from the short-circuit 


hydrogen pressures were deter min e. 
The ratings of the four generators (at 
1 / 2 -psi hydrogen pressure) were as 
follows: 

Generator no. 1, 18.75 mva, 0.80 pf, 13.8 kv 
Generator no. 2,100 mva, 0.85 pf, 14.4 kv 
Generator no. 3,105.8 mva, 0.85 pf, 14.4 kv 
Generator no. 4.129 mva, 0.85 pf, 20 kv 

Generator no. 1 was tested at rated pf 
on the load test stand at one of the 
General Electric plants; the other three 
generators were each tested under condi¬ 
tions of zero excitation, open circuit and 
short circuit. 

Test Arrangement 

A diagram showing the locations of the 
various temperatiue-detecting devices 
employed in the tests on generator 4 is 
given in Fig. 16. Similar arrangements 
were provided for the tests on the other 
three generators, although the ventilat- 
ing-ciraiit arrangements varied among 
the machines. The thermocouples on the 
armature-winding copper were located 
on three top neutral bars at several sta¬ 
tions along the length of the stator, the 
thermocouples in each group being spaced 
about 2 inches apart axially, and posi¬ 
tioned radially as shown in the inset in 
Fig. 16. Thermocouples molded into 
strips of laminae, and resistance tem¬ 
perature detectors attached to specially 
designed slot wedges, were provided for 
measuring temperatures in the air gap. 
Tooth iron temperatures were measured 
with tliermocouples located on the axial 
center line and at the outer edges of the 
iron packages, at about one-third of the 
way up the tooth from the tip. 

Test Results 

The principal results of the tests on the 
four generators are summarized in Figs. 

17 to 24. These results are briefly dis¬ 
cussed in the following. 


ALONG SLOT CENTER UNE- 



. ■ distrlbuffon in armature bar insulation along radial slot center line, and 

acroM width of temperature detector, for r=0.14 inch, b/bi«0.625, 7 = 5 , Tt/Ts=1, 

»150 C inch per watt; for comer packing provided, and for corner packing omitted, exposed 
bar corner and detector surfaces at iron temperature. From calculating-board analysis 
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COIL SIDE PORTION OF®*^ 
TOOTH PACKAGE 


A- RTD8 FOR COLO GAS 
B-RTDS FOR HOT GAS 
C-RTD8 FOR AIR CAP GAS 
0-TC8 FOR AIR CAP GAS 
E- TC8 ON ARM COPPER 
F- RTDS BETWEEN COIL SIDES 
e-RTD AT BOTTOM OF SLQT 
H-TCS ON TOOTH IRON 
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heat run tests. These temperature rises 
are appreciably higher than those shown 
m Ftg. 17 for the core part of the winding. 
However, for reasons given in the preced¬ 
ing paragraph, the temperature rises ob¬ 
tained for the core part of the winding 
ttoder load conditions are considerably 
higher than those obtained imder short 


^cuit for the same armature current and 
hydrogen p^ure; whereas the rises of 
the end windings are not appreciably 
greater undo- load than under short- 
circmt conditions. Thus the hottest 
p^ of the armature winding under load 
will be in the center and not in the ends 
of the generator. 



Temperature Drop Through Armature Bar 

Insulation 

The temperature drop from the average 
coppCT temperature in the top armature 
coil side to the average tooth iron tem¬ 
perature, repr^enting the thermal drop 
in the top bar insulation, is shown in Fig. 
19 as obtained from short-circuit heat 
runs on generators 3 and 4 at various 
armature currents and hydrogen pres¬ 
sures, from measurements made in the 
center discharge section of the core. 
This temperature drop is shown to be in- 
of the hydrogen pressure. 
With the use of the calculated a-c PR 
loss in the top bar, and assuming a divi¬ 
sion of losses to tooth and vent duct as 
c^culated using the equations (given in 
me section “Theoretical Analysis of 
Mature Temperatures,” paragraph 4) 
the th^al resistivities of the top bar 
msulation for the two generators were 
determined to be 110 and 127% respec¬ 
tively, of the value for bar insulation of 
maximum density as determined by lab- 
oretory tests. For generators 1 and 2 
the thermal resistivities of the top bar 
msulation were similarly found to be 107 
and 130% respectively, of the latter 
^ue. (In calculating the insulation 
thermal resistivity for generators 2 and 4 
M axial heat flow in the top bar equal to 
0 % of the generated loss was assumed, as 
estimated from the curves of axial tem- 
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Fig. 19. DifFerence between average temperature of top coil-side 
and average tooth-iron temperature in center discharge section of stator, 
at various armature currents and hydrogen pressures, for a 105.8-mva 
14.4-lcv 3,600-rpm and a 129-mva 20-kv 3,600-rpm generator, from 
short-circuit heat-run tests 



Rg. 20. Difference between average temperature of top coil-side 
and temperature of adjacent embedded temperature detector in three 
sections of the stator, at various armature currents and hydrogen pressures 
for a 129-mva 20-kv 3,600-rpm generator, from short-circuit heat-run 


perature distribution determined from 
the tests j see Fig. 22. For generators 1 
and 3 the test curves of temperature dis¬ 
tribution indicated negligible axial heat 
flow, hence none was assiuned in calculat¬ 
ing the insulation resistivity.) 

Temperature Drop from Average Top Bar 

Temperature to Temperature Detector 

The differential between average top 
bar temperature to temperature detector 
is shown in Fig. 20, as measured in three 
sections of the stator of generator 4 at 
various armature currents and hydrogen 
pressures. It is shown to be practically 
the same in all sections, for the same arma¬ 
ture current, indicating Kttle variation 
in the bar conditions in different parts 
of the stator. Also, the drop appears to 
be little influenced by changes in the 
hydrogen pressure, indicating negligible 
ventilation of the temperature detector. 
(All four generators ^owed this same 
result.) The small negative tempera¬ 
ture differential obtained at zero aima- 


Fig. 21. Difference 
between average 
temperature of top 
coil-side and tem¬ 
perature of adjacent 
embedded tempera¬ 
ture detector in 
discharge section of 
stator nearest the 
center, at various 
per unit values of 
armature current for 
four generators, from 
factory tests. Each 
curve represents 
average temperature 
difference at hydro¬ 
gen pressures be¬ 
tween 0.5 and 30 psi 

Curvel— -18.75-mva 
13.8-lcv generator 
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ture current, which was obtained for 
generators 1 and 4, but not significantly 
for generators 2 and 3, is caused by the 
heat flow from iron to copper due to 
windage and tooth iron losses. In Fig. 
21 the difference between average top bar 
temperature and the detector tempera¬ 
ture as measured in the core discharge 
section nearest the center of the genera¬ 
tor is shown for all four generators for 
different per-unit armature currents. 
The (^es given represent average values 
of this temperature difference for the dif¬ 
ferent hydrogen pressures at which the 
tests were made; although, as previously 
noted, the measured drop was substan- 
My independent of the gas pressure. 
The variation in this temperature Idrop 
among the four generators, between 
av^age and maximum, for the same per- 
unit armatme current is about 8%. 

Temperature Distribution in Top 
Armature Bar and in Air Gap 

Fig. 22 gives the axial and radial tem¬ 
perature distributions in top armature 
bar and the axial variation of the air- 
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1 As estimated from heat-run tests^ using a calculated ratio of average coil-side temperature 

to top coil-side temperature 

2 ^ calculated by use of the curves of Fig. 1 using values of Insulation thermal resistivity 

determined from the tests 


gap temperature along the gap for gen-, 
erator 4, as determined from a short- 
circuit heat run test at 125% armature 
current at 1/2-psi hydrogen pressure. 
The radial temperature distribution in 
the top bar is shown to agree, essentially, 
with the curves shown in Figs. 6 and 7, 
as obtained from the calculating board 
analysis on the 111-mva, 13,8-kv genera¬ 
tors, the highest copper temperature oc¬ 
curring about halfway up the coil side, 
and the temperature of the top strand of 
the bar being somewhat higher than that 
of the bottom strand. In calculating 
the average coil-side temperatures from 
the thermocouple readings, parabolic 
temperature distribution in the coil side 
radially was assumed. Under this as¬ 
sumption, the difference between maxi¬ 
mum and average bar temperatures was 
in most cases only a few degrees C, hence 
the curves of temperature differential be¬ 
tween copper and temperature detector 
given in Fig. 21 may be used without • 
significant error, to predict from the de¬ 
tector readings the hot spot as well as 
the average temperatmre of tlie top coil 
side. 

Air-Gap Temperatures 

Fig. 23 shows the average temperatme 
rise of the gas in the air gap at three sta¬ 
tions axially along the generator for gen¬ 
erator 3 at various armature currents and 
hydrogen pressures, as obtained from tlie 
short-circuit heat run tests. The gap 
gas temperature rise at the center of the 
generator, which represents the ambient 
gas rise for the hottest section of the 
armatm-e winding, is shown to be appre¬ 
ciably higher than the total gas rise 
through the generator, at all gas pres¬ 
sures. This is caused by the temperature 
rise from the rotor PR loss, of the rotor 
ventilating gas which is discharged into 
the air gap at the center of the generator. 
Similar results were obtained in the tests 
on generators 2 and 4. For generator 1 
the center ventilation section of the 
stator core was an inlet instead of an out¬ 
let section, as it was for the other genera¬ 
tors, so that a different axial distribution 
of gap gas temperatures was obtained. 

Analysis op Tests 

Temperature Rise of Armature-Winding 
Copper 

As an approximate check on the ac¬ 
curacy of the calculation method de¬ 
scribed in section 1 the average tempera¬ 
ture rise of the top armature bar above 
air gap temperature was calculated by 
this method for the four generators 
tested, and for different armature currents 


and hydrogen pressures. These were 
compared with the temperature rises ob¬ 
tained from the heat run tests. Fig. 24 
gives these calculated temperature rises 
for generators 3 and 4, with test values 
for the center discharge section shown 
for comparison. The good agreement 
shown between test and calculated cop¬ 
per temperature rises, while gratifying, 
should not be taken as ccanplete proof of 
the accuracy of the calculation method; 
for, since the values of insulation thermal 


resistivity used in the calculations were 
estimated from the heat run data and, 
since the temperature drop in the bar in¬ 
sulation comprises about 90% of the cop¬ 
per rise above the air gap temperature, 
substantial agreement between test and 
calculated values was to be expected. 
However, aince we are interested primarily 
in the temperature rise of the armature¬ 
winding copper above cold gas, and since 
the main components of this rise are the 
temperature drop in the coil-side insula- 
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tion and the temperature rise of the air 
(the temperature drop 
tooth non and the surfaee temperature 
*op bemg relatively small), it fodows 
^t any caladation method which takes 
tte insularion temperature drop and the 
S P gas nse into account in a rational 
^er should yield reasonably 

calculation 

me^od d^^bed in section 1 is believed 

to be sufficiently accurate for practical 
purposes. P'^acucai 

Temp^ature Drop from Armature Copper 
^ Temperature Detector 

^ approximate check on 

section 2 th analysis given in 

^ction 2 the temperature drop from the 

^ge t^perature of top and bottom 

^ture bars to the detector tempera- 

to was calculated for various aimature 
rarrents for the four generators tested 

of t V the curved 

of inst^ation 

^^al resistivity determined from the 
t^ts and compared with the values of 
temperato drop estimated from the 

of Fig. 25. For generators 1, 2, and 4 F 
^ agreem^t between the values of tern- *• 
estimated by the use 
I ^ j given by the curves of Fig 

^ndthevatoestimatedfromtheheS JI 

todata, ^y be considered satisfactoiy. 
lowever, for gfenerator 3 the agreement 


I^s satisfact^ and it is hoped that fur- 
^er study wiU make aU predictions more 

In estimating the average of the tem- 
peratmes of the top and bottom coil 
ides from the heat run data, in order to 
determine the drop from average copper 
temperature to detector tempiture 
^umed that the ratio of the a;er- 
age of temperature rises of top and bot- 
above the air gap gas to the 
top coil side nse, could be calculated from 


the equations given in section 2 (“Equiva 
I«t Theimal Cireiiit”). Tins assumu 
bon was necessapr store the temperatim 
f tte bottom ccnl side was not measured 
inthetets. The ratio was to most eases 
ap^oiumatdyO.9. It was also assumed 
•n tte calculations that the thermal re- 
^■Vity of the coil side insulation was 
^ saiM for both top and bottom cod 

tom to these a^ptious it is indicated 
that the analysis given to section 2, when 

Mtisfactoiy basis for detennintog the 
toperatnre to the armature-winding 
^from readings to the temperature 

5. Meld Tests on Two Generators 

^e tMjKrature rises to the aimature 
^per and temperature detectors were 
(fc^med for generator under 1 actual 
conditions from the factory tests 
Howevre, the other three gerLaW 
tavmg been tested to the factory imda^ 
^ excitation, under open- and short^ 
™t renditions only, required tesMng to 
the field to determine the aimature hLt- 
W eon^b'ons. Figs. 26 and 

anil^ generators 2 

and 4 as obtamed from field tests. Hv.28 

g^« the temperature rises to the hottest 
raato temperature detector above 
« C cold ^ at vanotis loads at rated pf 
te^erator2. To the values of tei^. 

detector rise obtained to the 
^ testo the pertinent values to tem- 
perature drop from average top cod-side 
trai^ture to detector temperature ot 
tamed m the factory tests (refer to Fig. 


Fis. 27. Avenge (empere- 
bw nse to se, fe 
opposite center stator dis¬ 
charge section, at various loads 
f"® pressures, for a 

ISO-mva 2d-kv 3,600-rpni 
generator, as determined from 
field tests 
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Fig. S8 (left). Division of comer 
insulation into several sections 
forcalculation of comer thermal 
resistance R 


Fig. 29 (right). Calculation 
of thermal resistance of section 
(CD) of corner insulation 
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21) were added, giving the curves of aver¬ 
age temperature nse of top coil side versus 
load shown in Fig. 26. It is observed 
that for the specified generator capabili¬ 
ties of 115% at 15 psi and 125% at 30 psi 
the copper temperature rises are slightly 
und|er the values estimated for rated load 
1/2 psi. Considering the usual increases 
in cold gas temperature over 40 C ob¬ 
tained at these elevated loads and gas 
pressures, of from 4 to 6 C, the hot-spot 
armature-winding temperatures for these 
overload conditions would for this gen¬ 
erator be only slightly higher than at 
rated load 1/2-psi pressure. 

Fig, 27 gives curves of average tem¬ 
perature rise of the gas at the center of the 
air gap for generator 4 as determined 
from field tests at various loads at rated 
pf, and at different hydrogen pressures. 
Comparison of these curves with those 
given in Fig. 23 as obtained from factory 
tests at short circuit for generator 3 indi¬ 
cates nearly the same relationship be¬ 
tween gap gas rise and total gas rise, ex¬ 
cept that the difference between the two 
rises is considerably greater under load 
than under short-circuit conditions, be¬ 
cause of the increased rise of the rotor 
ventilating gas which discharges into the 
center of the air gap, from the field PR 
loss. 


Appendix I, Calculation of 
Armature Bar Corner Resistance R 

In the calculating-board analysis of the 
armature copper temperatures, calculation 
of the thermal resistance of the insulation 
in the comer of the armature bar is required. 
In the com^, referring to Fig, 10, the heat 
from the coil side flows both along the tniog , 
laminations and across them; also the space 
between the outside of the insulation, the 
tooth, and the detector, is sealed with 
packing to prevent ventilation of the 
temperature detector; hence the calculation 
of the corner resistance R is a rather com¬ 
plex problem. 

For the resistance calculation, the corner 
insulation was considered to be divided 
into several resistances, as shown in Fig. 28. 
Assuming parallel lines of heat flow through 


the comer, the resistances (if^.. .R^) were 
evaluated for the designated areas. The 
actual heat flow lines will be somewhat 
distorted from the assumed flow lines; 
however, this distortion will be neglected. 
From these assumptions, the resistance R 
is calculated from the equation 

Ra+Rs+Rc +Rd+Rj! 


p (0-3^) Pi 3 bpi 
Xt(0.7b') 7 b>Xt 

xTflkp) thermal re¬ 

sistance for material in corner space 
the same as for coil) ’ 

Rs^l - 

16 X,(0.360T 

The heat flow will divide between regions 
C and D. Considering a differential 
element, as in Fig. 29 

{pidy) (pidy) 

Pidy Pidy 

xXt '^yXtiO.Tb'-x) 

_ bpi _ dy 

~'Xtb'(y-l) (0.767-y) 
( 7 —1) 


therefore 
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bpi 

b'Xt(y—l) 
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Note that as 7 —►l.O denoting equal 
transverse and lengthwise resistivities 


Ro-hRo" 


W7 


which is as it should be. 

Evaluating R for 7 = 4.0 results in 

A <^culating-board study (obtained by 
brea^g the comer up into small sections 
and including the proper resfetivity of the 
corner packing) showed 

^“0.650 ^ for 100 -megawatt generator 

R =» 0.720 for 111-megawatt generator 

which were quite reasonable checks on the 
method of calculation. 


Appendix II. Method of 
Evaluating Factor F by Use of 
D-C Calculating Board 

By the prcwediue described in reference 
5, the insulation in the slot region adjacent 
to the temperature detector was represented 
by a network of thermal resistances, as 
illustrated in Fig. 1 1 . The latter was drawn 
for the following conditions: 1 . outer 
coil radius, r= 0 ; 2 . equal temperature rises 
of top and bottom coil sides above tooth 
iron temperature, i.e., and 3 . 

various values of the ratios 6/61 and «. 
^e diagonal lines shown in the comer 
insulation in Fig. 11 locate the planes of 
the strfaces of division of the insulation 
into side and bottom regions; in the side 
region the laminations of the insulation 
course in the vertical direction, while in 
the bottom region the laminations course 
in the horizontal direction. The network of 
Fig. 11 was set up on the d-c calculating 
board for a given value of the ratio 6/61 
with the resistors adjusted in accordance 
with the specified values of a and 7 . With 
a given potential difference maintained 
between the busses representing copper and 
iron surfaces respectively, the potential 
difference between the point representing 
the center of the temperature detector and 
the bus representing the iron surface was 
measured. The ratio of the latter potential 
difference to the former gave the value of 
the ratio F, for the assumed values of 6 / 61 , 
a and 7 . For evaluation of the ratio F 
for unequal temperatures of top and bottom 
coil sides, a network representing the coil 
ins^ation for both coil sides was used, 
while for the condition of outer coil radius 
r ?^0 the comer insulation was represented 
by a network of resistors arranged in curvi¬ 
linear squares. 

The resistances of the resistors of the 
thermal network illustrated in Fig. 11 were 
evaluated for tmit thickness of the insula¬ 
tion perpendicular to the plane of the page. 
Denoting the transverse thermal resistivity 
of the coil insulation by the resistance 
of a unit resistor for transverse heat flow 
is Rx=Pi, while that of a unit resistor for 
a longitudinal heat flow is Ry^pt/y. At 
the iron and copper boundaries, except 
at the comers, the resistances of the re¬ 
sistors are one-half the above values. For 
the resistors representing the region ad¬ 
jacent to the corner diagonals, the resist¬ 
ances were calculated as follows: From 
Appendix I, the thermal resistance of a 
block of insulation of»unit depth in which 
the direction of the laminations on either 
side of a diagonal plane across the comers 
of the block differs by 90 degrees is given by 
the equation 

Rcd’^AB /i^ 


BTssdfw 


d® length in block in direction of heat flow 
w=width of block 


April 1956 


Alger, Kilhourne, Snell—Generator Stator-Winding Temperatures 






















a!»=l 

resistances are symmetrical 
on either side of the diagonal, i.e., 5 = 1 
the resistance of resistor a in Fig. H can 
be readily shown to be 


The resistances of the unit resistors of the 
temperature detector are given by the 
equation 


Refers 


— poLdIWd 
where 


(7) 


’='(pi/7)[^0.5+ 


^+ 1 / 7 ! 


(4) 


while the resistance of resistor b can be 
shown as 




5+ 


1+^] 


(5) 


The resistance of the corner resistors C and 
a m Fig. 11 ,s given by the equation 




1 +^ 


(6) 


in-len^h of unit resistor of detector 
I-Kn* width of unit resistor of detector 
Pz)=thermal resistivity of detector material 

of a 5 ^ 1 , the resistors adjacent 
to the diagonals do not have symmetrical 
resistance values on either side of the 

condition, 

the resistances 5^, etc., are calculated 
m the same manner as for a = 1 , first cal¬ 
culating XcD from equation 1 , and then 
combinmg this resistance in series parallel 
wth the resistances of the other sections of 
the block of insulation represented by the 
resistor. 
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Discussion 


M. D. Rom (Westinghouse Electric Cor¬ 
poration, East Pittsburgh, Pa.)- The 
the recommenda- 
the Subcommittee of 

ambient temperatures. The following dis¬ 
cussion outlines the basis for the recom¬ 
mended values. 

hydrogen-cooled turbine 
generators were designed, the gas-tight 
structure and the coolers were arranged 

A pressi^e. 

ew years later, there was a demand for 
highCT gas pressures, and a large number of 
ma<*mes were built wi^ a capability rating 
at 16 psfi. Within the last 7 years a 
^ generators have been sold to 
operate up to a maximum hydrogen pres- 
.u« of 30 psi. in aU those des£,T. 
^ coolers were arranged for an outlet 
temperature of 40 C at the half-pound 
m^mum rating and with the specified 
maximum water temperature and flow. 
The temperatures obtaining at the outlet 
of the eoolw with 16 psi and later with 30 
psi w^e determined by the half-nound 
condition. These temperatures at the 

Sth^d^® cooler^will vary somewhat 
with the design of the generator and the 
^tive losses at the capability ratings. 
The variation may be as much as 6 C £ 
tween the half-pound condition and the 
30-psi condition. • ^ me 

_ It is entirely normal for the ambient 
temperature of hydrogen-cooled machines 
to mcrease over 40 C when the machiue 
IS operated at loads and gas presswes 
higher ^than the basic rating at 0.5 psi 
bv^m^“ phenomenon is not understood 

^ When a machine is operated at gas 

correspondinS? 
high^ loads, the increase in losses in the 
machme is almost exactly balanced by the 
inttease m heat transfer capability of 
hy^ogen cool^|i. Therefore, the diffS^nce 

twe and the average hydrogen remains 
apptoxiinatdy constant. However the 

aWWy of the hydrogen gee t„ TS hSj 


increases much faster than the losses in 
the machme for any given increase in gas 
pressiue, mth the result that the tempera¬ 
ture nse of the gas decreases with increasing 
the average tempera- 
ture of the gas must remain constant, the 
reduction m the ga.s temperature rise results 
“crease in cold gas temperature, 
mid a decrease in hot gas temperature at 
higher gas pressures. Fig. 30 shows the 
general nature of this phenomenon. 

It wotdd require coolers of nearly double 
^ to maintain a 40 C ambient 

at the 30-psi ratmg. This would increase 
machines unreason¬ 
ably with no extra advantage to the opera- 
fSory present temperatures are satis- 

It IS apparMt from this discussion that 
tile characteristics of the gas coolers now 
m use are quite well matched to the ma- 
^nes with which they are associated, 
"^ile the gas temperature goes up as the 
aighw gas pressures and capabilities, the 
machine mtemal temperatures come down 
to compensate for the rise in the gas 
pressure. * 

rises of 40, 44 
and 46 C for 0.5, 15 and 30 psig as given 


m the Committee recommendations clarifies 
mattM of expected cooler performance 
with varying gas pressure. 

Herman Hrfperin (Commonwealth Edison 
Coinpany, Chicago, Ill.): It is gratifying to 
see the results of the extensive investiga¬ 
tions and stadies given in this paper. 

In a previous discussion, I raised a question 
as to the magnitude of the temperature drop 
between tte resistance temperature di 
tector and the armature conductor at a 
PTM^ Of 0.5 psi. More im- 
portantly, emphasis was given to using the 
teinperature rise and the total temperature 
or the armature conductor itself, as the 
1 “ determining design and operating 

limits for an^armature at various hydrogen 
prMsures. This practice of considering 
o es spot temperature or temperature 
nse as the final criterion is generally used 
for transformers, cables, contacts of break¬ 
ers, etc. 

It IS good to see the very close check 
between c^culations and test results for 
generators covered in 
fig. 26. The results of the further in¬ 
vestigations mentioned will be of interest. 
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As a result of various discussions with 
generator manufacturers, I have been using 
a value of 20 to 25 C as the temperature 
drop through the armature coil insulation 
to the resistance detector for a hydrogen 
pressure of 0.5 psi. For loads in amperes 
over the name-plate half-pound ra tin gs 
the temperature drop has been assumed 
to be proportional to the ratio of the heat 
at the increased load to the heat in armature 
conductor at the half-pound rating. Such 
data as that in Fig. 26 indicate that all 
these practices in Chicago have been con¬ 
servative. 

The implications of the discussions and 
data in the article are that designs of 
armatures are aimed at having hottest- 
spot copper temperatures of about 115 C 
or less, assuming inlet hydrogen at the 
proposed standard values of 40 C with 0.5 
psig pressure, etc. It would be of interest 
to have the authors’ comments on loading 
armatures during, say, ten 1-day summer 
emergencies each year to currents that 
would cause increases of about 10 degrees 
above the hottest-spot temperatures at 
maximum rated conditions. Also, would 
their andysis pertaining to this question 
be modified in case the inlet hydrogen 
temperatures are held 10 degrees below 
the proposed ASA range of maximum 
values of 40 to 46 degrees? Likewise, com¬ 
ments would be appreciated on loading an 
armature once a year during an emergency 
some 15 or 20 degrees above the design’s 
hottest-spot temperature at maximum 
rated load, provided the resulting tempera¬ 
ture is not over 130 C. 


Regarding the proposed revision of ASA 
C60 standard, the term "capability” (or 
“capabilities”) is used in notes 2, 3, and 4 
of Table la and in section 1. It seems 
to me that in covering, in a commercial 
transaction, the expected performance of a 
generator for certain specified currents 
kilowatts, etc., and conditions, only such 
terms as "rating,” "capacity,” and "maxi¬ 
mum rating” should be used, and the term 
"capability” reserved for use by the opera¬ 
tor in determining the maximum allowable 
loading for a given piece of apparatus, 
after taking into account its particular 
inherent characteristics, load cycle, in¬ 
stallation conditions, and required re¬ 
liability. These remarks apply to trans¬ 
formers, cables, etc., as well as to generators. 


J. R. M. Alger, C. E. Kilboume, and D. S. 
Snell: The authors thank Mr. Ross for his 
helpful discussion, which presents a clear 
explanation of the reason for the increase in 
cold gas temperature of a generator which 
occurs with increasing hydrogen pressure 
and load, a circumstance which is not 
generally understood by the average 
operator. The authors also appreciate the 
comments by Mr. Halperin, which indicate 
general agreement with the conclusions of 
the paper. As Mr. Halperin suggests, a 
figure of approximately 115 C has been 
accepted by the authors as the maximum 
allowable hot-spot temperature in operation 
with cold gas temperatures of 40 to 46 C 
at hydrogen pressures over the specified 
pressure range. It is desirable that this 


temperature should not be exceeded, even 
for brief periods of operation. However, 
if system conditions require maximum 
loading, it must be realized that this 
operation will reduce the life expectancy of 
the insulation. 

In operation with cold gas temperature 
below the proposed ASA range of maximum 
values (40 to 46 C) the load should be held 
to those values which will ensure that the 
hot-spot temperature rise does not exceed 
the rises for normal load conditions, other¬ 
wise the differential expansions of the 
armature coils with respect to the iron will 
exceed those obtained at the loads corre¬ 
sponding to the capabilities at the various 
hydrogen pressures, which will in turn re¬ 
duce the life expectancy of the insulation. 
That is to say, the generator should be 
operated at all times in accordance with 
the capability curves of the generator, and 
not by endeavoring to hold constant hot-spot 
temperature. 

Answering Mr. Halperin’s comments re¬ 
garding the term "capability,” this term and 
capacity are used interchangeably in the 
paper and denote the kva output which may 
be obtained continuously at hydrogen pres- 
.sures over that for which the rating is 
determined, for approximately the same or 
lower hot-spot temperatures and tempera¬ 
ture rises. The generator capability is 
usually the same as the turbine capability, 
which is the continuous output at generator 
terminals when the turbine is clean and 
operating under specified throttle steam 
and temperature and exhaust pressure with 
full extraction from all extraction openings. 


Oil Flow and Pressure Calculations for 
Pipe-Type Cable Systems 

AIEE COMMinEE REPORT 


T he components of oil-filled cable sys¬ 
tems are subject to thermal expansion 
or contraction in varying degrees; hence 
as the temperature of these components 
change with change in load, oil must flow 
out of or into the system if the desired oil 
pressure is to be maintained. Solutions 
for the pressure differentials thus resulting 
in the case of low-pressure oil-filled cables 
(Pirelli type) have been presented by 
Miller, 1 Shanklin and Buller,* Miller 
and Wollaston,® and Wollaston.^ 

Similar problems are encountered in 
high-pressure oil-filled pipe-type cable 
installations where it is desirable to know 
the maximum oil pressures which may be 
developed on sudden application of load, 
and the size of the pump and the pumping 
pressures which must be provided in order 
to maintain a minimum pressure at any 
point in the line when load is dropped. 
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The solutions of these and related prob¬ 
lems are presented in this report. 

General Considerations 

The pressure differentials under con¬ 
sideration depend upon the oil demand or 
the rate of change of oil content per foot 
of pipe. This change in oil content is 
dependent not only upon the expansion 
or contraction of the oil itself with change 
in temperature, but also upon correspond¬ 
ing volumetric changes with temperature 
in the conductor, insulation, and pipe. 
Because of the different tliennal charac¬ 
teristics of the mediruns involved, the 
temperatui'e will vary discontinuously 
from the conductor to pipe. 

Unlike the low-pressme oil-filled cable 
where the oil demand of the insulation, 
which contains the larger portion of the 


oil, may be determined as a mathematical 
function, a practical solution of the pipe 
cable involves dividing the system into a 
number of zones for each of which tire 
average rate of temperature diange with 
time must be determined in some manner. 
The zones established are tlie conductor, 
inflation, free oil space, and the pipe. 

The greatest part of the thermal ex¬ 
pansion or contraction will occur in the 
free oil zone through which the major 
portion of the heat flow is carried by ther¬ 
mal convection. As indicated in refer¬ 
ence 5, the thermal drop resulting from 
this mode of heat transfer is concentrated 
in thin films at the boundary surfaces, 
hence the body of oil will be at substan¬ 
tially a unifonn temperature. Actually, 
therefore, this method of treating the 
oil space is not a simplification but the 
best method of representation. 


Paper 55-32, recommended by the AIEE Insulated 
Conductors Committee and approved by the 
AIEE Committee on Technical Operations for 
presentation at the AIEE Winter General Meeting, 
New York, N. Y., January 31-February 4, 1956. 
Manuscript submitted October 20, 1934; made 
available for printing November 16, 1964. 
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a-oil demand due to conductor loss, cubic 
inches per foot per second 

1 ° “bfc 

inches per foot per second 
s-flow resistance, pound^nds per 
square mch per cubic inch per foot 
c -^^mference of an area, inches 

by-pass piping, inches 
-diameter of conductor, inches 
^<-diametw oven insulation, inches 
0 .-Mde dimeter of pipe, inches 

‘“PK. tapiss 

£. modulus of eiastidty of steel, pounds 
per square inch (psi) i~“nus 

^“bulk modulus of oil, psi 
/«shear force per unit area, psi , 

^»flow rate ^bic inches per second 
^o=constant flow rate delivered by the 
pump, cubic inches per second 
7“Specific gravity of the oil 

of the 

ohm feet, degrees ceiiti- 
AI (Q feet per watt 

AA-change in elevation, feet 
^c«=steady.state thermal resistance from 

^duaor to ambient earth, thermal 

S-p-s^y^m thermal resistance from 
fl-„-s^y.^m thermal msistance from 

S'tet 

5to f«t ' 

^"“tbks"’^ 

cables to the pressure drop for the 
2 cables 

system, feet 

, - pipe, feet 

per 

square inch per cubic inch per foot 




/i=viscosity, centipoises 
^“initi^ viscodty of the oil. centipoises 
=numb^ of by-pass systems associated 
with mam pipe 

Oi=oil requirement due to load change. 

gallons ® ' 

0 ,=oil requirement due to seasonal tern- 
perature changes, gallons 
A “pressure differential in the by-pass 
systems, psi ^ 

^/“frictional pressure drop, psi 
hydrostatic pressure, psi 
-Pm “pressure differential in the main pipe 
psi ^ • 

-Po“ constant pressure impressed by the 
pump, psi 

AP=. elastic transient pressure increment 
psi ' 

e “heat flow resulting from a-c losses in one 
conductor, watts per foot 
(24 “heat flow resulting from dielectric loss 
of one cable, watts per foot 
^—srea., square inches 
/“time, seconds 

/.“time at which load is dropped, seconds 
/ “time at which the oil demand is a 
maximum after dropping load, 
seconds 

T-unit of time (Appendix II) 

Ifl—conductor temperature, C 
^ 1 “ mid-insulation temperature, C 
r.saoil temperature, C 

“initial oil temperature, C 
A7o4=oil temperature change due to 
dielectric loss, C 
7p=pipe tempo-ature, C 
« “flow velocity, inches per second 
/“Volume, cubic inches per foot 
/.“elastic volume change, cubic inches 
P^ root per pound per square inch 
*-distance from the closed end of the line, 
feet 

^“distauce from pipe or cable surface, 
inches 


AF= 


- --- *-uv„ u 

oil vol^e A 7 in cubic inches per fool 
wim change in temperature for three 
cables in the pipe is 

_/0.0060l„, „ 

~'\o.0036y‘ ^^c+0.0120(Di»~ 

-Dc*)Ar<-|-0.0070(Z?oa-3Z?,*)A7’o- 

O.OOOSDp^Arp inches* per foot (l) 

m which AT,, AT,, ATo, and Ar, are the 
temperature changes in C of the conduc¬ 
tor. mid-insulation, the oil, and the pipe 
of outer diameters D,, D,, and Dp in 
mches respectively; and D, is the di¬ 
meter over the shielding tapes. The 
two constants appearing in the first term 
apply to concentric stranded or to com¬ 
pact segmental conductors. Equation 1 
IS based upon the composition of com¬ 
ponents given in Table I. It will be 
noted that the last term is negative since 
tne pipe expands on increase in tempera- 
toe and effectively reduces the change 
m volume of oil. 

If a given load, which has been sus¬ 
tained tmtil steady-state temperatures 
prevail, is removed from the cable sys¬ 
tem, the rate at which oil is absorbed per- 
«Ait length of the system is known as the 
oil dmand and is commonly indicated 
m cubic inches per foot per second. 
This quantity is a function of the load 
dropped and the elapsed time. When a 
pven load is suddenly applied to the sys- 
oil win be ejected from the system 
at exactly the same rate, and thus the oil 
draand is most conveniently found by 
differentiating equation 1 with respect to 
time 




Material 


Coefficient of 
Expansion 


Condn etor, Per Cent ■ 

» sSsa A y 


d 

® ^ ^ inches* per foot-second 


( 2 ) 



8,6X10-» 


System 

Voltage 

Conductor 

Insula- 

ation, 

Mila 

Hpe, 

hiclies. 

Outside 

Biameter 

Qd» Watts 
per 
Foot 

Ds/Do‘ 

I . 

II . 

III. .,. 

IV. ... 

V. ,... 

.. 69 lev. 

., 138 lev.... 

.. 69 lev.:. 

• • 69 kv___ 

.. 138 kv. ... 

■ 350 Mr stranded... 

‘ S MOM stranded... 

lloo’ m?m stranded.... 

' 1500 MCM segmental.... 

....285... 
....506,,. 
...286... 
...285 

•.•6»/w... 

...6'/ii... 

...6*/8.... 

...0.31.... 

••0.82.... 

...0.36.... 

..0.255 

..0.342 

..0.231 

VI.... 

* Tbousan 

. .230kv.. 

:d circular mils. 

ifinn compact segmental, 

1600, MCM compact segmental 

...606.;; 

...835..., 

.. .8»/s..;; 
...8*/. .... 

'..0.55.... 
■•.1.39.... 
,.2.65. 

..0.330 

..0.302 

.0.384 
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in turn requires the determinatio: 
of the temperature rises AT^, ATt AT 
ATp as functions of time, whi4 ar< 
directly proportional to Q, the heat lib 

»ated at each conductor in watts pei 
foot, ^ 

The calculation of the corresponding 
per-umt temperature-time transients at 
conductor and insulation, oil, and pipe 
or a particular cable system may be ac¬ 
complished mathematicaUy as indicated 
in refer^ce 6 . However, this is a time- 
consuming process and these transients 
may be determined more readily by use 
of an analogue computer.^ This has been 
done for the six typical pipe-type cable 
systems outlmed in Table II and the re¬ 
sultant per-unit oil demands, a/Q in 
cubic inches per second per foot of pipe 
per watt per foot of conductor (cubic 
mches p^ watt-second), are shbwn in 
^ig. 1. In many cases the per-unit de¬ 
mand may be interpolated from these 
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curves, thus avoiding the necessity for 
a separate determination of this quan¬ 
tity. 

From a rigorous standpoint, the effect 
of dielectric losses may be handled in 
similar manner by setting up a separate 
thermal network for these losses and de¬ 
termining a curve of aa. This has been 
done for the three systems of Table II 
having the largest conductor size, and 
hence the largest dielectric losses, as 
shown in Fig. 2 . In many cases the ef¬ 
fect of dielectric loss may be treated with 
sufficient accuracy by suitably including 
the dielectric loss with the conductor loss. 

The calculation of pressure involves 
the viscosity of the oil which is depend¬ 
ent upon the oil temperature To 

ro=ro'±QAoC (3) 

where To' is the initial oil temperature 
and /to is the unit temperature-time tran¬ 
sient of the oil in dermal ohm feet. 
The sign of the second term depends 
upon whether load is added or dropped. 
Curves of /to for the cable systems of 
Table II are shown in Fig. 1 . When the 
dielectric loss is not included with the 
conductor loss, equation 3 may be ex¬ 
tended by the term ATm representing the 
temperature change in the oil from dielec¬ 
tric loss. Curves of ATod are given in 
Fig, 2 . 

In cases where a given load is dropped 
before the steady-state conditions result¬ 
ing from that load have been attained, 
the corresponding oil demand that o' 
may be found as follows. If the load is 


dropped at time Us after its application, 
at a subsequent time i' = fo H- A< 

a*=at~a^t inches* per foot-second ( 4 ) 

in which o/ represents the value of the a 
curve at time /' and o^i its value at timp 
Af. In calculating the maximuTn value 
of o' occurring after dropping load, it is 
sufficient to assume that Af is equal to the 
time at which the o curve is a tnaviTniitn 
It will be noted that if the load con¬ 
tinued long enough for steady-state condi¬ 
tions to prevail, equation 4 becomes equal 
to equation 2 with change of sign. 

Corresponding values of W and AToa' 
for use in equation 3 are determined in 
similar manner. 

Calculation of Oil Flow 

If L is the length of the line in feet, it 
will be apparent that the amount of oil 
which will flow into or out of the line as 
a function of time afto dropping or in¬ 
creasing load is 

0j=4.33LArxi0-*gaUon (5) 

The seasonal line oil change is obtained 
by substituting the seasonal change in 
ambient temperature ATa for ATc, ATj, 
ATo, and LTp in equation 1. 

0,=3LAr« [Do*-(I>e»-f-1.32?a*)] X10-* 

gallons approximately (6) 

Required Pump Capadty 

The rate of oil flow after dropping or 
increasing load is 


Fs=0.26La gallons per minute ( 7 ) 

The required pump capacity is the maxi¬ 
mum value of equation 7 . 

Calculation of Pressure 

When oil is required by the line, the 
pumping pressure which must be devd- 
oped is that required to maintain the de¬ 
sired minimum pressure at the “worst” 
point of the line aided or opposed by the 
hydrostatic pressure resulting from change 
in elevation along the line P* and to over¬ 
come the friction developed in supplying 
the additional oil P/. If A/t is the diange 
in elevation at any point of the line and 
y is the specific gravity of the oil, at that 
point 

Pft“0.434'yAk, psi (8) 

The frictional pressure P/ varies as the 
square of the distance from the closed 
end, and is composed of two parts, that 
developed in the main pipe and that de¬ 
veloped in the by-pass system. As indi¬ 
cated in Append^ I, P/-may be expressed 
by the relationship 

P/-^.+n-36.5xv(|;+f^.)x 

10-«psi (9) 

in which m is the viscosity of the oil in 
centipoises, x is the distance from the 
closed end in feet, L is the length of the 
main pipe in feet, I is the effective length 
of a by-pass system in feet and iV is the 
number of by-pass systems. The factor 
K depends upon the relative size of the 
cables and their position in the pipe. 
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Curves of iT as a function of the ratio 
Ds/Do are given in Fig. 3 for close tri¬ 
angular and cradled spadngs. The de¬ 
velopment of these curves is discussed in 
Appendix I. 

The maximum pumping pressure re¬ 
quired is detepnined by plotting equations 

8 and 9 over the length of line in order to 
determine the worst point. The calcula¬ 
tion of the maximum internal pressures 
built up within the system upon the ap- 
phcation of load and with the system dis¬ 
charging into a reservoir at a given back 
pressure at one end is determined in 
similar manner. If reservoirs are pro¬ 
vided at each end, the solution requires 
plotting equation 9 from each end of the 
line with due allowance for possible dif¬ 
ferences in back pressures. 

D^ermination of Maximum Pressure 
Differentials 

It will be noted from equation 9 that 
pressures developed are a function 

of the product aju. Since the viscosity a* 

IS inversely dependent upon the tempera- 
tee and -hence inversely dependent upon 
Q, it follows that the pressure differential 
IS a ^ction of ^e magnitude of the load 
and its duration, and is greater the lower 
the ambient temperature. 

The variation in a with time may be 
determined from the curves of Fig. i and 
variation of may be determined 
from equation 3 and the characteristic 
viSGoaty-temperattire curve of the oil. 



shown in Pig. 4. Oil no. I is typical of the 
Oil used at present in pipe-type cable sys¬ 
tems. Oil no. 2 is the type used in low- 
pressure oil-filled cables and has been 
induded to permit consideration of an 
oil of lower viscosity where pressure 
variations would otherwise be excessive. 
By plotting the product an its maximum 
value may be determined for any condi¬ 
tion of loading. 

Nevertheless, as a practical matter it 
is desirable to know how maximum au 
wiU vary with Q on the sudden applica- 
rion of load or when the given load has 
been carried and then dropped after a 
OTtical length of time which will result 
in maximum u/i. From Fig. 4, it may be 
seen that over the lower temperature 
range the viscosity of oil no. 1 may be 
expressed mathematically as 

m*=' 4,200€ centipoises ( 10 ) 

Th^ by equation 3 extended to include 
dielectric loss 

^ centipoises ( 11 ) 

and 

® [0(a/0-f-c^]e-o-ow<«Ao+4iroi) 

inches* per foot-second ( 12 ) 

where n represents the initial viscosity of 
the oil. 




dt dt 
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Since a/Q, aa, Hq and are function 
of time, by differentiating equation 12 
with respect to time and equating to zero 
we find that the maximum values of m 
Will occur at the time when 

d{a/Q) daa 

-J inches* per foot-second* 
(13) 

A similar equation is obtained on dropping 
load based on a', a/, W, and ATo/. 
When the dielectric losses are relatively 
small, the terms involving aa and A 7 otf 
may be omitted and Q considered to in¬ 
dude the dielectric as well as the con¬ 
ductor losses. 

Equation 13 may be solved for Q at 
vanous values of time by graphically dif- 
f^entiating the curves for a/Q, aa, ho and 
and the resultant values of an may 
be plotted against Q. This has been 
done for the typical cable systems of 
Table II as shown in Figs. 5 and 6 . Fig. 

6 represents, a limiting condition not 
likely to be met in practice since any 
given load must be held an exact length 
o time to before dropping in order to 
achieve the values of na indicated. As Q 
decreases to increases, and when the load 
hM been held to steady state before drop, 
ping (io - 03) the corresponding value of O 
IS determined by differentiating equation 
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Fig. 5. Maximum value of a /x/po M a function of suddenly applied 

load 

12 with respect to Q and then equating to 



iaa gitaB l 

_ 

iRaHflBaai 


2 4 6 8 io a M ie ia So 22 24—Ss—a 

^ - WATTS PER COMDUCTOR FOOT ^ 
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Fig. 6. Maximum value of a^/po as a function of load dropped 


Thus, neglecting dielectric loss 


ho" Hoe—{ho)tt 


watts per foot (14) 


po ho" ■floe“(Ao)A< 

inches* per foot-second (IS) 

where ho' and a'/Q are ultimate values 
(/o= oo), and for maximum a/Q. 

Effect of the Elastic Transient 

When the cable system is operated at 
constant pressure, or over a very narrow 
pressure range, the pressure changes pro¬ 
duced by a slow thermal transient will be 
affected little, if at all, by the elastic 
properties of the system. However, in a 
pipe cable fed by a constant-flow oil pump 
of considerable capacity the usual prac¬ 
tice is to permit the pressure to drop ma¬ 
terially below the normal operating level 
during cooling, then to restore it to a 
point Somewhat above the normal operat¬ 
ing level by means of a rapid-pumping 
operation. 

If the flow resistance is low, the pipe 
will come up to pres^e fairly uni¬ 
formly. But if low temperatures, high 
oil viscosity and restricted flow areas, 
either in the pipe itself or in the feed 


line from the pump, or the by-pass system 
combine to produce high-flow resistance, 
the elastic properties of the system, and 
particularly the compressibility of the 
oil and the extensibility of the pipe, may 
become important. 

If the pipe and its contents were abso¬ 


lutely rigid, a very slight oil contraction 
during cooling would drop the pressure 
to zero. Then the pump would start, 
and would replace the oil lost by contrac¬ 
tion, after which the pressure would tend 
towards infinity unless the feed were re¬ 
duced to a value equal to or less than the 



t - MINUTES 


Fig. 7. Typical pipe-type cable elastic pressure transients for a 7.5-mile installation similar 
to system V of Table II with constant flow impressed at one end 
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^ denmd. The elasticity of the ma- 
tenab jnvolved, however, tend to ihnit 
olpressmx rise, espedahy if the 
oil dehvered by the ptnnp is not too much 
m Kcess of the oil demand due to cooling. 
^ pressure drops are severe, this 
e^ effect may be limited to a portion 
of the pipe near the pump end. Also, if 
the acceleration of the oh flow is appre- 
^ble, m^ win tend to aggrovate the 
®ect of flow resistance, contributiuff to 
the pressure drop along the pipe. 

Equations are developedin Appendix II 
wtoiishowwhat the incremental pressure 
Wfll be at any point in the Kne and es- 
peaaUy at the ends as a result of this ef¬ 
fect when constant flow or constant pres- 

^eisuupressedatthepumpend. Fig 

7 shows tte results of a calculation for a 

system V 

of Table II with constant flow impressed 
at one end. 

The transient pressure at the pump 
end will be the sum of the elastic pressure 
toansient AP plus the pressure at which 
^e pump cuts in. At the distant end. 
tte pressure wiU be AP at that end plus 
tte cut m pressure of the pump minus 

The elasticity of the system tends to 
mamtam pressure at the far end of the 
line over what would exist if the pressure 

necessary to supply 
tte oil demand were the only factor pres- 

At the pump end. the pressure rises 
rather rapidly because the pump is feed¬ 
ing in more oil than the pipe can absorb 
because of the oil demand. Even though 
the pump capacity may be lower than the 
oil demand of the entire pipe during the 
e^her stap of the transient, pi^sure 
^y stiU nse rather rapidly at the pump 

1 ,. ’ ? ^ ^®se, however, calcu- 

ation mdicates that very large pressure 

drops can occur along the pipe. A pump 

^pable of supplying the maximum ofl 
dem^d of the pipe is advisable but one 
larger than this is generaUy not 
livable. Pressure rise at the pump is 
Idrely to be extremely rapid if the piLp 
capaaty IS much greater than the oil de¬ 
mand or if the flow resistance is very high. 

The effect of flow resistance and oil 
^and may be judged from Fig. 7 If 
pe flow resistance is inaeased without 
mcreasmg the oil demand or decreasing 
tte pump capacity, the pump end curv^ 
bec^e increasingly steep. If the pump 
IS shut off after an increase of 40 pounds 
per square inch, for instance, under the 
conditions shown in Fig. 7, it will run for 
about 1 mmute with oil at 15 C, and there¬ 
fore some cycling of the pumping equip¬ 
ment will occur. ^ ^ 


One of three methods is usually em¬ 
ployed to control cyding: 

IS mstalled at the pump end. 

2. A constant pressure system is used. 

« combina- 

pump eS. ^ 

The accumulatOT provides some extra 
elasticity at the pump end. It fills up 
as pressure increases and empties into the 
pipe when the pump is shut off, thus 
engthening the pumping cycle. To 
len^M the cycle to any great extent 
rather large and costly accumulators are 
needed. 

If a constant pressure system is used, 
ttere IS, of course, no cycling problem! 
ine pump runs continuously, and all 
exc^s oil is by-passed back to the supply 

tank by a suitable by-pass valve. This 

IS eqmvalent to setting the time delay 
relay for infim'te time. 

The controls can be arranged so that 
when maximum allowable operating pres¬ 
sure IS approached a suitable relief valve 
starts to open, and a time delay relay, set 
wr, say, 10 minutes’ delay is started. 
This arrangement permits the pump to 
maintain a substantially constant pres¬ 
sure on the pipe for a limited time by by- 
p^sing ba^ to the supply tank the excess 
oil which the pipe cannot absorb without 
pressi^ increase. After this time the 
time delay relay shuts down the pump, 
whi^ procedure is found to reduce 
cydmg frequency very greatly. It is, of 
course possible to control cycling fre- 
quency between almost any reasonable 
Imite that may be desired by adjusting 
the time dday rday. 

If the pressure at the far end tends to 


become excessive when load is applied i 
CM be brought under control by the us 
of a suitable relief valve. 

Conclusions 

rL presented whereby 

the off demand, pump size, and pressure 
var^tions in oil-filled p^e-t^e 
systems may be determined when applet 
w droppmg load. The solution reqS^f 
knowledge of the basic temp^aSre 
toausient characteristics of the p^cuW 
pipe-type cable system involved. 

terJiTf ^?racteristics have been de- 
turned for six typical cable systems from 
w^ch b^c data are presented enabUng 
the user to estimate the maximum pressurf 
v^tions which may be encountered on a 
particular system. " 

3. The effect of elasticity of the pipe and 
contents upon the operation of the oil 
supply syst^ IS discussed and equations 
are presented for calculating this effect. 

Appendix I. Derivation of the 
tcfuaiions for Pressure Drop 

differential dP/dx required 
^ lammar oil flow of F cubic 
mches per second in the main pipe havSg 
an made diameter A inches may be^? 
^^ed by a mbdification of Poiseuille’s 


fiP 

P®* pc** foot (1(5 

DoiS the “1 in centi 

^ for the obstructions caused by tht 
three cables, and represents the ratio oi 

to the pressure differential for the same 
flow wittout cables. The value of K for a 
br^dSf configuration may 


FiS- 8. Cross 
section of « pipe, 
type cable system 
showing factors 
affecting the deter¬ 
mination of the 
pressure drop 
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Consider eq oil stream of cross-sectional 
area 5 square inches and of c inches’ cir¬ 
cumference, as shown in cross-section in 
Fig, 8. If the pressure differential along 
the pipe is dP over a length dx this will 
result in an axial force on the oil stream 
■ol s dP which must be balanced by the 
shear at the wall cdxf, where / is the shear 
force per unit area. Thus 

dP c 

— = 12j/psiperfoot ( 17 ) 

For laminar flow assuming that the flow 
velocity is the same at equidistant points 
from any boundary 


Table 111. Measured Values of K 


/=0.145m ^XIO"® psi 
dy 


where u is the flow velocity in inches per 
second at y inches distance from the bound¬ 
ary, When equation 18 is substituted in 
equation 17 

dP 

~~ 1*74^^ X10 ~® psi per foot ( 19 ) 


cdu 

11 = -— per inch-second 
s ay 


inches per second (21) 

where s and c are functions of y. The 
total flow F is equal to the integral of the 
product of u by the differential floAv area 
c dy 

I 

I i*cdy 

"’X XX KX'‘ 

inches* per second (22) 

If there are no cables in the pipe, the 
operations indicated by equation 22 may 
be solved mathematically. Thus 

f - 

J D/i 

D(i*k . 

" ^ 128 second (23) 

In this case, since the lines of equal 
velocity are actually at uniform distances 
from the boundary, the substitution of 
equation 23 in equation 19 gives Poiseuille’s 
law (equation 16 with jS:=l). With cables 
in the pipe, the assumption that the lines 
of equal velocity are at uniform difitanf^s 
from the boundary surfaces is not strictly 
correct. In the absence of a more rigorous 
treatment, however, the procedure in¬ 
dicated will serve as a guide, and it agrew 
reasonably well wdth experimental data. 

The integrations indicated by equation 
22 may be carried out graphically with the 
aid of a cross-section diagram drawn to 
scale for the particular cable configuration 
assumed and similar to Fig. 8: The 


Test No. 


Cable 

Configuration 


Length, 

Feet Ds/Do 


^.Phelps Dodge Laboratory.close triangular. 


2.Phelps Dodge Laboratory. 


.0.388 . 590. 21.7 

1.140 .20.2 

1,320.19.4 

1,740.20.4 

weighted average 20.2 

.0.388.1,300.15.7 

1,480.16.5 

1,580.15.6 

2.140 .15.0 


3.. ... Phelps Dodge Laboratory.. 

^.Phelps Dodge Laboratory. 

3.Phil^elphia Blectric Company. 

6.. .. .Consolidated Bdison Company., 

^.Consolidated Bdison Company.. 

8.. .. .Consolidated Bdison Company,. 

0.City of Memphis. 


.. close triangular.. 

30.. 

. .0.310 

..cradled. 

.. 80 ■ 

0 310 

. .in field. 

.. 6,937., 

..0.345 

. .in field. 

.. 5,810.. 

..0.350 


1,250.. 

..0.380 

.. in field. 

..13,600.. 

..0.380. 

.. in field. 

..13,600.. 

..0.380. 

.in field.... 

..52,083... 

..0.360. 


corresponding value of K for use in equation 
16 is obtained by comparing the results of 
this process with equation 24. Values of 
K thus determined for several Di/D^ ratios 
with the cables in close triangular and in 
cradled conformation are illustrated in 
Fig. 3. 

The back calculation of K from fipj d 
tests may be subject to considerable error 
because of the difficulty of measuring the 
oil temperature and hence determining the 
effective viscosity throughout the test 
length, and because of uncertainty as to 
the actual cable configurations. To obtain 
a check under controlled laboratory condi¬ 
tions, three 40-foot lengths of either stand¬ 
ard IVs-inch or 2 inch pipes provided 
with l/16X3/16-inch D-shaped skid wires 
were placed inside of an 80-foot length of 
standard 6-inch steel pipe in either close 
triangular or cradled conformation. A 
differential manometer was connected to 
a 30-foot gauge section of the 6-inch pipe 
and oil of 600 to 2,100 centipoises viscosity 
was passed through the pipe at flow rates 
of from 1/2 to 7 Vj gallons per minute. The 
results of these tests and of available field 
tests are summarized in Table III and are 
plotted in Fig. 3. 

Since the flow rate F at any distance x 
dong the main pipe is equal to xa where o 
is the flow rate developed in a unit section, 
the pressure drop built up along the mpin 
pipe Pfn is obtained by substituting xa 
for F in equation 16 and integrating with 
respect to x. Thus 

Pm*>35.635* — omX 10-« psi (24) 

If the main pipe is divided into sections 
by N by-pass systems each of length I feet, 
the total pressure drop Pj, built up in the 
by-pass systems (JT*!) is 

[1+2+3.. m] ]^cmX10-* 
=35.517 ^I«mX 10-“psi (25) 

Since Pj may be assumed to vary as sc* 


Appendix II. Derivation of 
Equations for the Elastic Transient 

^ The pipe and its contents may be con¬ 
sidered analogous to a transmission line 
having series resistance and inductance and 
shunt capacitance and leakage. The flow 
F in cubic inches per second is analogous 
to electrical current and the flow resistance 
^ pound seconds per square inch per 
cubic inch per foot corresponds to electrical 
resistance. The inertia M in pound 
seconds per square inch per foot is analogous 
to inductance, and the elastic volume 
change V, in cubic inches per foot per psi 
corresponds to electrical capacitance. Thus 
from equation 16 

nK 

^=71~X10“* psi seconds per inch® foot 
L'o* 

(26) 

■^=p^s_gp^gX10“® psi second* per 

inch® foot (27) 


(W-!.£»,>) ('-5^+f') 

\^P~~Dq Eo/ 

= 46(Z?o»-1.5Z)<*) (1+0.0145 ~~\x 

\ Dp-Do/ 

10 “* inches® per psi foot (28) 

when y is’ the specific gravity of the oil, 
Es is Young’s modulus for the steel of the 
pipe (29X10® psi) and Eo is the bulk 
modulus of the oil (0.21X10® psi). 

The oil demand a, however, which is a 
fixed function of time and the thermal 
properties of the system, is not exactly 
analogous to transmission line leakage 
which is independent of time. 

The differential equations to be solved, 
therefore, are 

dP bF 

— = FF+Jlif — psi per foot (29) 

dF bP . 

’“®+ Ve ~ inches® per foot second 
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pump starts supplying oU at constant rate 
^0. the solution for AP, the transient 
pressure mcrement is 

.p Fot 1 r* 

<>*+2^iB£X 

/ ^ ♦{ltt)[axJ,+{aS+A!),-«‘ 

n 

cos psi (31) 

where 

B 


^ u.i^Tj is tne value 
at / « r. At the far end, this becomes 


AP«Po X 
1+2 


1 


cos (fiii—ffg) 




(«ir/i).* 

-“* second 


may be evaluated by graphicaUy or nu- 
merically mtepating the appropriate a/0 
cu^e of Fig, 1 out to the given value of / 
and multiplying by 0/7*. 

If a constant pressure P# is impressed by 
the pump, the solution for AP is 

AP-PoX 
1+2 




y~! *‘cos (/3a/-5j) 

r iKox) r 

n ® 


+ 


cos T)~6a]dr psi (35) 

where 

ft- J(?’-1XV2£)« . 

1' ]^7^-a* per second 


fts^tan-* — 
^2 


» 

« ® 

cos {^2(t— t)— 02]dT psi (37) 
The expression 

« ® 


^ aS-iSi* 

At the pump end, this becomes 

AP = Fef-L+m± r ^ 

\ZVe^ 3 J VeJ^ 

2FoBL ^ ^ (- l)“^X»)(o!S+/Si2)g-«iX 
» 

cos(/3i/-tfi)psi (33) 
At the far end, this becomes 

ap=p/-l 1 r‘ 

* \LVr 6 / mft+2PoPix 

^'(«)(«*+/9i*)«-««cos (Ai-,9,) psi 
n 

TIi. . • 

iue expression 

1 P* 

I adt psi 


cos {^2 (/—’t) — 02]dT psi 

may be evaluated for a given value of t 
as follows: 

1. Calculate ^ and dg for n 
calculate a. 

2. Calculate several values of i-r over 
a range of time r=0 to t=/. 

f o*" each value of t, evaluate e-ctU-r) 
cos [ft(f^r)-d2l, and multiply by Qlafr)/ 
Gj. obtaming a(r)/0], from the appropriate 
a/Q cmve of Pig. l taken at time f-r 

4. Evaluate this integral, using eithtt- a 
plammeter, or numerical method between 
time 0 and time t. 

5. Now, multiply by ^'(n) for n = l. 

0. Repeat calculations 1 to 6 for »=2 

d.nG 

J. ^dd to rtolts, and multiply to 

^ shows the application of equations 
32, 33, and 34 to a long pipe cable. In 
prepanng ttese curves an allowance was 
made for a 2-second period during which the 
P^p was coming up to speed. During 
this tune the flow was assumed to be 
proportional to time. 


^ uu, wu /S, AdU.i} X10 ~® 

=635 gallons 

For full load of 880 amperes continuously 
by equation 1 

A 7=» 0.0072Ar*-f0.0232 a r<-fO.1770Aro— 

dr.-7.9X6.70.63 ' 

Arf=7.9X6.18»49 
Arf=7.9X6.20»41 
ATp *7.9X4.67*37 

til ®<l«ation 5, 

the oil expelled by sustained full load is 

Oj * 4.33 X36,000 X8.28 X 10~* 

* 1,250 gallons 

at^^t^’ reservoir capacity should be 


1. Also +1*250—1,885 gallons 
Required Pump Capacity 


-Vpwdix III Calculation of the 
^1 Demand and Pressures for a 

Oil-Filled Pipe-Type Cable 
System (System IV of Table II) 

For basic parameters see Table IV. 
Calculations of Oil Flows 
»”1 » ‘O 25 C ambient by 


The maximum rate at which the pump 
1 to supply oil will obtain 

in 1 continuously held is increased 
to 1,040 amperes for 4 hours and then 
dropped. From Fig. 1 for system IV and 
equation 4 for the base load 

aV0*(O-3O.8)XlO-«=3O.8XlO-« 

inches* per foot second 

and extrapolating for the additional 
transient load 

®VQ=(10.8—30.8)X10“»=20X10~® 

inches* per foot second 

Thus by equation 7 

F*0.26X35,000[7.9X30,8X10~*+ 

(10.2-7.9)X20X10-»] 
=2.63 gallons per minute 

Calculation of Pressures 

configuration. 

By equations 8 and 9 

Fa *0.434X0.9X114*47 psi 

F/*35.5X(36)* f— 

L(6.13)®^35,000^ 

12.36 1 

(2;0^J®^“264aM psi 


Table IV. Basic Parameters 


-to: » 

,* 2 L 


lA(«*)=—^7=== cos 

fitVMVeL^ 


(36) 
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If full load of 880 amperes is suddenly 
applied with an ambient of 6 C, the maxi¬ 
mum value of Pf from Pig. 5. system 4 for 
Q-7.9, and from Fig. 4 for 6 C is 

P/=264X226X10-«X2,700=>160 psi 

Xhus the maximum internal pressure for 
a normal pressure of 200 psi at the elevated 
end is 

200H-160=®360 psi 

If an emergency load of 1,040 amperes 
with an ambient of 6 C is dropped after 
the critical time which will yield the 
maximum value of P/ from Fiv 6 for 
0 * 10.2 

P/*264X94X10-«X2.700=67 psi 

Assuming that a minimum pressure of 76 
psi is required to suppress ionization, the 
minimum pumping pressure required is 

76+47+67 * 189 psi 

which will occur 33 minutes after the load 


Discussion 

E. H. Kirkham (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
This paper offers a new and very useful 
tool for pipe cable design, and the committee 
is to be complimented on a fine piece of work. 

Since the advent of pipe eable, pipe size 
has been based on the allowable clearance 
between the cable and the pipe, clearance 
being defined as the distance between the 
inside top of the pipe and the top of the 
three cables in triangular arrangement. 

There has been no unanimity of opinion 
as to what that minimum clearance should 
be. Recommendations ranged from 1 to 
0.25 inch, and economic considerations 
governed exclusively. We recently had a 
case of a 6-mile line where a 7/8-inch clear¬ 
ance would admit the use of a 4-inch inside 
diameter pipe, but application of the 
equations in the paper disclosed that the use 
of such 4-inch pipe would result in pressures 
over 700 psi on increasing load. When 6- 
inch pipe was considered, we found that this 
pressure was under 300 psi. 

These values would obviously have been 
lower with a shorter line, which leads to the 
generalization that for short lines the clear¬ 
ance should control, while for lines over 
about 3 miles the hydraulic characteristics 
might well determine the pipe size. 


R. W. Atkinson (General Cable Corpora¬ 
tion, Bayonne, N. J.): When considering 
the use of a larger pipe to reduce flow 
resistance, it might be feared that this would 
increase "oil demand” because of the larger 
volume of oil. It would appear, however, 
that the increased volume would be almost 
exactly offset by the lower rate of tempera¬ 
ture rise within the pipe caused by the 
greater thermal storage capacity. Thus 
10-watt power absorbed in heating 1 gallon 
of oil 'mil produce exactly the same rate of 
expansion (milliliters per hour) as if ab¬ 
sorbed in 2 gallons. Thus the advantage of 
the reduction in flow resistance by the larger 
pipe will be fully realized without a partial 
offset by increase of oil demand. Of course. 


is dropped (see curve IV of Fig. 1) provided 
^t the load was carried for the critical 
length of time. 

The critical value of a sustained load for 
maxmum Pf after dropping may be 
obtained by equation 14 

11-5 

^~s! 20 -^^o 1[7*^‘^^ watts per foot 
The corresponding load current is 


2.29-0.66 

n06X8.60X10-«“‘^® amperes or 
48.6 per cent full load 
By equation 14 with a 5 C ambient 

<..-4.2X2.700X^^=0.070 

Therefore, starting from steady-state condi¬ 
tions the maximum pressure loss which 
will occur on dropping load is 

P/=264X0.070 *18 psi 
---♦---- 
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the larger pipe will cause an extension in the 
time during which oil will flow and will re¬ 
quire increased reservoir capacity. Even 
this small disadvantage is accompanied by 
a significant advantage in that the greater 
thermal storage capacity given by the large 
pipe wrill improve the peak load "ampacity.” 


John C. Parker (Memphis Light, Gas and 
Water Division, Memphis, Tenn.): It is 
the intfent of this discussiqn to present the 
results of field tests, on one pipe-type cable 
circuit, which unfortunately could not be 
completed until after the preparation of the 
paper. The characteristics of this circuit 
are as follows: 

Voltage, 116 kv 

Conductor, round, compact strand, 600,000 


circular mils 
Insulation, 436 mils 
Pipe, outside diameter, 6®/ia inches 
Qd, watts per foot, 0.48 
D»/Do, 0.339 

The oil viscosity-temperature curve is the 
same as oil no, 1 in Fig. 4. 

The average measured -value of K for a 
14,140-foot circuit of this cable was 4.6 for an 
oil viscosity of 630 centipoises and flow rates 
of 4.03 to 6.16 cubic inches per second. 

Measured values of oil demands, o/0 and 
the unit temperature, time, transient of the 
oil, ho are given in Fig. 9. It should be 
noted that the front of the a/Q curve is 
dependent on the settling of the oil pressure 
relief devices. 

The maximum measured value of a^/po 
was 234 microcubic inches per foot per 



Fig. 9. Measured values of oil demands, a/Q unit, temperature time transient of the oil 
ho, 115-kv high-pressure oil-filled cable 
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ror a.u watts per conductor foot 
when load^ was suddenly applied to the 
^ble circmt, and 42 microcubic inches per 
foot pff second for 3.6 watts per conductor 
foot when the load was dropped. It was 

excellent agreement 
of the theoretical values given in the 
fidd^ actual measurements in the 


ii. 1 — - •.•n.uoicuL IS ii maxnnum in 

tte eluent of the cable wherein the losses 
have been changed, and is zero everywhere 
elsj For e^ple, if the dielectric losses 
undergo a change, the insulation will ex- 
penence at the very first instant the maxi- 
mi^ rate of t^perature change to which 
It IS to be subjected. On the other hand, 
the rate of change of temperature in the 

fi^st instant. 

If the dielectric loss is considered to occur in 
the conductor instead of in the insulation, the 
condt^or at the first moment of a dielectric 
loss transient will be constrained by the 
^thematics to undergo its maximum rate of 
temperature change, whereas the insulation 
mil have ztto rate of temperature change. 
This result is the exact opposite of reahty. 

^® progress of the transient 
‘^culated results any closer to 
re^ty. Th^e considerations are most im- 
por^t in hy^auKc problems, since the 
oil d^nd IS duectly proportional to the 
rate of tempeiature c^nge. 

•* curves in Fig. 1 

It wiU be seen that a/Q has a finite value 
^0 ^rne. This value at zero time re- 
sulte solely from the oil demand contributed 
,-^tt^stageofthetran. 
sient the^ble insulatiou and the oil in the 
pipe contabute nothing to the oil demand 
stages of the tran- 
Illation and pipe oil contribute 
Mbstantially to the oil demand. Because 

volume, their 

contobution soon overshadows that of the 

‘^““snd curve 

results. If the dielectric losses were assumed 
to occm in the conductor, the calculated oil 
due to dielectric loss would 
have exactly the same shape and per-unit 
^ue as th^eu/Q curves. Now turning to the 
^ Wes m Fig. 2, which were determined 
by a ngorous method, it is obvious that there 
IS no correspondence whatever between the 
f curves. This iUustrates that 
the suggested approximate method will not 
produce results of reasonable accuracy. In 
m^y practical problems the effect of di- 
^c losses is minor or negligible and it is 
to fad to recognize that results obtained 
by the assumption discussed above are 
coi^letely erroneous. For example in a 
69.kv pipe-type cable, the error introduced 


^ (Common- 

Chicago, Ill.): 
While the detemination of transient oil 

fihS’^ M “ low-pressure oil- 

fiued cable has been the subject of a number 
of pap^ presented before the AIEE, there 
of ^ T ^o^’esponding presentations 
of methods dealing with transients in high- 
pressure oil-filled pipe-type cables. Thds 
papCT gives, we beheve for the first time, 
methods whereby conditio'ns in pipe-type 
^bles may be calculated. It is true that 
greater pressure margin in 
this land of cable as compared with the low- 
pressure oil-filled type, because of its higher 
operating pressures, so that transients that 
o^ur m dropping load, for example, can¬ 
not result in complete loss of pressure for 
any normal type of installation. Neverthe- 
less, th^e are situations in which it becomes 
be able to determine pressure 
conditions for pipe-type cable, and 
SL m tbe Committee report 

should prove most valuable. • 

*C“iperature transient for pipe 
necMsary to refer to a paper by 

paper). It would 
be hdpful, we think, if a set of sample 
^Ici^tions covering this part of the de- 
t^mation could be made available for the 

SSlfpressure transient 
calculations of the present report. It is 
sugpted that ^s addition could be covered 
in the closing discussion. 


^*011 (British Columbia Electric 
Canada); 

It IS difficult to prepare the text of a paper on 
this subjwt with consistent clarity and con- 
^eness. The paper is a model in this regard. 
A peculmnty of the subject is that the dimen- 
calculated quantities are fre- 

sense of physical reaUty. Great care is 
required to determine them and to state 
them completely throughout the mathemati- 

S done 

calculation pro- 
^ appears adequate md 

authors are to be com- 
r^ded on the accomplishment of a difficult 

in the following statement 

effect of 

ffielectnc loss may be treated with sufficient 
acct^cy by suitably including the di- 
electnc loss with the conductor loss ” I 
M^n that this method of handling di- 
j®® “ transient problems wffi 
always lead to erroneous answers. The 
ngorous method suggested in the paper, but 
not developed in detail, is the proper ao- 
- method of handling dielectric 
translate m Pireffi-type off-filled cable 
with a^eptable accuracy is given in refer- 
t The basis of 

The^S^ °1^® statement follows, 

rue rate of change of temperature at the 


nanoung of dielectric losses 
would probably be uegKgible. In the first 
place, the dielectric losses are intrinsically 
small compared to load current losses. In 
the second pkce, the dielectric loss transient 
affects mainly the cable insulation, which 
contains only a small part of the total oil in 
the syst^. On the contrary, a substantial 
“ problems involving 
^0-kv md higher voltage Pirelli-type oil- 
fill®d cable. In this case the dielectric losses 
would be much larger and would affect 
the majonty of the oil in the system, that is, 
the oil m the insulation. 


J. H. Neher: The Working Group is 
v^y appreciative of the interest with 
^®P°^ ffas been received. As 
:&rkham has pointed out, it should 
toish a ready means of determining 
whether or not a pipe size which is satis- 
factory from a cable-pulling standpoint will 
within permissible pressure 

]Vfr. Atkinson’s observation that the 
maximum off demand is substantially in¬ 
dependent of the volume of off employed had 
not occiOTed to us, although it is quite 

seen 

that the maximum values of unit oil 
dmands for systems II and V are roughly 
the same, despite the fact that the oil 
volumes are in the ratio of 1 to 3. This is 
largely responsible for the reasonably close 

So w S and 6, and 

enables the user to compute quickly the 
maxnnum pressures which may be de¬ 
veloped without a detailed transient tem- 
P^ature determination for the particular 
cable system under consideration 

In this coimection, it WiU be observed that 

the test data submitted by Mr. Parker 
represents a maximum oil demand of 30 
mcrocubic inches per second for a loss of 

The cable tested 
by Mr. Parker is somewhat different than 
any of those studied in the report and the 
^leulated value of maximum unit oil de- 
m^d IS 34 microcubic inches per second. 
The correspondmg value of a m/mo calculated 
approximately is equal to 270 microcubic 
inches per foot per second for a suddenly 
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applied load of 8 watts per conductor foot 
as against a measured value of 234. The 
differences between these calculated and 
measured values amounting to about 15 per 
cent are not unreasonable considering the 
(Ufficulties attendant to measurements in 
the field and the somewhat approximate 
nature of the basic calculations of the tem¬ 
perature transients involved. 

With regard to the latter, Mr. Grosser and 
Mr. Rowan have suggested that a set of 
sample transient calculations be included. 
Unfortunately, space does not permit this, 
such calculations if made by the method of 
reference 6 for the four transients required 
for a ^ven case would be as long as the re¬ 
port itself. As indicated in the report, 
however, these four transients were deter¬ 
mined by an analogue computer (reference 
7) and the calculations required after the 
computer had been set up merely involved 
multiplying the meter readings by an 


appropriate constant to obtain the transient 
temperature rises per unit of conductor loss 
at the conductor, mid-insulation, oil, and 
pipe. 

Mr. Wollaston is quite correct in his re¬ 
marks about the theoretically correct 
method of handling dielectric losses. This 
WM followed in determining the curves of 
Fig. 2. In the case of cables of 69 kv and 
under, however, experience has shown that 
the results obtained are substantially the 
sa,me whether the dielectric loss is included 
^th the conductor loss or treated separately 
in a rigorous manner. 

*Fo present an over-all picture of what 
happens when load is picked up and dropped 
by a pipe-type cable system. Fig. 10 
has been prepared. It will be seen that 
when the load is picked up, the oil pressure 
at the closed end builds up from an initigi 
value of 200 psi to a maximum value of 
nearly 400 psi in about 20 minutes, after 


which it falls off in accordance with the 
characteristic oil demand curves. How¬ 
ever, since the oil temperature is rising and 
its viscosity is lowering, the pressure will 
fdl off at a faster rate than the oil demand 
since it depends upon the product of the oil 
demand by the viscosity. 

If the load is sustained, the rate of oil 
expulsion will decrease to zero and the pres¬ 
sure will return to the initial value of 200 
psi. In this particular case, however, the 
load was dropped after 100 minutes, result¬ 
ing in a decrease in oil pressure at the closed 
end to 130 psi, which is less than the initial 
value of 200 psi, and a change in the direc¬ 
tion of oil fiow. The duration for which the 
load has been held before dropping ha a a 
pronounced effect upon the resulting pres¬ 
sure drop, and in this case the load has been 
held for the critical length of time which will 
result in minimum pressure at the closed 
end. 


Recoinmenclations for Improving 
Reliability of Stand-by Engine 
Generators for Microwave 
Communications Systems 

NELSON B. THARP 


MEMBER AIEE 


I T IS common practice among the users 
of microwave communications systems 
to employ engine generator sets for stand¬ 
by operation during periods of interrup¬ 
tion of the normal power source. Al¬ 
though this practice materially improves 
the reliability of systems, the pn gine 
generator set itself has sometimes proved 
to be a source of system outage. There 
are, of course, many causes for engine 
generator difficulties; however, the ma¬ 
jority are traceable to several basic 
reasons. 

The first source of trouble lies in the 
attempt to apply a standard engine gen¬ 
erator unit in a service having highly 
specialized and rigorous requirements. 
This action has sometimes been the result 
of tie user not being aware of the real 
operating problems involved and some¬ 
times from the unavailability of suitable 
equipment. Experience has shown that 
standard units, although quite satisfac¬ 
tory for conventional use, may be quite 
inadequate for microwave stand-by use. 
Correctly applied, however, stand-by 
power units can attain a high degree of 
reliability. 


A second source of trouble arises be¬ 
cause many of the microwave system 
users do not have the experience and 
maintenance techniques vital to keep the 
engine generator sets in reliable operating 
condition. This experience comes with 
time, but meanwhile engine failures 
dedmate the continuity records of a 
microwave system. 

Another source of trouble originates in 
the ambiguity or lack of defined terms 
and techniques describing performance 
and its measurement for the engine gen¬ 
erator sets. Often, there is not a meeting 
of minds between the user and the engine 
generator manufacturer until after an in¬ 
stallation had proved inadequate. 

Considerable progress has been made 
in overcoming the problems by system 
users and by technical groups including 
both users and manufacturers. Two 
such groups are Radio-Electronics-Tele¬ 
vision Manufacturers Association 
(RETMA) Sub-subcommittees TR-14.3.2 
and TR-14,3.3 which have proposed stand¬ 
ards to establish consistent terminology, 
practical methods of measuring perform¬ 
ance, installation procedure, and, where 


possible, acceptable standards of perform¬ 
ance on engine generator sets for micro- 
wave stand-by service. 

In this paper it will be attempted to 
outline practical requirements for pur¬ 
chase and installation of stand-by 
generator sets of 25-kw capacity, or less, 
for microwave systems. The recom¬ 
mendations are based on the experience 
of the author, users, and the proposed 
standards of RETMA committees on 
stand-by engine generators and housing 
for microwave. The material is sub¬ 
stantially in agreement with the proposed 
RETMA standards and, in some instances, 
material has been quoted directly. While 
sufficiently rigorous to insure satisfactory 
operation, the requirements are close 
enough to standard commercial products 
to avoid any material increase in cost. 
The requirements will be presented along 
with a short discussion concerning the 
reasons for the recommendation. 


Ordering and Performance 
Specifications 

Engine 

Duty. The engine should be capable 
of continuous unattended operation imtlpr 
rated load for a period of 30 days provided 
lubricating oil is supplied every 100 


Paper 55-42, recommended by the AIBE Carrier 
Current Committee and approved by the AIBE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Winter General Meeting, New 
York, N. Y., January 31-February 4,1956. Manu¬ 
script submitted October 22, 1964; made available 
for printing November 17, 1964. 
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Electric Corporation, Baltimore, Md. 
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of the information given in the section entitied 
"Battery Charger.” 
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stand-by engine 
generator 


hours of operation and an adequate fuel 
supply is available. 

This performance can only be expected 
after the proper break-in procedure, as 
recommended by the supplier, has been 
completed. 

Speed. The engine shall operate at a 
nominal speed of 1,800 rpm or less. 

Low^ speed engines are preferable for 
durability. ^ 1,200 rpm is desirable, 1,800 
rp® is maximum. 

Altitude. Standard engines should work 
at rated load up to 3,300 feet above sea 
level without any special parts. 

Adjustment of carburetors should be 
all that is necessary for optimum elS- 
ciency at altitudes up to 3,300 feet. 
Equipment for altitudes above 3,300 feet 
should be so specified to supplier. 

Ambient Temperature. The engine 
shall operate at full rating over the range 
of +40 to +125 degrees Fahrenheit (F) 
without auxiliary heaters. With auxiHaty 
heaters, the engine shall operate over the 
range of -20 to +125 F. At -20 
F, the engine shall start and deliver 
ra.ted power within 30 seconds and, at 0 F 
within 15 seconds. ' 

Temperature refers to air ambient to 
^gme including air intake to carburetor. 
Heaters can be crankcase or cooling- 
liquid heaters. 

Rdative Humidity. The engine shaU 
develop rated power at relative humidi¬ 
ties up to 85 per cent. 

Although engines wiU generaUy start 
and operate at higher humidities, many 
manufacturers are reluctant to guar¬ 
antee unconditionaUy foU petform- 
under less than fuU load con¬ 
ditions. This is because of the oc¬ 
casional idng condition occurring in the 
carburetion process. However, when the 
engme is operated near full load, the in- 
temperature and carburetion allow 
reliable operation at higher relative hu¬ 


midity percentages. With proper treat¬ 
ment, condensation on ignition com¬ 
ponents is not a major source of trouble. 

Fuels. Gasoline engines shall operate 
satisfactorily on standard grades of gaso¬ 
line, natural gas, propane or butane, or 
mixtures as specified. 

Although performance should be 
satisfactory on standard grades of 

g^oline, marine or nonleaded gas¬ 
oline of 80 octane is recommended. 
This type of gasoline will not foul 
the carburetor jets with residue dur- 
mg periods of inactivity—-a common 
source of gasoline engine starting failure. 
Leaded gas accelerates carbon and lead 
deposits in the combustion chamber and 
reduces valve life. This is aggravated 
by the constat speed operation of most 
stand-by engines. Engine manufacturers 
recommend that engines in stand-by serv¬ 
ice be run under load about 30 minutes 
each week to insure starting when an ac¬ 
tual need arises. 

Air Intake and Carburetion. Both elec¬ 
tric and thermostatic choking shall be 
provided for gasoline engines. Air intake 
s:^ll be provided with an oil-bath air 
filter. 

These items are generally standm-d and 
demed necessary for reliable operation 
and electric and hand-crack starting. 

. Pump. Gasoline engines shall 
mclude a fuel pump capable of an 8-foot 

1.2.£x nr\t _ _ 
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or sbtoMT. Means for hand-priming 
shall be provided. 

Fuel Day {Gravity) Tank. Gasoline 
engrn^ will be equipped with a properly 
vented, 1-quart auxiliary fuel tank to be 
installed between the fuel pump and the 
carburetor. 

This tank is to insure quick starting 
by providing, by gravity, replacement 
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luei lor that which evaporates from 
the carburetor during inactive periods. 
Return lines should be installed, as shown 
in Fig. 1. 

Fuel Preheaters. Fuel preheaters shall 
be provided where necessary for efficient 
startmg and operation under temperature 
conditions specified. An automatic gas 
control valve shall be provided where 
fuels other than kerosene or gasoline are 
used. 

Where Hquified gas fuels are used in 
cold climates, special facilities may be 
required to maintain vaporization rate. 
The use of liquified butane creates prob- 
l^s at temperatures below +60 F and 
liquified propane at temperatures below 
+14 F. A mixtures of these gases will 
require attention at some temperature be¬ 
tween+60 and+14 F. 

Ignition. The ignition system shall be 
adequately protected against failure 
caused by moisture condensation. 

This protection may include covers and 
silicone treatment of exterior of ignition 
components. Engine should start even 
when covered with condensation. 

Lubrication System. The lubricating, 
oil capacity of the engine shall be adequate 
to permit at least 100 hours of continuous 
opCTation on one filling. A pressure and 
oil-level gauge shall be furnished. Main 
and connecting-rod bearings shall be 
pressure-lubricated. A low-oil-pressure 
cutout switch shall be furnished which 
will stop the engine before damage when 

oil pressure falls below a safe operating 
value. ‘T fs 

In general, water-cooled eng i ne s will 
operate ovct a longer time on one oil fill- 
mg than air-cooled engines. This is ap¬ 
parently because of a somewhat more uni¬ 
fora cooling with liquid systems which 
reduces hot spots—a cause of oil deteriora- 
tion. 

Cooling System. Liquid-cooled engines 
shall be equipped with a pressure type of 
radiator cap designed to maintain a pres- 
^e of not less than 2 pounds per square 
mch. An adequate pusher-type fan, 
drawing radiator air away from engine, 

^all be provided. A thermostat shall 
be provided to control the operating tem¬ 
perature of the engine to be within the 
recommended range. A higb-water-tem- 
perature cutout switch shaU be provided 
to stop the engine if the maximum safe 
operating temperature .is exceeded, as 
specified for the operating altitude.- 
Maximum operating point of the high- 
traperature thermostat shall be 210 F. 
Air-cooled engines shall be equipped with 

a similar high-temperature cutout switch. 

The maximum operating temperature 
of the engine and cooling syston shall be 
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such thut the temperature of the engine, 
when stopped, shall not normally rise to 
the operating point of the cutoff thermo¬ 
stat. If necessary, provisions shall be 
included to continue to operate the unit 
at no load for a period of time suffi¬ 
cient to meet this requirement. A 
suitable guard shall be provided to 
prevent accidental contact with fan 
blades, belts, or other moving parts. If 
an air-exhaust duct is required, suitable 
fastenings for the duct shall be provided 
on the engine (radiator frame). 

Pressurized radiator caps are to increase 
the boiling temperatures of the cooling 
liquid. Pusher-type cooling fans are pref¬ 
erable from a safety and comfort stand¬ 
point, since heat and possible exhaust ipa Vc 
around the engine are drawn away from the 
engines and through the radiator from 
where they can be safely ducted to the out¬ 
side. Thermal overshoot upon stopping an 
engine must be prevented since restart¬ 
ing is impossible for a period until the 
engine temperature has returned to the 
operating range. 

Governor Control. Stable engine speed, 
defined as a speed constant to within 
0.8 per cent of final operating speed shall 
be obtained within 15 seconds after engine 
has been started. Stable engine speed 
shall be resumed in no longer than 8 
^corids after any sudden change in load 
including no load to full load. During or 
after any cliange of load, the engine speed 
shall not vary more than 5 per cent. 
Belt-driven governors are not acceptable. 

The limitations on governors, if met, 
are adequate to allow satisfactory micro- 
wave equipment operation even when 
the generator is supplying a flashing 
beacon load of 50-per-cent full load. 
Such a load, of course, may tend to create 
somewhat more wear on the governor. 

Starting System. The starting syst em 
shall be sufficient to provide the niiniinum 
recommended cranking speed without 
overheating for 90 seconds. Starter ap¬ 
paratus shall be connected directly to the 
engine crankshaft or by gears or silent 
chain drive. Provisions for hand-crank¬ 
ing shall be included. Starting appara¬ 
tus should be capable of at least five 
successive starts within a 5-minute period 
without overheating or damage, if the 
total operating time does not exceed 90 
seconds. 

Exhaust System. The exhaust system 
shall include means of adequate silencing 
and spark suppression. Exhaust outlets 
shall be of sufficient size to provide ready 
installation of commercially available ex¬ 
haust assemblies. Recommended ex¬ 
haust assembly and/or maximum allow¬ 


able back pressure shall be furnished by 
the engine supplier. 

Battery Charger. Equipment shall be 
provided which will charge starting bat¬ 
teries during the time tlie engine is run¬ 
ning. It may be either a separate engine- 
driven generator or may be provided by 
other means. It shall have an adjustable, 
or automatic, charging rate to allow for 
the frequency and duration of the engine- 
operating periods in obtaining correct 
battery-charge replacement. It ghali be 
capable of replacing starting loss of bat¬ 
tery in less than 30 minutes of normal 
engine operation at 25 degrees Centigrade 
or more. 

If the engine-operating periods are er¬ 
ratic with respect to number and duration, 
an automatic regulator is the only satis¬ 
factory method of getting adequate charge 
in a normal running period without over¬ 
charging on ah extended run. 

Start-Stop Control. The engine shnil 
be provided with a manual start-stop con¬ 
trol clearly marked and easily accessible. 

To meet safety rules, this switch must 
not be placed over 6 feet from the rotating 
machine. 

Alternator 

The alternator shall confonn to Ameri¬ 
can Standards Association and National 
Electric Manufacturers Association motor 
and generator standards^ for 50-degree- 
centigrade rise. 

Temperature, Altitude and Relative 
Humidity. Requirements are the same 
as for the engine (see section entitled 
"Engine") except that the alternator shall 
meet performance requirements at a rela¬ 
tive humidity of 95 per cent. 

Capacity. The alternator shall be 
rated in kilovolt-ampere (kva) capacity 
at 0.8, 0.9 (lagging), and 1.0 power factor. 
The alternator shall be capable of carry¬ 
ing without damage a 1-minute load of 
150 per cent of its rated amperes and a 2- 
hour load of 125 per cent of its rating. 

The requirement for rating the alterna¬ 
tor at various typical power factors is 
necessary because the actual kva capa¬ 
bility of synchronous saturated field type 
of alternators changes with power factor. 
This is true as the phase of the load cur¬ 
rent affect the excitation field which in 
turn materially affects the kva capability. 
Many such machines rated at 5 kw and 5 
kva at power factor=l will not produce 
5 kva at power factor =0.9; see Fig. 2 for 
example of a t3q)ical machine. Purchase 
orders should specify the voltage, wire 
arrangement (two or three wire, etc.), kva 
and power-factor requirements. 


Voltage Regulation. Voltage output 
from no load cold to full load hot 
shall be within ±5 per cent of rated volt¬ 
age on unity power-factor loads at an 
ambient temperature of 70 F. Normal 
rated voltages are in the range of 110 to 
120, single phase, 3 wire, grounded neutral. 
Under any combinations of load (20 to 
100 per cent), power factor (0.8 to 1.0), 
temperature (-20 F to -f 125 F), altitude 
(0 to 3,300 feet), and relative humidity 
(up to 85 per cent), output voltage shall 
not vary more than 5 per cent from rated 
voltage. This shall include conditions 
where load variations of 20 per cent are 
occurring at up to a 40-cycle-per-minute 
rate and where the generator is at either 
ambient or operating temperatmre. 

The over-all 5-per-cent limitation is 
necessary as some engine generator 
guarantees refer to any one, but not any 
and all combinations of the load, tem- 
pei-ature, humidity, altitude, and power 
factor; yet combinations of extremes 
often occur in actual practice. 

Frequency Regulation. The output fre¬ 
quency shall not vary more than 1 cycle 
from 60 cycles with a load variation from 
20 to 100 per cent. 

Where the load uses a voltage regula¬ 
tor sensitive to power frequency, the 
regulator is usually cut out when the load 
is shifted to stand-by unit operation. 

Wave Shape. Alternators shall meet 
the applicable American Standards Asso¬ 
ciation standard^ which requires that the 
deviation factor of the open-circuit ter¬ 
minal-voltage wave of synchronous 



Fig. S. Gasoline stand-by plant rated 5 kw 
5 kva, power factor=100 per cent 
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^^laclunes shall not exceed 0.1. The 
definition of deviation factor of a 
wave is the ratio of the maxitnuni dif- 
twence between corresponding ordinates 
of the wave and of the equivalent sine 
wave when the waves are superimposed 
m such a way as to malce this maximum 
defence ^ small as possible. An 
equivalent sine wave is a wave having the 
same frequency and nns value. 

^ Poor wave shape of power source may 
m some instances cause malfunctioning 
of microwave equipment and serious dis- 
carepancies in measurement of voltages on 
some types of instruments. 

Starting Control. Alternator shall be 
eqmpped with an enclosed control box 
(National Electrical Manufacturers Asso¬ 
ciation type-1 or equivalent) for relays 
and contacts to provide electric cranking 
OvCTcra^ing protection shall be provided 
which wm automatically open the crank- 
*hg circuit if the engine fails to start after 
a cranking period of 60 to 90 seconds. 

1 he cranking dropout must be reset by 
hMd after a maintenance check to deter¬ 
mine the cause of engine malstarting. 


power source. No chattering of relays 
IS permissible. 

The voltage of 96 to 98 volts is chosen 
as it represents the foinimum operating 
range of line voltage for the average line 
regulator (115 volts ±17 per cent) 
When no regulator is used, the minimum 
satisfactory operating voltage of the 
imcrowave equipment must be used to 
specify the line voltage for transfer initia¬ 
tion. Adjustable time-delay dropout is 
available from most stand-by suppKers 
^ range from 1 to 10 seconds 
( 1/2 second). Also, adjustable volt- 
age-sensitive dropout relays can be ob- 
tamed which cover a range of 95 to 110 
volts (±1 volt) to accomodate various 
conditions. Where brief overvoltage con- 
ditions are expected, similar faciUties 
should be specified to disconnect the line 
power and replace it by the stand-bv 
power unit. 


Automatic Transfer Panel 

^ The equipment shall be of suitable de- 
fflgn to operate in unattended stations. 
Temperature, altitude, loads, and power- 
factor requirements are the same as for 
the engine (see section entitled “Engine”) 
exwpt that the transfer panel shall meet 
perfomance requirements at a relative 
humidity of 95 per cent. 

Rahng of Transfer Switch. The line- 
tean^er contactor shall be capable of 
transfemng a resistive load of 125 per 
cent of rated amperes, rated voltage, and 
rated frequency at a rate of six operations 
per minute (4 seconds on, 6 second off) 

for a minimum of 10,000 operations. On 

both 2- and 3-wire systems, the grounded 

or neutral wire shall not be broken. 

Transfer Initiations. When the micro- 
wave station is equipped with a line-volt¬ 
age regulator on the normal source of 
power, the starting of the stand-by power 
umt shall be initiated whenever the line 
voltage has been reduced to 95 to 98 volts 
for a period of 3 to 5 seconds. When no 
repilator is used, starting shaU be initiated 
whenever the line voltage has been re¬ 
duced to a specified percentage of normal 

1? 11 either case, the 

load shall be transferred to stand-bv 

unit after the unit has reached 
stable speed and voltage so as to avoid 
momentary overload condition. Upon 

mime ofJJie stand-by power unit to start 

(lacfcc)f fuel, etc.), the load circuit shaU . 
not be transfmred away from normal i 


Return to Primary Power. When a 
voltage regulator is used and the normal 
primary power source is restored to a 
value 2 to 6 per cent above the dropout 
yoltap for a continuous period of at least 
10 minutes, the load shall be transferred 
back to the primary power source. This 
transfer should not interrupt the power 
pmce by more than 1/4 second. Upon 
failure of the stand-by power unit while 
load, the load shaU be trans- 
emd back to the normal source im¬ 
mediately or at least upon restoration of 
normal supply. No chattering of relay 
contacts is permissible. 

Adjustable time-delay fimetions are 
available from 10 to 30 minutes. In 
genpal, it is desirable, once the stand-by 
engine is started, to leave it running under 
oad for a 20- to 30-minute period. This 
allows the battery to be recharged and the 
opera^g temperature to evaporate ac¬ 
cumulated moisture in the . lubricating 
oil. It IS not desirable to run the engine 
any length of time without load as this 
accelerates the accumulation of carbon 
mm accompanying engine inefficiency 
and maintenance cost increase. Fuel 
supply monitoring, local or remote, is 
desirable to avoid fuel exhaustion where 

ea^ s^ means a 20- to 30-minute run 
under load. 


panel 

“elude a starting-battery trickle 
charger comiected to the normal power 
^urce^ having an adjustable charge rate 
from 0.04 to at least 0.2 amperi An 

a^eter and fuse shaU be included in 
this circuit. 

Since the condition of the battery wiU 
vary ^th age, the interim charging rate 
must be adjustable to maintain the opti- 
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lays mum battery charge by replacing norma 
leakage charge. Experience has indi 
)pu cated that many battery failures are the 
mg result of excessive charging. Overcharg- 
me mg concentrates the acid which chars the 
tit). separators, causing a high self-discharge 
mn rate resulting in severe sulfation of the 
the plates. This high rate also disintegrates 
to the positive grids, aUowing the active 
.la- material to fall to the bottom of the cells 
IS This action can take place in a relatively 
^s short length of time. Accordingly, the 
Ids trickle charger should be carefuUy set as 
- per the battery manufacturers recommen- 
' - tions for the ambient temperature and 
10 operating conditions present. It is rec- 
us ommended that the trickle charger be 
n- run from a regulated line source if availa- 
es ble. The generator or battery charger 
le to the engine generator set 

>y should have an automatic charging-rate 
regulator or have the charging rate cor- 
rectiy adjusted for the average engine- 
starting frequency and average running 
tame so as to replace the charge dissipated 
^ in the starting operation. 

t Alarm Contacts. An auxiliary contact 
j sh^ be provided on the transfer panel 
s which will close upon operation of the 
r fransfer switch for the purpose of activat- 
I mg a remote alarm. 

Test Switch. A test switch, appro- 
pnately marked, shaU be provided to 
sunulate a normal source failure. The 
switch shaU affect the control circuit only 
and shaU have two positions—one to run 
the stand-by unit without transferring, 
and one to achieve actual transfer of load 
to the stand-by unit. When operating 
the en^e without intending transfer of 
the load, a faUure of the primary source 
wiU still cause normal transfer. When ac- 
ti^y transferring the load, the transfer 
will take place with no greater than 1/4- 
^cond interruption of power to the load. 

The transfer back to primaiy source wUl 
talre place automaticaUy in nonnal 
ta^on and timing as specified. The test 
switch ShaU be a momentary type that 
cannot be left in the test position. 

Housing. The transf^ panel shall be 

formshed with suitable terminals clearly 
marked for aU external , connections. It 
shaU be for waU-mounting and enclosed 
m a National Electrical Manufacturers 

AKoaation type-1 cabinet (or equivalent) 

with a gasketed dust-tight cover. 

Other Electric Controls 

T.mergency Stop Switch, The stand-by 
power unit ShaU be designed to accommo¬ 
date a remote, waU-mounted 2-position 

switch for stopping the engine in an 
emergency. The circuit shaU be such that. 
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once stopped by the emergency stop 
switch, the engine will not attempt to re¬ 
start automatically until the emergency 
switch is returned to nonnal position. 

Standard Accessories 

Each standby power set shall be sup¬ 
plied with the following standard acces¬ 
sories: 

1. Starting battery of voltage and ampere- 
hour capacity recommended by engine 
manufacturer but, in every case, capable 
of cr^king the unit at the recommended 
cranking speed for a period of 6 minutes 
at temperatures above 32 F. Batteries 
shall be shipped dry-charged with electro- 
Isrte included. 

2. Underground fuel tank not less ttiar. 
55 gallons for a 6-kw plant or 110 gallons 
for a 10-kw plant. Tank fittings to include 
suitable combination filler and vent pipe 
(with locking-type cap) not less than 30 
inches long to allow use of measuring stick. 
Tank will include fitting for gas supply 
and return line from day tank. Tank 
must be suitable for direct burial. 

3.. Radio-noise suppression kit consisting 
of shielded ignition wires, caps over spark 
plugs and condensers shall be installed 
in standard equipment. 

4. Special tools required for installation 
or normal maintenance, including a hand 
crank. 

5. Wiring diagram installation, opera¬ 
tion, and m^tenance instructions; certi¬ 
fied dimensional installation drawings; 
shipping list; and renewal parts lists. 

Optional Accessories 

The following accessories shall be 
available when needed: 

1. Line ammeter and voltmeter. (with 
meter switches if desired). 

2. Vibration isolators. 

3. Metal housing enclosure with removable 
side panels. 

4. Meter-type fuel gauge. 

6, Low fuel supply alarm (independent 
contacts to close at preset fuel level). 

6. Liquid petroleum gas accessories: pri¬ 
mary regulators, fuel preheaters, meteriug 
equipment, fuel lines, and connectors, 

7. High rate position on trickle charger 
capable of replacing 1/2 ampere-hour 
capacity of the battery in 24 hours. 

8. Overvoltage protection transfer opera¬ 
tion (similar to low voltage function). 

9. Automatic regulator on the engine- 
driven generator or battery charger to give 
optimum charge rate depending uDon 
battery charge. 

10. Extra-long-life lead acid or alkaline 
starting batteries. 

11. Automatic exerciser timing unit for 
periodic stand-by tmit operation. (A mini¬ 
mum of 30 minutes each week is recom¬ 
mended.) 

12. Cathodic protection on fuel tank. 


13. Engine crankcase or cooling-liquid 
heaters, 

Installatioii Notes 

The manner in which the stand-by unit 
is installed is an important factor in its 
reliability in microwave service. Fig. 3 
shows a plan for installation which is 
recommended by engine generator and 
microwave equipment manufacturers. 
Following are comments on installation 
based on users experience and manufac¬ 
turer recommendations: 

A separate enclosure for the engine 
generator set is desirable from a safety, 
temperature rise, and noise point of view. 
The exit from the building should not be 
through the engine enclosure, The emer¬ 
gency stop switch should mount at the 
entrance to the engine room. 

Pusher-type engine fans are recom¬ 
mended for exhausting engine-cooling air 
through fireproof ducts to the outside. 
This positively exhausts dangerous 
exhaust gases that have escaped. It also 
runs the heated air outside, preventing 
recirculation of air in building which 
to raise inside temperature rapidly. 

Exhaust-ducting, and air inlet and out¬ 
let ports must not create too great a pres¬ 
sure drop or back pressure so that nor¬ 
mal cooling-air volume is reduced. Cau¬ 
tion should be taken to avoid locating in 
positions where prevailing drafts or winds 
interfer with normal air intake or outlet. 
Ports should be located so that they will 
not be blocked by snow, leaves, mud, etc. 

The stand-by unit house must be ven- 
tila,ted and/or insulated to keep ambient 
within rated temperatures of —20 and 
4-125 F. Batteries, relays, dry rectifiers, 
and other components fail rapidly beyond 
these limits and the manufacturers war¬ 


ranty will not apply. Batteries at low 
charge begin to freeze at about -20 F but, 
at full charge, the freezing point is much 
lower. When temperatures above 100 F 
are usual, lower specific gravity batteries 
will give better service. 

In cold weather, water-cooled radiators 
must be protected against freezing. Some 
users report difficulty with ethylene gly¬ 
col antifreezes penetrating into the lub¬ 
rication oil and gumming or binding the 
pistons of the engines so that they will not 
start after an idle period. 

In installing fuel lines, care must be 
exercised not to exceed the 8-foot lift 
ability of the fuel pump and to use large 
enough fuel lines on long runs to avoid 
excessive friction loss. The return line 
from the day tank to the fuel tank should 
terminate under the fuel surface to pre¬ 
vent an air circulation through the day 
tank to the vent. This would allow ex¬ 
cessive evaporation of the gas from the 
day tank. The filler piper should dis¬ 
charge at bottom of fuel tank to prevent' 
agitation of stuface level on filling. 

In installing engine, mount on raised 
base to facilitate draining od and place¬ 
ment of dnp pans beneath engine. A 
surrounding dike is desirable to confine 
spilled or leaking fuel. A 24-inch work¬ 
ing space is desirable on all sides of en¬ 
gine. 

The fuel tank should be installed under¬ 
ground wi th a minimum of 24 inches of fill 
over the tank. Where it is installed in 
wet soil, the tank should be weighted with 
stone or concrete to prevent its surfacing 
through its own buoyancy. The fud 
tank should be provided with at least a 
2-inch fill line with removable screen g-nd 
locking cap, and a vent line with breather 
cap. These lines should extend well 
above possible snow or water line . 
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The fuel line should have flexible sec¬ 
tion at the engine. AU fuel and return 
lines should be protected by conduit 
where entering floor and walls. 

Engine exhaust should pass through a 
weathe^roof, rodentproof, heat-resistant 

1 j the structure. Exit 

should be as high as necessaiy to prevent 
ogging by fallen or drifted snow. The 
engme end of the exhaust pipe should be 
equipped with a flexible section. A con- 
d^sate trap wiU prevent water-clogging 
of the pipe. 


In liquified petroleum gas installations 
precautions must be taken to instaU fuel 
t^s according to local regulations. 
Under low temperature conditions, pre¬ 
heating or parallel manifold arrangements 
^y be necessaiy to keep gas pressure and 
flow to that required by engine for rated 
performance. 

Conclusnon 

In this paper it was not attempted to 
cover the equally important subject of 


operational maintenance since that is ex- 
trasive in itself and warrants a separate 
discussion. The material presented does 
clearly indicate the necessity of obtaining 
and correctly installing engine generators 
sets well suited to the purpose intended. 

References 
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Discussion 


Forbes, Jr. (Ge„e,^i Electric 
J^mpany, Beaumont, Tex.): The naoer 
fells to consider the one determinant that 
will assure reliable operation of emereei^v 

»^"eS “ 

'Tieo* as pnme movers. 

That important mgredient of reHabiHty is 

®r“^?I^‘^tingthisimportL^ 

soecialir<»H justify recommending 

speciahzed engme-generator sets for stand- 

Site'S"” " 

Maintenance includes operating condi- 
tions and methods, and the type and quaUty 
fedividua?coii 
K Th^l”^1 emergency power 

^ engine-generator set as a 
^ power plant that will 

be depen^ble. If their vital importance is 
not waghed heavily, the best and most 
specialized engine-generator set will have 
have no reUabihty. 

diS^® separate and 

wif maintenance prob¬ 

lems, rather than one. The three are 

*^®^®aeratoranditsauxiHaries; and 
engine-generator 
^^‘^Sency power plant. 
Given the consideration due their in- 
^^dual peculiarities, it would appear that 
basic engme-generator set can be a 
standard umt. Then a special unit of 

ai^oTdubhf ®®aU-quantity production 
and of dubious worth with regard to im- 
P^ements in reliabihty wiU not be ra- 

“ either a standard or 
normally 

determme the over-all reUabUity of the 
^^gency power supply. The types of s7ts 
m question employ piston-t3q)e internal 

In aU sucj engines operating reliabflity is 
*7 operating conditions Ld 
upkeep of the engines. Thus these vital 

SS^diS“to the items 

onsider^ to aUow correct application of 

^ engme-generator set for emergency 
Sm communiciioM 

■h(ic+ ^ they are not considered, the 
set spedalized engine-generator 

ser will have no reliability. 

an?!? w i“to the operation 

and maintenance of the power plant. 
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advisable to consider other subjects in the 

oW rehability of the power 

plant as a whole and which appear to be 
improperly correlated. 

"Ordering and 
Performance Specifications*’ are itemized 
separately many conditions that cannot be 
so considered. Under the subtitle "Engine” 

, ambient temperature, relative 
humidity and governor control should all 
be considered as a single item. The in- 
fomation about all of these is required to 
^temine tte real duty cycle and thereby 
engine required. Under the 
set^fS" fif^ Alternator” specifications are 
set for the voltage regulation for 20% load 
vanation occurring at a frequency of ^ 
This disagrees markedly 
wuth the 50% load vanation called for in the 
diMUssion of governor control. It is in the 

for ttl variation is established 

for the engine under the load swings given 

Fmherrnore, the description of the duty of 
the engme, and its governor control are 
contradictory. The first establishes a 
equu-emrat for a continous rated load and 
the second a load that is continually varying 
m in^^ents of 60 per cent (%) at a?in! 
specked rate. In other words durfe” ?he 
dayhght hours when the beacon is not 

tKs ^0% of rated! 

lUis then affects what is said about relative 
bv^dity. It is stated that full load k ra! 
rE^ operation at high 

the engine is 

30 «™***“*«"“ 
R^her than break down all the engine 
specifications item by item, the specifica¬ 
tion should establish the load, the dutv 
S?' ¥5? conditions of opera- 

the othl^determine 
the other conditions that must be met. 

HouM “.^^tes a preference for 

hquid-cooled engines. Such engines cannot 

mpid-start and load 
gumption requirements previously caUed 
iTfJ " ? thermal inertia 

hLw ?ystem associated with a 

?nni^ addition, a hquid- 

third maintenance of a 

cootedXS 

HaSS® temperatures permit, a 

tion i^?®/”®^ minimize crankcase dUu- 
tion, carbon deposits in the firing chambers, 
decomposition of the lubricating oils from 


chemical reactions with condensates in the 
^nk case, wash-down of lubricating oils 
from the cylind^ walls during starts, and 

felmSs periods of 

It is felt that proper specifications cover¬ 
ing opiating requirements for the set must 
be establish^ so that a good appUcation can 
specific operating condi¬ 
tions such as ambient temperatures, rela¬ 
tive humidity, and altitude should be set 
up in each case in order to determine the 
vanations of the basic set required to meet 
dehnrte local .conditions. With all of this 
specified, adequate operating and main- 
tenance schedules can be estabUshed that 
will allow such sets to be truly reliable. 


TUfp~I„prmng ReHabmy cf Stand-by Engine Generators 


Nelson B. Tharp: As Mr. Forbes points 
out, maintenance is an important "in- 

so, in 

fact, that the author clearly stated in the 
paper s condusion that no attempt had been 
made to indude it in this paper since to be 
adequately covered, it should be the subject 
The fact that it was not 
author’s 

mind fail to justify recommending special¬ 
ized engine generator sets for stand-by 
!^®® J^crowave communications 
syst^s” as Mr. Forbes states. One must 
purchase and install equipment before he 
can maintain it, and no amount of main¬ 
tenance, however thorough, will overcome 
inhwent shortcomings of misapplied equip- 
ment. The many users of engine generator 
sets in microwave services would object to 
the idra that their troubles have all been due 
to thmr poor maintenance work. The 
special unit at high cost,” appears to be 
contrary to the opinion of various engine 
g^erator manufacturers who were an 
integral p^ of the Radio-Electronics 
Tdevision Manufacturers Association Com¬ 
mittee and to the author’s experience in 
purchasing units which meet the require¬ 
ments. 

With respect to the comments on the 
numerical arrangement of the material, it 
IS time that a number of other arrangements 
could have been employed, possibly with 
some improvement in organization. 

Mr. Forbes indicates a contradiction be- 
tween the paragraphs on governor control 
and voltage regulation with respect to per¬ 
formance under varying loads. It should 
be noted that for voltage regulation it is 
the output voltage remain 
within 6% of rated voltage at load varia- 
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tions for 20 to 100% and specifically 
iucludes a 20% variation occurring at 40 
cycles per second (beacon load). The com¬ 
ment on governor control (not the specifica¬ 
tion) merely points out that if the governor 
meets the requirements with respect to 
transient loads as specified for voltage regu¬ 
lation, even a 60% load variation from a 
flashing beacon will not affect the generator 
output to where it would interfere with 
normal microwave operation. 

Mr. Forbes feels that there is conflict 
between the paragraph on duty in ihe 
section "Engine” and the one on governor 
control because one deals with steady loads 
and the other with transient loads. Both 
types must be considered since the engine 
generator will be expected to perform cor¬ 
rectly under both conditions. Again, for 
governor control, the item does not set 
up a 60% flashing load requirement, but 
merely comments on the ability of the 
engine to do this if it meets the other 


transient requirements in the paragraph. 

It is desirable for the engine to start and 
assume normal load in 30 seconds since the 
microwave users wish to reduce service 
outage to a minimum and this is the short¬ 
est reasonable time at —20 F. Some sad 
experiences have shown that there may be a 
significant difference between the time that 
an engine achieves rated speed and the time 
that it will assume mted load. Sometimes 
an engine will reach speed quickly, but 
when the load is applied will slow down to 
where it will fail to carry the load. In this 
case a warm-up period is required, result¬ 
ing in delay in microwave service. 

The paper was not intended to show any 
preference with respect to liquid or air¬ 
cooled engines. Its only purpose was to set 
up the engine generator performance re¬ 
quirements for adequate microwave service, 
and to comment on certain facts which may 
be of interest or value to a user. As long as 
an engine meets the requirements as set up 


by the microwave needs, choice of cooling 
is strictly the user’s preference. 

Mr. Forbes states that where ambient 
temperatures permit, liquified petroleum 
should, be used. Although the author is 
inclined to agree with this statement and its 
supporting reasons, it was not felt that a 
paper of this nature has the right to say 
what type of power should be used, but 
rather should only describe what perform¬ 
ance is necessary for adequate microwave 
service, and present facts on the character¬ 
istics of each various types of power sources 
so the user can choose for himself in the light 
of his particular situation. 

It is hoped that someone will prepare a 
paper describing good maintenance tech¬ 
niques, operating problems, and their solu¬ 
tions in the operations of stand-by engine 
generators in microwave service. The 
author wishes to thank Mr. Forbes for his 
comments and the interest he has shown in 
this paper. 


Fundamental Relations of System 
Voltage Drop and System Loads 
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O NE of the primary requirements of 
modern electric power systems is to 
deliver power to the loads at essentially 
constant voltage. With strong emphasis 
on fulfilling the voltage requirement, some 
of the important factors which affect the 
ability of the over-all system to deliver 
power are overlooked. A simple series 
circuit including a constant-voltage 
source, a series impedance, and a load 
impedance displays characteristics that 
are similar to those of an over-all electric 
power system. In this paper, it is ex¬ 
plained how some of the fundamental 
concepts derived from a simple series dr- 
cuit may be used to show the interrela¬ 
tions between voltage drop and load¬ 
carrying ability of a system. A dearer 
understanding of the factors which influ¬ 
ence the ability of a system to deliver 
power will enable the engineer to plan 
system development and operation to 
make the most effective use of lines and 
transformers to ddiver power from gen¬ 
eration to the load. 

Curves of voltage drop plotted against 
power delivered at constant power factor 
have been used for studjdng performance 
of a line section.^** By considering an 
over-all power system as a single series 
impedance, similar curves give useful 
information on the ability of a system to 
deliver power at satisfactory voltage. A 


series circuit having a 1.0 per-unit (pu) 
constant-voltage source, 1.0 pu series im¬ 
pedance, and a static-impedance load 
gives general curves that may be adapted 
by a pu approach to estimate perfor¬ 
mance of a power system. Examples of 
the application of this method to • an 
idealized system are presented to show 
the use of these general curves. 

Conclusions 

The general curves of voltage drop and 
power delivered through 1.0 pu imped¬ 
ance applied to electric power systems 
show the effect of such factors as the 
following; 

1. The maxhruxm power that can be trans¬ 
mitted through a power system depends on 
the total impedance of the system between 
generation and load, the resistance-react¬ 
ance (R/X) ratio of the total system imped¬ 
ance, and the power factor of the load. 

2. Supplying kilovar requirements of sys¬ 
tem load locally and power-factor improve¬ 
ment practices not only reduce the voltage 
drop in a power system but also increase the 
maxi m u m power the system can deliver.' 
An example shows that correcting load 
power factor from 0.8 to 1.0 more than 
doubles the maximum power the system 
being studied could deliver for a given 
voltage drop. 

3. Convenient comparisons between nor¬ 
mal and line-outage conditions can be made 


from the general pu curves by reference to 
different kilovolt-amperes (kva) bases de¬ 
termined from the total system impedance 
for each condition. 

4. The use of several load tap-changingp 
transformers or regulators in series can in¬ 
crease the maximum power a system is able 
to deliver at satisfactory voltage. Analysis 
using the general voltage-power curves pro¬ 
vides a convenient method for comparing: 
how effective additional regulating range or 
power-factor correction will be on a specific 
system. 

Assumptions 

The following general assumptions 
were made for this analysis: 

1. The analysis is limited to steady state 
conditions. 

2. Loads are represented by static imped¬ 
ances and are assumed to have constant 
kilowatt characteristics. This is the same 
assumption as made for a-c network- 
analyzer studies of load and voltage prob¬ 
lems. 

3. Synchronous stability problems are not 
considered. Where steady-state stability 
between synchronous machines is a problem, 
the stability limits may restrict power 
transfer to less than indicated by the volt¬ 
age limits developed from this analysis. 

4. Line-charging has been neglected in the 
general analysis. This gives more con¬ 
servative results than would be obtained if 
appreciable amounts of line-charging capaci¬ 
tance were included. 
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Rg* 1. Simplified equivalent circuit 


when Rf—Rg and Xr<=—Xt. Adjusting 
the load impedance to equal the complex 
conjugate of the source impedance will 
be recognized as impedance-matching, as 
used frequently in communication and 
other low-power circuits. The applica¬ 
tion of impedance-matching to the fullest 
extent is impractical on constant-voltage 
power systems, but limited application 
of the same general principle can be ma/le 


not lower than 0.826 pu. Table I shows 
the maximum 0.8 and 1.0 power-factor 
loads the system can deliver at this volt¬ 
age over the range of system R/X ratios 
from 0 to 0.4. Similar comparisons could 
be made at any other pu voltage or at 
other power factors. 

Pu Approach 


6. In the application to actual systems it ^ effectively the capabiKty of a 
IS assumed that adequate capacity is pro- system to transmit power from source to 
vided to avoid thermal limitations in com- load. 

todamatal equations for pourer 
now through impedance show that the 


£:3^1anation 

The simple series circuit shown in Fig. 1 
is made up of a source of constant voltage 
a system impedance and a variable 
load impedance Z,. If the load imped¬ 
ance is gradually reduced from some very 
high value, keeping power factor constant, 
the power received Rr increases and the 
load voltage F, drops below Eg. The 
power increases up to a maximum and, 
if the loa,d impedance is further reduced, 
the power received decreases until it 
reaches zero when the load impedance 
reaches zero. With Eg 1.0 pu volts and 
X 3 1.0 pu reactance. Fig. 2 shows the load 
power and voltage as Zr is reduced, keep¬ 
ing power factor constant These curves 
may be calculated by solving equations 2 
and 10 by longhand calculation, gra¬ 
phically by circle diagram, or by 
the a-c network analyzer. 

The point of maximum power is of 
some special interest By letting k repre¬ 
sent the ratio Xr/Rr, or the cotangent of 
^e load power-factor angle, it is shown 
in Appendm I that the maximum power 
at a given power factor is delivered when 
Rr=‘Zg /'\/Since k may vary, it 
is also ^own that the greatest maximum 
power is delivered when k^—XJRg or 


power received at the load depends not 
only on the load impedance but also on 
the magnitude and R/X ratio of the sys¬ 
tem impedance. To cover the range of 
constants ordinarily encountered in elec¬ 
tric utihty systems, this analysis has 
been made covering system impedance 
R/X ratios from 0 to 0.4, and covering 
load power factors from 0.8 lagging to 
0.98 leading. 

Curves of load voltage and power re¬ 
ceived at constant power factor provide a 
convement method to show the relation 
between system load-catT3ring ability, 
power factor, and voltage drop. Curves 
for loads at power factors of 0.8, 0.9, 
0.98, 1.0 and 0.98 leading supplied from 
1.0 pu voltage through 1.0 pu system 
impedance are plotted for system Rg/Xa 
ratios of 0 in Fig. 2, 0.1 in Fig. 3, 0.2 in 
Fig. 4,0.3 in Fig. 6, and 0.4 in Fig. 6. 

To show how system R/X ratio affects 
the ability of a system to deliver load at 
satisfactory voltage, a constant-voltage 
Ime A. is shown on each family of curves 
at 0.825 pu volts. This particular value 
is used later in the section entitled 
Example 1.” It is based on the as¬ 
sumption that the transformer turn- 
ratios and the regulating range available 
in the system can provide rated voltage 
to the load as long as the pu voltage is 


By special application of the pu system, 
one set of curves calculated for a source 
voltage Eg of 1.0 pu and a sys tem imped¬ 
ance Z* of 1.0 pu can give practical re¬ 
sults for any power system that can be 
reduced to an equivalent of the simple 
series dfcuit shown in Fig. 1. Applica¬ 
tion of the method to study over-all sys¬ 
tem performance is described here, but 
it is equally applicable to the part of a 
system that is fed from a constant-voltage 
source. If the source voltage cannot be 
held constant, it is necessary to go far- 
th^ back into the system until a source 
point is found where voltage can be main¬ 
tained constant over the desired range of 
loads. Failure of the assumed source to 
maintain constant voltage would intro¬ 
duce sizeable errors in the mavim u Tn 
power delivered by the system. 

"When the pu system is used for system 
studies, a base kilovolt (ky) is usually 
chosen to correspond to operating voltage 
and a free choice of base kva can be made 
at any convenient number, like 60,000 
or 100,000 kva. Base current and base 
impedance are dependent on base kv and 
base kva, as shown in Appendix II. For 
application of the pu curves. Figs. 2 
through 6, to actual systems, the operat¬ 
ing voltage at source Eg is chosen as base 
kv. The base kv at other voltage levels 
is then determined by the actual trans¬ 
former turn-ratios. The most significant 
change from the usual procedure is to 
choose a base kva that will make the total 
system impedance Z, equal to 1.0 pu. 



Rs. S (left). 
Rcceivins • end 
voltage and 
power received 
at constant power 
factor with system 
ratio R/X=0 


Rj- 3 (right). 
Receiving - end 
voltage and 
power received 
et constant power 
factor with system 
ni«o R/X»0.10 
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Fig. 4 (left). 
Receiving - end 
voltage and 
power received 
at constant power 
factor with system 
ratio R/X«0.20 


Fig. 5 (right). 
Receiving - end 
voltage and 
power received 
at constant power 
factor with system 
R/X ratio=0.30 



Base kva is made dependent on system 
impedance and base kv. If the system 
impedance is changed, a different base 
kva is used. Comparisons between dif¬ 
ferent systems are made in kilowatt power 
received rather tlian in pu, because the pu 
values are on different base kva. 

Application 

Several examples will demonstrate use 
of the pu curves to reach the general con¬ 
clusions already stated. 

Example 1 

A simple radial system having genera¬ 
tion at one location, 138-kv transmission 
lines, 34.5-kv subtransmission, and 7.2/ 
12,47-kv distribution is shown in Fig. 
7(A). The transformer turn-ratios are 
chosen so that at no load a generator volt¬ 
age 5 per cent below generator rating of 
13.8 kv will give 138 kv on the transmis¬ 
sion lines, 34,5 kv on the subtransmission, 
and 12.47 kv on the distribution system 
with the regulating transformer at the 
34.5 to 12.47-kv step-down on its neutral 
position. The only load tap-changing 
equipment in the entire system is located 
at the 34.5 to 12.47-kv substations and 
has ib 10-per-cent range available for 
regulating the 12.47-kv distribution sys¬ 
tem. For this example it is assumed that 
half of this regulating range is reserved to 
correct for contingencies giving higher 


Table I. Power Received at 0.825 Pu Volts, 
0.8 and 1.0 Power Factor for System R/X 
Ratios Between 0 and 0.4 


System 
R/X Ratio 

Pu Power Received 

0.8 Power Factor 

1.0 Power Factor 

0 .... 



0.1.... 

_0.153....... 

...0.403 

O.2.... 


......0.365 

O.3.... 

......0.137....... 

......0.312 

0.4_ 

......0.130....... 

.0.278 


than normal voltage at the primary side 
of these substations. 

Since this simplified system is S 3 nn- 
metrical, it can be easily reduced to a 
single equivalent impedance that will 
represent tlie entire system from the 
source of regulated voltage at the genera¬ 
tor terminals to tlie load appearing at the 
primary of tlie distribution transformers 
out on the 12.47-kv feeders. The steps 
in the reduction of the system, conversion 
to pu, and finding the total system im¬ 
pedance are shown in Figs. 7(B) and (C). 
Since conditions of maximum load are 
to be considered, it is assumed that the 
generator voltage at pealc load will be 
held at 14.5 kv, 5 per <»nt above genera¬ 
tor rating of 13.8 kv. The generator 
operating voltage of 14.5 kv is chosen as 
base kv. The base kv for each of the 
other voltage levels is determined by the 
transformer turn-ratios from that base. 
It is assumed that 100,000 kva of trans¬ 
former capacity is used at each transfor¬ 
mation. The impedance for each part 
of the system is calculated in pu on a 
100,000-kva base and the appropriate kv 


base. The base kv and the pu imped¬ 
ance for each part of the system on 
100,000 kva are shown in Fig. 7(C). 
The total pu impedance for the ^stem 
is 0.104+j0.4949 pu or 0.506 pu on 
100,000-kva. 

By changing to a new kva base that 
will make 0.506 pu on 100,000 kva equal 
to 1.0 pu, the general curves calculated 
for 1.0 pu system impedance become 
directly applicable to the system being 
studied. Appendix II shows the deriva¬ 
tion of the following expression for chang¬ 
ing to the new base kva. 

, , base kvai 

base kva* = - 

Zj m pu 

100,000 

base kva* = = 197,500 kva 

0»50o 

The R/X ratio of the system impedance 
is 0.104/0.495 or 0.21. Since this is very 
close to 0.20, the curves in Fig. 4 will be 
used for this case. 

The base kv for the 12.47-kv system 
established by the generator base kv and 
turn-ratio is 15.1 kv when the regulating 



Fig. 6. Receiving-end 
voltage and power. re¬ 
ceived at constant power 
factor with system R/X 
ratio=0.40 
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34.5 Kv. 


13.2 Kv. 138 Ky 


(3.2/138 2 CIRCUITS 

too MILES 




LOAD 

area 


13.2 Kv. 138 Kv. 


ot 


138/34.5 Kv. 34'5/I2.47±I0% 

6 CIRCUITS 20 CIRCUITS 

10 MILES 3 miles 

(A) idealized radial power system with 

ONE STEP OF RESULATION 


2 CIRCUITS 
13.2/138 100 MILES 






LOA 




ARE 




5+j37.5.a 




^465+jl.25A QfiAxj A 


125,5 ± 10%/34.5 34^5/12.47 ±10% 

6 CIRCUITS 20 CIRCUITS 
10 MILES 3 miles 

WITH 

TWO STEPS OF REGULATION. 


IB) LINE IMPEDANCES IN OHMS 


^ .«65+il.2»A ,j< .0644.1. 

IB) LINE IMPEDANCES IN OHMS 


1125 A 


145 Kv. 




151.5 Kv; 


37.8 Kv. 


if 


15,1 Kv.. 


14.5 Kv. 


.O04l+].07D5 0041 +i n7n« 

0325 + 1 ^ +J.0540 

.0323+J.I630 .0325+1.0875 .0266+J.0494 

total Hs- .1040+j .4949 «.506 PER UNIT 

1C) BASE Kv, AND PER UNIT IMPEDANCES ON 
100,000 Kv* BASE 

Rs. 7. R,d««o« o( .y«.m „„ 

ation 




151.5 Kv. 


46.3 Kv. 


18.4 Kv. 


.004I+J.0705 .0028+j.0485 . .0028+10361 

• 0325+J.1630 0217+1 

.UZ17+). 0584 .OI78+j.0332 


(C) 


total Zg » .0817 +j .4097 » 0.418 PER UNIT 

base Kv. AND PER UNIT IMPEDANCES ON 
100,000 KvA BASE 


Rs. 8. 0l ^n. k.,to5 (..j hp.ck.,„„, 

ailons 


transfomers at the 34.5 to 12.47-kv sub¬ 
stations are at maximuiu boost. Normal 
operating voltage of 12.47 kv is 0.826 pu 
and It can be plotted in Fig. 4 as a hori¬ 
zontal line A. The intersection of this 
voltage line and the constant power- 
factor curves designates the mflv7ni ,,Tn 
power that can be delivered at 12.47 kv 
at that power factor. 

Evaluation of the power received shows 
that 28,800 kw can be delivered at 0 8 
power factor, and 69,600 kw can be 
delivered at 1.0 power factor. For this 
system, power-factor correction from 0 80 
to 1.0 more than doubles the amount’of 
revenue-producing kilowatts the system 
can deliver. 

Example 2 

^ An example of practical interest is to 
determine the maximum load the simpli¬ 
fied system of Example 1 could deliver' 
^•th one of the 138-kv transmission lines' 
out of service. The impedance of the 
138-kv Ime is doubled to represent the 
loss of one line, and the total system im¬ 
pedance becomes 0.1365+i0.658 pu or 
0.672 pu on 100,000 kva. The base kva 
to make this impedance 1.0 pu is 149,000 
^a. The system J2/X ratio is 0.207 so 
tte m 4 will again be nsed. 

The total regulating range is the same 

27.0 


as was available in Example 1 so the same 
voltage Ime will be used. 

With one 138-kv line out of service the 
ptem can deKver 0.348 pu power on a 
149,000-kva base or 51,800 kw at unity 

floTm compares with 

69,600 kw at unity power factor when 
both Imes were in service. At 0.80 power 
factor, 0.146 pu power can be delivered 
which is 28,800 kw for the normal condi^ 
bon and 21,800 kw when the line is 


Example 3 

If the system used in Example 1 has 
load tap-changing equipment at the 
138/34.6-kv transformation as weU as 
the 34.6/12.47-kv substations, the results 
wdl be somewhat different. The system 
uang steps of regulation is shown in 
Fig- 8(A). Hie transformer turn-ratios 
are diosen so a no-load generator voltage 
o per cent below rating of 13.8 kv will 
give 138 kv on the transmission lines, 
34,6 kv on the subtransmission lines with 
the 138/34.6-kv transformer tap-changers 
on maximum buck, and 12.47 kv on the 
distribution feeders with the 34 . 6 / 12 . 47 - 
kv ^ansformers on the neutral tan 
position, ^ 

The steps m the reduction of the sys¬ 
tem, conversion to pu, and finding the 
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totd system impedance are shown in Figs 
(B) and (C). The generator operatine 
voltage IS chosen as base kv and is as¬ 
sumed to be 14.6 kv under maximum 

maximum load, the 
138/34.5-kv transformers are assumed to 
be on maximum boost tap of 113/34 6 kv 
and the 34.5/12.47-kv transformers are 
maximum boost tap of 
34.6/13.72 kv. These turn-ratios give 
me new base kv, shown in Fig. 8(C). As 
m Example 1, it is assumed that 100,000 
kv^of transformer capacity is installed at 
^ transformation. Fig. 8(C) shows 
the impedance of each part of the system 
calculated in pu on 100,000 kva and the 
proper base, as determined by actual 
turn-ratios. The total pu impedance 
tor the over-all system is 0.0817+j0 4097 

or 0.418 pu on 100,000 kva. 

The system impedance of 0.418 pu on 
100,000 kva is equal to 1.0 pu impedance 
on a 239,000-kva base. Its i2/X ratio is 
0.20 so the curves in Fig. 4 apply. 

The base kv for the 12.47-kv part of the 
system is 18.4 kv as determined by the 
base kv at the generator and the assumed 
turn-ratio. Normal operating voltage 
of 12.47 kv is 0.678 pu on the 18.4-kv 
base. A constant voltage line B is 
plotted in Fig. 4 at 0.678 pu volts. The 
intersection of this line and the constant 
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power-factor curves show the maximum 
Power that can be delivered at 12.47 kv 
for that power factor. 

The effect the second tap-changing 
transformation has on the load-carrying 
ability of the system is shown by a com¬ 
parison with the results of Example 1. 
The results are tabulated in Table II. 

The effect an additional regulator has 
on raising the maximum power delivered 
depends on where the regulator is located 
and on how much of the total system im¬ 
pedance it changes to a higher base kv. 
However, on any specific system, a com¬ 
parison similar to Table II provides a 
sound basic approach for studying the 
economics of using additional steps of 
regulation or power-factor correction to 
raise the load-carrying ability of that 
system. 

Summary 

These three examples illustrate use of 
the general voltage-power curves to esti¬ 
mate over-all system performance. The 
pu approach makes it possible to obtain 
results on a variety of systems from one 
set or curves derived from a series circuit 
having a 1.0 pu voltage source and a 1.0 
pu system impedance. The general curve 
and the pu approach provide a useful 
method for stud3nmg over-all system per¬ 
formance and comparing alternate plans 
or apparatus in planning for future sys¬ 
tem growth. 


Appendix I. Calculation of 
Curves 

In the series circuit, Fig. 1, E® represents a 
source of constant voltage, Z® represents the 
total system impedance, and Zr represents 
the load impedance. The maximum power 
that can be delivered through a given trans¬ 
mission system or source impedance can be 
found by expressing the power received in 
terms of known parameters and solving for 
the maximum with respect to Zr.* 

The current in the series circuit is ex¬ 
pressed as 


V'(i2«+Er)*-|-(X®-|-J:r)* 

The power received at the load is 
« -E®*J2r 


Table II. Comparison of Results 




(E®-l-E0*+(J^r®+:^:r*) 


To find the maximum power that can be 
•delivered at a given power factor, let k 
represent the cotangent of the power-factor 
angle or the ratio of XrlRr 

Jt^XrlRr 

Xr^kRr 

Substituting in equation 2 


Load Power 
Factor 

Power Delivered 

System Using 
One Load-Tap 
Changing 
Transformation, 
Rw 

System Using 
Two Load-Tap 
Changing 
Transformations 
Ew 

0.8 lagging.. 

.28,800. 

.50,200 

0.9 lagging.. 

.37,500. 

_63,900 

0.98 lagging.. 

.52,900. 

.82,000 

1.0. 

.70,100. 

.99,500 

0,98 leading.. 

.91,300. 

... * 


^This point is below the voltage at maximum power 
so the full tap range cannot be effectively used. 


(22®-|-Er)*+(:f,+ifeEr)“ 

With k held constant to represent con¬ 
stant power-factor load, the value of Rr that 
will give maximum received power is found 
by taking the first derivative of Pr with 
respect to Rr and equating it to zero. Then, 
solving for Rr gives 

„ Z® 

Rt^ / - — /- (4) 

V1+** 

This value of E® in terms of Z® and h is 
substituted in equation 3 and after ex¬ 
panding and simplifying gives 

E®» 

Fj-max®® / ■ - (5) 

2Z®V H-;fe*-{-2(i2®+*X®) 

Since k may be variable, it is also desir¬ 
able to find the value of % which gives the 
greatest maximum power received. This is 
done by taking the first derivative of Pr niax 
with respect to k, equating it to zero, and 
solving for k. Tliis gives 

( 6 ) 

The greatest maximum power received is 
found by substituting equation 6 in equa¬ 
tion 5. 


4i?®+- (:^r,*=hjf®*) 
it® 

By inspection, this expression of received 
power will have its maximum value when 
k^ —XJRg and equation 7 becomes 

E®* 

PT max max ^ (®) 

4i^ 

For k — —X»/Rg, the Xg term will have to 
be the negative quantity. When these 
conditions are met 

P E,VE®»-i-;g-®» ^ 

Vl+X,W^ VRg‘+Xg* 


Since by definition k^Xr/Rr and for 
greatest maximum power received k = ~Xg/ 
Rg and Rr =E®, then Xr——XgOs:Xg=»—Xr. 
Therefore, the system and load impedances 
are equal and the reactive components have 
opposite signs, or the load impedance and 
the system impedance are the complex 
conjugates of eadh other. 


The voltage at the load is of primary in¬ 
terest in constant-voltage electric power 
systems. It can be calculated 

F,=E®-JZ® 

In phasor form 

E® 

^“E®-l-Er-h;(:^®-|-Zr) 

and 

Vr=Eg{l - \ (10) 

" *V Rr+Rg+KXg+Xr)/ . ^ 

Vr^Eg( __ ) 

‘\Rr+Rg-{-jiX,+Xr)J 


Appendix II. Calculation of 
Base Kva and Base Current 

In balanced, 3-phase systems, the rela¬ 
tions between system quantities in ohms, 
amperes, volts, and corresponding pu 
quantities are given by the following 
equations 

base kva=base current, amperes X \/5 
base line-to-hne kv 

base current, amperes = 

_ base kva _ 

■\/Z base Une-to-line kv 

base impedance, ohms == 

base line-to-line kvX 1,000 
base current X-\/3 
(base line-to-line kv)^X 1,000 
base kva 

„ actual Z, ohms 

pu Z~ -^— 

base impedance 

actual ZXbase kva 
(base line-to-line kv)* X 1,000 

From equation 13, the following expres¬ 
sion for changing pu impedance from one 
kva base to another or brom one kv base to 
another is apparent 


_ /base kva»\/base kvA* 
pu * pu ' y^jasekvai/xbasekv*/ 

Rearranging 

/puZA/basekv*\* 

basel™.=basekva. 


Equation 14 may be solved to find a new 
base kva that will make the pu impedance 
on the old base kva equal to l.p pu on the 
new base. Assuming no change in base kv, 
the equation is simplified to 


base kva® = 


base kvai 
puZx 
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Discussion 


H. R. Tomlinson and R. O. Bigelow risTew 
Company, Boston. 

LtimSi interesting approach for 

®ver-all system basis, the 
voltege performance of alternate methods 
This method appears 
T cases where voltage 

determining factor 
maximum permissible line 

loa^gs; and where sufficient accuracy can 

stante^^^f by reduction of the system con¬ 
stants to a smgle lumped impedance. It 
Sf that these restrictions may 

i^ffit m very hnuted appKcations of the 
conclusions from a 
J alter^tes if the limitations of the 
method are umntentionaUy exceeded. 

of practical problems 

of system planning mvariably involve a 
combmation of thermally limited and volt- 
age-limted facilities which are closely inter- 

Se thtmSn?^?^®^®' the importance of 
tte thermal hmitations is greatly increased 
^ voltage-improving devices such as regu- 
instaUed on Sfe 
fo~^‘ ? practical, there¬ 

fore, to elmmate this interrelationship as 
si^gested by authors’ assumption 6. 
S^ong emplusis should not be placed on 
wltage requirements without giving equal 
consideration to the importance of deliver- 
wdth^’Cr thermal limitations and 

wth losses based on optimum design. As 

an exampk, one conclusion which might 
be^wn from a study based on the powtt- 
ver^-voltage curves of the paper iV tiSt 
capabiHty of a system 

be provided more economicaUy with 
wltage-regi^ting equipment than with 
r^- installed at the locations of 

appears by comparing 
^ mvestaent m regulating equipment with 
an mvestoent necessary for shunt capacitors 
the same increase in load ca- 
f verifies the 

voltage hmitations can be 
alleviated more economically with regulating 
with capLtors, k^com! 
pletdy excludes both the increased load 
Provided by capalftors 
tt^ally limited elements of the system 
and the reduction m losses in aU elem^ of 

These added factors will generally be ore- 

^condly, the method .requires that the 

SnS to a single^ptd 

imp^^ce. This means that any studies 

^on of only two pomts on the system. In 

the examples given in the paper, the author 

concentrate their attention a 

* 1 ... aiienuon on a source. 

bm generator terminals or some othe^ 

where constat voltage is mainW? 

distribution 

the loadas assurnedtobe concentrated. 

272 ;'-'^ 


No consideration is given to the inter- 
meffiate substation bus voltages or gradients 
on mte^emng fines having widely different 
‘^°“sidering the method 
frorn the point of view of application to prac¬ 
tical system design problems, there are very 
few cases were conditions at these inter¬ 
mediate pomts can be neglected. 

^ distribution 

feeder ^ymg a voltage gradient between the 
first and ^t customer. The application of 
additional regulating equipment will permit 
h^vi^ loa^g for the same center-of-dis- 
•tnbution volffige but there will be a stepper 
voltage gradient which may exceed p^- 

Wroad. is extended to 
mclude the entire supply system, it is neces- 
+ 1 ^ ratam, in the equivalent representa¬ 
tion the identity of important intermediate 

^be load. 

This IS particularly true on large systems 
h? significant portion of the load may 
be dehvered at transmission or subtrans- 
mi^ion voltages. In addition, the lumped 
impedMce approach provides no means of 
mdudmg ffiversity or of establishing which 
po^ons of the system are voltage5imit2 
and which portions are thermafiy limited 

autnJte^SSn ’Sarx n^of S! 

curves presented m this paper provide a 
veiy useful tool for estimating pu^osi 
on ttose portions of a system where voltage 

the be established L 

ffie offiy limiting factor and where inter- 
mediate points are of no concern. 

fi, questionable, however, whether 

technique can be applied successfully to 
an entire system from generator to load, 

« suggested by the authors in their illus¬ 
trative examples. It is recognized that 
graeral studies of this type must be based 
on smphfied equivalents if the complexity 
of the mathematics is to be contained within 

import^ 

^be value of the 

upon the^S”®^ are entirely dependent 
upon the accuracy with which this equi- 

®y®*®” conditions. 

T “ ‘bat application of this 
method on such a broad scale requires an 
^^simphfication which may lead to serious 


Rbfbrbkcb 

los^L Transactions, vol. 73 nt tit 

1064 (Peb. 1956 section), pp. 1,677-k ’ ' 

G. M Miller and L. W. Robbins: We 
c^^y apee that many of the details haVe 
“ ‘be examples of the 
paper. We wonder, however, if these de- 

completely when pro¬ 
jecting the system into the future, say as 
IKTha^ M the Bfe „f tte ^ 

bemgb^t‘oday. At that time, the s^tS 

‘°^^y’® load. 

j„_,.‘^®.“^®ased load be carried simply by 
^phcating today’s system or will some of 
^ oa today’s 

affe(S^f, decisions made now will 

affect what can be done in the future. Per- 


‘?®/o®alized system approach is one 
“®thod of answering these questions. 

Mr. Tomlinson and Mr. Bigelow verv 
accurately pointed out that there are tw 
ways in which comparisons can be drawn 
from the curves of the paper. One is the 
comparison between regulating equipment 
fn improvement equipment 

to handle the same kilowhtt load. The 
second comparison concerns the amount of 
loading that can be handled within a given 
jobage pattern. It should S 
noted that these two comparisons corre¬ 
spond to a vertical and horizontal compari- 
son respectively on the curves of Figs. 2 
through 6 We agree that losses ^and 
thermal loadmg should be part of the engi- 
nemng evaluation of the firet comparison. 
ActuaUy, we Imve found the approach of 
the paper particularly useful in evaluating 
losses for various system patterns. 

In the second comparison we would like 
to point out one method that might be used 
to factor m the effect of thermally limited 
eqmpment wh^ considering increased lofd- 
mg within a given system voltage pattern. 
We may use the first example of the paper 
whose total transformer impedance repre- 

*be total 

i®^r®®“ S^ei^ation and load. 

K are applied on a 

therm^ basis and transformer bank sizes 
would be expected to increase proportionally 
mcrease in load permissible with 
^“”P^o^®raent. This would 
“ decrease of transformer im- 
iwt? Praportional to the reciprocal of the 
^ ‘bis results in 

L “ ‘be loading of the 
[®”???®‘/^^‘be system than is infficated 
m Table I. Referring to line A of Fig. 4 

fnlf f ^ ^ansmitted at 0.98 lag 

at oV’V r transmitted 

at 0.98 lead equals 0.46 pu. The new 

J7stem r^ctoe at 0.46 pu loading would 
be equal to 0 6 + 0.27/0.46 X 0.4 or 0.824 

However, 

^ *be new system 

base and corresponds to 0.46 X 1/0.824 or 

svstem A ^ ^® ‘be original 

+ro ?■ ^ second approximation of the 
^aiisfom®r reactance is indicated and this 
r^ults m an mcrease loading to 0.68 pu on 
S® base. From this it may 

be concluded that it is possible to more 

1 ?^® i°®‘lbig on that part of the 

SS" '^‘^® "P i=be original 

impedance by increasing the load power 
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UNE AMPERES 

Rs. 9. Transmission costs in dollan pei 
ampcrc-mile for seven steel-reinfoiced alumi- 
num-cable conductors versus line loading in 
amperes. Fixed costs of $10,000 per mile, 
conductor cost, $0.50 per pound, and losses 
are evaluated at $300 per kilowatt 
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factor from 0.98 lag to 0.98 lead. In our 
example this corresponds to doubling the 
loading on all the lines. 

We would like to refer to some un¬ 
published work cov^ing the economics of 
transmission line conductor size to indicate 
. the possible economics that might be realized 
if the system is built to take this increased 
loading. Total cost has been determined 
on an ampere-mile basis as the function of 
three costs: 


1. Those costs that are independent of 
conductor size such as right-of-way; ter¬ 
minal equipment; that part of the structure 
and insulation costs independent of con¬ 
ductor size; overhead ground wires and 
structure grounds, if required; and engi¬ 
neering. 

2. Those costs that are a function of 
conductor size such as delivered cost of 
conductor; stringing costs; and that part 
of the structure and insulation costs which 


is a function of conductor size. 

3, The cost of the power losses. This is 
a function of line loading and conductor 
size and is equal to 3 PH. 

Fig. 9 shows some of the results of this 
study. It indicates that large conductors 
and heavy line loadings make for minim nin 
line costs and it appears to justify the care- 
M investigation of those factors affecting 
line loading. 


Design of the Adjustable Lin-O-Phase 
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Filler 

REUBEN LEE 

MEMBER AIEE 


A long with tlie growth of power line 
carrier communications and conse¬ 
quent crowding of the frequency spec¬ 
trum between 40 and 200 kc, the need 
for band-pass filters has arisen to prevent 
adjacent channel interference. With fre¬ 
quency-modulated transmission, require¬ 
ments for these filters are unusually diffi¬ 
cult, as can be seen from the response 
limits shown in Fig. 1. A specified maxi¬ 
mum insertion loss of 17 dedbels (db), a 
passband of ±3 kc, together with at¬ 
tenuation at ±8 kc of -100 db compared 
to mid-band present a technical problem 
unusual in two respects: Design of the 
filter to meet specified requirements, and 
measurement of the filter characteristics. 
In both the design and the measure¬ 
ments, special precautions are necessary 
prevent stray pickup from spoiling per¬ 
formance. 

Electrical Design of Filter 

Performance required of these filters 
is as follows: 

1. Must adjust to any frequency from 40 
to 200 kc. 

2. Maximum mid-band insertion loss must 
not exceed 9 db at 40 kc and 17 db at 200 kc. 
Must be proportional at other frequencies. 

3. Attenuation at frequencies must be 
=b8 kc from mid-band, 100 db minimum be¬ 
low mid-band loss. 

4. Response at frequencies ±3 kc from 
mid-band must be within 6 db. 

6. Maximum distortion must be 10 per 
cent (with 1,000-cycle audio and modula¬ 
tion index—2,6) when tested in frequency- 
modulated transmitter-receiver setup. 

6. Response and distortion limits must not 
be exceeded over a range of temperature 
from —20 degree centigrade (C) to H-70 C, 
and humidities up to 95 per cent. 


7. From 2 to 10 filters shall be capable of 
being connected in parallel across 100- to 
200-ohm transmission line without inter¬ 
action. 

8. Absorption of local transmitter power, 
at any frequency, must be less than 1 per 
cent per filter, 

9. Must be mechanically sturdy. 

To prevent distortion to a frequency- 
modulated signal, it is necessary to con¬ 
sider both amplitude and phase response 
over the frequency range of each filter. 
An ideal filter would have attenuation 
and phase shift as shown in Fig. 2, i.e., 
the attenuation would be zero in the pass- 
band and infinite at all other frequencies. 
The phase shift would be linear through¬ 
out the passband. Then the signal at 
the filter output would be an exact replica 
of the input signal but delayed in time. 
Such a filter cannot be realized in practice 
because of inevitable coil and reflection 
losses. . 

Several types of filter have the neces¬ 
sary attenuation; shunt-turned band¬ 
pass configuration of Fig. 3 was chosen 
because of its simplicity and fairly linear 
phase shift over the pass band.^ Lin¬ 
earity of phase shift in the Lin-O-Phase 
filter is sufficient to prevent distortion 
of frequency-modulated signals trans¬ 
mitted through the filter. This is indi¬ 
cated by the typical 100-kc carrier-fre¬ 
quency phase-shift curve shown in Fig. 4. 
Component values of inductance and 
capacitance are calculated from the usual 
design formulas which are given in the 
following. 

For a full section, each coil has 

y- (/2—/l)„ . 

Each series capacitor has 


Each shunt capacitor has 
farads 

where 

fi “lower cutoff frequency 
/s “upper cutoff frequency 
i?“ filter characteristic impedance 


( 3 ) 


Frequencies/i and/j lie somewhat out¬ 
side of the passband. Calling the fre¬ 
quency spread for 3-db response BW 


fs—fi 

BW 


“1.4 


To avoid distortion, phase shift must be 
dose to linear from fi to f^. For a 14- 
section filter with the response of Fig. 1 
and phase shift of Fig. 4, distortion was 
8 per cent maximum. 

The wire used in winding tlie coils is 
Litz. Coil Q changes with frequency, 
as shown in Fig. 5. All coils are vacuum- 
impregnated in high-grade wax to exclude 
moisture and maintain Q under extreme 
humidity. The need for high Q is 
greatest at the highest carrier frequencies. 
At these frequencies, mid-band loss would 
exceed the limit if Q were lower than 180. 

The filter is made adjustable so that it 
may be tuned to any frequency within the 
range. A total of 16 different designs 
covers the carrier band of 40 to 200 kc, 
with each filter covering about a 10-per¬ 
cent frequenqr range. These filters are 
all similar in construction and differ from 
each other only in tiie values of induct¬ 
ance and capacitance necessary to tune 
the filter to the desired frequency. Tun¬ 
ing is accomplished by an adjustable slug 
within each coil. The range over which 


Paper 5S-78, recommended by the AIBE Carrier 
Current Committee and approved by the AIKB 
Committee on Technical Operations for presenta¬ 
tion at the AIEB Winter Genial Meeting, New 
York, N. Y., January 31-February 4,1965. Manu¬ 
script submitted October 21, 1954; made available 
for printing December 3,1954. 

BBtirBBN Lbb is with the Westinghouse Electric 
Corporation. Baltimore, Md. 

The author is grateful to R. W. McCusker for do¬ 
ing the experimental work on which the paper 
is based. 
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Fig. t. Line-O-Phase Alter frequency response 

the coil can be tuned is limited to 25 per 

cent of maximum inductance to maintain 

the coil Q values necessary to keep inser- j 

tion loss within the desired limits. 

To prevent loading of the power line 
mth several parallel-connected filters at tl 

high filter impedance is used, on tie 

order of 10 to 20 Idlohms. For the fre- ^ ^ 

quen<y range under consideration, a filter ut, • i tv . 

having Zo in the 10,000- to 20,000-ohm 
ranp gives convenient values of C and L. 

A high impedance filter operating between 7 shows 

resistive terminations i?i=i? 2 =Zo pre- 
vents absorption of local transmitter *°r. 
power by the filter input sections. Filter ^ 

impedance varies with fteqnenqr. as 

shown in Fig. 6. The mid-shunt imped- 


90 92 


94 96 98 100 102 104 106 108 110 

KILOCYCLES 


Fig. 4. Typical Lin-O-Phase Alter phase shift versus frequency 






rO ffl 


Rg. 2. Ideal Alter attenuation and phase shift 


ance drops to low values at frequencies 
below fi and above f^. A transmitter 
op^ting at these frequencies would 
deKver most of its power into the filter 
if it were not for the high value of Zo. 

Physical Design of Filter 

Fig. 7 shows the Lin-O-Phase filter with 
the cover off and with a section of the filter 
shown separately. Each section is 
mounted on micarta angle as a separate 
subassembly. A core surro unding the 
adjustable coil has two half-cups of 
powdered iron cemented together. On 
the top half is a brass turret which sup¬ 
ports the tuning slug. Both cups and 
slug are molded of finely divided iron 
particles and an insulating bond. Core 
temperature coefficient of permeability is 
0.002 per cent per C. At the sides of the 
coil are mounted the series and shunt 
capacitors. Wiring between sections pas- 
Ms through notches in the partition. 
Components are not grounded to the case 
but the return wire, G in Fig. 3, is insu¬ 
lated to eliminate ground currents which 
might link directly between terminals 
without passing through the filter. 

Each filter section is completely 
shielded from eadi other section. Shield¬ 
ing is necessary because of stray flux from 
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the adjustable coBs. Such shielding is 
not necessary in fixed-frequency filters 
using toroidal coils; with care in manu¬ 
facture, toroidal stray flux can be made 

negligible. The filter case itself is made 

of cast iron and has 16 compartments, 
one for each section. The first and last 
sections are half-sections for matching 
purposes. Each compartment is lined 
with a nonferrous metallic liner to main¬ 
tain coil Q at a high value. If the non- 
ferrous liner were omitted, stray flux 
from the coil would cause sufficient loss 
in the cast-iron case to degrade Q below an 
acceptable value. 

The assembly is mechanically quite 
rugged. Of the many filters which have 
been shipped so far, all have withstood 
®^pping shocks with no change in tuning 
or other damage. 

Stray magnetic flux ema nating from 
the top of the core in each compartment 
is shown approximately by the thin lines 
in Fig. 8. In this figure, the nonferrous 
liner is aluminum. Most of the flux 
crosses directly from the plunger to the 
cup core, as indicated by the short hori¬ 
zontal lines. Small inevitable air gaps 
exist around the plunger and where the 
cup cores are cemented together. Some 

of the flux from the plunger gap re-enters 

the cup core at some distance from the 
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Fis* 5. Variation of filter coil Q with frequency 



Fig. 7. Lin>0-Phase filter with lid removed (L 1 C 1 C 2 for one section 
shown separately) 


plunger. Other flux lines strike the 
thick top wall of*the turret and cause 
eddy currents to be set up in the direc¬ 
tion shown by the arrow points and tails. 
These eddy currents cause most of the 
flux to be deflected away from the turret 
so that very little enters the turret ex¬ 
cept for a few mils of depth on the inner 
surface. The flux is further deflected 
away from the sides of the turret by eddy 
currents shown along the Vertical walls 
and re-enters the core at the base of the 
turret. A few of the flux lines leak out 
of the small gap between the turret and 
the cup core where they fan out until they 
strike the aluminum liner. Hqre, again, 
they set up eddy currents whidhi deflect 
them down toward the gap between the 
cup cores. A much smaller amount of 
flux penetrates tlie aluminum liner. This 
is represented by the single line which 
sets up eddy currents in the cast-iron 
partition waU, and which in ttun deflects 
flux back to the iron core. 

Field strength H, shown as an ordinate 
and causing this stray flux, is indicated 
qualitatively at the top of Fig. 8 with 
abscissa corresponding to radial distance 
from the center of the plunger. The 
turret shields the current at the top of the 
coil so effectively that it is not necessary 
to use an iron cover for the filter. The 
cover used with the filter of Fig. 7 is 
made of 1/8-iuch thick aluminum. 



Fig. 6. Variation of filter impedance with 
frequency 
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In each compartment, stray flux strikes 
the nonferrous liner and sets up shielding 
eddy currents in a similar manner. Only 
a very small fraction of the total stray 
flux reaches the cast-iron partitions be¬ 
tween compartments. What little flux 
does reach the cast iron penetrates the 
casting walls to a still smaller surface skin 
than in the nonferrous liner. Attenua¬ 
tion of the stray magnetizing force pro¬ 
duced by each coil is thus effected in two 
stages: first, by the liner and, second, by 
the case. The strength of the magnetiz¬ 
ing force at any distance x from the sur¬ 
face varies accordingly to the following 
equation 

H—s ( 4 ) 

where 

■Hi) = magne tizing force at the surface 
d = 1,980 •%/ p/fif, inches , 

p “resistivity, ohm-centimeters 
permeability 
/“frequency, cycles 

In this equation, 8 is known as the 
depth of penetration; it is the distance 
from the sturface at which eddy-current 
density is 36.8 per cent of the surface- 
cixrrent density. For any nonferrous 
metal, n is unity and, for cast iron, it is 
approximately 1,000. The depth of 
penetration for aluminum at 100 kc is ap¬ 
proximately 0.01 inch and for cast iron 
it is 0.0017 inch. Thus the pickup in 
the wiring from section to section is re¬ 
duced to a very small amount by cast- 
iron walls of 1/8-inch tdiickness and liners 
0.025-mch thick. Using the foregoing 
equation, the attenuation caused by cop¬ 
per alone is as follows 

H'“ “0.046Hi for 

0.025-inch thickness 

H’“ Hbe “ 0,25 X10-»Ho 

for 0.125-inch thickness 
The shielding effect of thick walls is 
quite apparent. For the 1/8-inch wall, 
the magnetic field strength is attenuated 


132 db. Because of this, it might be 
thought that 1/8-inch tliick copper parti¬ 
tions would provide enough shielding. 
This is not sufficient because, part way 
through the wall, opposing eddy currents 
from neighboring compartments are flow¬ 
ing. Resultant stray flux thus tends to 
link other sections and by-pass the filter. 
Besides, this stray flux could link the 
wiring in the carrier receiver, which has 
approximately 100-db gain. At 8 kc 
from mid-band, the pickup with an all- 
copper case is large enough to limit at¬ 
tenuation to about 70 db and throw the 
filter response out of limits. 

Hence, dual shielding is required: iron 
to attenuate stray flux, and nonferrous 
metal to keep most of the stray flux out. 
of the iron and, hence, keep coil Q high. 
The attenuation of magnetizing force for 
various thicknesses of cast iron, copper, 
and aluminum, is given in Table I. 

The tremendous calculated attenua¬ 
tion of 609 db with 1/8-inch thick iron 
walls is, of comse, more than needed; 
but in a casting, 1/8-inch thick walls are 
the minimmn practicable. A fabricated 
steel case of tlrinner stock would also be 
amply effective. In Table II are figures 
showing the effect on Q of a 200-kc coil 
with and without nonferrous liners. 

Measurements 

To measure the performance of a filter 
whidi meets the requiranents of Fig. 1, 
it is necessary to observe several unusual 
precautions. To get accurate readings, 
the residual or stray voltages should be 
at least 20 to 30 db below the minimum 
expected filter output or, for this case, 
about 120 to 130 db or more below mid- 
band. Therefore, noise filters must be 
used in all power lines entering the meas¬ 
uring booth to exclude radio-frequency 
pickup from these lines. Not only must 
the booth be shielded but there must be a 
shield between the input and output ter¬ 
minals of the filter. The main reason 
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for this second set of shields is to prevent 
the output voltmeter from picking up 
stray flux from the signal generator 
directiy though the air. Fig. 9 shows 
the shielding which was used in making 
measurements on this filt^. Without 
such shielding or with the filter cover re¬ 
moved, the attenuation curve apparently 
flattens off at about 70 db, as shown 
dotted in Fig. lo. Without the cast- 
iron case, there is suflident pickup of 
steay flux from the input end sections of 
filter by the voltmeter power leads to 
indicate even less attenuation. 

Signal generator output should be a dis- 


AL. liner 


tortion-free sine wave. The signal gen¬ 
erator power supply should be weU 
filtered to eliminate hum. Beat fre- 
quendes caused by harmonics or hum 
are effectively detected by the skirts of 
response curve, so that using poor 
input wave form may result in erroneous 
lUter output. 

Attenuation is measured conveniently 
on an electronic voltmeter with 11 ranges 
from 0.001 to 100 volts full scale. This 
type of meter has an electronic amplifier, 
the gain of which is adjusted for each 
range. Consistency of readings is checked 
by taking output at some readable point 
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Rg. 9. ShJeldlns uied for attenuation meajuwmenfs 
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The Sigmil gen- on two different scales. Starting with 
be well mid-band attenuation and proceeLg to 

monies OT h^’ fb V''™ it is possible to 

by tt^sSr^^ <*'f««yrangeinthismanner. Unless 

aafLS ^2 “**'*“^«”^'.”0”linearitiesinthe 
uit in erroneous measurements. 

ed convenientlv ‘Mstypemaybe 

uU scale tL resonance of the shunt arms 

^om^plffit '?“f.=“«“«attefonowingsection 
S fofeaS Voltage minima and 

fings is checked Ptopsr tuning of the 

refdabte iS alternate sections. In effect, 

P this method means that Zi and C, of each 

section. Fig. 3, are tuned to the upper 
cutoff frequency. When the foUowing 
section is short-circuited, the series capac¬ 
itor Cl changes this tuning so that the 
filter is tuned as a compkte unit to mid- 
, _, band frequency fo=^Vf,f,. This is not 
quite the same as (A+f 2 )/ 2 , and a small 
coCTection has to be made to center the 
mid-band frequency. 

Insertion loss is measured by a volt¬ 
meter connected across i? 2 . With con¬ 
stant input voltage, the ratio of output 
voltages with and without the filter be¬ 
tween J?i and Jig is the insertion loss ex¬ 
pressed in db. The most noticeable ef¬ 
fect of temperature was to shift slightly 
the nose of the response curve. With the 
low temperature coefficient cores, this 
shift was approximately ±250 cydes as 


— .wi «u«iiuanon measurements +i, * - •' its 

tne temperature was changed from -20 
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Table I. Attenuation of Magnetizing Force 


Table II. Effective Q of a 200-Kc Coil 


P, Ohm- 

Metal_Centimeters /t Inch 


Cast iron.80 

Copper. 1.7 

Aluminum. 2.7. 


1,000. 0.00177, 

1.0.00817. 

1.0.0103 . 


Db Attenuation of H By 


0.025-Inch 1/8-Inch 

Thick Thick 


..122. 

.609 

.. 27. 

.182 

.. 21. 

.106 


Filter Compartment, Thickness Coil Q 


1/S-inch copper. 195 

l/8*inch iron. 76 

1/32-inch iron. 76 

1/8-inch iron1/32-inch copper liner.103 

1/32-inch iron+1/32-inch copper liner.194 


to +70 C. There was sufficient latitude 
in design so that the response remained 
within the limits of Fig. 1 when tempera¬ 
ture was varied between these extremes. 

Distortion was measured with a con¬ 
ventional distortion meter connected in 
the frequency-modulated receiver audio 
output. Although distortion was some¬ 
what different at different carrier fre¬ 
quencies, the largest variations occurred 
with temperature changes. From —20 
to +70 C, the distortion varied between 
5 and 8 per cent at a given frequency. 

Conclusion 

In conclusion, it may be said that 
tunable frequency-modulated receiver 
filters with db3-kc bandwidth and 100-db 
attenuation of unwanted signals are en¬ 
tirely practical for power line carrier fre¬ 
quencies with careful design. Particu¬ 
larly necessary is the provision of ferrous 
partitions between filter sections to pre¬ 
vent stray coupling which would other¬ 


wise by-pass the filter; nonferrous shield¬ 
ing is not sufficient in itself for such per¬ 
formance. 
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Discussion 

R. W. Beckwith (General Electric Company, 
Ssu’acuse, N. Y.): The author is to be com¬ 
plimented on this well-written and very in¬ 
formative paper. At first the title suggested 
that each filter might be adjustable over the 
entire carrier spectrum of 40 to 200 kc; 
however, it is realized that this approach is 
not practical and the division of the spec¬ 
trum by 16 is a good compromise. 

I should like to ask the academic question 
of whether the author believes the ideal 
characteristics of Fig. 2 would permit dis¬ 
tortion-free reception of a frequency-modu¬ 


lated signal or whether the loss of higfip^- 
order side bands would still produce distor¬ 
tion. 

My company has found that 100 db can 
also be obtained by multiple thickn ess 
nonmagnetic shielding; however, the 
method described in the paper is certainly 
one good way of achieving the desired re¬ 
sult. 


Reuben Lee: Mr. Beckwith’s question on 
the loss of higher order side bands is, as he 
points out, academic, because we achieved 
reasonable distortion reception with the 
actual filter. We do know, however, that 
linearity of phase shift has greater influence 
on distortion than attenuation just outside 
the passband. There is no doubt that the 
loss of higher order side bands would cause 
some distortion, but the amount is negligible 
in comparison with that due to no nlin ear 
phase shift. 

It is interesting to note that Mr. Beckwith 
obtained 100 db by multiple thickness non¬ 
magnetic shielding. Char calculations and 
tests indicate that these multiple shields 
would have to be very thick to produce the 
results described in the paper. This would 
add to the filter weight and size. 


An Improved Approximate Technique 
for Calculating Cable Temperature 
Transients 


F. C VAN WORMER 

ASSOCIATE MEMBER AIEE 


I N THE cross section of the single con¬ 
ductor cable illustrated in Fig. 1, the 
thermal resistance, thermal capacity, and 
temperature of the insulation are not 
linear functions of the thickness of the 
insulation. Consequently, the rigorous 
solution^ of the cable temperature tran¬ 
sient problmn is quite complicated and in¬ 
volves lengthy and time-consuming calcu¬ 
lations. 

An Approximate Solution 

An approximate solution is obtained 
by lumping the constants of the cable 
and forming an equivalent v circuit, as 
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shown in Fig. 2. In line with the prac¬ 
tice followed in transmission line prob¬ 
lems, half of the thermal capacity of the 
insulation may be placed with the thermal 
capacity of the conductor at conductor 
temperature and the other half may be 
placed with the thermal capacity of the 
sheath at sheath temperature. 

This method of Itunping half of the 
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tion at the AIBB Winter General Meeting, New 
York, N. Y., January 31-February 4,1955. Manu¬ 
script submitted September 20, 1964; made avail¬ 
able for printing December 8.1954. 

F. C. Van Worker is with the General Blectric 
Company, Schenectady, N. Y. 


thermal capacity of the insulation at each 
side of the thermal resistance of the in¬ 
sulation as shown in Fig. 2 has been 
used by BuUer.* Since the temperature 
gradient through the insulation is not a 
linear function of the insulation thick¬ 
ness, this method of allocating the ther¬ 
mal capacity of the insulation does not 
accurately represent the total heat stored 
in the insulation. 

Nomenclature 

i?=» outer radius of insulation 
r=mner radius of insulation 


AMBIENT AIR 



Fig. 1. Cross section of single-conductor 
cable in air 
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Fis. 2. Equivalent ir electric circuit for the 
thermal circuit of cable in Fig. 1 


=» insulation thermal resistance, degrees 
centigrade (C) per watt per foot of 
cable 

/ 25 =cable surface thermal resistance, C per 
watt per foot of cable 
T c?** conductor temperature, C 
Tx =s insulation temperature at x, C 
Tameable sheath temperature, C 
Ja^air ambient temperature, C 
Gi=th^al capacity of conductor includ¬ 
ing oil plus part of the thermal capac¬ 
ity of the insulation, watt-minutes 
per C per foot of cable 
02 “part of the thermal capacity of the 
insulation, watt-minutes per C per 
foot of cable 

0 a “thermal capacity of cable sheath plus 
part of thermal capacity of the insu¬ 
lation, watt-minutes per C per foot 
of cable 

“ tha.t part of the thermal capacity of the 
insulation to be allocated at an inner 
isothermal 

cross-section area of insulation, square 
inches 

“insulation thermal capacity, watt-min¬ 
utes per C per square inch of insula¬ 
tion per foot of cable 

0 <“ total thermal capacity of the insulation 
watt-minutes per C per foot of cable 
t=tme, minutes 
6 =b^ Napierian logarithms 
Pf=insulation thermal resistivity, C centi¬ 
meters per watt 
^“0.00522P< 

watts per foot of cable at conductor 

An Improved Approximate Solution 

Modified Eqotvalent t Circuit 

^ The accuracy of the approximate solu¬ 
tion using lumped constant may be im¬ 
proved by allocating the thermal capacity 
of the insulation at conductor tempera¬ 
ture and sheath temperature so that the 
total heat stored in the insulation is 
represented. 

If P represents the part of the insula¬ 
tion thermal capacity to be placed at 
conductor temperature and ( 1 —P) the 
part to be placed at sheath temperature, 
the total heat stored in the insulation 
may be accounted for as follows 

^ViSi7'c+(l~P)ViSir,=SiJ'^ TxdA (1) 

Frcan Fig.l 

dA=^2Txdx (2) 

Fi“7r(P*-r2) (3) 

The toperature distribution through¬ 
out the insulation is such that 


Tc-Tx^WK log,- 
r 


Tc-T^^WK\og^- 

r 


Combining equations 1, 2, and 4 results 
in 

P ViQii ViqtTi <=2-irqi X 

{xc-WKlog.^xdx (6) 

After performing the indicated opera¬ 
tions 

PViqiiTc-T,) + ViqiT, 

It 

jj « 

By combining equations 7, 3, and 5, 
after simplifying, 3 delds 


2 log- —-1 (S) 

r r® 

Values of P as a function of R/r are shown 
in Fig. 3. 

It is interesting to note that when R/r 
is 1.0, the value of P from equation 8 is 
0.50. This condition is equivalent to an 
insulated cylinder of infinite radius or a 
pl^e. For this case the temperature dis¬ 
tribution is known to be a linear function 
of the insulation thickness, and placing 
half of the thermal capacity at each ter¬ 
minal temperature accurate accounts for 
the total heat storage. 

Also P/r is 1.0 when P=r, which cor¬ 
responds to zero thickness of insulation 
but, in this case, the thermal capacity of 
the insulation is zero. 

Modified Equivalent T Cmcurr 

For small conductors with a heavy wall 
of insulation, further accuracy is obtained 
by the use of a modified equivalent T 
circuit, as shown in Fig. 4. In this case 
the thermal capacity of the insulation is 
placed part at the conductor, part half¬ 
way through the insulation thermal re¬ 
sistance, and part at the sheath. Since 
the insulation thermal resistance between 
r and x in Fig. 1 is proportional to log 
x/r, Ri is divided in half when 

xJr^Rfx ^ x^^'Rr (p) 

The area of the insulation between r 
and X is 

Vi' — Ttix^—r^) 

The area of the insulation between x and 
P is 


Vi" = r(P* —x^) ^ 2 2} 

Since x/r=R/x, the value of P as deter¬ 
mined from equation 8 or Fig. 3 is the 
same for both parts of the insulation. 

The thermal capacity of the insulation 
is then allocated as follows 

At Te place FqtV/ ( 22 ) 

a.tTnplace(l-F)qiVi'+PqiVi'' . (13) 

at r, place il-F)qiVi" ( 24 ) 


Example 

The accuracy of the three approximate 
solutions discussed is illustrated by ap¬ 
plying these methods to a single conductor 
cable in air and comparing the resulting 
temperature transient with the results ob¬ 
tained, using distributed constants in ac¬ 
cordance with the rigorous solution given 
in reference 1 . The cable selected for the 
comparison is a single-conductor 260,000- 
circular-mil 0.69-inch core 0.560-inch 
paper insulation 0.125-inch lead sheath 
oil-filled cable. The resulting tempera¬ 
ture transients are shown in Fig. 5 . 

^ The solution using an equivalent t 
circuit, lumping the thermal capacity of 
the insulation 60 per cent at the conductor 
and 50 per cent at the sheath, gives a con¬ 
siderably lower temperature rise than the 
exact solution using distributed constants. 
The solution using an equivalent x cir¬ 
cuit, lumping PQi at the conductor and 
at the sheath, gives a con¬ 
siderable improvement in accuracy but 
for this rather small conductor and heavy 
wall of insulation, there is still a considera¬ 
ble difference between this approximation 
and the solution using distributed con¬ 
stants. 

The solution using tlie modified equiva¬ 
lent T circuit of Fig. 4, lumping the ther¬ 
mal capacity of the insulation at the con¬ 
ductor, sheath and at the halfway point 
through tlie insulation thermal resistance 
as described in tlie foregoing, gives a very 
dose check with the solution using dis¬ 
tributed constants.- The method of solu¬ 
tion using the equivalent x and T circuits 
of Figs. 2 and 4 and the expansion theorem 
is outlined in Appendixes I and II. 

The four methods of calculation result 
in the following temperature rise equa¬ 
tions which were plotted in Fig. 5 . 

Using distributed constants 

(Tc - Ta) “4.48 -3.89€-®-®'«‘ - 

0.526“®-^®“*—0.07e“®-®®®* 

Using the modified equivalent T circuit 

(Tc —Tfl) =4.48 —3.946“®-®!*®®*— 

0.456“®-!®®**—0.006“® ®!*®* 

Using the equivalent x circuit and 


Van Wormer Calculating Cable Temperature Transients 


April 1955 














(■P) allocation of the insulation 

thermal capacity 

(Tc-Ta) = 4.48 - 4 . 1276 - o » i «»<- 

0 . 363 €-»«®*^‘ 

Using the equivalent ir circuit and 
50-50 allocation of the insulation thennal 
capacity 

(- T'a) =4.48-4.276e-» - 

0.205e-®<»®2« 


In the preceding example the following 
constants were used: 

r=0.49 inch 
i? = 1.05 inches 

P<=600 C centimeter per watt 
i2i=2.39 thermal ohms, C per watt per foot 
of cable 

J?s=2.09 thermal ohms, C per watt per foot 
of cable 

0on = 161.0 watt-seconds per C per foot of 
cable 

Qoonduotor=136.6 watt-seconds per C per 
foot of cable 

QinBuiation*'1,014.0 watt-seconds per C per 
foot of cable 

Qioad =266.0 watt-seconds per C per foot of 
cable 

Conclusions 

For cables with large conductors and 
moderate walls of insulation or small 
conductors with thin walls of insulation, 
the approximate solution using the equiv¬ 
alent V circuit of Fig. 2 and placing PQt 
at the conductor and (1—at the 


sheath, is quite accurate and is very much 
less laborious than the rigorous solution 
using distributed constants. 

The process of lumping the cable ther¬ 
mal circuit to form a 2-part network often 
gives sufficient accmracy. This method 
has been used by several engineers.-’® 
The method of lumping the cable insula¬ 
tion thermal capacity described in this 
paper results in improved accimacy, as 
seen in Fig. 5, with no appreciable extra 
work. 

For cables with small conductors and 
heavy walls of insulation, the approximate 
solution using the modified equivalent T 
circuit of Fig. 4 and allocating the insula¬ 
tion thermal capacity in accordance with 
equations 12,13, and 14, is sufficiently ac¬ 
curate for most engineering work. The 
labor of solving tlie T circuit is somewhat 
greater than for the v circuit but is still 
greatly less than for the solution using 
distributed constants. 



Fig. 4. Modified equivalent T electric circuit 
for the thermal circuit of cable in Fig. 1 


and sheath temperature P* is readily ob¬ 
tained, as shown in Appendixes I and II. 
The use of the equivalent T circuit giving 
an intermediate insulation temperatiure is 
particularly desirable if oil demands and 
oil pressure drops are to be calculated. 


Appendix I. Solution of the 
Equivalent x Circuit 


Using the expansion theorem, the solution 
of the equivalent ir circuit of Fig. 2 is as 
follows 


The solution of tlie cubic equation for 
the three roots of the equivalent T circuit 
in Appendix II is easily performed by a 
digital computer. There are also several 
long-hand methods^”® for the solving 
of cubic equations which are quite easy to 
apply. 

As soon as the solution for tlie conduc¬ 
tor temperature is reached, the solu¬ 
tion for the insulation temperature r* 



where 


Yp^pQiRiRB->rRi-\-Ra 


Fig. 3 (below). Allocation of insulation thermal capacity 


Fig. 5 (right). Calculated conductor temperature transients 
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Yp'^Rs 

PdZ 

^^P'^QiQ»^s+p[QiiRi+Rs)+QiRs] 
and p are the roots of 
P^QiQiRiRs +P [QiiRi +Rs) +Qsi?s] +1« 0 

Appendix II. Solution of the 
Equivalent T Circuit 


Using the expansion theorem, the solution 
of the equivalent T circuit of Fig. 4 is as 
follows 



where 


Yj, ^p^QiQiR^R^ +p[QiRi(Ri +2?,) + 

QiRiCRi + R 2 ) ] + J?i + J?a +i?8 
Yp ^pQtRiRi-^JR^-i-Ra 

Yp'^^tRi 


dZ 

mQiQzRx(Rt+Rz)-h 
QiQA(Ri+R^ +Q2QtRil{,] + 
P[(2i(Jii+R2+R,) + 

QzCRa+Rd) +QaRa] 

and p are the roots of 


Discussion 


F. H. Fuller (General Electric Company, 
Schenectady, N. Y.): The author has pre¬ 
sented a technique for the calculation of 
transients on underground cables which 
should give acceptable accuracy in most 
cases and which is actually very much 
simpler than the more rigorous technique 
involving distributed constants (see refer¬ 
ence 1 of the paper). The equivalent 
ir arcuit with 50-50 allocation of the thermal 
capacity mentioned by the author has, in 
fact, been considered and rejected on the 
grounds of insuflScient accuracy for the 
computation of thermal transients and oil 
demands of cables in free air or in under- 
^ound ducts. If reasonable precision was 
d^u-ed in such cases, the method of dis¬ 
tributed constante was used; and the author’s 
simplification should be very welcome to 
engineers responsible for practical calcula¬ 
tion in such cases. 

In the case of a directly buried cable or 
pipe cable (see reference 2 of the paper) 
the over-all error involved in the use of the 
equivalent T circuit in question is very much 
reduced, since this circuit is a relatively 
small part of a rather large complex of ther¬ 
mal resistances and capacitances, which are 
necessary for the proper inclusion of the ef- 
of the earth on the thermal transient. 
This IS particularly true of ofi-filled pipe 
cables, where a very considerable quantity 
of oil is involved; this oil follows quite 
closely the temperature changes of the pipe 
Itself. However, even in such cases there is 
an advantage in using the author’s equiva- 
lent T circuit, with (P) and (1-P) alloca- 
tion of ^e thermal capacity, since this can be 
done with practicaUy no extra labor as com- 
pared with the use of 60-60 aUocation. The 
use of the modified equivalent P circuit in 
such cases does materially increase the 
labor of calculation; and it is probably 
^stifled only for cables in air or in ducts. 
Conceivably, there may be some very ex¬ 


ceptional problems where it might be justi¬ 
fied for directly buried cables; but these 
problems would certainly be unusual ones. 

An equivalent x circuit will not, in general, 
S^ve the oil-demand curve its characteristic 
p^ for cables in air or in ducts, although 
the maximum oil demand as calculated from 
an equivalent x circuit with (P) and (1—P) 
allocation will approximate the mflYimtiT»^ 
oil demand quite closely. Has the author 
found that the modified equivalent T circuit 
will, in general, give such a peak, and if so. 
will this peak come at or close to the proper 
time? 


J.H.Heher (PhiladelphiaElectric Company, 
Philadelphia, Pa.): The techniques for 
handling the distributed thermal capaci¬ 
tance of the insulation which the author has 
presented will be most useful to those of us 
who have been trying to develop procedures 
for calculating cable temperature transients 
which will be simple and still will have the 
accuracy required. In this connection, I 
sjould like to suggest a procedure using 
these techniques whereby the temperature 
transient may be readily calculated with al¬ 
most any degree of accuracy. 

As shown in Fig. 6, the modified equiva¬ 
lent T circuit is considerably more accurate 
than the modified equivalent x circuit dur- 
mg the initial portion of the transient. It 
will also be noted that during the latter por¬ 
tion of the transient the simpler x circuit 
has an ac(^acy comparable with the P 
circuit, which is suflScient for almost any 
application. 

The objection to the P circuit, consisting 
as It does^ of a 3-part network, is of course 
that considerable labor is involved in for¬ 
mulating the corresponding 8-term expo¬ 
nential equation, and I doubt if any time will 
be saved by developing the temperature tran¬ 
sient equation by this means instead of by 
the use of Bessel functions, as indicated in ref- 
wence 1. The 2-tenn exponential equation 
for the T circuit or ^part network, on the 


<2iC«I23(i2x+2?j) +Q2<23 RzR8] + 
^[Qi(iex+J?s-|-i?j) + 

Q2(R2+R,) +1 *0 

In the foregoing equations: 






Ri^Rs 
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other hand, is rather quickly determined, as 
shown in reference 3. 

Considering the T circuit shown in Fig. 4, 
it will be apparent that during the initial 
part of the transient, its form is unaffected 
by the magnitude of Qz and Rz, since the 
heat flow will not have penetrated that far. 
Hence we may cut off the circuit at Qz and 
we have left a 2-part network which is 
readily solved. The resulting transient is 
shown in Fig. 6 of this discussion which also 
shows the transients calculated by the 
author using distributed constants and for 
the modified equivalent x circuit. Obvi¬ 
ously, the cut-off network solution will not 
be correct during the latter part of the 
transient but during the initial part it will be 
seen to be considerably more accurate tTian 
the X circuit. It is a simple matter to de¬ 
velop a smooth envelope of these two curves, 
as shown by the dashed line, to obtain an 
over-all transient curve of reasonable ac¬ 
curacy. 

Even greater accuracy during the initial 
portion may be obtained by suitably divid¬ 
ing the thermal capacitance of the insulation 
into three or four parts instead of two, but 


otherwise following the procedure as set 
forth by the author. This will result in a 4- 
or 5-part network of which only the first 
two sections are used, and will give increas¬ 
ingly greater accuracy where it may be re¬ 
quired if the procedure is used for oil flow 
and pressure calculations. 

The author is to be congratulated for 
having made a significant contribution in 
this respect. 


F. C. Van Wormer: Mr. Buller asks if the 
use of the modified equivalent T circuit will 
give the oil-demand curve its characteristic 
peak. 

The modified T circuit approach was ap¬ 
plied to the example shown in Fig. 5 of an 
article by ShanHin and Buller in 1031’. 
The characteristic peak on the oil-demand 
curve and pressure drop curve was ob¬ 
tained. 

An oil-demand peak of 62.6 X10cubic 
inches per second per foot was obtained at 
time of about 7.5 minutes. This compares 
with Fig. 6 of 63.8X10“* cubic inches per 
second per foot at about 8 minutes. 


A maximum pressure drop of 0.56 pounds 
per square inch per 1,000 feet was obtained 
in about 26 minutes’ times. This compares 
with Fig. 5 of about 0.576 pounds per square 
inch per 1,000 feet also at about 25 minutes. 

In this case the modified T solution gave 
results about 2 or 2 V 2 % lower than the long 
rigorous solution. This is probably as close 
as some of the other data are known. 

Mr. Neher’s treatment of the modified T 
equivalent circuit is very intriguing and 
greatly r^uces the labor involved in obtain¬ 
ing the cable temperature transient. I 
agree with Mr. Buller’s statement that, "an 
equivalent x circuit or 2-part network will 
not, in general, give the oil demand curve its 
chamcteristic peak for cables in air or in 
ducts." I find that the location of the three 
roots by the method of reference 4 saves 
considerable time over the rigorous method 
involving Bessel functions. I wish to thank 
the discussers for their interest. 

Rsfbrbncb 

1. Charactbristics op Oil-Fillbd Cable, G. B. 
Shaaklin, F. H.'Boiler. AIEB Transactions, vol. 
60, Dec. 1931, pp. 1411-20. 
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F rom the very beginning of the 
science of electricity, sometime in 
the first half of the 19th century, the need 
for insulated conductors has kept apace 
of scientific developments. In the early 
days the cable maker was obliged to 
seek insulating materials from among 
the commodities of commerce, such as 
cotton and silk yarns, paper, bitumen, 
natural oils, gutta percha, amber, and 
eventually rubber. Until comparatively 
recent times these materials remained 
the standard insulants of the cable 
industry. Today, however, the situation 
is drastically changed. From our wealth 
of knowledge of atomic physics, and the 
physicists’ researches in the electrical 
behavior of gases and oils and their 
combination in agglomerate formulations 
with paper, and improved methods of 
manufacture brought about by constant 
study of processing methods (and the 
related physics involved in such proc¬ 
esses), it is possible to design cables for 
the highest voltages so far required. 
The chemist working with the waste 
products of the oil and coal industries 
has succeeded in producing a large 
number of materials having an enormous 
range of properties and possessing the 


prime requisites of a good insulant, some 
of which permit the design of cables 
capable of efiicieut operation at tlie very 
high frequencies demanded by the 
progress of modem living. 

Electric cables are, as is well known, 
the arteries by means of which energy 
is conveyed from the source of generation 
to the place where it is put to a useful 
task. And since the present-day society 
is essentially one based upon economic 
principles, the cost of transmission is an 
ever-present consideration. So it be¬ 
comes a sine qua non that any particular 
cable be designed to carry the required 
energy with ^e maximum efficiency 
consistent with these economic principles. 

In the early days of electrical engi¬ 
neering it was held—and indeed the 
notion is still prevalent among some 
engineers in spite of the vast accumula¬ 
tion of knowledge to the contrary—^that 
the prime purpose of the insulant around 
the conductor was to prevent the loss 
of electric charge from the conductor, 
and that the conductivity of the copper 
was of greater importance than the 
quality of the insulant employed. How¬ 
ever, it is now known that the insulant 
is of much greater importance; and it 


may be accepted that tlie chief role of 
the insulant is not so much to form a 
barrier to tlie loss of charge as to present 
a medimn by means of which the transfer 
of energy along the conductor may be 
efficiently effected. The conductor acts 
more especially as a source of free elec¬ 
trons as well as guides the direction of 
energy flow; the flow takes place because 
of the physical action of the displace¬ 
ments within the medium. The rate of 
this energy transfer, i.e., the power 
delivered or the work done in unit time, 
is a product of the gradient of the electric 
field (electric stress) and the intensity of 
the magnetic field. 

Under the subjection of the electric 
field gradient the free electrons within 
the conductor are forced to migrate in 
accordance with established laws. In 
so doing they collide with the atomic 
framework of the metal giving rise to 
heat energy, whidi is observed as re¬ 
sistance and the subsequent copper loss. 
And it is of more than passing interest 
to recall here that the energy supplying 
this loss enters the metal from the 
insulant around it, which is tinder the 
strain of the electric field—conforming 
to the equipartition theory of electro¬ 
magnetic wave propagation. 

All the schemes available for the trans¬ 
mission of energy, whether by mechanical 
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or electrical means, have one outstand- 
mg,^ common aim: the production of 
strain at the source of supply and its 
relaxation at the other end where the 
energy is expended. That is to say, 
there must occur a change from potential 
energy to kinetic energy, or the converse, 
m order for energy of any kind to be 
conveyed from one place to another. 
In the hydraulic system, pressure is 
developed; in the mechanical system 
it is the strain in the rotating shaft. 
Sunilarly, in the case of electric energy, 
transmission strain within the insulation 
is produced. 

In nearly all engineering practice the 
energy used comes from the kinetic 
energy developed by a faUing mass of 
water, or is derived from the conversion 
of the inherent potential energy existing 
between the atoms of oxygen and carbon 
into the kinetic energy of steam, such as 
takes place when water is heated by 
burning coal or any other organic sub¬ 
stance. At the sending end of an electric 
transmission system the generators and 
transformers raise the potential energy 
of the electric field (or the strain) be¬ 
tween the conductors to the highest 
possible level without occasioning too 
high losses or breaking down of the 
insulation. At the delivery end energy 
is expended by a relaxation of electric 
field forces. 

Thus there occurs within the insulant 
a heat loss produced by the strain of the 
electric field which has become known 
as the dielectric loss. It is always 
necessary when dealing with high voltages 
or high frequencies to make sure that 
the proper insulating medium is chosen, 
and that the dielectric loss is not allowed 
to become so great as to cause thermal or 
electrical instability with eventual break¬ 
down of the insulation sustaining the 
system. 

The first part of the paper is restricted 
to a^ general consideration of the trans¬ 
mission of energy along a cable line with¬ 
out regard to any frequency limitation. 
The paper diverges in two directions, 
one having to do with low frequencies 
and high voltages and the other with high 
frequencies and low voltages. As one 
proceeds along these two lines of thought, 
the similarities and the disparities in¬ 
digenous to the transmission of power 
on the one hand and intelligence on the 
other come more and more into common 
focus. 

The paper is confined to the limiting 
case of what are known as coaxial 
cables, which few all intents and purposes 
means very much what the name implies, 
i.e., a cable whose conducting elonents 


^e in the form of circles having co¬ 
incident lateral axes—a geometrically 
symmetrical system possessing the mini¬ 
mum electrostatic capacity and the 
maximum potential energy (g^)/(2C) rela¬ 
tive to any other formation of one cirede 
enclosed by another, and exhibiting 
unstable equilibrium in respect of the 
inner (conductor which will permit it to 
move in any direction unless otherwise 
constrained. 

Fig. 1 depicts the geometry of this type 
of cable: it is a coaxial cable in the 
simplest sense of having only two con¬ 
ductors. Quite obviously, of course, a 
coaxial cable could be constructed with 
any given number of conductors. How¬ 
ever, from practical considerations the 
2-conductor cable is of most interest 
and is the only one witli which this 
paper is concerned. Altliough Fig. 1 
shows the inner conductor to be in the 
shape of an annulus conforming to that 
of the outer conductor, it may be of a 
solid or cylindrical drape without up¬ 
setting the underlying physical prin¬ 
ciples involved, and very often occasions 
demand that it be of such a cross-sectional 
configuration. 

Nomenclature 

resistance per wire unit of length 
inductance per wire unit of length 
C-capacitance per wire unit of length 
g=leakage per wire unit of length 
Z== impedance per wire unit of length 
admittance per wire unit of length 
characteristic impedance 
P =» propagation constant 
«=attenuation constant, hyperboUc radians 
or nepers per wire unit of length 
^-wave-length constant, radians per wire 
unit of length 

/=frequency, cycles per second 
X=wave length, rmits of length 
F=.wave velocity along the cable, units of 
length per second 
PF=load impedance 

Fa=design impulse voltage breakdown to 
neutral for the cable, kilovolts 
« “dielectric constant 
cos 0=load power factor 
Pn™ natural load of the line 


SHEATH 

INSULANT 



Fis. 1- Cross section of coaxial cable with 
annular conductor 
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/> “power transmitted at any point distance 
X from sending end 
P5“ power input at sending end 
gc*electric stress at surface of the conductor 
in a cable, kilovolts per centimeter 

General Consideration of the 
Transmission of Waves Alon? 
Cables 

The fundamental parameters of the 
propagation of electromagnetic waves 
along a cable regardless of frequency are 
R, L, C, and g. In any infinite line, or 
finite line of practical linear dimensions, 
these parameters are reiterante and may 
be thought of as uniformly distributed 
along the cable circuit. 

A combination of these parameters 
may be established to give two well- 
known complex quantities, named by 
Oliver Heaviside Z and Y. These com¬ 
plex quantities may be further dealt 
with by a process of mathematical 
deduction in accordance with the La- 
grange classical method of arriving at 
the wave-transmission equation, and as 
first elucidated by Heaviside. 

Thus certain additional quantities 
are obtained germane to all problems of 
a-c transmission in cables, whether the 
commodity transported is power in bulk 
to do useful work or intelligence to 
inform. They are 

Zo^Vz/Y 

P Z Y hyperbolic radians per wire unit 

of length 

two extremely important relationships, 
for they reveal after very Kttle reasoning 
the essential characteristics whidi not 
only distinguish the two modes of trans¬ 
mission (low frequency and high voltage 
and the converse) but remain to identify 
and bring into prominence the respective 
design features which have to be con¬ 
sidered. For, as Faraday once empha¬ 
sized in discussing the velocity of electro¬ 
magnetic propagation along wires or 
cables of different lengths, it is necessary 
to take into account the circumstances 
of the wires “being twined round a 
frame in a small space, or spread through 
the air through a large space or adhering 
to walls, or l 3 ring on the ground." It 
will be of interest to see how this state 
ofaffairs comes about. The propagation 
constant may now be written in the 
C^esian co-ordinate or polar form best 
suiting our purpose: i.e. 

P=‘VZY 

where two new terms, a and jS, have 
been introduced. It is of more than 
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Fig. 2. Schematic diagram of steady-state 
transmission line 


•e = Es cosh px 

i = l8 cosh px—— sinh px 

where x is measured from the sending end 
•e = ER cosh px+ZoIr sinh px 
Er 

'i = Ir cosh px+— sinh px 
Z.0 

where x is measured from the receiving end 
'(cosh 0 = 1; sinh 0=0) 


passing interest to note that the expo¬ 
nential fnnction from which a as a trans¬ 
mission unit was derived was first re¬ 
vealed to unsuspecting electrical engi¬ 
neers in Montreal by the late Lord 
Rayleigh during the course of a lecture 
delivered in 1884. 

The significance of Zo, a, and /3 in 
respect to the propagation of electro¬ 
magnetic energy along a cable will now 
be examined. Consider a single coaxial 
cable of length L transporting energy 
from the sending end to a load impedance 
W at the receiving end. This is shown 
in Fig. 2 merely to illustrate the juxta¬ 
position of the complex quantities in¬ 
volved. The appropriate subscripts refer 
to the sending end and receiving end 
respectively. 

The four familiar transmission equa¬ 
tions of classical theory relating these 
quantities one to the other are given as a 
matter of reference, e and i are the 
voltage and current at any point P along 
the cable in terms of either the sending 
or receiving end components at a distance 
X from either end. Then at any point 
P at a distance .V from the sending end 
e=jSg cosh pjc—Zo Jar sinh px ( 1 ) 

Similarly 

• jBjgf 

*=Jat cosh px--^ sinh px (3) 

(4) 

Hence it is at once evident that several 
things are happening to the wave as it 



proceeds along the cable. First of all, 
as long as PF is finite, Zo tends to reduce 
the absolute value (as well as the complex 
value) of the voltage and alter that of 
the current at any point, and its complex 
value and the length of the line will 
determine to some extent the voltage 
regulation to be obtained in any par¬ 
ticular case. 

The second part of eacli equation, 
remembering that 

jSx—j sin /9x 

shows that as the wave proceeds along 
the cable the absolute value (or magni¬ 
tude) of both the current and the voltage 
at any point is decreased, in respect to 
the sending end conditions, according to 
the parameter a, i.e., attenuation is 
taking place. Also, the complex (or 
phasor) value of the current and voltage 
is being rotated with respect to the send¬ 
ing end through angles=j8 radians. 
Fig. 3 illustrates these phenomena for the 
second part of eadi equation which 
involves a clockwise rotation because of 
j-eguji; |g logarithmic spiral 
which, of course, will evolve into a circle 
as a is decreased. In other words, a 
expresses the change in the absolute 
value of the current or voltage, |8 the 
change of phase of the current or voltage, 
and Zo a definite reduction depending on 
its magnitude and hence on the cable 
design. However, it is not quite correct 
to infer that Zo alone is dependent on 
the cable design, for it is all too obvious 
that both a and /3 must also be functions 
of the initial design consideration. If 
/ and X are introduced and it is noticed 
that cos jSx and sin jSx are repeated each 
time /3x passes through 360 degrees or 
2 t radians, it becomes evident that the 
angle between current or voltage at any 
point in the cable and the current or 
voltage at another point distance X 
therefrom=2 t radians. 

Since these two points are 1 cycle 
apart it will take a wave 1/f seconds to 
travel the distance X. The equation 
for velocity V is 

V=dx/dt 

»X/(1//) 

=2x///3 . . 

As has already been stated, the transfer 
of energy along the cables takes place in 
the insulating medium, and it would be 
expected that the inbred properties of the 
medium would have some influence on 
the velocity of the waves. This has 
been clearly shown to be the case as 
evinced by the equation for velocity, 
viz. (2ir/)//3, and it has been shown 



that j3 bears a definite relationship to 
two of the four initial parameters C 
and g, whose magnitudes are dependent 
upon the character of the insulating 
material and upon the frequency of 
transmission. From this point of view 
the wave velocity then becomes doubly 
dependent upon the frequency. 

In any chosen medium the wave 
velocity can never, so far as is known, 
exceed the speed of light: 300X10* 
meters per second. In cables the wave 
velocity is appreciably less, being a 
function, as may be readily discerned, 
of the dielectric constant of the medium 
whose influence becomes greater in these 
respects as the frequency is increased. 
Since 

p = a = ViR+jL»Xg+jCu>) 
then 

a*+2jap-p^‘=iR+jLa)ig+jCo>) 

=Rg -^-j^Lga-i-RCa) -'0*LC 

The real and imaginary parts may be 
equated. Therefore 

01.^—p^—Rg—u^LC 
2a/?= Lgu) H-jR Cw 

from which it may be shown that 

O) 

Referring to the other pair of trans¬ 
mission line equations, then taking a 
point P, this time at a distance x from the 
receiving end, we may write 
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cosn px+ZoIr smh px ( 7 ) 

2 - 2 - ) 

“f‘“+f‘-"+^V-^*.-'“ (9) 
_{ ER+zaB \ , {Er-~zjr\ 

but 

Ir^Er/W and p=:a+jfi (12) 


ot affairs concerned with these losses are 
equation 7 and 


• T t. "S 

* cosh p»+~ sinh px 
Zo 


(18) 


The copper loss and the dielectric loss 
respectively at any point distance x from 
the receiving end are i^R, in watts per 
wire unit of length, and ge^ in watts per 
wire unit of length. Then 


~ cosh px-\—~ sinh pj^ 


(19) 


( r IT \2 

Ir cosh sinh pxjR (20) 


Similarly 




“^*^(cosh p»+— sinh pa:) (21) 

ge^ SB (£jj cosh p»+2oJs sinh pa;) 2 £ ( 22 ) 



A-f' 


’=(er 


cosh px+^ Er sinh px^ g (23) 


cosh sinh px j (24) 


')■ 


J>X 


+ 


Er^^WIr and p=»aH-j)3 
therefore 


r KK 

l+~ 


.-At 


(14) 


(15) 


If 


(- 1 ) 

2 (16) 




(17) 


Another variable has been introduced 
mto the problem, namely load impedance 
• W, Its significance will be more obvious 
later when considering practical matters 
in high-voltage transmissiou and high- 
frequency transmission. 

Reference has been made to the 
copper loss in the conductors and the 
dielectric loss in the insulating medium, 
and the fact that thermal instability 
apart from the question of electric bt^ak- 
do^ must not be allowed to exist. 
This, of cowse, is true of any class of 
cable, particularly so at high voltages 
because of the didectric loss which 
increases as the square of the voltage, 
but only as the first power of the fre^ 
quency. ' 

. the g^eral equations which express 
the way in which the transrnission line 
parametdis ^ter into the physical state 
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i?Tffo== thermal resistance through which 
the copper loss flows 

thermal resistance through which 
the dielectric loss flows both in 
accordance with the established laws 
of thermal energy flow 
7 b= teinperature rise of the inner conductor 
above ambient 

i^RRTffo +ge^RTHoD ~ Tr (2$) 

since Ohm’s law for steady heat flow 
states that the thermal resistance X watt 
loss*temperature rise, and hence 

Tfi^R^cosh P*4~ sinh pjf^ i2Tffo+ 

RB*g^cosh sinh p3^\tHod^Tr 

(26) 

The receiving end conditions are as 
follows: 

When W=Zo 

(cosh px-^W/Zi sinh p»)**(cosh p»-f- 

sinh pai;)*=s(6^)*=e*'® 

hence 

^^{iR^ERTHQ+ER^gRTHtnf) * Tr 

When W*a, and Zo/pr *0 

(Er^R . \ 

V~^ smh* px JRTJIo-h 

(ER‘gco^»px)Rrirov‘=‘TR 
When W=0 and 

(7b*R cosha p»)i2rfi’o+ 

(Zo*Ir> sinh* px)RTHod = Tr 

From equations 5, 6, 13, 17, and 26 
the c^ent rating under steady-state 
conditions, and the current and voltage 


at any pomt along the cable, under all 
conceivable circumstances to be met 
with in practice may be obtained. 
These five equations will now be adapted 
to more practical matters concerned 
^th the initial objective of bringing 
into greater ^phasis the similarities 
and disparities between high-voltage 
(h-v) transmission and high-frequency 
Oi-f) transmission. 

High Voltage and Low Frequency 

The ordinary metallic-dreathed single¬ 
conductor power cable employed in the 
transporting of bulk energy represents 
a coaxial cable in which the inner con¬ 
ductor only forms part of the electric 
transmission circuit. Only under certain 
preconceived conditions does any current 
flow in the outer conductor, and it may 
normaUy be assumed to be at ground 
potential or approximately so. Spurious 
currents, caused by induction effects, 
may flow in the outer conductor, but 
they are not included in the power circuit 
transferring energy, although their effects 
thereon cannot always be ignored. 

For successful performance in service 
over long periods of time, it is necessary 
to interpose between the two coaxial 
elements a suitable dielectric material. 
For h-v cables their material must be 
such that impunity from breakdown is 
reasonably assured, so the factors of 
safety relative to internal and atmos¬ 
pheric voltage surges must be properly 
chosen. 

In the present state of knowledge this 
didectric takes the form of a relatively 
solid, though not rigid, material thought¬ 
fully desigfned and carefully processed in 
the hands of those familiar with high- 
voltage practices. In the case of cables 
to operate at high voltages it is of utmost 
importance that this dzould be so, and 
a reputable manufacturer ’ inng ex¬ 
perienced in designing, making, and 
handling high-voltage cables is a vital 
factor in any project. 

That is all that needs to be said here 
in regard to the design of h-v cables 
and^ their peculiar characteristics which 
distinguish them from other cables of 
the low-ffequency class. However, it 
might be well to draw atteutian to a 
few other aspects of h-v cables as such. 

First of all, with the‘original r^>avif ^] 
configuration in mind, it is apparent that 
the electrostatic capacity parameter of 
the transmission equations is an inverse 

logarithmic function of the two diameters. 

And for any two given diameters lie 
S3rm^etry of coaxial arrangement 3 ddds 
a minimum value of C and the maxiTn iitT^ 
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potential energy, which, of course, is a 
prime requisite of any h-v cable. 

It also becomes noticeable that in¬ 
creasing the diameter of the outer or 
ground electrode further decreases C and 
increases the potential energy, but in so 
doing physical limitations and eco¬ 
nomical considerations must be taken 
into account. Thus the value of C 
and (concomittantly) the outer electrode 
diameter must be wisely chosen for any 
particular design. 

From the point of view of the factors 
of safety in respect of internal or switch¬ 
ing surges and atmospheric surges, C 
is of vital concern for it may be con¬ 
sidered as the determinant in these 
matters. Nowadays there is considerable 
and well-deserved emphasis put upon the 
impulse strength of electric equipment. 
This is because of the need to maintain 
a predetermined impulse level throughout 
the transmission system and certain 
levels have been established by the 
various standardizing bodies. Hence 
the impulse voltage breakdown strength 
of any h-v cable is becoming the greater 
criterion of the dielectric design and 
insulant thickness, so that C is found 
limited to a value dictated by these 
circumstances, above and below which 
one cannot trespass. For any particular 
h-v rating and cable design (and con¬ 
ductor size) C is then, to all intents and 
purposes, a given quantity 

^ lAlkrgc . . . \ 

-micromicrorarads per wire 

centimeter 

where r is the conductor radius. 

The parameter R, or more explicitly 
the conductor size, for h-v cables is not 
usually dependent upon steady-stated 
current rating considerations; it is a 
function more especially of the voltage 
rating and cable design. Inductance L 
is largely determined in a 3 -pbase system 
by the center to center spacing of the 
three phases, and here again symmetry 
of the array is an important factor re¬ 
quiring attention. For all h-v cables 
of conductor sizes of the order of 500,000 
circular mils and larger, a frequency of 60 
cycles per second, and close spacing of 
the phases 

aL = 1,9J? as a loose approximation 

Since the insulant must (for reasons 
not needing explanation) be of the 
highest grade, the value of g is about 
negligible in Comparison with C, i.e., 
g«C, so that for the attenuation 
constant an equation is found 

«“\/ 0 . 12 «i?C 
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from which it may be noticed that the 
attenuation constant is to some degree 
related to the copper loss and the di¬ 
electric loss. Similarly, the wave-length 
constant may be found from the ap¬ 
proximate equation 

l3^\/2.02uRC 

so that, given the load impedance W 
the voltage drop and regulation of any 
circuit may be computed from equations 
7 and 13 or 

e=Eit cosh -Ea sinh px (27) 

These equations for a and j 8 tell some¬ 
thing very specific about a h-v trans¬ 
mission circuit transporting bulk energy, 
i.e., power trananission. a and j 8 will 
have very low values comparatively 
speaking and since X = (2ir)/j8 the wave 
length of the line is long. The long wave 
length gives rise to a predominant 
characteristic of any power cable, that 
of being extremely ^ort in terms of the 
wave length. The small value of a 
means that the circuit is highly efficient 
in regard to the amount of power de¬ 
livered compared to the input power. 
This is important because large amounts 
of power are involved, and a small drop 
in efficiency means an energy loss of some 
monetary value, the capitalized value of 
which could be of some consequence. 

On comparatively long h-v circuits the 
angle between the sending end and 
receiving end voltages represented by jff 
is of importance, as well as the charac¬ 
teristic impedance Zo. It has, e.g., been 
shown that the voltage at the receiving 
end under open-drcuited conditions could 
conceivably be the decisive limitation to 
successful operation of a long circuit. 
If the circuit is open at the receiving 
end, and 

Es^Er cosh pL (28) 

From this it may be seen that at some 
frequency or frequencies and certain 
draiit lengths L it would be feasible for 
Br to exceed £ 5 , the well-known Fer¬ 
ranti effect. By suitable manipulation 
it can be determined that as long as 
0<1.78a the Ferranti effect will not exist. 

Now consider one other aspect of any 
h-v transmission line. At some par¬ 
ticular value of Ir for a given Er (voltage 
to neutral) the leading and lagging 
wattless components of the power re¬ 
ceived can be made equal. Then, in 
accordance with the equipartition theory 

l/2CEa»=l/2L4* 

and 

En/lR^y/T/C 


and it transpires now that 

The total power delivered in a 3-phase 
circuit is given by the expression ZErIr 
cos 0. At unity power factor, this 
becomes ZErIr, from which, together 
with the preceding value of Zo, it follows 



Now it so happens that for circuits of 
considerable length the absolute load 
must always be less than the natural 
load as just defined; hence the value of 
Zo should, on this score, be as small as 
is reasonably possible; and for h-v 
cables, it is about one-eighth that of 
overhead lines. 

The relationship whereby the energy 
stored in the electric field is equated to 
the energy stored in the magnetic field 
will be recognized as representative of 
the conditions obtaining when oscillatory 
energy is present in a cable line, or when a 
lightning discharge suddenly impresses 
on the cable a quantity of energy which 
is propagated along the cable as a ‘‘pure’* 
travelling wave or impulse; in either 
case R and g must be very small, relative 
to C and L, in so far as the manifestation 
of these phenomena are concerned. 
For oscillatory energy to persist for any 
finite time the losses must be relatively 
ins ignifi cant, i.e., Zo is again equal to 
Vi/C, and it can be shown that 

R 

a = l/2--f-l/2gZo (29) 

Zo 

/3=co-v/IC (30) 

Now neglecting the internal inductance 
of the inner conductor and assuming 
once again the cables of a 3-phase circuit 
to be in dose proximity, it becomes 
admissible within the bounds of reason¬ 
able accuracy to write 

\/IC=3.83v'/feX10-“ 

(where units of length are in centi¬ 
meters). For overhead lines ^=1 (the 
dielectric constant of dry air) in dement 
weather and 

\/IC“3.33X10-“ 


which means that the vdodty of the pure 
wave is about that of light (300X10® 
meters per second) from the relationdiip 


V' 


ta^ 1 

1~Vlc 


centimeters per second 


For cables k has an upper limit of 
about 6 ; therefore an average value of 
VLC would be 
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a/ZC^S-IXIO-” 

For a h-v cable ^=3.6 and 
Vie* 1.9X10-“ 

giving a velocity for the pure travelling 
wave of some 99,000 miles per second. 

It is now seen that in a h-v cable the 
energy wave of the lightning discharge 
travels at a much lower velocity than in 
an overhead line. In tenus of the 
impulse level of the system and the 
conductor size 


coaxial cable, so Fig. 1 in a veiy simple 
way again shows the h-f cables in ques¬ 
tion. In contra distinction to the h-v 
cables, the two coaxial conducting ele¬ 
ments now form the circuit, one being 
the “go” conductor and the other the 
“return” conductor of the usual single¬ 
phase circuit. 

The five transmission line, equations, 
equations 6, 6, 13, 17, and 26, are ap- 
pKcable, and at high frequencies it 
follows from classical theory that 


Vlc 


=23.3-4/^ 

I Fo 


xio-« 


« = l/2—-fl/2g2o 
^0 


(29) 


where r is the radius inner conductor in 
centimeters. 

The small value of Zo for a h-v cable 
in comparison with that of an overhead 
circuit is of some significance when 
considering the effects on lightning 
discharges and oscillating energy phenom¬ 
ena. Under these circumstances equa¬ 
tion 29 applies, the first term of which 
represents that part of the attenuation 
due to the copper loss and at low fre¬ 
quencies is the predominant component 
of the total attenuation. With low 
values of .?o the l/2(i2/Zo) is high and the 
pure wave becomes attenuated to a 
larger extent than would be the case 
with a larger Zo obtaining. 

Also, if a circuit is carrying a current 
I, as this current is suddenly interrupted 
the maximum value of the osdllatoiy 
voltage that may be produced is equal 
to IZo] hence a small Zq may be beneficial 
if conditions are critical. 

High Frequency and Low Voltage 

The characteristics defining the per¬ 
formance of a h-v cable in service also 
may be taken as governing the design 
and operation of cables at hi^h fre- 
quencies, although, upon increasing fre¬ 
quency, it is found that the roles they 
play in the wave propagation mechanism 
vaiy in magmtude and effectiveness to 
a greater or lesser extent, owing to the 
several requirements which distinguish 
the two modes of transmission. 

In the transmission of intelligence 
from one place to another, the fidelity 
of the received signal is of more concern 
tiian the loss of energy, since the energy 
involved in any transmission of intelli¬ 
gence is extremely small when compared 
with the transport of large blocks of 
power demanded by industrial and 
household enterprises. 

As mentioned earlier in the paper, the 
subject matter is restricted to the sym¬ 
metrical configuration of a 2-element 
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as was the case with the pure transient 
wave associated with the impulsive 
energy of the lightning discharge. How¬ 
ever, with an increase of frequency g 
has a more prominent effect on the at¬ 
tenuation constant and at very high 
frequencies the attenuation component 
due to the dielectric loss (lj2gZo) may 
be as prominent or more so than the 
attenuation component due to copper 
loss [l/2(R/Zo)l The net effect is a 
relatively higher attenuation constant 
than obtains with a h-v cable line. 
Once again, insulants of high quality 
and stability, but not necessarily of the 
high electric breakdown strength re¬ 
quired by h-v cable transmission, are a 
paramount desideration. Here the em¬ 
phasis is upon the dielectric constant 
and power factor of the insulant. 

Since the amounts of energy are 
relatively small, the attenuation con¬ 
stant is of utmost importance, and it 
therefore becomes desirable to operate 
a h-f cable at its natural load. That is 
to say, the load impedance must equal 
the characteristic impedance or nearly 
so, the cable is matdied to its load. 
Hence 

Zo^W 

“VW 

tile asymptotic value of the characteristic 
impedance versus frequency curve, and 
equations 7 and 13 become 

from which 

Shnilarly 

and 

The current, voltage, and power are 
ShoTt-^Co'-ordindtion of Cdble Chdracteristics 


(32) 

(33) 


thus decreased in accordance with the 
exponential function involving a, i.e., 
e~“®, the so-called attenuation factor. 
The highly significant effect of the at¬ 
tenuation of the waves as they proceed 
along the line is at once apparent, as is 
the similarity to the h-v cable case. 

Another prime aspect bearing a dose 
parallel to h-v cable design is the necessity 
of elimination of ionization within the 
insulating medium. It is a well-known 
phenomenon that ionization has a de¬ 
predating effect on the attenuation of 
the waves, espedally at higher fre- 
quendes. And whereas this phenomenon 
would have a salutary influence on the 
behavior of h-v cables subject to atmos¬ 
pheric transient surges, it can cause a 
distortion of the signal transmitted at 
high frequendes which would be dis¬ 
turbing, This, of course, is apart from 
any chemical or electrical deterioration 
which would follow excessive or malignant 
ionization. Nonetheless, in some cables 
even at very low voltages a phenomenon, 
discernible by a band-pass fitter as noise, 
may be observed which cannot be dis¬ 
tinguished qualitatively from internal 
ionization magnitude below which the 
ionization is innocuous in so far as 
chemical or electrical deterioration is 
concerned; it nevertheless cannot be 
tolerated for the reason already men¬ 
tioned. As with h-v cables, so in h-f 
cables with solid dielectrics the formation 
of voids which may ionize under suitable 
conditions in service must be brought 
under control during the manufacturing 
process and be quantitatively held to 
within such limits that the magnitude of 
any subsequent ionization will be harm¬ 
less in all respects. 

The energy dissipated in the voids 
which are initially ionized is determined 
by the increment of the applied voltage 
over the 'ionization ignition voltage; 
and it may be that the life of either a 
h-v cable or a h-f cable, at stresses 
greater than the ionization ignition 
voltage, is a function of the excess of the 
applied voltage over the ionization 
i^tion voltage. K this ^cess is defi¬ 
nitely indicated and sufficiently great, 
the cable life is unquestionably finite 
and its mortalify rate high. 

Once again, owing to the fact that the 
energyinvolved athighfrequencies is small, 
comparatively speaking, it is of interest to 
examine that equation whidfi expresses 
the steady-state current rating of the 
cable. In so doing it will be appreciated 
that that part of the energy (or rignal) 
which fails to appear at the receiving end 
is converted into heat energy and causes 
a rise in the cable temperature. 
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The same current rating equation 
applies,* namely equation 26, and when 
Zo—W as obtains by matching the cable 
to its load, then 

Iji^RRrJIo^+Ea’‘gJirjIooe’‘'^ = Tn (34) 
or 

lB\RRTH^+Z,^gRTH^)^‘«‘ = Tn (35) 
or, according to the Mildner equation 

Ib^r(^RTH^ ^+RTH, '^■[■RTH^ + 

BB^gRTHoD—=Tji (36) 
a 

So it becomes evident that at the higher 
frequencies where a assumes •mu r'h 
larger magnitudes it must be taken 
into account in determining the current 
rating of the cable or the power rating. 
The influence of Zo on the cttrrent rating 
is also revealed by equation 35. 

It so happens that for any given 
insulating material and a symmetrical 
arrangement of the circular elements Zo 
is a direct function of the geometry of 
the coaxial circles, and hence in practice 
is a more or less constant quantity over 
a range of cable designs, reaching a 
practical maximum of about 200 ohms. 
It therefore follows tliat the greater 
limitation on the current rating of the 
cable is the attenuation constant a, 
which, as already found, is made up of 
two additive components—one due to 
the copper loss and the other to the 
dielectric loss. The copper loss varies 
at any particular high frequency as the 
square root of the resistivity of con¬ 
ductor material and inversely as the 
diameter of the coaxial circles, while 
the dielectric loss for the same geo¬ 
metrical relationship varies as the power 
factor and dielectric constant of the 
insulating material. And, as already said, 
the characteristics of the insulating ma¬ 
terial which concern the dielectric loss 
become the greater criterion of successful 
performance of h-f cables as the fre¬ 
quency is increased. 

Hence, as with h-v cable design, the 
capacitance parameter C assumes a 
limiting value because of its dependence 
on the dielectric constant of the medium. 
Where the amounts of h-f energy to be 
transmitted are not too large, a di¬ 
electric constant not much greater than 
2 may be suffered, providing the power 
factor of the insulant is relatively low 
(=0.0003); the solid material poly¬ 
ethylene is invariably used nowadays in 
these applications. 

* Heat floTT deviates appreciably from the radial 
direction only when the insulant thickness becomes 
an appreciable fraction of the thermal wave leng^th 
(thermal wave length 1/2 electrical wave length). 


However, the efficient transmission 
of larger amounts of h-f energy, such as 
might be required for radio or video 
broadcasting, make the cable design 
more onerous. The S 3 mimetrical coaxial 
arrangements possess the maximum po¬ 
tential energy, and lowmng the value of 
C, by increasing the diameter ratio, 
increases further the potential energy 
(or working electric stress) hence the 
power transmitted as well as the physical 
size of the cable. But the magnitude 
of ionization is related to the electric 
stress and must be kept to a minimum; 
consequently, there is a limit beyond 
which the potential energy or the work¬ 
ing voltage cannot be raised without 
occasioning too bulky a cable. 

Increasing the h-f energy also results in 
a greater power loss and higher cable 
temperatures as the current rating 
equation illustrates. Since the choice 
of highly conductive metals is fairly 
restricted, and beca use the as 3 rmptotic 
value of Zo ='\/z,/C is a fairly constant 
quantity consequent upon the usual load 
impedances involved, there remains but 
one other choice in designing h-f cables 
to carry economically the larger amounts 
of energy. This choice is a fairly obvious 
one suggested by the nature of the trans¬ 
mission line equations: it is to reduce 
to the attenuation constant to as small 
a value as possible. 

The influence of Zo on the attenuation 
constant has been noted, and for any 
assigned value of Zo a minimum a obtains 
in the symmetrical coaxial arrangement 
for a specific ratio of the circle diameters. 
But this adjustment of the physical 
dimensions of the cable is not sufl&dent 
to result in an economically sound trans¬ 
mission system. Reducing the didectric 
constant from somewhat over 2 to a 
value of 1 that obtains with air or other 
gases results in a decrease in attenuation 
of approximately 60 per cent. TTierefore 
the solution of the problem lies in arriv¬ 
ing at a practical cable design, me- 
dianically robust and uniformly stable in 
performance, which would lend itself 
to commercial manufacture. 

For a great many years now cable 
manufacturers all over the world have 


struggled with the problem of producing 
such a cable of the coaxial type. As 
may be appreciated, it involves the 
combining of the two unstable coaxial 
circles with the minimum amount of solid 
material and the maximum amount of gas 
into a permanently stable arrangement 
capable of retaining its initial symmetrical 
shape in any cross section throughout 
its duty in service and having, of course, 
a dielectric constant approximately equal 
to 1. 

Fig. 4 illustrates the only cable design 
yet manufactured to conform to these 
qualifications. It was brought into com¬ 
mercial manufacture in England a few 
years ago as a result of considerable re¬ 
search and development work. Its de¬ 
sign is unique and a fine example of tlie 
practice of science applied to cable 
making. 

Fig. 5 shows a cross-sectional view of 
the 120-kv power cable for buUc energy 
transmission. As one examines closely 
the physical construction of these two 
cables. Figs. 4 and 6, some of their 
similarities and disparities become more 
tangible. In the one case—^the h-v 
cable—^the tapes are applied parallel to 
the longitudinal axis and in a helical 
formation; in the other the tape is 
applied at right angles to the longitudinal 
axis and again in a helical formation; 
but both make use of the tapes as their 
supporting structure to obtain and main¬ 
tain the S3rmmetry of the coaxial array 
which is so desirable. 

- 4 - 

Discussion 

F. H. Buller ((j^eral Electric Company, 
Schenectady, N. Y.): Mr. Short has pre¬ 
sented a useful comparison between the 
characteristics of communication cables and 
power cables, and has emphasized points of 
similarity between these characteristics 
which do not manually occur to a cable 
engineer working in one field only. Such a 
comparison is valuable since it is often 
possible to get useful and constructive ideas 
from the practices which are current in a 
similar field. While the fundamental infor¬ 
mation is doubtedless available in the 
literature, it is very desirable from time to 
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time that such comparisons be clearly drawn 
in order to stimulate constructive thinking, 
and possibly to provide immediately useful 
solutions to particular problems. Two 
points, however, seem to require further 
clarification. 

Mr. Short states that conductor resistance 
R is not usually dependent upon steady- 
state current rating considerations but is a 
function more especially of the voltage rat¬ 
ing and characteristic design in h-v cables. 
This stat^ent is correct when conductors 
of the minimum permissible size are used. 
This minimum permissible size is a function 
of voltage rating (see the Association of 
^son Illuminating Companies Specifica¬ 
tions) and of type of insulation. However, 
the mmimum permissible size usually corre¬ 
sponds to a very light load, a load which is, 
in fact, so light that it is seldom economical. 
The usual practice involves loads con¬ 
siderably greater than this, requiring the 
use of a much larger conductor in order to 
avoid overheating or excessive voltage drop. 
As a matter of fact, in power cable work the 
conductor size, and hence its resistance, is 
dete^ued primarily by cable load since 
this is the factor which governs both heat¬ 
ing and voltage drop; and it is only af¬ 
fected by the voltage rating and the cable 
design in so far as these factors affect maxi¬ 
mum permissible temperature and thermal 
resistance. 

Mr. Short states for all h-v cables of the 
usual conductor sizes a frequency of 60 
cycles and close spacing of cables «!,=> 
1.9i?. A few spot checks indicate that this 
relationship does not appear to hold for 
single-conductor cables arranged on 6-inch 
centers, although it can be used as a very 
rough approximation for three conductor 
cables, or three cables pulled into one duct. 
Possibly, this is the thought which Mr. 
Short had in mind when he made this state¬ 
ment. 


A. L. McKean (Phelps Dodge Copper Prod¬ 
ucts Corporation, Yonkers, N. Y.): We 
should like to commend Mr. Short for his 
excellent summary of practical theory 
which emphasizes that 60 cycles and mega¬ 
cycles, in spite of wide divergence in fre¬ 
quency and application, obey the same 
fundamenta.1 laws of propagation and trans¬ 
mission. 

We should like to take exception to Mr. 
Short’s next to last paragraph which implies 
that the aluminum-sheathed cable with 
polyethylene helix separator shown in Fig. 
4, developed in England, is the only design 
which provides a permanently stable, essen¬ 
tially air dielectric coaxial cable construc¬ 
tion. There are others. 

While polyethylene provides very ade¬ 
quate means of helical support in coaxial 
constructions, there is an even more suitable 
material available for such applications, 
namely polystyrene, in fully oriented tape 
form. Apparently, the author is not aware 
of styroflex, a coaxial cable which has 
g^ed world-wide recognition for its excep¬ 
tional and uniform characteristics. The 
cable comprises a copper inner conductor, a 
helix of styroflex tape,.and aluminum sheath 
outer conductor. 

The reason for the exceptional qualities 
of styroflex lies in the stability of the styrene 
tape helix vy-hich surpasses polyethylene be¬ 
cause of its extremely high modulus of elas¬ 


ticity. Elongation at 10,000 pounds per 
sqiwe inch is only 3.0 per cent; the 3 deld 
point is somewhat higher. This property 
makes it possible, during manufacture, to 
control and maintain uniformity of hp-h x 
pitch and pertinent diameters within very 
close tolerances. It also ensures stability 
of these uniform characteristics for the life 
of the cable. 

Due to its outstanding properties, styro- 
fl^ is presently being employed in many ap¬ 
plications for which no other coaxial cable 
could be ccpidered. Further, it is provok- 
mg reconaderation of many present-day 
coaxial installations and stimulating some 
entirely new fields of employment. 


R. W. Atkinson (General Cable Corpora¬ 
tion, Bayonne, N. J.): Both power and 
communication cables are ways of trans¬ 
mitting energy and although both obey the 
general transmission equations, the con¬ 
trasts in characteristics are as great as the 
difference in purpose of transmission. Effi¬ 
cient power transmission by cable requires 
that much more than 90 per cent of the 
tran^itted energy shall arrive for use. 
Efficient communication transmission per¬ 
mits more than 99 per cent of the energy to 
be lost or utilized in transmission. In 
power, dielectric strength, cost of energy 
loss, and conductor heating by the losses are 
controlling; in communication these are 
. negligible. In communication the one 
significant property is to transmit a suffi¬ 
ciently accurate replica, even though at¬ 
tenuated a thousandfold, of the originating 
complex wave. This compares with the 
power cable requirement of substantially 
zero attenuation and no essentia! problem of 
distortion. 

For some communication circuits, the 
general equation of transmission may be 
used in simplified form, although often being 
required in complete form. Seldom, how¬ 
ever, is it necessary to treat a power cable 
transmission with the use of other tlian the 
simplest equations and treating its distri- 
huted constants as lumped. In the power 
cable the one important exception to this 
simple meAod is where it is used as a carrier 
to transmit communication or intelligence 
or where natme chooses to impose transients 
(hghtnmg) when the methods of analysis 
become those used for communication. 

Many types of material are used by both 
tj^es of cable. The knowledge of dielec¬ 
tric constant and dielectric power factor 
leatued from one type of cable is useful for 
the oto but even here the numerical values 
are v^ously and significantly affected by 
the difference in frequency. Similar prob¬ 
lems arise on materials that are affected by 
moisture absorption. 


H. D. Short: I should like to thank the 
discussers for their contributions, and in 
particu^ Mr. Buller and Mr. McKean for 
their kind remarks. 

Mr. Buller has referred to the statement 
made concerning the parameter R and men¬ 
tions the Association of Edison Illuminating 
Companies Specifications as specif 3 nng cer- 
tainminimum conductor sizes for certain op- 
crating voltages. What I had in Tnind was 
specifically the higher voltage cables of all 
types; and the higher the operating voltage 
the more the statement I niade becomes a 


truism. In point of fact, and in spite of 
standardizing specifications to the contr^y, 
we have found it obligatory to PYaminti 
closely the potential gradient across the 
insulant when recommending a cable design 
to operate at voltages greater than 30 kv to 
neutral. And of course in this reg^d it is 
not conductor size alone that operates, but 
the combination of conductor dimensions 
and insulant thickness in the usual logarith¬ 
mic fashions. So that in contradistinction 
to Mr. Buller’s feelings in the matter we 
must not only look at the conductor size 
from the standpoint of load but also for 
voltages above, say, 30 or 40 kv we must 
ensure that the stress at the conductor sur¬ 
face is not unduly high, and this is especially 
true when dealing with solid-type cables. 

Mr. McKean has confined his remarks to 
the h-f class of cables. We are very much 
aware of the German h-f cable innovation 
known as the styroflex design. This cable 
first came to our attention during the last 
invasion of Europe by the Allied forces— 
installations of it having been discovered in 
use by Signal Corps officers. After the war 
the styroflex design was very carefully 
studied by the English cable firm which de¬ 
veloped the helical membrane cable. 

Mr. McKean misinterprets if he felt that 
I implied that an aluminum-sheathed cable 
was the only design which provided a per- 
mauMtly stable, essentially air dielectric 
coaxial cable construction. The context of 
the next to last paragraph cannot be so 
int^reted. Mr. McKean has missed the 
main point I was making for the helical 
membrane cable. It is, as stated in the 
paragraph preceding it, that the helical 
membrane cable combmes, dn comparison 
with any other coaxial cable not excepting the 
styroflex design, the minimum amount of 
solid material and the maximum amount of 
gas space per unit volume into a per¬ 
manently stable arrangement. This volume 
ratio as delineated in the paper is of great 
importance in reducing the attenuation. 

, The other mam feature I was emphasizing 
in the pap^ in these respects was the unique 
principle involved in the helical membrane 
design of applying a tape at right angles to 
the longitudinal axis while retaining the 
helical formation. In the styroflex design 
the tapes are used parallel to the longi¬ 
tudinal axes as is common practice in the 
industry, and the tapes are simply applied 
with 100-per-cent overlay, a long lay, and 
wide butt spacing; so that it is not possible 
to obtain in any given case the equivalent 
gas space which would obtain in the helical 
membrane counterpart. A comparison of 

the mechanical characteristics of polystyrene 

and polyethylene which Mr. McKean has 
attempted is beside the point, for obviously 
the helical membrane cable principle can be 
accomplished with either material or any 
other suitable dielectric for that matter. 

Or, to put it another way, the embodiment 
of the helical membrane design is not neces¬ 
sarily confined to any one material, such as 
polyethylene, although the higher mhlting 
point of polyethylene in relation to that of 
polystyr^e does present some contem¬ 
porary merit in favor of the former. 

The great beauty and distinct advantage' 
of ■^e helical membrane cable in direct com- 
prison with the styroflex cable is its sim¬ 
plicity in conception and manufacture, a 
fact which is reflected in their comparative 
costs as presently marketed. 
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An Investisation of the Capture Effect 
in a Narrow-Band Frequency- 
Modulated System 


C. D. HEDGES 

ASSOCIATE MEMBER AIEE 


C APTURE effect in frequency-modu¬ 
lated (FM) radio transmission is that 
phenomenon whereby the stronger, of two 
signals increases its predominance over 
the weaker signal on the same frequency 
in a receiver so that the weaker signal is 
eliminated from the receiver output. 
The transition in control can be very 
sharp when one signal becomes even 
slightly stronger than the other signal. 
That is, a small differential in radio-fre¬ 
quency input levels of the desired signal 
to the interfering signal results in a much 
higher ratio of signal to interference in the 
audio output. This characteristic of 
some FM systems permits the use of 
many more broadcast stations within a 
given area operating on the same carrier 
frequency than is possible with ampli¬ 
tude modulation (AM). 

The amount of capture effect present in 
FM equipment is dependent, among other 
things, on the total channel bandwidth 
utilized. About 10 years ago, FM com¬ 
munication equipment was recommended 
for power-line carrier use; a major fea¬ 
ture was tliat it possessed capture effect. 
This phenomenon supposedly would make 
it possible to work two channels baclc-to- 
back at the same station on the same fre¬ 
quency with less isolation between tliem 
than would be required for conventional 
AM cliannels. From a preliminary study 
made by the author, it was concluded 
that very little, if any, capture effect was 
present in narrow-band equipment. This 
is also the conclusion reached by others 
in previously published literature.^'® The 
investigation reported in this paper has 
been made to study capture effect as it 
relates to narrow-band FM systems used 
in the power-line carrier field. It was 
concluded, after the investigation, that a 
narrow-band FM system is only slightly 
better* than an AM system of the same 

Paper 55-79, recommended by the AIEB Carrier 
Current Committee and approved by the AI£B 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Winter General Meeting, New 
York, N. Y., January 31-Pebruary4,1966. Manu¬ 
script submitted October 21, 1964; made available 
for printing November 18, 1964. 

C. D. Hbdobs is with the Westinghouse Electric 
Corporation, Baltimore, Md. 


bandwidth with respect to rejecting inter¬ 
fering signals or noise. 

Capture Effect Theory 

From an explanation on why capture 
effect is present in a wide-band system, it 
will become evident that this phenomenon 
is much less effective in the narrow-band 
systems. When two signals, desired and 
interfering, pass through an FM receiver, 
both phase modulation (PM) and AM 
are produced. The AM would ordinarily 
be heard as a beat note in an AM receiver 
but the limiter circuits in the FM re¬ 
ceiver eliminate the variation in signal 
due to AM. The undesired PM is not 
so easily eliminated. The PM results in 
an indirect FM signal whidi produces an 
audible output at tlie discriminator and 
the receiver output. In wide-band FM 
systems this interference cannot actually 
be eliminated but its effect can be mini¬ 
mized by making this undesired output 
appear insignificant when compared to 
the desired audio signal. 

If the PM resultant signal is examined, 
it is seen tliat it can be represented by two 
carrier signals giving a resultant having 
the average frequency of the stronger but 
having its phase shifted plus and minus 
around its mean value at a rate equal to 
the difference frequency between the two 
carrier signals. PM may be illustrated 
by referring to Fig. 1. The desired carrier 
phasor continuously rotates through 360 
degrees. The weaker undesired signal 
rotates relative to the de^ed carrier at 
a frequency equal to the difference fre¬ 
quency (Fp—F/). AM is produced as 
shown. As the undesired phasor rotates 
around the desired phasor, PM is pro¬ 
duced between the limits A and B. The 
faster the undesired phasor rotates or the 
faster the rate of phase change, the 
greater the FM. Thus, as the beat fre¬ 
quency increases, PM increases and there¬ 
fore the undesired audio output increases. 
Thus, it can be shown that the degree of 
the indirect FM formed from PM de¬ 
pends upon the expression {M) (Fp—F/).® 
As already stated, Fp — F/ is the difference 


frequency between the two unmodulated 
carriers in cycles. The other factor M is 
given in radians and is dependent upon 
the relative amplitudes of the desired and 
undesired carrier signals. Assume that 
the two signals differ in magnitude by a 
ratio of 2 to 1. The maximum value of 
Ad is 26.5 degrees [tan‘'^(//Z)) ] which is 
0.464 radian. Assume that the difference 
frequency between the two carriers is 
2,500 cycles. Substitution of these values 
into the foregoing expression results in a 
frequency shift of 2,500X0.464 or 1,160 
cycles. The frequency variations shift 
at a rate of 2,500 cycles a second over a 
maximum shift of 1,160 cycles. 

At this point it is desirable to compare 
the characteristics of a wide-band FM 
system such as is used in broadcast service 
with narrow-band systems as used in 
power-line carrier. The maximum devia¬ 
tion for carrier systems is approximately 
2,500 cycles, and carrier FM receivers 
have a bandwidtli of approximately 5 kc. 
In comparison, an FM broadcast station 
may employ a maximum deviation of 75 
kc and the broadcast FM receiver band¬ 
width is approximately 150 kc. Power¬ 
line carrier systems deviate 2,500 cycles 
to produce 100-per-cent modulation, but 
in the wide-band broadcast system the 
carrier must deviate 75 kc to produce 100- 
per-cent modulation. 

Returning to the example given for the 
conditions assumed, a shift of 1,160 cycles 
was present because of PM between the 
desired signal and the interference signal. 
In a wide-band receiver, the interference 
produced by a shift of 1,160 cycles is 
insignificant when compared to the audio 
signal developed by a swing of 75,000 
cycles. As the ratio of the amplitude of 
desired to interference signal at the re¬ 
ceiver input is increased or the frequency 
difference between the two signals de¬ 
creases, the suppression of the inter¬ 
ference signal improves. Thus, the use 
of wide-band FM swamps the small FM 



Fig. 1. Diagram for two received un¬ 
modulated carriers of different frequencies 
Fd and Fi 


June 1956 Hedges—Investigate Capture Effect in a Narrow-Band FM System 


289 


























SHADED- 


H 

n 

11 

■ 







r 

r 

B 

!B 

zl 

<c 

9 

Vi 

■ 







B 

B 

IB 

IB 

B 

^ i 


fSt 

■ 






IB 

IB 

a 

IB 

B 

B 

m 

■ 


!■ 






B 

B 

IB 

IB 

■ 

■ 

II 

Wi 

ISI 

—j 

-J 


■ 


a 

B 

B 




-1 

II 

IfiS 



■ 

■ 

B 

m 

Bi 





B 

B 

II 



■1 

m 

a 







■i 

B 

■ 


iSi! 

IBB! 

SI 

Si 

B 

— 

— 

^INA 

UDIBL 

.E ~ 

_ 

- 

- 

fl 

B 

m 

w 

bAil 

m 

2C. 

j 

yu 


F-M NOISE 

1 1 ■■ 

— 

— 

— 

— 



Ra. S. N.i» dl.s,,m h, FM .,d AM ,.Ho» FM d«i.«6„ ,«|« 


80 
F+75Kc 


signals developed indirectly from the 
interference. As the deviation ratio is 
decreased, the effect of the interference 
because of PM becomes more and more 
important. In a power-line carrier FM 
system, where the maximum shift is 
2,500 cydes, it is evident that the inter¬ 
ference caused by the calculated shift 
of 1,160 cycles would be too high to 
tolerate, almost 50-per-cent modulation. 
This is the same condition that exists in 
an AM system when the signal-to-inter- 
ference ratio is 2 to 1 at the receiver radio¬ 
frequency input. Wide-band FM is re¬ 
quired for minimum interference, and in 
these cases capture effect is present. 

The relationship of 1 (interference) to D 
(desired signal) and frequency deviation 
can be shown to be as follows: 

(100). interference modulation in 
an AM receiver in per cent 

-K ’2 = (J/Z>) (100), int»ference 

modulation in an FM receiver in per¬ 
cent 

/“interference level 
i? “desired signal level 
(Fn-F/) “frequency difference between 
desired^ and interference unmodu¬ 
lated signals. All those difference 
frequencies above 15 kc should not 
be considered because the ear will 
not respond 

AF“maxinium frequency shift. Channel 
bandwidth equals 2XAF 
///> “ratio of amplitudes for AM inter¬ 
ference. For FM interference the 
two signals have to be added in 
quadrature. If, e.g., J=0.5D, then 
M“=fc26.6 degrees or 0,464 radian 
(tan 1 I/D). The frequency swing 
equals Afl(Fx)-F/) * 

From these equations it is evident that 
wide-band FM definitely has an advan¬ 
tage over an AM system. If the maxi¬ 
mum deviation is 75 kc, and (F^ - F^) is 


15 kc, the resulting interference in an 
FM receiver would be only 20 per cent of 
that obtained with an equivalent AM re¬ 
ceiver. If the two signals have the same 
carrier frequ^cy, then no audible beat 
effect can exist and the equivalent FM 
signal is zero. If the two signals differ 
slightly in frequency, the resulting inter¬ 
ference is completely outweighed when 
the maximum deviation is 75 kc. This is 
an important feature of wide-band FM 
since the well-known beat whistle inter¬ 
ference in an AM receiver makes recep¬ 
tion almost impossible. However, in 
narrow-band FM where the deviation is 
limited to a low value—2,500 cycles in 
the case of FM power-line carrier trans¬ 
mitters ^this advantage is greatly re¬ 
duced and the capture effect of narrow- 
band FM over AM is very slight. 

The preceding discussion was used to 
illustrate capture effect for the simplest 


case Where two unmodulated carriers of 
<Merent frequencies Fd and F, arrive 
simultaneously in an FM receiver. For 
the condition when the desired and inter¬ 
fering carriers are modulated, PM is pro¬ 
duced between the various desired and 
interfering side bands. The analysis of 
the interference for this case can be made 
by treating the resulting signals as instan¬ 
taneous carrier signals (Fo-F/). A 
rigorous analysis is given in Hund’s book® 
on FM for this condition. See Table I 
for actual listening test comments made 
on a carrier system with both carrier sig¬ 
nals modulated simultaneously. 

Interference from Noise 

In earner systems not only is inter¬ 
ference present from other carrier signals 
but there is also transmission-line random- 
type noise plus impulse noise due to elec¬ 
tric storms and other sources. The 
analysis of this is the same as the previous 
discussion on capture effect theory. 
The reaction between each noise voltage 
and the carrier again produces, AM and 
PM in which case the AM is removed by 
^ective limiting. Since each noise Fiigrifll 
is the same as an interference signal, then 
as the difference frequency increases 
(Fjp-F/) the interference from PM in¬ 
creases. This plots a triangular noise 
response for an FM receiver as shown in 
Fig, 2. In an AM receiver, each noise 
voltage of a different frequency will miY 
with the AM carrier to form a beat note. 
The amplitude of each beat note is the 
same because all distributed noise volt¬ 
ages have approximately the, same 
strength and therefore, in place of a tri¬ 
angular noise response, there is a rec¬ 
tangular response. For example, a single 
interfering wave at the band edge in FM 
would give an output amplitude as great 


Table I. 


Urt.»i„s T«1 Comment, with Wmittem T. end T, Moduleted Slmnlleneoudy. 
See Fig. 3 for Block Diagram 


Ti/Tt: Radio- 
Frequency 
Carrier Level 

ITimodulated, Condition A: Unmodulated Carriere 
Decibels InitiaUy Adjusted for a 300-Cycle Beat Note 


Condition B: Unmodulated Carriers 
Imtially Adjusted for a Zero Cycle Beat 


®.signals on, neither is under¬ 

standable. 

®.desired signal Ti is understandable 'ri.m j • . 

but rough and distorted. Undesired.signal over-rides the un- 

signal not understandable but auite desired Md it is readable with practi- 

loud. cally no difficulty. The undesired signal 

IS quite loud. When the desired signal 
peases modulation, the undesired signal 
IS also readable with practically no 

.^desirldthannel carbe*u^^^ .'nt*^^ is readable with no difficulty 

well. ^ interference is still too objectionable. 

■ "Sd*”crsl'"hS-d'ttaS‘.■>»« 

on the understandability of the desired background, 

signal. The undesired signal is a nuis¬ 
ance, however) along with the tone and 
could not be tolerated. 
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Fig. 3. Block diagram of system used 
to obtain listening lest comments 


as the same noise signal located an 3 rwhere 
intheAMpassband. For an FM system, 
the suppression of noise is directly pro¬ 
portional to the deviation ratio. In Fig. 
2, the FM-75 receiver actually accepts 
noise out to 75 kc and it has the ttsuat 
FM triangular noise characteristic. The 
human ear, however, is only sensitive to 
frequencies within the range of audibility, 
up to around 15 kc, and rejects everything 
else. The maximum height of the audible 
part of the FM-75 triangle corresponding 
to voltage is only one-fifth of the height 
of that for an FM-15 triangle. Such 
being the case, the FM-75 advantage 
over FM-15 is appreciable. Then, for 
this consideration, it may be said that 
wide-band FM is superior to narrow-band 
transmission, but only if the input desired 
signal to distributed noise ratio is initially 
large. For impulse noise, the carrier 
level must be even higher than it is for 
distributed noise. 

The requirements for a carrier com¬ 
munication system include the specifica¬ 
tion which requires that the equipment 
operate over long channels in the presence 
of high noise interference usually en¬ 
countered on these long lines, in which 
case the desired carrier-to-noise voltage 
ratio is low. In a wide-band FM system 
when the signal is stronger than the noise, 
the audio output signal-to-noise ratio is 
even better than the input radio-fre¬ 
quency ratio but, conversely, if the noise 
is greater than the signal at the input, 
then the noise-to-signal ratio at the out¬ 
put is high. That is, if the noise is higher 
than the desired signal, the wide-band set 
will be captured by the noise. This 
would swamp the desired signal which is 
highly undesirable. The wide-band set 
shows favoritism. The ability of the 
narrow-band FM to reach down into the 
noise means that there is no capture ef¬ 
fect because both the signal and the noise 
are received, neither being favored and 
the other excluded. Because this charac¬ 
teristic is not in wide-band FM, its use 


on a power-line system for the purpose of 
utilizing the capture effect feature would 
prove very impractical. 

Experimental Results 

Listening tests were conducted on 
standard Westinghouse type-FZ? FM 
equipments. Two transmitters and one 
receiver were employed with all units 
tuned to 40 kc. As previously stated, the 
maximum audio modulating frequency 
was restricted to 2,500 cycles. The maxi¬ 
mum deviation of the carrier is 2,500 
cycles for power-line carrier transmitters 
so the deviation ratio for this equipment 
is 1. 

The listening test comments listed in 
Table I are significant because the final 
decision as to whether a system is actually 
workable is dependent upon favorable 
listening comments. Two conditions are 
included. One condition is when both 
unmodulated carriers are exactly on the 
same frequency, and the second condition 
is when a 300-cycle beat note exists be¬ 
tween tire carriers. This latter data are 
included because of the allowable drift 
specifications on transmitters installed in 
the field. From Table I it can be con¬ 
cluded that a reduced quality service, 
such as emergency voice communication, 
in the presence of an interference signal is 
possible provided the desired modulated 
carrier is 6 decibels or more stronger than 
the undesired modulated carrier. To say 
that communication is possible under 
these conditions means that the desired 
signal is understandable with prac¬ 
tically no diffictdty in the presence of 
an undesired modulated carrier, but 
the communication is not of the same 
high quality as provided by standard 
voice communication channels. The 
audible crosstalk is at such a high level 
that it would become annoying on con¬ 
stant usage. Also, when the undesired 
carrier is modulated and the desired car¬ 
rier is not modulated, tlie undesired chan- 
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nel can be understood provided the un¬ 
desired carrier level is not more than 20 
decibels below the desired carrier level. 
This means that a listener on a desired 
channel would hear the desired signal 
satisfactorily in the presence of a modu¬ 
lated interference signal which results in 
crosstalk, but the listener will also hear 
the undesired diannel satisfactorily when 
the desired channel is not modulated. 
This is very distracting to a conservation, 
but, as stated previously, emergency 
communication would be permitted. 
Likewise, an equivalent AM system with 
the same amount of isolation could be 
used as effectively. 

Conclusions • 

There is little, if any capture effect pres¬ 
ent in the narrow-band FM equipment 
and this is one of the reasons that the 
equipment is suitable for power-line car¬ 
rier application. In some applications 
the equipment is required to operate over 
long transmission lines where the noise 
level occasionally approaches the desired 
signal level. The ability of the narrow- 
band receiver to receive both the desired 
signal and the noise, neither being favored, 
allows the signal to be understood in the 
presence of the noise. In a wide-band 
FM system, there is appreciable capture 
effect which means that the over-all result 
is to receive the larger signal and swamp 
out the low signal. However, if a wide¬ 
band FM system was applied to carrier 
application and the noise at the receiver 
input was greater than the desired signal, 
then the noise would be received and the 
desired signal eliminated. Thus, for this 
reason, the use of wide-band FM for car¬ 
rier application would be very imprac¬ 
tical. 

Emergency voice communication in the 
presence of an interference signal is pos¬ 
sible provided the desired carrrier is 6 
decibels or more stronger than the un¬ 
desired carrier. The audible crosstalk 
is at such a high level for this condition 
that it would become annoying on con¬ 
stant usage. For acceptable voice com¬ 
munications, more than a 20-decibel dif¬ 
ference in level between desired and inter¬ 
fering signals is necessary. 
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Discussion 

F. C. Kri^ (General Electric Company. 
Schenectady, N. Y.): The author should 
be commended on this addition to the 
^phcation practices on power-line carrier. 
The listening tests contained in Table I 
will be of considerable v£lue when it is 
darned to repeat or reuse a frequency 
which IS already in use for FM carrier 
telephony. The listening tests are much 
more illuminating than the numerical 
examples used in the paper; in fact, the 
sample in the section on ''Capture Effect 
Theory may lead one to an erroneous 
conclusion when modem carrier equipment 
>s considered. The expression for the 
degree of indirect FM formed from PM 
of the carrier is stated in the paper as the 
differmce in signal strength 
times the difference in frequency. If two 
crystal-controlled carrier equipments are 
used, the maximum difference in frequency 
only 200 cycles instead of the 
2 600 cycles used in the example. Then 
If a difference in signal level of 20 decibels 
IS Msumed, the resultant maximum shift 
produced by the interference is only 20 


cycles. In comparing this with FM broad¬ 
cast, as was done in the paper, the per¬ 
centage shift is only 0.8 per cent for the 
c^^ and is less than the 1.65-per-cent 
shift for the FM broadcast in the example 
m the paper which was labeled as in¬ 
significant. 


C. p. Hedges: Mr. Krings has brought up 
a factor which must be clari fie d The 
numerical example assumed in the paper 
^ used to iUustrate the degree of capture 
effect present in the narrow-band power-line 
carrier system as compared with the wide- 
bMd system under the same conditions. 
The^ conditions were that the difference 
in signal level between the desired signal 
Fx> the interfering signal F/ was 6 
decibels, and also that the factor Pa—F, 
T? cycles. This results in a shift 
of 1,160 cycles at a rate equal to the differ¬ 
ence frequency. For the power-line carrier 
maximum deviation is 
• interference produced 

IS (1,160 X100)/2,500 =*46.6 per cent, which 
IS approximately the 60 per cent stated in 
the paper. For the wide-band case, where 
the carrier deviates 75,000 cycles, the 


P‘'°‘l«ced is (1,160X100)/ 
75,000 =*1.56 per cent. 

In the example used by Mr. Krings, the 
diff^ence in signal level is 20 decibels and 
the factor Fd—F/ is 200 cycles. It is true 
that the resultant maximum shift produced 
by this int^erence is only 20 cycles. For 
these conditions, the power-line carrier 
system will be subject to (20X100)/2,600= 
.8-p^-cent interference, as compared tO’ 
the desired aud«*o output. For the wide- 
laand FM system, the degree of interference 
IS (20 X100)/76,000 =0.0267 per cent. 

Note that in both examples the degree 
of int^erence for the wide-band system 
than that for the carrier system. 
The 0.8-per-cent value calculated by Mr. 
Knngs for the carrier system is not directly 
comparable to the 1.55-per-cent value that 
can be calculated from the example in the 
paper because the conditions are not the 
same. In either case, however, it should 
be brought out that there is a significant 
improvement in the suppression of inter¬ 
ference by the wide-band system over the 
earner system when the same conditions 
^e assumed. As has been previously stated, 
this was the reason for the numerical 
example. 
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IN 1886 Charles Hall developed t he 
electrolytic process which made pos¬ 
sible the economic production of alumi- 
. num. The process entails the con- 
si^ption of about 10 kw-hours of elec¬ 
tricity per pound of metal, and this energy 
represente about 20 per cent of the cost 
of aluminum.» The first commercial 
installation of aluminum-sheathed cable 
in the United States was a limited 
amount of telephone cable employed in 
1932 on ^e dirigibles Akron and Macon.^ 
Applications as cable sheathing were 
sporadic and of an essentially exploratory 
nature, until the threat of lead shortage 
in recent years sparked relatively compre¬ 
hensive European usage in both the 
power cable and communication cable 
fields.® 

In 1952, commercial production of 
standard lengths of aluminum-sheathed 
communication and power cable was 
undertaken at the Habirshaw Division of 
the Phdps Dodge Copper Products 
Corporation, This cable has ranged in 
diameter from 3/8 to SVs inches and has 
been shipped on reels in 1,000-foot 
lengths. Table I lists the pioneer power 
cable installations in the United States. 
When corrosion protection is required, an 


E. J. MERRELL 
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extruded jacket of black polyethylene is 
applied directly over the aluminum 
sheath. 


Sheath Manufacture 

Current manufacturing, in America, 
emplo 3 rs the draw-in and sinking method, 
and 2 years of experience on a con¬ 
siderable scale has led to the following 
procedure. Billets of aluminum are 
extruded and the tube produced is 
wound in long continuous lengths (multi¬ 
ples of 1,000 feet) on extra-large reels. 
These are pressure-tested and vacuum- 
treated, then charged with dry gas and 
sealed until used for cable sheathing. 
In the sheathing process, the required 
length of tube (up to 1,000 feet at present) 
IS drawn out straight and, again, pressure- 
tested with diy gas. Next the cable 
core is drawn in. Finally, the tube is 
passed through a sinking die to form a 
suitably dose fitting sheath. 

The hardness or stiffness of the sheath 
differs at a press stop. As a result, the 
larger sizes tend to wrinkle some in tbi< 8 
area when being wound on or off a reel. 

A practical solution to this problem is a 
temporary binding of two metal tapes 


applied over the press stop for a length 
of 1 foot as the cable passes from the 
inking die. Such a binding is shown in 
Fig. 1. This is removed after installa¬ 
tion in the fidd except, of course, when 
a polyethylene jacket has been applied 
over it. 

The comparativdy high hoop strength 
of aluminum sheath would seem to permit 
significant reduction in thicknesses from 
those customary for lead sheaths. How- 
basic practical factor in de- 
termimng sheath thickness is resistanpe 
to corrugating under normal handling 
procedures. This requirement results 
in aluminum thicknesses not far from 
those used for lead sheaths, being actually 
greater for the largest diameters. How¬ 
ever, with the rather considerable support 
afforded by an extruded polyethylene jac¬ 
ket, reductions in aluminum thicknesses 
can be made to bring them dose to the 
limit imposed by hoop stress. This is 
shown in Table II. 

The ultimate aim for aluminum shea^ 
production, as for lead, is continuous 
and direct extrusion, from press onto 
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Table I. Aluminum-Sheathed Power Cable Installations in the United States* 


Rated 

Voltage, 

Location Kv Conductor Size. 


New York.27.... 2/0 . •.. l-conductor, triplexed.... 66.... 80 .... wiped lead sleeve 

”.16....3SO.OOO circular.... 3-conductor, aerial. 80.... 90 .... wiped tinned cop- 

.23... .350^00 circular... .S-SSr. aerial.110... .none.... w^e^Xminun. 

New Yorkt.... 15... .5o”o00 circular... .3-conduc“2 aerial.110... .none 

mils 

* Total circuit footage = 32,000. ~ 

t Cable shipped but not installed. 


Type Installation 


Sheath Poly- 
Thick- ethylene 
ness. Jacket, 
Mils MUs 


Type Joint 


cable core, of a seamless tube free of 
press stops; in other words, a screw 
press. Such a machine does not appear 
feasible at present. However, the newer 
European high-capacity ram presses are 
capable of being recharged with pre¬ 
heated billets within seconds so that 
the direct application of aluminum 
sheath to commercial lengths of cable 
is a step closer. On the other hand, 
press stops and billet junctions remain 
as significant factors for consideration. 
Achievement of technically satisfactory 
procedures in this respect is important 
economically. 

Solid-Type Paper Cable 

Necessarily, when the sheath is applied 
on solid-type paper cable, a small positive 
clearance is required to enable accom¬ 
modation of impregnant expansion on 
temperature cycle. Otherwise, because 
of the high strength of the aluminum, 
excessive internal pressure would de- 


which must be built into the aluminum- 
sheathed cable originally as it is manu¬ 
factured. That the void volumes are 
essentially equivalent is shown by the 
fact that aluminum-sheathed paper cable 
exhibits normal solid-type cable charac-; 
teristics in standard accelerated load- 
cycle testing procedures. For example, 
the power-factor and ionization charac¬ 
teristics remained stable in the following 
load-cycle test run at double rated 
voltage on a 60-foot length of 3-conductor, 
500,000-circular-mil 13.2-kv cable with 
an 80-mil sheath and a 90-mil polyethyl¬ 
ene jacket. The test consisted of daily 
heat cycles accomplished by loading the 
conductors for 8 hours of each day. Volt¬ 
age was on continuously. There were in 
succession 4 cydes to 60 degrees centi¬ 
grade (C), 4 to 80 C, 4 to 100 C, 4 to 120 C 
and 60 to 86 C. The sample was ter¬ 
minated in a trifurcator fitted with porce¬ 
lain potheads, laid horizontally and level 
with the cable run so as to prevent pot- 


head oil from migrating into the cables. 
The trifurcator, shown in Fig. 2 was 
wiped to the aluminum sheath. Radial 
power factors, measured at 80 C, after 
the load cycle test were indistinguishable 
at the wipe and on the cable run. 

Joining Aluminum Sheath 

Joints in aluminum cable sheaths can 
be made by wiping, welding, or by me¬ 
chanical means. Medianical connections, 
i.e., flare, ferrule, threaded, with or with¬ 
out supplementary 0-ring or gasket seals, 
are adapted to some branches of the com¬ 
munication field because cable dimensions 
are standardized at a few sizes. However 
in the power cable field the multiplicity 
of sizes requires that each application be 
considered separately. Welding, perhaps 
the most effective means of making a 
joint, particularly for paper cable, is in 
about the same category as mechanical 
joints for power cables. The welding is 
done with a tungsten arc in an argon or 
helium atmosphere. Argon is preferable 
for cable sheath work because it affords 
better control of the weld pool and arc. 
There is less dlouding and the metal stays 
brighter in the argon envelope, enabling 
tlie welder to see the weld pool more 
clearly than in the case of helium. The 
welding head has a cup and a tung¬ 
sten electrode which is water cooled to 
keep the electrode from melting. Flow 
of the argon or helium out of the cup is 
maintained during welding so that the 
arc and pool are surrounded exclu(h‘ng 


velop. The clearance is a function of 
impregnant volume and core diameter. 
If the cable is not shielded, this space 
can be ionized. Even if the cable is 
shielded, impregnant can migrate from 
the dielectric wall into the space so that 
some ionization rfiay result within the 
insulation. Thus, aluminum sheathed 
solid-type cables may not exhibit as low 
ionization factors as newly manufactured 
leaded cable. 

Of course, upon the first temperature 
cycle of any magnitude to which a 
leaded solid-type cable is exposed, im¬ 
pregnant expansion permanently en¬ 
larges the lead diameter. This results 
in a void volume comparable to that 



Fig. 1. Temporary reinforcins bindinj at a 
press stop 


Table II. Thicknesses of Polyethylene Jacket and of Aluminum Sheath, With and Without 
Polyediylene Jacket; Versus Cable Core Diameter 



Cable Core Diameters, Inches* 


Aluminum Sheath 
Without Jacket 

Aluminum Sheath 

With Jacket 

Polyethylene 

Jacket 

Thickness of 
Sheath or Jacket, 
Inches 

0-0.782. 

. 0-1.346. 


0 050 

0.783-0.910. 

.1.347-1.474. 



0.911-1.038. 



A 000 

1.039-1.166. 


. 0-0 204. 

0 005 

1.167-1.294. 

1.296-1.423. 

1.424-1.661. 

1.662-1.679. 

1.680-1.807. 

1.808-1.936. 

1.936-2.064. 

2.066-2.192. 

2.193-2.320... 

2.321-2.448. 

2.449-2.676. 

2.577-2.705. 

.2.116-2.243. 

---2.244-2.371. 

.2.767-2.884. 

.3.013-3.141. 

.3.142-3.269. 

.0.266-0.632.. 

.1.000-1.367. 

.1.368-1.736. 

.1.736-2.102. 

......2.103-2.470. 

.2.839-3.206. 

.3.206-3.678. 

.3.674-3.941. 

..0.090 

.0.095 

.0.100 

.0.116 

.0.120 

n io.(^ 

2.706-2.833. 

.3.270-3.397. 


0 1!%(t 

2.834r-2.961. 



n i9f^ 

2.962-3.089. 

.8.626-3.663. 


0 140 

3.090-3.217. 

.3.654-3.782. 


n lAf^ 

3.218-3.346. 



n iii 0 

3.347-3.474. 

.3.911-4.038.... 


n 

3.476-3.602. 



n lAA 

3.603-3.730. .n ibr 

3.731-3.868..n 

3.859-3.987... . 

3.988-4.116.... 


* This dimension is the calculated diameter of the cable core under the aluminum sheath. 


ft 
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F'S. 2. Trifurcator wiped to aluminum 
sheath 


Portable tungsten arc welder with 
accessories 


Pis. 4. Screening test for the effect of 
moisture on tinning 


the atmosphere. Fig. 3 shoWs a typical 
•portable timgsten arc welder and acces¬ 
sories. 

Wiping has been a time-honored pro¬ 
cedure for joining the lead sheaths of 
.pow» cable. Not only has it been effec¬ 
tive but ^bstantially the same technique 


* -- xxuwcver, 

a prerequisite to a successful wipe is a 
successful and stable tinning. The tin¬ 
ning must be cximpatible with the sheath 
and. the wipe metals. The tinning and 
wiping operations must not have a dele¬ 
terious effect on the dielectric. Several 
aluminum tinning recommendations were 
tried on alt^um sheath without suc¬ 
cess, according to these criteria. Cad¬ 
mium-zincs gave excellent bond strengths, 
but the tinning temperatures were too 
high, scorching several layers of paper ex¬ 
cept when the operation could be accom- 
pKshed very quickly. The requisite 
speedy could not be attained in the field. 
Tin-zincs, while effective on tube and 
sheet, were unreliable on cable. Clean 
ti^ng was virtually impossible to sus¬ 
tain while wiping. 

^ The use of flux-assisted tinning was con¬ 
sidered undesirable for paper cable ap¬ 
plications, since fluxes for tinning alumi¬ 
num are characteristically polar. Also, 
because of the exceedingly active nature 
of aluminum, chemically, it was deemed 
unwise to take a chance of leav ing polar 
readues in the wipe region. Actually 
when fluxes were employed to assist 
tinning, the tinning usually became un¬ 
stable during wiping. 

A screening test technique employed to 
identify the less promising tinning mix¬ 
tures is iUustrated in Fig. 4 . Aluminum 
nngs, 1/2 inch wide with a 140-mil wall 
and a diameter of 3 Vs inches, were used to 
test bond strength. A flat, measuring 1 
by 1/2 inch was made by pressing the 
nng over a jig 1 inch wide. The flats on 
a pair of rings then were filed clean and 
tinned mth a test mixture and then 
coated with a film of wiping solder. The 
tinned surfaces of the pair were brought 
together under hand pressure and heated 
with a torch to complete the seal. Fig. 

5 shows a pair of rings sealed and ready 
for test. The bond strength was meas¬ 
ured at room temperature as newly made 
and after aging at 90 C and 100-per-cent 
humidity. Fig. 6 shows a specimen in the 
tensile machine which apphed loading at 
the rate of 1/4 inch per minute. 

The most effective tinning solder 
worked with is a tin-zinc-lead combina¬ 
tion (77.18, 20.47, 2.26). It tins cleanly 
at a temperature low enough not to scorch 
the paper tapes. No flux is necessary. 

It has good bond strength and is stable 
at wiping temperatures. 

The following procedure is employed: 


Fig. 5. 


Test specimen prepared for screening 
test 




Fig. 6. Testing screening specimen after 
aging 


Fig. 7. Aluminum sheath filed preparatory 
to tinning 




Tinning the filed aluminum sheath 
with special solder 
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is free of oil 

fflm and like contatriination. Stearine is 
not to be used on the aluminum. 

2. Use a smooth file to remove the alumi¬ 
num oxide from the sheath surface to be 
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tin^d. The filed length, as illustrated 
m Fig. 7, should extend well beyond the 
length to be wiped. This is done to mini- 
niize the possibility of interfacial corrosion 
at the aluminum surface, which under wet 
conditions and particularly in the presence 
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Fig. 9. Coating special tinning solder with 
wiping solder 


of electrolyte can develop sufficient lifting 
force to separate a wipe. 

3. Tin the entire filed section immediately, 
while heating the sheath with a gas torch 
and rubbing the aluminum surface vigor¬ 
ously with the stick solder; see Fig. 8. 

4. Before tinning cools, coat with wiping 
solder (40-60); see Fig. 9. 

5. Cover tinned sheath with oil-proof 
tape, e.g., polyethylene tape. 

6. Build splice, removing sheath with a 
lead knife. 

7. Place previously tinned sleeve in 
position. 

8. Using ladle technique and cloths free 
of stearine, pack wiping metal. The 
wiping cloth is not to contact the tinned 
surface of the sheath. Discard overflow as 
this is likely to be embrittled by contami¬ 
nation with aluminum oxide. Keep pot 
at 290C=fcl0. 

9. Dress wipe with a hot soldering iron. 

Cable Bend Tests 

While for short-time tensile strength 
tests it is possible to make wipes stronger 
than the aluminum tubes which they join, 
this has not been the case for the most 
part in cable-bending tests. Moreover, 
when the wipes are kept wet, failure 
occurs by corrosion at the aluminum and 
tinning metal interface. Also, bend tests 
on welded joints show tliat much work 
must be done before the potential man¬ 
hole bend life of aluminum sheath is 
realized. 

Two test setups were employed. In 
one, a 5-foot sample was trained in an 
arc with a radius of 42 inches, termina¬ 
tions being a wiped pulling eye and a- 
splice sleeve at the opposite ends. The 
sleeved end was held stationary in a 
swivel grip, and the pulhng eye end was 
subjected to a 1-inch travel while free to 
swivel. In the second setup, Fig. 10, the 
sample was trained as for a normal man¬ 
hole installation; 24-inch offset, bend 
radius of 12 times the diameter, with the 
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splice centered. Both ends were wiped 
into pulling eyes, each of which was simul¬ 
taneously subjected to 1-inch travel, op¬ 
posed, but free to swivel. The splice 
was carried on a tripod ball-bearing mount 
and permitted to seek its position freely. 

All samples were trained to forms so as 
to avoid any concentration of change of 
curvature. Strain in the outer skin was 
calculated from deflections measmed with 
a micrometer mounted on a 6-inch chord. 
Each sample was charged with gas at 5 
pounds per square indi, and then sub¬ 
jected to a continuous bend test at the 
rate of 1 cycle per minute. When a 
fatigue crack developed, the charge of 
gas would leak out and a relay actuated 
by the drop in pressure would stop the 
bender. A mechanic^ counter kept track 
of the number of qrdes. 

Bend-test results are summarized in 
Table III. These data emphasize the 
advantages of triplexing aluminum sheath 
cable when possible. Thereby, not only 
is an increased sheath life assured but 
more significant is the increased life which 
may be expected of wipes as a result of the 
inherently lower unit stresses on load 
cyde. In general, Ihese tests indicate 
that the problem of designing joints for 
duct cables is yet in the developmental 
stage. 

Installation Procedure 

It has been the authors’ experience in 
preparing samples for manhole bending 



Fig. 10. Wiped joint sleeve on menhole- 
bend test 


tests that cables up to a diameter of ap- 
proximatdy 1 inch may be trained to a 
smooth curve with a radius equal to 12 
times the diameter of the cable, and that 
for larger cables a training radius of about 
16 to 25 times the diameter should be 
employed. These are training radii, not 
radii around which cables may be ptflled 
and then straightened during installation. 
Thus, when pulling cable around bends, 
the radius should be as generous as pos- 


III. 


»«nu i«sis on 


/Aluminum-dheathed Paper Cable at Room Temperature 


Test Setup 

Sheath 

Wall, 

Mils 

Cable 

Outside 

Diameter, 

Inches 

Strain in 
Sheath, 
Per Cent 

One-Minute 
Cycles to 
Failure 

5-Foot curve.. 

.... 66... 

...1.16... 

...0.26 ... 

... 36,644 




0.27 ... 

... 1'2,736 




0.37 ... 

.. 19,678 , 




0.42 ... 

.. 3,224 . 




0.17 ... 

678 . 

Trained. 



0 14 





0.14 ... 

.. 1,023 . 


80... 

...2.13.... 

..0.12 ... 

..160,000-i-. 




0.697... 

796 . 




0.214... 

.. 9,101 . 




0.260..; 

.. 3,942 . 




0.106... 

.. 4,916 . 


125.... 

...3.10_ 

..0.27 ... 

.. 4,360 . 


Comment 


Lead sleeve. Wipe cracked ad¬ 
jacent to sheath. 

Viped splice on eye side of center. 
Lead sleeve. Cable sheath rup¬ 
tured inside curve at center. 
Viped splices on both sides of center. 
Lead sleeve. Cable sheath rup¬ 
tured inside curve at center. 

Viped splice in middle. Lead sleeve. 
Splice sleeve failed in middle. 
Viped splice in middle. Lead sleeve. 
Wipe fatigued at top adjacent 
sleeve. 

Viped splice in middle. Lead sleeve. 
Splice sleeve failed at one end. 


Lead sleeve. Cable sheath rup¬ 
tured in bend adjacent to eye. 

. Wiped splice in middle. Aluminum 
sleeve. Wipes kept wet. Tinning 
corroded through. 

.Welded splice in middle. Aluminum 
sleeves. Sheath fatigued adjacent 
to weld. 

. Welded splice in middle. Aluminum 
sleeves. Sheath fatigued adjacent 
to weld. 




Splice wipe fatigued. 
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F'S- 12. Expcrimentel installation of Dolvetlivl».«» U..L * j i . 

or polyethyicne-zaclccted aluminum-shcathed aerial cabi 


S'"'”."? 

*e.lh«l uU. with wlp«l pullinj ,y, 
soldered end seal 


-TTWhd AllOlgUli, 

Fig. 12. 

Corrosion Protection 


Protection of wipes and sheath from 
moisture and other sources of corrosion is 
mandatory for aluminum-sheathed cable. 
Table II gives the thicknesses of extruded 
polyethylene jacket, recommended as 
corrohon protection for aluminum 
sheathed power cable. Some miUion feet 
of paper cable have been fabricated with 
polyethylene jacket over lead sheath dur¬ 
ing the past 8 years. The self-lubiicat- 
mg property of polyethylene togetlier 
with its high modulus of elasticity permit 
pulling dry. However, if minimum pull¬ 
ing tensions are desired, Bentonite poly¬ 
ethylene cable pulling compound is rec¬ 
ommended. Polyethylene is admirably 
suited as a protective jacket for alumi¬ 
num sheath, since it is both light and 
waterproof. The latter property is most 
important, because the most prevalent 
and p^haps the most dangerous source of 
corrosion is moisture in the presence of 
a restricted or differential supply of 
oxygen. This condition is almost certain 
to result when absorbent materials such 
as paper, cotton tape, wood clamps and 
tte like are in contact with aluminum in 
damp locations. Under such circum¬ 
stances, deep local pitting occurs very 
rapidly even though the water exhibits a 
virtually neutral test.* The process is 
essentially the formation of a local elec¬ 
trolytic cell. As a result of this cell for¬ 
mation, a very small pit is formed in 
which the anode is at the base. Alumi¬ 
num in the pit is converted to oxides, 
hyi^oxides or salts and by progressive 
action the depth increases, the attack 
being concenti-ated at one place. A 
characteristic feature is that there may 
be a few tiny holes which penetrate the 
sheath completely, but little or no general 
superficial attack. This deleterious reac¬ 
tion becomes impossible with a polyethyl¬ 
ene jacket because of the complete exclu¬ 
sion of moisture at the jacket-sheath inter- 


sible and not less than the shipping drum 
diameter. Requisite training curvatures 
can be accomplished most expeditiously 
with guide templates or standard tube- 
bending equipment. 

Otherwise, installation procedure fol¬ 
lows practices customary in handling 
leaded cable. The cable is shipped with 
standard pulling bolts or eyes and caps 
Fig. II. Light braking oii 
the reel flange, with boards, usually af¬ 
fords ample tension to straighten satis¬ 
factorily power cable at least up through 
2-inch outside diameter. For aerial in¬ 
stallations where appearance is important 
necessary braking of the reel may 
be kept to a minimum by employing a 
simple box straightener, mounted as close 
to the reel as feasible. The recommended 
box length is 25 times tlie cable diameter, 
with an inside clearance approximately 3 
per cent of the cable diameter. A wipe 
of mineral oil on the cable as it enters the 
box will minimize friction, thereby re- 
fduciag pulling tension. 

Standard 2 by 8 plank is ample for a 3- 
inch outside-diameter cable straightener. 

Constructing the box with carriage bolts 
facilitates threading. Thus, a length of 
cable equal to the length of the box plus 
pulling grip may be straightened against 
a board on the ground, then swing into the 
opened box, the top of which is then se- 
wed by bolting. The straightener may' 
be rigged to traverse the reel as the cable 
is unwound. Since the box straightener 
described offers little braking and can be 
restimned with light tackle, these are 
relatively simple procedures. 

^ The high order of self-support exhibited 
by aluminum sheath cable permits wide 
spacing of trolleys and aerial suspensions. 

In an expttimental installation a 3-con- 
ducte 500,000-ma I3.2-kv cable wis 
pulled on trolleys spaced 15 feet apart, 
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ties of this material permit clampii 

u-ectly upon the polyethylene, separa 
tng water-fflled crevices and other da 
gerous moisture-containing zones in a 
cessoiy hardware from the aluminum. 

Economics of Aluminum Sheaths 

When studying the economics of alum: 
num cable sheaths, it is important to n 
member that tlie cost of a sheath depend 
greatly on the process by which it is ap 
phed to the cable. At the present time 
the only method available in the Unitet 
States is by drawing the cable core int( 
an aluminum pipe and swedging the pip( 
down to fit the core. This involves three 
processes, Ae extrusion of the aluminum 
tube, Rawing the cable into the tube, and 
swedging. Aluminum tube, as furnished 
by the leading aluminum companies, costs 
several times the market price of ingot 
aluminum. Aluminum sheathed cables 
made by this process obviously do not 
resize the ultimate economic pos.sibiHties. 

However, because of the work being 
done in Eimope with presses de.signed to 
extrude aluminum directly over a cable 
core, in one operation, aluminum sheaths 
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THICKNESS OF SHEATH, INCHES 

Fis. 13. Relative sheath losses versus thi 
ness of sheath for aluminum- and le 
sheathed cables 
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may be put in a mudi more favorable 
economic position. Therefore, in a 
general appraisal of such cables it seems 
proper to give aluminum the benefit of 
the expected economic advantage of direct 
extrusion. 

Three-conductor cables with aluminum 
sheaths have much higher sheath losses 
than cables with lead sheaths. The fol¬ 
lowing study relates to cables of that type. 
The same principles may be applied to 
other types. 

Mien cables of equal conductor sizes 
are compared, the lower ampacity, i.e., 
current-carrying capacity in amperes of 
the aluminum-sheathed cables because of 
their greater sheath losses results in 
lower PR losses in the conductors. The 
combined cost of these losses and the cost 
of the cable, by whatever method the 
fixed charges and operating charges are 
combined, are likely to be favorable to 
tlie aluminum sheathed cable. Alumi¬ 
num-sheathed caliles equal in ampacity to 
lead sheathed cables must have larger 
conductors and, consequently, sheatlis of 
greater conductance in which losses are 
greater. It is to this more important 
case that this study is now addressed. 

The first problem is the determination 
of sheath losses. There are a number of 
references on tliis subject.'*-'^ xhe 
method used is that given by R. W. 
Burrell’ because of its simplicity, see the 
Appendix. Such an equation gives a 
curve of the. shape shown in Fig. 13 from 
which it appears tliat the losses increase 
rapidly with thickness of sheath and, after 
attaining a maximum, fall off slowly. 
The maximum for lead is far beyond anv 
practical thickness. 

The ptupose of an economic study is to 
compare the present worths of expected 
future expenses under alternative plans. 
In this study, the alternative plans call 
for lead-sheatlied and aluminum-sheathed 
cables of equal ampacities. The expenses 
to be considered are the costs of the two 
cables and the cost of equipment to supply 
the energy losses therein, both of which 
are taken to be capital charges and the 
annual costs of energy losses in conduc¬ 
tors and sheath, both of which are operat¬ 
ing charges. These have to be combined 
to obtain a total and the ugual procedure 
is to take a certain percentage of the 
capital charges to include interest on in¬ 
vestment, depreciation, taxes, and insur¬ 
ance. This percentage is added to the 
annual charges and the totals for the two 
plans are compared. Some engineers do 
not consider the Cost of equipment to 
supply losses as a legitimate capital charge 
and prefer to use the sum of the fixed 
diarges on the cables only and the op¬ 


erating charges. This subject is treated 
at some length in a series of papers.®”^* 
Aluminum-sheathed cables require cor¬ 
rosion protection if they are to be installed 
either in ducts, or to be buried under¬ 
ground, or to be carried aerially where un¬ 
favorable atmospheric conditions exist. 
The most desirable protection, as indi¬ 
cated in the foregoing, is black polyethyl¬ 
ene and the recommended thidcnesses of 
sheath and polyethylene are submitted 
In Table II. A typical economic compari¬ 
son of lead-sheathed and almniniun- 
sheathed cables of equal ampacities will 
now be made. Each utility should make 
its own study using its specific conditions 
and should not draw too general conclu¬ 
sions from this example. The data are 
all given to tluee significant figures but 
the calculations were made with the neces¬ 
sary accuracy to give the final answer to 
that degree. 

In this example, foiu: sizes of 15-kv 
solid-type lead-sheathed cables of Asso¬ 
ciation of Edison Illum in ating Company 
dimensions with polyethylene jacket are 
considered and their ampacities deter¬ 
mined by standard methods taking sheath 
losses into accotmt. The same is done 
with the same sizes of aluminum-sheathed 
cables and ampacity curves are plotted 
against size for both types. By running 
across the curve slieet horizontally, the 
equivalent aluminum-sheathed cable sizes 
are obtained. These are as follows for 
three cables per duct bank: 


These ampacities are for cables installed 
in ducts, three per duct bank, 75-per¬ 
cent daily load factor and are somewhat 
less than Insulated Power Cable Engineers 
Association values as sheath losses are 
estimated by the more accurate method 
cited here. 

The next step is to estimate the d-c con¬ 
ductor losses .which are as follows; Case 
D is dropped as 3-conductor cables of 
over 1,000,000 circular mils are not con¬ 
sidered practical. 


Case * A 

B 

C 

Lead sheath, watts per foot. ..11.7.. 

.12.2.. 

.12.4 

Aluminum sheath, watts per 



foot.....11.3.. 

.11.3.. 

.10.8 


The sheath losses are as follows: 


The a-c losses, exclusive of sheath 
losses, are as follows: 


Case A 

B 

C 

Lead sheath, watts per foot. ..11.7.'. 
Aluminum sheath, watts per 

.12.6.. 

.13.2 

foot... 

.11.7...11.7 


The total losses are as follows in kilo¬ 
watts per 1,000 feet and annual kilowatt- 
hours per 1,000 feet assuming 50-per-cent 
loss factor: 


Case ABC 

Lead sheath, kilowatts 

per 1,000 feet. 11.8.. 12.8.. 13.6 

Lead sheath, annual 
kilowatt-hours per 

1,000 feet.51,800..66,200...59,600 

Aluminum sheath, kilo¬ 
watts per 1,000 feet. 11.8.. 12.9.. 13.7 

Aluminum sheath, an¬ 
nual kilowatt-hours 

per 1.000 feet.51,800.. 56,200.. 50,900 

It will be noted that the total losses 
are substantially the same for lead- 
sheathed and altnninum-sheathed cables 
of equal ainpacities. This simplifies tlie 
problem because the annual cost of the 
energy loss will be independent of the 
unit cost of energy and may, therefore, 
be neglected. The economic problem thus 
reduces to a comparison of the relative 
prices of installed lead or jacketed alumi- 
num-sheatlied cables, figures whidi will 
not be available imtil directly extruded 


aluminum-sheathed cables have become 
an economic reality. 

Differences in cost of installation may 
be favorable to aluminum because of its 
lightness but, on the other hand, greater 
matihole costs may be involved wiiii 
large cables as aluminum sheaths require 
a greater bending radius. Aerial cable 
fares better with aluminum dieaths, be¬ 
cause, in most cases, the jacket may be 
omitted. An important field for alumi¬ 
num-sheathed cables is likely to be gas or 
oil pressure cables of various types, as the 
great strength of alinninum enables higher 
pressure to be used than with plain lead 
sheaths and at a much lower cost than 


B 


Lead sheath. Sheath loss 0.00916...0.01950,.0.0329 

Conductor loss 0.107 . 0.238 . 0.409 

Aluminum sheath._Sheathloss ^ 

Conductor loss 


0.048 .0.104 

0.542 .1.17 


.0.185 

.2.00 


Case 

A 

B 

c 

D 

Amperes. 

.,..251 . . 

330 



Lead-sheuthed, circular mils. 

Aluminum-sheathed, circular mils.... 

-212,000.!!! 

....220,000..., 

!.!!36o,ooo!!!! 

...380,000.... 

...5oo,ooo!!!. 

...575,000.... 

!!!!76o,ooo 

... .over 1,000,000 
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mareirforcrftod. It is quite possible 
that cables of this type may eventually 
sup^e several of the pieseut-day 

vaneties.“-i7 


■a ui sccior conauctors us 
d for round conductor. 




Appendix. Burrell Method for 
Calculations of Sheath Losses 

Xs^ratio of open-circuit sheath loss to total 
d-c copper loss at 60 cycles 
^,=sheath resistance, microhms per foot 
.Koj= conducts resistance, microhms per foot 
S distance from conductor center to cable 
center, mches 

C»mean radius of sheath, inches 
conductor, inches 
J. -thickness of insulation, inches 

._s*r M‘/ I \ 

J+0.00765Jisy' 

'sW 1 


Refer 


ences 


X®—3 





+ 


(c) (l +0.0303 


(<f+27') for round conductors 
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Arnold. Journal. Institution of Electric^ 
neera. London. England, vol. 88, pt. li, JgJi; 
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actions. voL 70. pt. I. 1951, pj*430-31.^^ 

8. Ankoal Cabrvino Charobs in Economic 
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13. Aluminum-Sheathed Type sja r'.o t> 

SURIZBD 69-Kv Cast e ^ 

WoUaston, H. D sLt **• 

vol. 72. pt. III. Dec. W63, pp. ^5-7^“”“'"^*'’”"’ 

sinnea S'"wyatr IzT® Forecast. 

^ Cable Sheathing, 


Discussion 


and’^PMlSf^ tA (Jo'wson 

h^nra England): We 

hope to be forgiven for writing from the 

° seems to err by 

o^Mon of much relevant matter. No men¬ 
tion IS made of the fact that the paper only 
experience of one company 
winch, according to Table I. has only two 
working instaUations o^ the 
cable. Neither does the paper attempt to 
TOuane Itself to a full aud dJtailed Sum 

**'' problem or to 
prese^ new matter and we venture to suv- 

material in ft 

hM already appeared in one or other of our 
own many publications on the subject. It is 
perhaps unfortunate that the authorts’ 
European tefemnees do not m7atio“dS 
development from 
19,f onwards, or the many thousands S 

*^a-t one manu¬ 
facturer's opinions only are presented 

7n tST? more'^amfuny: 

"Sheath Manufac- 
ness of Se hardness or stiff- 

Tf K.r i ^ a press stop." 

f by h^dness the authors mean the vahie 
obtmned by an impression instrument such 

the she^^ 

^ble to fracture in that vicinity when bent 

we would agree. This is not caused by hard' 

eUmwS practical solution is to 

to^SS 2“h''T°* t^' tube al- 

t 5 t 5 f ' our invariable prac- 

tWin believe that any dis^m- 

ma^g customer would knowkigly ac¬ 
cept cable on which a portion of the sheath 
^^ly^^toprotectan^^ 
weaicness. As far as we are concerned therp 
m no n«iessity to use tubes hSSI^ 
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f lengths are available 

mthout teem. Furthermore their eh^fna! 

nai^of ^ PotentiaUy dangerous 
Ss? / f^^tfusion cycle to be removed 
“ accepting a tube con- 
taming biUet jomts, the authors are on dan- 

selection of tuSs 

cable-sheathing involves con¬ 
siderably more than the mere imposition of 
pressure tests. ^puMuon or 

Tfew“ dismissed in 
a few words and weldmg is described as 

®°“Parati;e merits o? 
Tcc ^ “ the arc-welding proc- 

ess, but give no hint at all on the practical 
methods adopted to enable this high-temper 
jomt to be made on a cable SithS- 

“■ been a 

f ^ aluminum-sheathed 

j ™any years, but a successful 
^ded jomt could represent a most desir- 
However, turning to 
Table I we find that this type of joint has 
“°'j®‘b^^lii3talled. If.aJitappers.th^ 
method has not been tried in service then it 
not be placed in the eS toteSt? 
a^the mechamcal one already in geir^ 


on^h?,^^” "iti a statement 

on tee time-honoured method of the wiped 

o/variations) details 
of tee procedure first introduced by mir 

trZfd^ r" ^oZ 

the world. A mechamcal test for soldered 
jomts IS described which appears to be?x- 

particular tinning solder rec- 
ommended is superior to any other. Could 

Mr. Wyatt in reference 16 of the paper, 

S?pr resistance of this 

solder as any better than that of our 90- 

hTS? ^“^^9 per cent zinc? IncidentaUy, 
m reference 17, of the paper cadmium- 

admitted to be 

impracticable. 

interest teat the authors 
could to a tube satisfactorUy with tin-zinc 

result when the tube contained a cable core 
^dS^° f this for tee many 

timimg solder here aud overseas during the 
Sl^iSity!''^ buy 

Of are worthy 

of mention. The ladle or pot-wipe tech- 
mque IS not completely satisfactory for 
alummum and we mvariably recommend the 
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use of solder sticks to avoid it. Again the 
authors merely refer to "wiping solder 
(40/60).” Antimony is an undesirable ele¬ 
ment in such solder for use on aluminum, 
and either grades 40A or 35A of American 
Society for Testing Materials Specification 
B.32-49^ should have been recommended. 

In the section entitled "Corrosion Pro¬ 
tection” the prominence given to differen¬ 
tial oxygenation attack is commendable 
for it deserves wider publicity than it has 
hitherto received. However, the remainder 
of the section contains one or two surprises. 
The opening sentence states that protec¬ 
tion against moisture is mandatory, yet 
Table I lists two aerial installations which 
are apparently to be erected bare. Second 
thoughts on this matter appear in the sec¬ 
tion entitled "Economics of Aluminum 
Sheaths,” but the general treatment of cor¬ 
rosion is quite unhelpful for it gives no in¬ 
formation to indicate where protection is 
necessary and where it is not required. Most 
surprisingly, the authors draw no attention 
to the fact that a wiped joint is more sus¬ 
ceptible to corrosion than is the sheath it¬ 
self and should always be protected as a 
matter of routine. 

The section entitled "Economics of Alu¬ 
minum Sheath," forecasts reductions in 
price when direct extrusion of sheaths is a 
practicable proposition, but otherwise con¬ 
fines itself almost entirely to the calculation 
of sheath losses. These calculations appear 
to obscure the real issue usually involved, 
namely, that replacement of a lead sheath 
by aluminum on large single-core cables 
materially reduces the ciui'ent rating. We 
think that the position is shown better in 
Table IV, which summarizes British prac¬ 
tice.* 

Our only other criticism concerns Table 
II. We studied this Table when it appeared 
in reference 17 of the paper and to us it still 
remains an obscure and complicated method 
of tabulating sheath thicknesses. We would 
appreciate some information as to why this 
particular method of presentation was se¬ 
lected. 

Rbfbrbncbs 

1. ASTM Specification B.3Z-49, American Society 
for Testing Materials, Philadelphia, Pa., 1940. 

2. Aluminium: Shbathbd Cablbs, P. M. Hollings¬ 
worth, P. A. Raine. Proceedings, Institution of 
Electrical Engineers, London, England, yol- 101, 
pt. II, Dec. 1964, p. 613. 


A. N. Arman (Pirelli-General Cable Works, 
Ltd., Eastleigh, Hants, England): Although 
the paper does not deal to any extent with 
the actual manufacture of aluminum- 
sheathed cables, it would seem desirable to 
mention a third method of manufacture, 
namely, the formation of sheath from rolled 
aluminum strip and welding the seam by 
means of a continuous argon-arc process. 
The presence of the seam may, at first sight, 
appear to be a disadvantage, because of the 
possibility of porosity or other defects. 
Manufacturing experience with the process 
has now reached such a stage in England 
that the continuous welding of sheaths is 
now being done commercially. As evidence 
of the quality obtainable, it may be men¬ 
tioned that 23,000 yards of aluminum- 
sheathed 3-core 33-kv oil-filled cable has re¬ 
cently been satisfactorily completed using 
this method. Whm it is appreciated that 
this cable is finally heated in wet live steam 


and dried under vacuum within the sheath 
and that the-smallest degree of porosity 
renders this process impossible, the high 
quality of the weld will be recognized. 

Sheaths made by the strip-welding 
method have several advantages worthy of 
careful consideration. Strips can be joined 
(also by argon-arc welding) to enable sheaths 
of any desired length to be made. After 
being made, the strip joints require no 
special care in handling either in the forming 
machine or subsequently. The alumimun 
being rolled down (or corrugated if required) 
while still hot from the welding process is 
softer than that resulting from the cold 
drawing process and this gives better bend¬ 
ing properties in the finished cable. The 
sheaths made in this way behave in ex¬ 
actly the same as those made by other pro¬ 
cesses, and I agree witli the authors in most 
of the points they have mentioned regarding 
jointing, corrosion protection, etc. 

The vulnerability of unprotected wiped 
splices and adjacent aluminum sheathing 
of trained duct cables as demonstrated in 
Table III is amply supported by experi¬ 
ments made in England. A more reassuring 
picture would have been presented if the in¬ 
vestigation had included corrugated sheaths 
with wipes protected with bitumen. 

The losses discussed are interesting but, I 
think it should be made dear that in the capp 
of single-core cables (with fully bonded 
sheaths), the losses are usually considerably 
higher for aluminum-sheathed cables than 
for lead-sheathed cables. I disagree with the 
authors statement that tlie ultimate aim is 
continuous and direct extrusion from press 
onto cable core. This may be true if an ex¬ 
truded tube is considered to be the only 
sound method of approach. Experience in 
England is showing, however, that the 
welded-strip method is entirely feasible and 
has many advantages. Not the least of 
these are that the cost of the plant is only 
about one tenth of that required for extru¬ 
sion and that sheath eccentricity (which can 
also be a costly item) is nonexistent. 


C. C. Barnes (British Electricity Authority, 
London, England): This paper is of par¬ 
ticular interest at the present time because 
of the persistent high-price level and steadily 
increasing cost of coppa: which tends to make 
the use of other metals very desirable, par¬ 
ticularly if their use is technically feasible 
and they offer an economic advantage. 
Considerable use has been made in Europe 
of both aluminum conductor and aluminum- 
sheathed cables. , 

In particular, in Great Britain aluminum- 
sheathed cables have been widely used as an 
alternative to the lead-cased cable—the 
total length manufactured to date is in ex¬ 
cess of 3,500 miles while, according to K. S. 
Wyatt, a total of perhaps 500 miles has been 
made in Germany. 

British Standard 480-1942^ was revised 
and reissued in 1954 in two parts. Part II 
at the present time is confined to aluminum 
sheaths applied by the tube-sinking process; 
other techniques, however, are used in 
Great Britain, such as the longitudinal weld¬ 
ing of strip formed into aluminum tube de¬ 
veloped by the Pirelli-General Cable Works 
and the Research Laboratories of tlie Gen¬ 
eral Electric Company (England) and a hot 
extrusion process, but this latter technique 
has not yet been fully developed on a com- 



NOMINAL DIAMETER UNDER SHEATH, IN 

Fig. 14. Sheath thickness in relation to 
cable sheath diameter 


mercial basis. I note witli some regret that 
the authors have omitted to make any ref¬ 
erence to the pioneering work of P. M. 
Hollingsworth and his associates who in 
1947 were responsible for the first commer¬ 
cially successful technique for applying an 
aluminum sheath by the tube-sinking 
process.* 

Tests in Great Britain have established 
that bending performance alone decides the 
gauge of an aluminum sheath. Fig. 14 
shows a sheath thickness for aluminum- 
sheathed cables and lead-sheathed mains 
cables standardized to British Standard 480- 
1954. The imjtortance of a high-grade cor¬ 
rosion protection for aluminum-sheathed 
cables cannot be overemphasized. Mr, 
Del Mar and Mr, Merrell make a very def¬ 
inite recommendation to use an extruded 
polyethylene jacket but, unfortunately, they 
do not give any test data to justify this ob¬ 
servation. 

In Great Britain the standard procedure 
for assessing the performance of protective 
coverings consists of measuring leakage cur¬ 
rents passed by the servings on short samples 
of cables continuously immersed in a tank 
of electrolyte (usually 0.5-per-cent sodium 
chloride). Prior to the tes^: the samples are 
subjected to a bending test and retain the 
final bend when placed in the tank. The 
electrolyte is heated daily and observations 
of leakage current are made at the highest 
and lowest temperatrnres, the sheath being 
maintained at a constant voltage of —10 
volts with respect to tlie electrol 3 d:e. The 
criterion of quality is the absence of any 
tendency to increased leakage current, ir¬ 
respective of the duration of the test. In 
some cases the bent sample has been sup¬ 
ported on brick in the tank to check the 
mechanical ability of the covering to with¬ 
stand contact with bricks or flints which 
may inadvertently have fallen into or been 
left in the cable trench, 

I would welcome details of long-time 
tests tlie autliors have made to assess the 
immunity of an extruded polyethylene 
sheath to aging attack by any type of soil, 
duct material, or any other condition likely 
to be encountered in the g^round. Further¬ 
more, the authors’ views on the technical and 
economic merits of neoprene jackets for 
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date™ ^ be appre- 

^ buried aluminum-sheathed 

B V ^ jacketmg materials. In 
and/rt lead-sheathed oil-filled 

have I ^ead-sheathed cables 

C a.„”lZr iTSleaT "*'^ 

udthstend fit? sbeathing material have to 

useis bSirt^,^ fessure. and increasing 
use IS being made of such cables in Europe 


Thl ! j T. , ^ extruded tube 

The industrial surface use of this material 
repres^ts a v^y considerable proportion^ 
w output, and it does seem to me that the 
■Mended end use of the cable ^ 

eS"* fleaibilit), in the 
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Supply. \^S^ 0 -Ifi 42 ^Brit^h E^bctmoity 
doo, Baglaad, 1942 * ntish Standards, Lon- 

Pae«. r»- 


f “nteferfh “ tt ^ 

the oi method of manufacturf 

the aluminum tube, as we receive kfmm 
the extrusion press, is in a range of fived 

tS^c^i*” '•'“'“Mer and waU thicknes^ 

sll^thl? h™'*" -“y tape TS 

, “eT^yplrt‘SXlS:'’istott^' 

“PPM.side, by the amount of cold’ 
‘o do in tte 

■^■mg-down operation. A number of 
Standard factory procedures hava u 
MbuUted. but I /oS^Sr^aJrcom S 
the mammum diameter for a certain siw. of 
hibe will receive the minimum amount of 
rawing down and consequent cold-working 

whei^ a core of a few mils larger could «i5’ 

be sheathed from the next largi 
thus receive practicaBy the m^M 
“<* 

^ a result of this, it has become our prac- 

Sh(M ta'itr T“J ™»iM»ing disJtmi- 
nation m the selection of a tube size fnr 

S'fteSl“?“;*a“'”“ “* to 

a the ‘*P“'- Itot sample, 

rtra * ^ intended for surface-sun 

ported power circuits in a factory or similar 
application in which the cable sheath to 
3ome extent takes the place o7a ccS We 
dmwinv?™** ^ relatively larger amount of 
a little extra stiffness in 
PortS^^at "^^ble to be sup- 

equal to thoS.^^"^ ^tervals approximately 
eqtm to those used m supporting conduit 

5 thp^^K economy in the over-aU cos^t 
of &e job, while bends are usually no nroh 
^ m this kind of applicatir^^p”’3^- 

uf' r •“'to ““Ps to 

nanimire tte amou“?^ft^ 
orking and preserve, as far as possible, the 
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Herman ^perin (Commonwealth Edison 
Compmy. Chicago. Ill.): In recent ylSH 
sh^ increase m the interest in and u^ of 
sheathing of cables has oc¬ 
curred m Europe and this country This an 

toMalSonte 

Of several fields of cable use Tn tit« 

utility field in Europe, ^ 

^t^y h« much b4n do” tatTtSt 

sinoettreedS2e^“eS^*’ 

Merles ..1 aesigns of presses to ex- 

^de aluminum sheaths directly onto cable 
cores were being developed Tn j 

much has been done on drawn-down sheatS 
on a variety of cables. sneaths 

vduabl?^^® presented extensive and 

vmuawe data regarding drawn-down al.i 
^numeheathe. to.sodoing, Ts^TtotS 

that for some appheations they have em 
Srdif need for^-' 

S thaf^f®' are more duc- 

tha it aluminum sheaths as 

the elongations of the extruded sheaths in 

four tildes as 

much as for drawn-down sheaths Fur 
^ermore. it will not be necessary to use Se 
^pensive aluminum of 99.99-per-cent puritv 

Su? acre“f ***'■ toS 

shSjhs miv K ®“^ “'t^ded 

sneaths may be about one-half of that for 
drawm-down sheathS: 

extruded sheaths, it appears that 
the thiclmesses may be reduced appiSablv 
no ir authors show in Table II 

pardy b^Ufc there will be areduS 42: 
^cy to corrugate. With thinner sheaths 
toe magnitude of sheath losses in I rnn 
^Otex cables win be teduS^ WtoT' 
^ded shraths, the training radiuTfS £ 
tapfr rabies may be much less than tte W 
•?' diameter, which tht 
mthors mention. For lead-co^erelrabW 
e generally use a training diameter of eight 
OT mne times the cable diameter. The t- 
^Sion process will make feasible the manu- 

fwture of extra long lengths. Perhaps wi+T. 
the ^truded sheath, the amount of-^lids in 

rSJcTd be/^ in solid-type cables may be 
reduced below what the authors desmibe 
with drawn-down sheaths. “^enpe 

“ an toe installation of 

an extrusion press is very cwtly, and so die 
cussions ^and technical and^oli^cS 
necessary to determine how many 
su^ presses n^d be instaUed after saS- 
Eiim i^sen developed. The 

St developed will rl 

rUrJ5.® . havmg press stops incidental 
to recharging. Limited inf ormation 
servations on sheaths extruded by oS t^e' 

^encouragingan tothcmcchnJicalX 

erries Of the press-stop region of the sheath^ 

Tal^Tr^ tests givTin 

Table III are somewhat discouraging WiS 

a sheath strain of 0.27 per cS ai!d o 
sphee cm the cable in three different tests 
frMture at room temperature 
TMged from a title to greatly less than 
^tained mth arsenical and teUurium-bear- 

S C Thi®^*f even when heate«^o 
. The authors opinion on the cycles to 


wouldbeofinte/est 

ticiS ftc*^!** “•“<“« o' p«- 

ticuiarly the losses m aluminum sheath« Af 

swMy“thTr““ “""ptoS 2 

coSnt ?/l°®®®® taken into ac¬ 

count. If there were no losses in a trani 
mission and distribution system of a utility 
toen It would install 10 to 16 per cent 

sidettSfaSr"* 


C. Tv Hatcher (Consolidated Edison Com 
pany of New Ydrk. Inc.. New Yo^S n Y^' 
To obt^ operating experience with the use 
of aluminum sheath cable, an installation S 
approximately 5,000 circuit feet of 

triSi^’d 27,000.volt 

1954 February 

1954. This cable was installed instead of / 

72 nd of Brooklyn along 

April 8, 1964. energized on 

This cable was installed using a snerini 

as Bentonite and 
was r^ed m the manholes with a mini 
mum bending radius of 16 times the maxL 
mum outside diameter of the cable ThJ 
Se^ standard lead 

tinned with 
MUMtrng of 77.per-cent 
li ^^^-Per-cent zinc, and 2.5-per-cent 

tising stand- 

ap^oxbnMd4 maintained at 

AftoX^w. Fahrenheit, 

tbra? P®® completed and tested 

satriKTEadl' 

inch polyvinyl chloride tape. The polvethv- 
e^lnches 'at^^ ^cnipved for approximately 
caWe and '^^®’’® toe bonding 

Ju^nTml '^®^® fostalled. The 

frU^um sheath was tinned with the sneoial 
rinning solder described in the forSg 

SLtd ‘®®f «t^iPs were ?hS 

two1^ylrh“5f?“‘'"^ ®oJder anS 

cZ^ T’ ^®^-^PPed, of 2-inch polyvinyl 
chl^de tape was applied ^ 

maue to determme the condition of the 

l^^ssr” tiSt'ed^L”^: 

nubmS'‘a/ 

E the bonding point showed no 

si|^ of ciOTosion. There was no apoarent 
vidwce of interfacial corrosion between the 
and solder wip«. The jS^d 
toe bondmg connection were retaned with 
*®P®’a coaf of Ro* 


n*; Jlfar, Uendlr-Ahimmvm-Sheathed Power Caile 


Insulated 

Sath ®^®y °f aluminum- 

ftr wand recommendations 

WtimdTxir ^®* rather am¬ 

bitious when judged on the basia of Table I 
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which lists the installations to date. Re¬ 
ference to Table I shows that of the four 
items mentioned, totalling 32,000 feet, only 
two had been installed when the paper 
was written, one length (unspecified) in 
ducts and one length (also unspecified) in 
air. Both of these carry a protective cover¬ 
ing of extruded polyethylene on the sheath, 
but the later installations carry no such 
covering. It seems, therefore, that con¬ 
siderable undisclosed laboratory work must 
have been done or else much of the informa¬ 
tion has come from experience with alu¬ 
minum-sheathed communication cables. 

In general the data given and the opinions 
formed are in satisfactory agreement with 
conclusions that have been reached from ex¬ 
perience in Great Britain and elsewhere 
derived from raanufactttre and installation of 
several thousand miles of cable which began 
in 1947. The great bulk of this production 
which covers a voltage range up to 33 kv 
including impregnated pressure-type cable 
has been sheathed by the died-down process 
and this type of cable is now covered by 
British Standard 480, part II. There is 
also now a method operated in England em¬ 
ploying strip folded round the cable cone 
and welded longitudinally. Finally, the 
direct extrusion method is being actively 
developed by my company. 

I find myself somewhat at variance witli 
the authors on the subject of jointing tech¬ 
nique. In the first place, tin-zinc solder de¬ 
cried by the authors has been used on many 
thousands of joints as well as in hundreds 
of tests and has given every satisfaction. It 
certainly by no means requires such careful 
handling as that indicated by the rather 
elaborate procedure described for the tin- 
zinc-lead combination favored by the au¬ 
thors. An alternative which has been found 
similarly satisfactory and even easier to 
work is a tin-zinc-cadmium alloy. 

I can confirm the excellent mechanical 
properties of cadmium-zinc solders and also 
the scorching of the insulation which pro¬ 
hibits their use. In that connection, the ref¬ 
erence in the paper to the use of argon arc¬ 
welding is very puzzling since the tempera¬ 
tures involved must be completely destruc¬ 
tive to the insulation unless some highly 
specialized procedure has been evolved. 
Perhaps the authors would enlarge on this 
point. 

Statements relating to the need for pro¬ 
tective coverings on wiped joints and sheatlis 
seem rather contradictory as follows: “Pro¬ 
tection of wipes and sheaths from mois¬ 
ture ... is mandatory” and “Aerial cable .. 
in most cases the jacket may be omitted.” 

I agree that it is essential to protect wipes 
and soldered joints from contact with water 
under conditions of immersion, but have yet 
to meet any case of corrosion in a wiped or 
soldered joint installed in normal atmos¬ 
pheres, rural or industoial, whether humid or 
otherwise. The use of extruded polyethy¬ 
lene for corrosion protection where this is re¬ 
quired is to be commended and the reduc¬ 
tion in thickness of the aluminum sheath 
when furnished with a polyethylene jacket 
is an interesting innovation. 

On the subject of economics, the authors 
illustrate the effect of sheath losses on cm-- 
rent ratings of 3-core cables. This effect is 
not noticeable on 3-core cables under British 
practice since, for conditions of direct laying, 
current densities are higher and the basis of 
comparison for sheath losses is between lead- 


sheathed and armored finish on the one hand 
and aluminum on the other. The same con¬ 
ductor sizes would therefore be used in 
Britain for both lead-sheathed and armored 
and aluminum-sheathed cables for the four 
ratings given in the paper. For 10-kv 
screened-type cables these would be 261, 
330, 397, and 482 amperes for 191,000, 
318,000, 446,000, and 637,000 circular mils 
respectively. The bases of computation for 
the foregoing are: Single circuit laid direct, 
100-per-cent load factor; thermal resistivity 
of soil, 120 thermal ohms per centimeter 
cubed; soil temperature, 16 C, and con¬ 
ductor temperature, 66 C. 

Under these conditions the total losses 
would show only very slightly to the dis¬ 
advantage of the aluminum-sheathed cable. 
Much more significant is the increase in 
losses when single-core cables are employed 
with bonded sheaths which cause substan¬ 
tial reduction in ratings for conductor sizes 
above 400,000 circular mils. 


S. J. Rosch (Anaconda Wire and Cable 
Company, Hastings-on-Hudson, N. Y.): 
The authors have made a particular point 
of the fact that most installations of alu¬ 
minum-sheathed cables of record are of the 
aerial or of the indoor type but that the pres¬ 
ent paper is directed not only to tliese but 
also to aluminum-sheathed power cables in¬ 
tended for installation in underground ducts. 
It is therefore regrettable that this excellent 
paper does not contain any data on creep 
resistance of such types of cable. 

Aluminum-sheathed cables are being con¬ 
sidered as a substitute for corresponding 
lead-sheathed tsrpes. The literature is re¬ 
plete with data regarding studies of creep 
resistance of the latter types and, in order 
that a full realization may be had of the com¬ 
parable behavior during load cycling in 
modem manholes, similar data on alu¬ 
minum-sheathed power cables are highly es¬ 
sential. It is possible that the authors have 
such data as a result of the studies conducted 
in their laboratory and it would be appre¬ 
ciated if some of these data were given. 


H. D. Short and S. Kozak (Canada Wire and 
Cable Company, Ltd., Toronto, Ont., 
Canada): The authors are to be compli¬ 
mented on their paper and its contributions 
to the furtherance of aluminum-sheathed 
cables. Unfortunately they neglect to men¬ 
tion the achievement of the firm of Johnson 
and Phillips, Ltd. This firm in 1948 
achieved on a feasible scale the only presently 
commercial means of applying seamless 
aluminum sheath* to all types of insulated 
wires and cables. It is their development 
which has excited and redoubled the ef¬ 
forts to hasten the application of aluminum 
to sheathing cables. If the authors’ 2 years 
of experience and 32,000 feet of cable in¬ 
stalled are termed considerable, then we 
would say that the experience and produc¬ 
tion of Johnson and Phillips, Ltd., in Eng¬ 
land and Canada Wire and Cable Company, 
Ltd., in Canada can be termed astronomi¬ 
cal. 

The background of our company in pro¬ 
duction and application of aluminum to 
power cable sheaths extends to over 2,600,- 
000 feet of aluminum-sheathed cables of all 
types including the following specific proj¬ 
ects: 


1. 67,000 conductor feet 69-kv type SA 
gas-pressutized cable—duct bank installa¬ 
tion in Vancouver, B. C. 

2. 26,000 conductor feet, 120-kv oil- 
filled cable—duct bank installation in 
Montreal, Que. 

3. 6,300 conductor feet 301-kv oil-filled 
cable—^tunnel installation at Kemano, B. C. 

4. 1,000 conductor feet 161-kv gas-pres¬ 
surized cable, direct bury, terminating ends 
for pipe-type cable—Toronto, Ont. 

With this experience we have maintained 
practices which are at variance with those 
adopted or proposed by the authors. It has 
not been considered necessary to vacuum- 
treat or dry-gas charge the tubing after ex¬ 
trusion. One would expect that during 
draw in any benefits of vacuum treatment 
would be lost. We stipulate pressure tests 
to detect pinholes and other defects but do 
not pressurize the tubing during shipment or 
storage. We definitely do not accept lengths 
of tube with press stops or billet joins, be¬ 
lieving as the authors assert that these de¬ 
fects remain as significant factors. Until 
more knowledge is accumulated on all the 
ramifications of press stops and billet joins, 
which we have found unsatisfactory on bend 
tests, we would prefer not to supply alu¬ 
minum sheath with these imperfections re¬ 
maining. The practice described by the 
authors of temporarily reinforcing press 
. stops would seem to be a shortsighted and 
dangerpus practice, not worthy of the ex¬ 
cellent and uniform properties obtainable 
from continuous tubing. This type of 
patching would not be tolerated on lead- 
sheathed cables, and if only in fairness to 
aluminum-sheathed cables should not be 
permitted. Oiur purchase specifications pro¬ 
hibit press stops and billet joins, stipulate 
scrupulous visual, tensile, elongation, and 
physical tests, and permit no dents, corru¬ 
gations, eccentricity flattening, scores, or 
gouges. 

We view with suspicion the authors’ 
claim that an extruded polyethylene cover¬ 
ing would permit material reduction in wall 
thickness for the following reasons: the proc¬ 
ess of factory handling before extruding the 
polyethylene sheath would produce the 
corrugations prior to whatever advantage 
could be realized, unless, of course, abnor¬ 
mally large reels are used in the manufac¬ 
turing processes; and because bending in 
the field could produce corrugations under¬ 
neath the polyethylene which might subse¬ 
quently prove damaging to the covering. 

We are somewhat surprised but neverthe¬ 
less very interested in the authors’ claim 
that welding is the most effective means of 
making joints, particularly for paper cable. 
The question immediately arises as to what 
clearance the authors find necessary to allow 
for expansion of core and impregnant under 
the fusing heats required. We would also 
ask if the authors have encountered any 
bursting of the sheath, or bubbling of the 
impregnant through the molten weld metal 
and resulting porosity. We suspect that the 
authors have retreated to the welding al¬ 
ternate because they have not arrived at the 
proper method of applying the tin-zinc wip¬ 
ing teichnique. This is in evidence from the 
method described in the section entitled 
"Jointing Aluminum Sheath.” One can 
have defective welds in the field more readily 
than defective wipes, especially with alu- 
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exoert L 7v ? are most 

expert m handling aluminum and alu 

minum alloys m welding aluminum it is most 
important to have full knowled^of 
loys and metals being jointed. It does not 
seem too practical to have to rely on exvTt 
welders m the field; it is much bSi and 
splicers in the proper 

technique of wiping on to aluminum. ^ 

We note the authors’ assertion, in con- 

paper) of the unsuitabil- 

by the ‘paused 

vZ X ^ ^®™perattires necessary, but 
we cannot understand the authors’ Speri 
ence with tm-zinc solders as effective on tube 
and sheet, but ineffective on SS al! 
th(mgh It IS no doubt related to the tinnintr 
techniques employed by them. ^ 

e suspect that some foreign materials 

Saue^°h''‘'!tv“ s'^aging-down. or sub- 
equent handling processes which are not 

shS tte same results obtain^ on 

inolnHA / ^ tinnmg procedure should 

cleaned of any oU film, using ap- 

oX^iS “-i^fM^-fon-ingsol^nts; sS- 

on<hy, the fnction tinning should be im 
Sf mS^ followed by vigorous rubbing of 

^""^ak down the oxide 
film and flows the tinning metal intn in+i 
mate bond with virgin metal. We are amazed 
o notice tlmt the authors have failed to ap¬ 
preciate the importance of wire-brushing the 
inning metal this is the whole crux of suc- 

to aluminum iilSt 

of the formation 

ot the oxide film and it is essential that the 
tinning metal “marries” the 
metal and not the oxide film. Thifc^ oX 
e ensured by the proper brushing while the 
tinnmg metal is molten. Stick wiping is 
^efe^ed to pot wiping of the wiping mlt«^ 

We always use a small amount of Sfree 
flux on the wiping cloth, taking carXnot to 

tinned the 

to tests, and contrary 

to the experience and opinions of the X 

sXS ®?^P®*^ence on similar tests usii 

with sheaths and tubing 

with copper sleeve joints and tin-zinc tiu- 


ggavc f.nown uic uesign ot joints for 
uct bank and manhole applications of alu 
minum sheath, under Canadian and Am^i- 
^ conditions IS well beyond the develop¬ 
ment stage. In point of fact, backed bv 
sev^aJ years experience on 69-kv and 120 

^^es^ BtnployiZgT^stclT^t^^^ 

ss-rssrs'is'sijs 

wiping technique just described. XkbX 
tory bend tests have followed clMeirtW 
reveled by the authors in 5?. S tig il 

used which shows the cable trained as woifid 

14-foX?v*Q f t ^ cable in a 

i4 toot by 9-foot manhole. Tests of 

^ture have been conducted SSoldng 
duof continuously wet wipes^ 

duct cable movements as high as 1 inch free 
lateral movement of tl^e 

ioundf”^^ eternal pressures as high as 25 
pounds per square inch gauge In contra 
distinction to the authofs’ e^pei^Le X 
test specimens under 25 pounds per square 

deveE“''^- atmospheric have never 

developed wipe or sheath failures after 
many ^ 630,000 cycles at spccSls h S S 
55 cycles per minute and a cable Stu 

cyS?h7Sr°'^“"^- ^tthe630.0oSS; 

stopped as it appeared 

movement for many more cycles without 
failure and. the 630.000 cycles renre^^nti 
m^y times the SO-ykr life^JpecSX;^^^^ 

™Soycd%‘a“S &‘S"S 

C*"'’”* “to. Could^e 
ouwunng IS ot the same grade as that v«a 

Id^ditionStbM 

present any stronger 
c“e for the welded sphee as for their SX S 
wiped spHce. It would appeXtoatThdr 
welding method weakens the sheath metal 
senously even at the internal 
P^nds per square inoi gauge’tS'^'e® 


wipea. However, for duct“fi°Sa£' 
faons, we feel that caution should be exer 

covering is used over 
the cable per se. The solvLt eff^^S 

pefrolatum compounds on polyethylene is 
well known and we would view with concern 

which^Lble^has b into 

because S th- - P^^^°“sly installed 

titi(«! nf ^ possibihty of remnant quan- 

fhotidl P““”*-ta greases. We 

^rtd for the general case much prefer the 

“toed 

se^S^ an J ^ and solder 

£veZt ‘'able. We 

e not found it necessary to make use nf 

pulhng eyes with aluminum-sheathed cables 
thXh^h^ practice being to pull directly on 
the sheath or over the rubber sandwich nr^ 

Thev ^ Kellem grips 

They work admirably and avoid the 
sity of special pulling-eye devices. 

Reperencbs 

1. See reference 13 of the paper. 

H. Cables. 

Toronto. Ont., Canada* v«^Tl f 

1952. p. 73. ^ol. 61. no, 22, Nov. 16. 

CabIm OlL-FlLLBD 

Short. J. I Madm 

Pt. Ill, Dec. 1954, pp. 73. 



Rs. 15. Test arransement 


302 


Cabled “Solid-Type Paper 

mav t^^t such cables 

may not have ionization factors as enmi oc 
vir^n lead-sheathed cables. Are they giv¬ 
ing their opmion based upon their own^tSI 
nes or upon actual tests? 

installation experience has not re- 

the SS?uf „^"'-‘^/S^to iuclud« 
cable* Mr npiilr ^-alnminum 

ffSed hov Merrefi’s sug- 

g^ted box straightener might prove useful 
but we would expect that the first few feet of 

confirm their recommended manhole train 

Sa.™ .r' the cSdTaS^ 

jathough we have never found it nec^Z 

^ b^idtag tools ?“S 

cables s^^e fXSoleSlh^^'®^®^^®'^ 
We share the authors’ opinions in regard 

sb^ed cables and the dissimilar metal 
juncture at the wipes* and we have invarf- 


Del Mar, Merrell—Aluminum-Sheatked Potver Cable 


W. A. Del Mar and E. J. Merrell: We are 
very grateful for the exceUent discussbnsTf 
ur paper, especially by our British and 

experience 

advent to prior wor^btfi^i?"”;^- 

historical rote! 
ences as it is very difficult to assign pre¬ 
cedence especially where, as in thk cSe 
parallel work has been carried out in several 

oountaes. One historical refeS^ IT to 

to show the long lag between the first an- 

scaT“and1he^““““™ ^ commercid 
sSSth" ' ‘'"ble 

Mr. Aldridge and Mr. Raine speak from 

mirt?'”'''® ^ company which has done 

coSitrks^o h”^ English-speaking 

counfries to develop and further the use of 

guj un.-ahythed power cables in to^ 
counfries. They should not, however, for- 
extensive pioneer work by the 
Gemans, especially Messrs. Pelten^and 
Quilleaume. Indeed, the German expS- 
^ce with aJuminum-sheathed cables goes 

BrSJ^ t^^^ from the 

British experience. 

As Hcmce^ of Felten and Guflleaume for 

sXSX?*?'' known as 

^ “lakers of another type 
known as spirafil, the experience of ^ 
company covers over 2,000,000 feet of alu- 

r^rXfto^if diameters frbm 

d/4 inch to 31/4 mches. Our paper, there- 

fwe, does not “represent the experience of 

two commer- 

aally workmg mstallations of the cable,” 
Si?e.^ background of ex- 

The purpose of the work covered by our 
paper was to adapt this experience wi4 
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communication cables to American prac¬ 
tice with power cables, both for installation 
in ducts and as supported on poles by mes¬ 
senger cables, neither of which subjects is 
covered by British publications. 

The very extensive British use of alu¬ 
minum-sheathed cables indoors cannot yet 
be duplicated in the United States because 
of a prohibition by the National Electrical 
Code, and buried cables, except for street 
lighting, are not used. 

The statement that sheaths show no 
change of hardness at press stops as meas¬ 
ured by a Rockwell instrument is, in our 
opinion, not strictly correct. We have 
found a very considerable variation of Rock¬ 
well penetration along an aluminum sheath 
whicli tends to mask any specific change at 
the press stop. However, looking over a 
large number of readings, we find a general 
trend toward a less penetration, in the Rock¬ 
well test, at the press stop. An example of 
such a case, using tlie Rockwell L scale and a 
1/4-inch ball, showed a change from an aver¬ 
age of 69 to 67 at the stop. In no case did 
we find the reverse. 

The reason why we do not exclude press 
and billet stops from our regular production 
is given in our reply to the discussion by Mr. 
Short and Mr. Kozak. It is a purely eco¬ 
nomic question based on relative labor costs 
in our respective countries. The reason for 
the omission of details on arc welding is 
given below in our reply to Mr. Short and 
Mr. Kozak. Suffice to say, for the present, 
that we flare the sheath before welding. 

Our laboratory tests of mechanical joints 
made on our manhole bending machine, 
since, the present paper was written, have 
given excellent results. While the British 
and Germans have made mechanical joints, 
we do not know whether these will stand up 
in such a test. 

We are told that no results of our screen¬ 
ing test are given to show which particular 
tinning solder is recommended as the best. 
That was not the purpose of the test. As 
stated in the paper, the purpose was to 
identify the less promising mixtures. After 
eliminating these, practical tests of the re¬ 
mainder determined our recommendations. 

We saw the tin-zinc solder in use at the 
Johnson and Phillips Works in 1952 and 
could see no difference between their pro¬ 
cedure and ours. The difference in our 
evaluation of this solder must arise either 
from differences in materials or from our re¬ 
spective views of what is good and what is 
bad. We are inclined to believe tliat it is the 
latter. It should be remembered that our 
severe manliole bending tests eliminate 
many joints that seem excellent by all other 
tests. When this test is used on large cables, 
there is a tendency for the cable to move 
from the manhole toward the joint without 
much bending. This puts a very severe 
shearing stjress on the wipe of the joint and 
wipes which pass every other kind of test 
may fail grievously in this one. This is the 
ultimate test which a wiped joint or, in¬ 
deed, any kind of joint must withstand in 
American practice. 

The section entitled “Corrosion Protec¬ 
tion” says that protection against sources of 
corrosion is mandatory. Where these 
sources do not exist, such protection obvi¬ 
ously is not necessary. It is required for all 
duct cables and for aerial cables when in¬ 
stalled either in a salty atmosphere near the 
sea or near industrial plants wliich may emit 


corrosive fumes. Under other conditions we 
believe that protection may not be required. 
The same is true of most indoor installations. 
Mr. Aldrich and Mr. Raine are surprised 
that we draw no attention to the fact that a 
wiped joint is more susceptible to corrosion 
than the sheath itself. They seem to have 
missed the point of our ring test which is en¬ 
tirely based on that assumption. 

The reference to single-conductor cables 
with fully bonded sheaths has little or no 
application in United States practice, as no 
one here would ever bond the sheaths of 
single-conductor cables under conditions 
where the sheath losses would be appre¬ 
ciable. The procedures used here are de¬ 
scribed by H. Halperin.i Table II is based 
on our experience with avoidance of buckling 
of the sheath when bent to suitable reel 
radii. 

Mr. Arman’s description of the strip weld¬ 
ing process is very interesting and indirectly 
affords us some support for our advocacy of 
welded joints. His comment on single-con¬ 
ductor cables has been answered in the fore¬ 
going. 

Mr. Barnes asks for reasons for recom¬ 
mending a polyetliylene jacket. Our tests 
on such jackets were completed many years 
ago, but our main justification is the success¬ 
ful use of well over 1,000,000 feet of lead- 
sheathed polyethylene-jacketed cables in 
ducts. American polyethylene does not 
contain polyisobutene which may explain 
the difference in experience in the two coun¬ 
tries. Greases containing soap, however, 
should be avoided. 

Mr. Barnes regrets that we have not re¬ 
ferred to the work of P. M. Hollingsworth 
and his as.sociatcs. If our paper had been 
historical, we would not only have done that 
but would have referred to the pioneer work 
in other countries, especially Germany. 

Mr. Croft’s discussion relates to an im¬ 
portant precaution which should be taken in 
selecting tubing for draw down, with which 
we fully agree. 

Mr. Halperiu calls attention to the dif¬ 
ference in hardness of sheaths made by the 
draw-down and direct-extrusion press meth¬ 
ods. Until more experience is available with 
the latter, we think it safer to draw no con¬ 
clusions, especially with relation to man¬ 
hole life. Certainly the direct-extrusion 
method gives a softer and more ductile 
sheath which has botli advantages and dis¬ 
advantages. 

Mr. Hatcher's experience which relates to 
the first item in Table I, is very valuable. 
We hope to have more of this kind in the 
near future. 

Mr. Hollingsworth, who is one of the 
recognized pioneers in this work, is right in 
saying that our survey seems, at first glance, 
to be rather ambitious if based on tlie limited 
experience with the cables listed in Table I. 
He is quite correct in assuming that con¬ 
siderable undisclosed laboratory work and 
field work as well came from our experience 
with communication cables and, we should 
add, with polyethylene-jacketed lead- 
sheathed cables. 

The tin-zinc solder which Mr, IHollings- 
worth has found satisfactory will not meet 
the conditions of American service, because 
cables in manholes are operated at higher 
temperatures than in European countries. 

No trouble has been experienced with 
scorched insulation when using argon weld¬ 


ing in the laboratory. A field installation 
using this procedure is about to be made and 
may lead to modifications of the laboratory 
procedure. We therefore postpone giving 
details of our procedure until it has had a 
practical trial. 

We have answered the point about pro¬ 
tection of wipes and sheaths from moisture 
and the apparent inconsistency of having an 
unprotected aerial cable. 

Mr. Hollingsworth’s data on the relative 
sizes of aluminum- and of lead-sheathed 
cables in British practice are very interesting 
and may be one of several reasons why alu¬ 
minum sheaths have been more attractive 
for power cables in Britain than in America, 

Mr. Rosch asked about the creep charac¬ 
teristics of aluminum sheaths. We have 
done very little work on this and refer him 
to the excellent paper by P, M, Hollings¬ 
worth and P. A. Raine.* 

Mr. Short and Mr. Kozak have given an 
interesting outline of their company’s ex¬ 
perience with aluminum-sheathed cables, 
and their confidence in these is additional 
positive evidence of the applicability of this 
material for cable sheathing. Their gross 
footage is virtually identical with our 2,000-, 
000 plus figure. However, whereas our ship¬ 
ments have been almost completely in 
standard 1,000-foot lengths, theirs appar¬ 
ently have been confified for the most part to 
very much shorter sections for the larger 
diameters because of their restriction to 
lengths of tubing from single billets or 
blooms. In this connection, while our total 
footage of power cable is only a fraction of 
our product to date, it is noteworthy that 
each application is purposely distinctively 
different in many pertinent respects. These 
features merit consideration where space 
will permit a more complete analysis of im¬ 
portant points. Also, we can report that our 
applications of other types of aluminum- 
sheathed cables include numerous installa¬ 
tions in a voi'iety of environments, buried, 
plowed-in, submarine, and the like. 

Our vacuum treatment assures the ab¬ 
sence of moisture, a very practical consider¬ 
ation in respect to paper cable. The tem¬ 
porary reinforcement of press stops is not a 
patch. It is a sound precautionary pro¬ 
cedure. It would seem the discussers have 
chosen to forego employment of any of the 
new semicontinuous ram-type aluminum ex¬ 
trusion presses. Would they rather confine 
aluminum-sheathed power-cable applica¬ 
tions to short manhole lengths with the req¬ 
uisite superabundance of joints, the latter 
certainly just as doubtful as, press stops? 
This is completely counter to the trend in the 
United States because of tlie high labor cost 
of joints. 

Our purchase specifications for aluminuth 
tube necessarily are very rigid to enable pre¬ 
cision production of styroflex coaxial cable 
where dimensional control is by mils. 

Mr. Short and Mr. Kozak’s surmise that 
we use abnormally large reels on all factory 
operations is correct, so that the possibility 
of corrugations is not a manufacturing prob¬ 
lem. Our background of field experience 
with polyethylene-jacketed lead-sheathed 
cable now has been supplemented by ap¬ 
proximately 100,000 feet of aluminum- 
sheathed cable so protected, with no in¬ 
stability indicated to date, nor do we an¬ 
ticipate any. 

We consider welding to be the most per¬ 
manent moisture seal, all things considered 
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aenal applications where the best possible 
appearance is sought PossiDJe 

tte war, Purh^fTof^^^S 
Amttican grades of polyethylene exliibit 
outet^ding stability in ofls at clble Selth 
or jacket operating temperatures. 

Rbperbnces 

" ®“'™ beraas r» Sruoew 

diaw^ot““ Me Rdc... 


A Simplified Method of Calculatins 
Voltage Regulation Using Unit 
Impedance Power-Reactive Diagrams 


R. M. BUTLER 

member Aim 


a-ct^Sic;*; “ 4r 
^ a 'reS^ 

to SeTetw^rk 
The methods apply equally well for «*« i 

^^reandradialtypeof'Sd^S 

practice for 

flow c Pewer, and reactive 

condrtrona on a transmission and 
subtransnnssion networi is by use of 
such analytical tools as the a-c network 
However, this valuable ci 
ulating Md IS generaPy used for major 
system stupes dealing with alterS™ 
plans for future expansion and is not 
^ways available when needed for prob- 
1^ of smaner scope such as detem^iug 

Se characteristics of 

tte network as viewed from one substo- 
faon. C^onally, it is desirable to 
know what effect increased - load S 
l»wer-f^ oorrection in the und^f 
W ^buaon ^tem wfll havre Z 
VO ^e at a substaKon feeding the 
underlying system. ■ 

^The methods discussed in the paper 
offer a convenimrt way of studying'S 
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voltage regnlation problems primarilv 
^ manual calculation. H the ^ 
y tern IS a complex network, two simple 

“““ts O' ™dc wh^S: 

network m set up on an a-c network 
^lyzer for other stndies. These two 

? r “Pen-circuit voltage 

and the short-circuit current at 

steady-state voltage regulation 
probleim m described, it is not necessary 
ins« the generator transient'reS 
^ces mto the network when measS^g 
H«ce value of cureeut if 
not the short-circuit current usually 
obtained m fault studies. ^ 

Using the values for’ aud 

“'“lotions are per- ' 
formed manuaUy. The advantage in 

‘■*’T*h' «En irei 
by the AIEE Committee on*!S!Sn* 

Jor presentation at the ato» Operations 
Meeting, New York N Y^S^ General 

*. 1955. Manual nf 31-Pebruary 

1964; madravSl^leS October ^ 

1964. available for printing November 18, 

Pany. Sch^MUdy^N^ Y* Electric Com- 

and comJibutii?M o/j assistance 

of much Of the dat/ 


using the methods described is. that 

computations 
qtmed since a unique fom of power* 
reactive circle diagram is used to give 
graphical solutions to the voltage regSI! 
tion problems. ^ 


Summary of Method 


Uetkod of CakuUuin Volume Reg^ion 


necessaiy in determining the 
voltage regulation chamcteristics at a 
^ network are 

bnefly as follows: 

i t^^A ^ ^cltage Eoc 

removed. ^ ^ Question with the load 

7 the impedance of the network 

measured at the load point 

J?-“4Xs'c.r? - 

Zto ^00 and impedance 

the tut JT obmTlf 

■Eoc and Z ”r respectively so that 

unit (pu) quaSties 

in pu on the calculaS’'b^ ^expressed 
vain? o?Z“' ^ te any 

Po^-reacti^°X.raC^,^,”S* 
diagrams in PU of 

’““d for determine 
lug Eoc and can be performed 
i^nuaUy tf^the supply system to the 
IS a transmission line or a radial- 
type supply system. Use of the network 

iralyzer wdl be preferred to measure 
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GEN. 


GEN. 


LOAD 



GEN. LOAD CAPACITOR 
ACTUAL SYSTEM 


Fig. 1 (left). 
Conversion of a 
complex network 
to a single equiv¬ 
alent impedance 
system viewed 
from a load 
point 



- EQUIVALENT SYSTEM 

Eqc ’ OPEN CIRCUIT VOLTAGE AT LOAO BUS "X" 

Zo * DRIVING POINT IMPEDANCE OF NETWORK 
VIEWED FROM LOAD BUS "X" 


Fig. 2 (right). 
Measuring Eoc 
and Zd on a 
network analyzer 



'Zo 



the voltage to the current flow into 


Eoc and Z/) if the supply system is a 
complex network. Once £oo and Zo 
have been determined, no further use is 
required of the network analyzer. 

Assumptions 

The method used in calculating the 
voltage at a particular point on a net¬ 
work for various load conditions at that 
point is based upon two assumptions: 

1 . Changes in the steady-state load at a 
given point in a network will not cause a 
change in generator bus voltages. 

2. Loads connected to the supply system 

network feeding a particular load of interest 
are assumed to have constant impedance 
char^teristics. Changes in load at the 
particular point of interest will cause some 
variation in the voltage applied to the other 
loads connected to the supply system. 
However, it is assumed that these voltage 
variations will not be of suflScient magnitude 
to cause serious error in computation if the 
loads, other than the one of interest, do 
not have constant-impedance charac¬ 
teristics. ■ 

Discussion 

Step 1—Conversion of Actual System 
Network to a Single Equivalent 
Impedance 

The theory of converting a complex 
network to an equivalent single im¬ 


pedance is not new. The principle is 
stated in Thevenin’s tlxeorem which is 
found in many electrical engineering 
textbooks. 

In diagrammatical form, the principle 
is illustrated in Fig. 1, It is seen that a 
system network composed of generators, 
circuits, and loads may all be reduced, 
with respect to load JC, to the equivalent 
system shown in the lower portion of 
Fig. 1 . The generator or input voltage 
to the equivalent circuit is equal to the 
open circuit voltage (hereafter desig¬ 
nated as Eoo) measured at the load X 
terminal. The equivalent impedance Z^ 
is that impedance as seen looking into 
the network at load X (sometimes re¬ 
ferred to as the driving-point impedance 
at load JEoo and Zjj can be manually 
calculated for simple radial systems or 
must be measured with the aid of a 
network analyzer for complex network 
systems of the type diown in Fig. 1 . 

When use is made of the network ana¬ 
lyzer, £o<? is measured by removing the 
load at the point of interest while main¬ 
taining constant generator bus voltage. 
Zja may be determined in two ways. 
The first method consists of removing 
the load at the point of interest, ground¬ 
ing all generator buses, and applying a 
known voltage at the point of interest 
on the network. The phasor ratio of 


the network is tlie driving-point im¬ 
pedance Zo and is obtained in complex 
form on the analyzer. The second 
method of obtaining Zd consists of short- 
circuiting the load bus while maintaining 
constant generator bus voltages and 
measuring the short-circuit current 
in complex form with the previously 
measured voltage Boc as reference. 
The phasor ratio of Eqc/Isc is the 
complex impedance Z/,. These measure¬ 
ments are illustrated in Fig. 2. 

Measurements of Eqc and Zd may be 
required for peak load conditions and 
for light load conditions. Ordinarily 
the peak load measurements will suffice. 
An example is given showing the 
calculation of Eqc and Zx» in Appendix I 
for a single transmission line with line- 
charging capacitance included. An addi¬ 
tional example is given in reference 1 . 

Step 2—Conversion of the Single 

Equivalent Impedance to 1.0 PU 

The previous discussion showed how 
a complex network system can be con¬ 
verted to a single impedance Zx» whose 
input voltage is Eoc> For convenience 
of computation, it is desirable to convert 
Eqc and Zd to 1.0 pu. If all equivalent 
impedances as viewed from any load 
point on a network are convaled to 1.0 
pu with a 1.0 pu input voltage, the 
voltage regulation characteristics of the 
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network, viewed from the various load 
points, can be eas^y obtained from a 
singk set of unit impedance power 
reactive circle diagrams. The advantage 

IS mt one set of circle diagrams may be 
used for all problems of a similar nat^e 
removmg the necessity of redrawing a 
new set for each new problem. 

The unit impedance concept was 
ori^nated by Miller and RobbiL.^ In 

a ample 

dial-type power system could be re¬ 
solved into a single unit impedance of 
arymg resistance-reactance 
ratio and supplied by a single generator 
^vmg a terminal voltage of l.o pu 
Such a representation required that the 
base kva be determined from the value 
of the total impedance rather than beina 
yiected arbitrarily as is the usual case 
These concepts are used here and ex- 
ended to include the resolution of a 
complex network system into a unit 
impedance equivalent, as viewed from 


//05-OV 
45 


any smgle load point on the network. 
As previously indicated, this is done by 
ktting £oc and be the base kilovolts 
(kvj and ohms respectively. 

Recalling a familiar expression, found 
in many reference sources,* impedance 
can be expressed in pu form on a 3-phase 
system as ^ 

7 pu ohmsXbase kva 
1,000 (base kv)® 

Smce it is desired to make Z always 
equal to 1.0 pu, equation 1 is reairanged 
to solve for the base kva 

R....- (ha,efcT)n,000 . 

Z ohms 

Substituting Zj) and making the base 
kv equal to Soc 

Base kva 

Zd ohms 

where is in line-to-line kv. 

Hence, equation 3 determines the base 



kva when Eco and are made the base 
^ and base ohms respectively. The 
base kva may also be determined using 
known values of Eoo and I,, as obtained 

Ba.se kva ^VSEodso ( 4 ) 

where is the short-circuit current 
me^^ed at the load point in question; 

measured in per cent or pu on some 
ybiriary base kv and kva, particularly 
If the values are obtained from network 
an^yzer measurements. Since it is 
esue that Eoc and Z^ be made the 
base kv and base ohms, the new base 
kva must be determined as follows 

Z/>=1.0 base kva V 

\ old base kva / 


/ old base kv\ * 
\ £00 ) 


(13) 


IOI. 7 V 
40 I 

( 20 ) I 

r 


Ztf is in pu on the old base kv and 

Rearranging and solving for the new 
base kva 


(18)— 


101 . 7 V 


T 


-^63 "^(30)1-^ 

t'*"(3) I-- 


,69 { 
(39)] 

— 42 



j(l7) 

\:\vI46 

id 9) 

■i-J 02 . 5 V 1 

“*(4) 


10 

(9)*" 


new base kva*. 

2 tf(pu) 

fc 


-X 

Eoc 





(oU base kvJ 

Either equations 3, 4, or 6 may be 
to determine the proper base kva 
^penttag on whether values of and 
SC or Eoc and Zo are given in pu form 
or in kv, amperes, or ohms. 

Having determined the proper base 
k^a^the power and reactive load flowing 
at the point in question on the network 
are pressed in pu on the calculated 
base kva as follows 

pu power knd —kilowatts 
base kva 

pu reactive Vad kilovars 

base kva 


(7) 


( 8 ) 


30 MVA 
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To illustrate the use of the foregoing 
rdations. Fig. 3 shows the load-flow 
diagram of an actual 115-kv transmission 
network which was studied on an a-c 
network analyzer. It was desired that 
the voltage regulation characteristics of 
the network at the substation bus R' be 
determined using the principles described 
herein. Measurements of Eoc, Iso, and 
Zd were taken at bus R', They are 

•^=1.078/0°pu 
/sc= 1 . 68 /- 86 . 16 ° p„ 

Zr>=0.043-f7.640pu 

ne base kv and kva of toe network are 
118 kv and 100.000 kva respectively 


(10)' load at bus R' 

:(io) 

na« ® ‘“VAR) 

BASE KV 8 ||5s (iQQ Q 


F*9- 3. Typical load-flow diagram, 1 t5-lcv system 






Eoc = 10 PER UNIT 

Zd = 1.0 PER UNIT AT VARIABLE X/R RATIO 
E 2 IS IN PER UNIT OF Eqc 
.,w. {Eoc)^-IOOO 

• ~ Zd ohms Eoc IN this 

EXPRESSION IS IN ACTUAL LINE-TO-LINE 
KILOVOLTS. 


ACTUAL KW 
BASE KVA 


IN PER UNIT 


Q ACTUAL KVAR 
2 ■ base KVA 


IN PER UNIT 


Rg. 4 (left). 
Unit impedance- 
unit input voltage 
equivalent circuit 


Fig. 5 (right). 
General con- 
struction of 
power - reactive 
circle diagram 


SLOPE OF LINE EQUAL 
TO X/R RATIO OF 
CIRCUIT IMPEDANCE Z 


POWER+P 2 


These measured quantities were made 
using the methods which are illustrated 
in Fig. 2. 

As a check on the measured value 
for Zd 

^ _Eoc 1.078 /0^ 

"'"/ao° 1 . 68 /- 86 . 16 ° 

» 0.043 4-i.640 = 0.641 at X/R = 14,9 

Letting Eqc and Zd be equal to 1,0 pu, 
and solving for the new base kva using 
equation 6 

New base kva =.j^/MZ§ X1 15y 

0.641 V 115 ) 

= 181.000 kva 

as a checlc, the new base kva may also 
be calculated as follows, using equation 4 
slightly modified 

New base kva=.^)oJj(; base kva 


single unit impedance equivalent, as 
shown in Fig. 4. Analytical solutions 
for the load voltage for various power 
and reactive loads may be obtained usin g 
the equations given in Appendix II. 
However, these equations do not lend 
themselves to rapid calculation, par¬ 
ticularly when many solutions for Ei 
are desired as a result of varying the 
power and reactive load. Power-reactive 
circle diagram solutions for Ej can be 
quickly obtained particularly when the 
diagrams do not have to be replotted for 
each new problem which might arise. 

The general method of constructing a 
power-reactive cirdle diagram is indicated 
in Fig. 5. A complete discussion of this 
subject is given in reference 3. It will 
be noted, in Fig. 5, tliat three quantities 
must be obtained in the construction of a 
single circle. These are: 


An Illustrative Example in the Use 
OP Unit Impedance Power-Reactive 
Diagrams 

It was shown previously that the 115- 
kv system network, shown in Fig. 3, 
could be reduced to a single equivalent 
unit impedance, as shown in Fig. 4. The 
measured and derived quantities per¬ 
taining to the equivalent circuit of tlie 
network were: £ 00 * 1.0 pu or 1.078X 
115 = 124 kv; Zd’^I.O pu; X/R ratio= 


where Eqc and Igo are in pu on the 
original network base kva and kv. 

New base kva = 1.078X1.68X100,000 
= 181,000 kva 

If a load of 10,000 kw and 5,000 kilo- 
vars were flowing to the load at bus R\ 
these values can be expressed in pu on 
the new kva base using equations 7 and 8 

pu power load=—= 0.0652 
181,000 

j 6,000 

pu reactive load=—-= 0,0276 

181,000 

Appendix I gives an example of trans¬ 
forming a single transmission line into a 
unit impedance-unit input voltage equiva¬ 
lent circuit using the pu system. Fig. 4 
shows the final resulting pu equivalent 
circuit to whidi all original circuit con¬ 
figurations are transformed. 

Step 3—^Use op Unit Impedance 
POWER:-REAC nVE CiRCLE DIAGRAMS 

The equivalent impedance of a net¬ 
work, as viewed from any load point on 
the network, can be converted to a 


“distance to the center of the circle 
from the zero co-ordinates 

EiJS 2 /Z=radius of the circle 

iC/R=slope of the line upon which the 
center of the circle is located 

Since Ei=Eoa=l.O pu and Z^Zd^ 
1.0 pu, the three quantities reduce to 
IS 2 ®, £ 2 , and the X/R ratio respectively. 
This is illustrated in Fig. 6. 

Several circles can be plotted for 
different values of E^, on the same graph, 
as indicated in Fig. 7. It is seen that 
the X/R ratio of the impedance Zd can 
assume different vdues ranging from 
20 to 1 depending on the point of measure¬ 
ment in a network. The circles need 
only be rotated in accordance with the 
X/R ratio of ZdI see Fig. 8. 

To eliminate the need of reproducing 
the circle diagrams for each new X/R 
ratio of Zd, it is desirable to have a 
number of precalculated circles printed 
on transparent paper or a template. 
Such a template can then be rotated over 
standard rectangular co-ordinate graph 
paper so as to line up with any X/R 
ratio that might be encountered. 


14.9; and base kva=181,000. 

Using these quantities, power-reactive 
circle diagrams were constructed and are 
shown in the lower portion of Fig. 9 for 
receiving voltages of 0.95, 0.90, 0.85, 
and 0.80 pu of Eoa~ These pu values 
of receiving voltage would correspond to 
118,111.8,105.4, and 99.2 kv respectively. 
The voltage regulation characteristics of 
the network can be plotted as a function 
of load at bus R', Fig. 3, where, for 
illustrative purposes, it has a kilovar/ 
kilowatt ratio of 0.5 which is nearly a 
90-per-cent power-factor load. A con¬ 
stant load line of kilovar/ldlowatt=0.5 
is plotted, as diown in Fig, 9. Where 
the load line intersects the constant 
voltage circles, indicate the pu value of 
power required to produce the indicated 
values of receiving voltage E^ The 
upper portion of Fig. 9 diows the voltage 
regulation curve of E 2 plotted as a func¬ 
tion of pu power. The voltage regula¬ 
tion curve of Fig. 9, permits the determi¬ 
nation of the receiving voltage £2 for 
any specific value of power having a 
ratio of kilovar/kilowatt equal to 0.5. / 

Table I gives a comparison of the voltage 
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Table I. Comparison of E 2 and Measured 
Values 


Load 

—-—- Ea (Obtained Es (Obtained 

Mega- Mega- from Analyzer), from Fig. 9). 

watt vars Kv Kv 


.124 .124 

. 120 . 120 

.115.2.115 

.109.2.108.8 

• 101.0 . 100.8 


Et obtained from Fig. 9 and the actual 
measured values obtained from the net¬ 
work analyzer for several values of power. 
As seen, the agreement is very good. 
Greater accuracy can be obtained if the 
scale used in plotting the power-reactive 
diagrams is increased. 

Unit impedance power-reactive circle 
diagrams are not restricted to the analysis 
of voltage regulation problems alone. 
They may also be used to calculate power 
and reactive loss on transmission lines 
and radial-type multiple circuit systems. 
In addition, they are very educational 
as a means of showing the effect of 
■changing circuit X/R ratio on voltage 
drop or the reactive requirements at the 
load for maintaining a constant per-cent 
voltage drop. 

Appendix I. Conversion of a 
Transmission Line to a Unit 
Impedance Circuit 

A single 3-phase transmission line can 
be converted to a unit impedance circuit 
following steps 1 and 2 described in the 
P3.per. The transmission-line configura¬ 
tion is assumed as a w circuit 


SENDING 

END 


t K X En 

=|=:f loc 

I" "I 


RECEIVING 

END 


total resistance, ohms per phase 
=5 total reactance, ohms per phase 
5=total line-charging susceptance, mhos 
per phase 

Dete^ne the open circuit voltage Eoa 
at the recmving end when a 3-phase voltage 
E is applied to the sending end terminal 

T r, ^ 

■ioc^Eoc~ (9) 


H) 


Substituting equation 10 into equation 9 
and solving for Eoo magnitude 


EocJ- 




Determine the driving-point impedance 
Zii of the transmission line as viewed from 
the receiving terminal. This is done by 
grounding the sending-end terminal and 
measuring the impedance Zo looking into 
the receiving terminal 




The original transmission circuit can 
now be replaced by the following equivalent 
circuit using Thevenin’s theorem 




(TJ-hXY)-!- 


p _2 E 


H- 4 ) 




The equivalent circuit can be converted 
to the following pit form using the methods 
described in step 2 of the paper 


ZD=I.OPeR UNIT 


= 1.0 PER UNIT 




= base kv 


the actual sending-end voltage, 3-phase 
line-to-line kv 


(R+JX) 


(R+JX)+ 


x,+(-/|) 


“base ohms 


(Enn)^ 

base kva 1,000 ( 13 ) 

Zi) 

To illustrate the use of the foregoing 
relations, the following transmission-line 
constats are assumed: i?=16 ohms, X= 
80 ohms, F=:600X10-« mhos, and £=138 
kv (actual sending end voltage). 

Using equation 11 and solving for Eoc 

„ 2£X10« 

■Eoc=- - .-- 

5oo'yiiQy+(8o-~^y 


since JB is 138 kv, then 


Eoc = 1.02X 138 = 141 fcv=base voltage 
Using equation 12 and solving for Zd 
^2X10« 

“ 1 — 2 x 1 ^ + 

16+j(80-^^^ J 
\ 500 / 

/81.5 ohms=83 ohms=base ohms 
at Y//?=5 

Using equation 13 and solving for base kva 

. , (141)2X1,000 

base kva =-—-= 239,000 

00 

If a load of 50,000 kw at 96-per-cent 
power-factor lagging were transmitted 
through the line, the pu value of the load 
would be 

„ 60,000 

p ^ —?— =0.209 nu 
239,000 ^ 

. 0.329 X 50,000 

—mSio— 

where 0.329 is the tangent of the power- 
factor angle. 


Appendix II, Fundamental Power 
and Reactive-Flow Equations for 
a Unit Impedance Circuit 

The following two equations have been 
developed in reference 4 for the following 
circuit configurations 


SENDING 

END 



* RECElVlNfi 
END 

Qe 


„ £ 2 ® cos 9 , £i £2 . , 

Pj -a _ 1^ gjjl 

^ £ 2 ® sin 9 . £i£j cos (5i2-|-a) 

^2=5-" H --- 

Z Z 


£ 2 =receiving power, pu 

02 “receiving reactive fikw, pu 

£i=sending-end voltage, pa 

£2 “receiving-end voltage, pu 

Z=circuit impedance, pu 

5i=angle of voltage £i 

52 “angle of voltage £2 

5 i2 “ angular difference between £r stad Et 

5=angle of impedance Z 

a“90 degrees—5 

All quantities in equations 14 and 15 
are magnitude quantities and not in phascfr 
form. These equations are gener^ and 
may be used for a unit impedance circuit 
of the tsrpe described in the paper. Letting 
£i“£oc“1.0 pu and Z=Zd“1.0 pu, equa¬ 
tions 14 and 15 are rewritten 

£ 2 = —£ 2 * cos 9-\-E% sin ( 5 i 2 -t-a) (16) 

Qs — —£ 2 ® sin 9-{-Es cos (SiaH-a) (17) 
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and reaotiveirrtaS^'^ 

squnrnd equna„:«, which if' ‘'^ 

^2® = CP2+528 cos 0)‘+(Q,+£,^ sin e)^ (18) 
where 

cos(?«^«ie P“' since Zxt^l.O 
^ P'^' siace Z^ = l.o 

'-S'tr n 1 .S “ " 1 ^ be iitotrated 
shown that th«» nod- i^‘ ?’ was 

equ,Tai«t aa repreaeaM in S “ ifwf 
determined that 

•fii =£oc == 124 kv=1.0 pu 

of X/“iilf ““ “ 1 . 000 -fcva baac 


Assume that 

'«*•«»- 

and solve for Ei using equation 18 

i?^+.r 8 = 2 x>*= 1.0 

X 

^»14.9 

■K*+(14.9i?)2*l.o 
^*0.067 pu 

-Y«14 9 X0.087* 0.998 pu 
^teHtmiag known qnantitiea into eqna- 

■E2*«(0 111+0.067£2*)*+ 

(0 056 + 0.99852®)® 


restive diagrams, that 5* was 116 kv 
This IS equal to 115/124 or 0.929 pu of 
h^d Substutmg this value in the right- 
hand side of the expression for ^ 

■Sa® * (0.111-f0.067X Vo® )2-f 

a«-0.868 <“'«“+®-998Xv^)‘ 

£2 = 0,93 

stitSi'f!“ “*T? '^‘b the sub- 

Si‘SiS“^^r-“-‘vaincte 
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equivalent circuit "ouTSSSS*^™ “ 


generator bank reactance on the total im. 
rimS^ if negligible and can some- 

corrected for by re- 

hv generator bank impedance Near 

spoaSfjsf but iSr' 

tte conditions suted fa tte ^2!=''"°" 


Rbfeiuence 


D. Goodricl^^^ 

II. 1851. pp. 2M249 vol. 70, pt. 


Reactive power loss 

Gs£®^S^ Snf^thf iStefofth^*'®^^''® 

circles Power 

2. Radius Eqz 

s n d+yn/ 0 sr,r- esyST' 

-ta. ndnhnum loss iflft^^™ 
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gnerator subtransient reactance and 
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£-Sa“^V£S: 

emaev strict ac- 
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^rSo« teTtn'^K 

Fortraat^ occurring in the network, 
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« y ®“aI 1 and can be neglected 
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electrically remote from generation it is 
quite permissible to use the short-circuit 
current as determined from 3-phase fault 
studies. This would seem to be quite 
reasonable since the generator transient 
reactances are a very small percentage of 
the total equivalent impedance to the load 
in question. Furthermore, for voltage reg¬ 
ulation studies in a distribution system, 
the effect of generator and step-up trans¬ 
former impedances is of negligible value as 
compared with the distribution substation 
transformer unpedance. Hence, the sugges¬ 
tion of using the short-circuit current as de¬ 
termined from fault studies would seem to 
be a good way to simplify the determina¬ 
tion of base quantities. 

In using the methods described in the 
paper, it is necessary to know what the open- 
circuit voltage Eoc is at the load point in 


question. It would appear that the only 
way to obtain this value would be to meas¬ 
ure it on an a-c calculating board. As 
mentioned in the paper, analyzers are not 
always available for this purpose. One 
way to avoid the necessity of using an ana¬ 
lyzer to obtain Eoc is to assume that the 
presently existing peak load in question is 
part of the calculated equivalent impedance 
Zn. Then Eoc is simply the voltage corre¬ 
sponding to the presently existing peak load. 
This voltage can be measured in the field. 
This approach is correct if it is asstimpd that 
the peak load voltage in the future will be 
either equal to or lower than this value next 
year. A prediction of next year’s peak load 
voltage must then be based upon the addi¬ 
tional increment of load that will be added 
between now and next year at the load 
point in question. 


One of the biggest timesavers in the use 
of the methods described in the paper is to 
have a precalculated circle diagram tem¬ 
plate available for use. Such a .template 
can be made to include constant voltage 
circles ranging from 1.10 to 0.80 pu in steps 
of 0.01 pu. Having such a template will 
avoid the necessity of reproducing circle 
diagrams many times as each new problem 
appears. 

I have found that the methods described 
in the paper for predicting voltage regulation 
using the circle diagram template have been 
of considerable value in predicting the im¬ 
proved voltage conditions resulting from the 
application of capacitors and voltage regu¬ 
lators to points in power systems where such 
improvement is needed. It is hoped that 
utility engineers will also find this method 
to be of value. 


Automatically Switched Capacitors ir 
Steps on a Single Distribution Feedei 


W. C. FOWLER 

MEMBER AIEE 


C. W. THOMAS 


T he benefits deriving from the con¬ 
nection of static capacitors to the lines 
of the utility system are well estab¬ 
lished.^*® The disadvantages of leaving 
them connected at undesirable times are 
apparent, with the result that many in¬ 
stallations utilize varied types of switch¬ 
ing and control functions.® The maxi¬ 
mum benefits are achieved by having 
capacitors located at the closest possible 
point to the equipment calling for reac¬ 
tive- component of load. Some variation 
from tliis ideal may be used to take advan¬ 
tage of the voltage-correcting ability of 
the capacitors. Over-all economic factors 
usually detennine the exact point of in¬ 
stallation of a specific bank of capacitors. 

Requirements for control of switched 
banks have resulted in rather large con¬ 
centrations at substations. This fre¬ 
quently demands expensive circuit break- 
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ers and switchgear to perform the switch¬ 
ing functions. The great disadvantage is 
in failure to make use of the full benefits 
along the lines of the distribution feeder 
to the approximate area of the load being 
delivered. Much has been accomplished 
in this direction by the use of time 
switches for control purposes, but these 
fail to recognize variations of the electric 
load which require unscheduled switching. 
Otlier forms of control are being used, 
but not to tlie extent of taking full advan¬ 
tage of capacitors on the feeder lines. 

New forms of control tmits are available 
in which the time delay before switching 
is increased logarithmically as the signal 
strength is decreased to the contact set¬ 
tings. They also provide for the selec¬ 


N 


tion of voltage, current, watts, or vars as 
the signal to be used in switching.'^*® 
These units present the possibility of 
controlling several banks of capacitors on 
a single feeder and having them selectively 
switched to fit the circuit conditions at 
any time. 

Procedure for Testing 

To investigate these possibilities, it was 
decided that the 4,160-volt feeder no. 2 
in the system of the Public Service Com¬ 
pany of Oklahoma offered excellent quali¬ 
ties to detennine how well such a program 
might work. Fig. 1 shows the principal 
features of this feeder no. 2, with signifi¬ 
cant items of this test program indicated. 
Ntimerous laterals and service points are 
omitted as not significant. 

Control signal for the capacitor bank 
at point C was obtained by measuring the 
kilovar load at this point on only one 
phase. It was assumed tliat unbalance 
between phases maintained a reasonable 
proportion at different times. Measure¬ 
ment and control signals at points B, C, 
E, F, and G were all definitely obtained 
from the same phase as was the voltage 
measurement at point .4. Control units 
at C, E, F, and G were those having the 




G F 


1 ^ 


D C 


#■ 


HS' 1. Essential points 
in the feeder under test 


A-B 

5300 FT. 

B-D 

1000 FT. 

D-E 

1200 FT. 

D-F 

1900 FT. 

F-Q 

500 FT. 

G-N 

1300 FT. 

WITH 

FLAT VOLTAG 


— - — umv n. i f t j /« 

C» 300 KVA CAPACITOR BANK, TO USE RS UNCOLNTROL 
D» CORNER (ST AND PARK, LATERALS SPLIT ONE SPAN AFTER 
E » 300 KVA CAPACITOR BANK,TO USE VS LINCOLNTROL 
F » 300 KVA CAPACITOR BANK.TO USE V5 LINCOLNTROL 
G« 300 KVA CAPACITOR BANK, TO USE VS LINCOLNTROL 
L» single PHASE LATERAL TO FEDERAL HOMES ADDITION 
M = SERVICE TO REDA PUMP FACTORY 
N» SERVICE TO U.5. BUREAU OF MINES 
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bctwem ph.set 

Rs. S. Voltaj. „„„o| ,„pM, \^,. tadustrid loads at jl/ and JV aad to a 


oned. The balance of load between 

ection of transformers to the extent that 
was practical, but no effort was made to 
constmct additional circuits thar^uJd 
^2 needed to divide the hl^ 

t “”?''-?*>«« lateral'. 
g t the substation is maintained 
to approximately constant values by tlie 

^t^ng of toge banks of capadtot 

the operator in that station. ^ 

T of a mix- 

residential commercial, and 

residentialcustomers. The first customer 

afte^ immediately 

ofL-nrc'T” ‘^"nfn«n« bank Lj 
where reactive load is measured 
for control of the fimt capacitor ^k 
Special attention was given to important 


Instrumentation 

men^.^ ‘bn instiu- 

mentetion at ah significant points 

Steaji-state voltage was measured with 
P^pbic therm^ voltmeters at points A, 

as in Fit”‘“rt* “ “padtorinstafiation, 
s in Fig, 2, the measuring element was 
connected through the on contact so that 
an accurate record of the times of op“L 

imwiatiou of three thermal voltmeters 
Itt maxunum and minimum indicating 

age mSr *° ®bow volt- 

age uub^ance as it developed. 

Additionalmeasurements included ther 

“owatt and kilo- 
v« iMd at pomt A, as shown in Fig. 4 . 

g- 5 shows the var control unit with 
srapluc varmeter and graphic voltmeter 

at point C. Control drciit was i^ld 

4 (left). 

Meter* at 
substation 


staLT s^atnlmd capadtor in- 

tfo^om “ ‘bn loca¬ 

tion of the measurement point Allvolt- 

were repeatedly checked with a 
portable precision instrument to insure 
accmate values when making ^ 
pansons. ® 

Results 

Figs. 6 and 7 show the nature of infor- 

matim^tamedfromthesemeasurements 

?S-«WnhowstheresuIts 
me Ime-drop compensation for re- 
set in the regulator, although afi 
ranged. 

linl/l ‘bn operation with no 

line-drop compensation in the regulator 

fire^ rr a 

fend bandwidth of I24y, to 126 volts, 
the voltage-controUed capadtors pro- 

he regulator acting as a vernier to bridge 

from'fo.?*■ ^ t'oltage charts 
from four of the stations during the time 

coS"?'* With tS: 

ctanbination, exceDent results were ob- 

temed mth bandwidths and voltage 
Shed ‘isolator or 

Pi« ’'“"'‘I achieve. 

wSld ' ^ ^nrTOastiates operation that 
"°f d Ksult with, no regulator in the dr- 

S “ ‘bn control was removed 

With the setting on neutral. 

The var control functioned smoothly 

‘ba nircuit 

within tte abihty of the capadtor bank 
* pcrat C. An average of about two 
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Measurement and 
control at point C 
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restated to a laree 
ext^t from the switching of the voltage 
controls under different conditions. 

Voltage control at the different points 
performed excellently after settings were 
to obtain desired switching^action 

r^t ^ Noteworthy 

^ts were found, after proper adjust^ 
ments, in obtaining selective operation of 

^ of varying 
loads dehvered at different times at 

points A j|/, and i\r. 

Discussion 

Bandwidth of a control setting must be 
arge enough to avoid pumping from the 
peraUon of a bank under a given control. 
Occ^ional transfers from , one control 
point to another developed as a useful 
op^tion in having the 

^ ’'l>“e it was nMded. 

With compensation set in the regulator 
andwid^ on voltage controls should be 

haTreIched^t^liSf F 

Capacitors can only raise the voltaaes ^ 
evd as they are appHed, and their effect ® 
n this respect decreases as it is observed 
tl^ m than a first observa- 

lon. When using capacitors for voltage C 

iud^ted:™”® 


immediately after the regu- 
1 j improve the power factor nf tiio 

'7 tarr^at 

fication of compensator settmgs. 

tetSoatt 

3. Voltage control may be connected ahead 

nLted e°“trol capacitors com 

nected after that unit in the circuit. 

4. Voltage control installed farther frnm 

safiOT compoi- 

sation is set, when possible. Excellent re 

«gulatr““‘'“’ fr® the 

fou?d'’ar“'^ 

fmnd as a major problem when either 
voltap or var control was taken as the 

Ph“e. 

tmS“”“* “ power-fac- 

tor balancmg can be obtained: 


fa5ssss= 

2. By using single-phase regulators to im 
prove voltage balance only. 

^mrk nh'lle ^ automatic control to switch 
singie-phase capacitor hanks alonv thrift 
erals which produce the unbd^cf. 


oSate apparent that ade¬ 

quate measurements are needed to detor 

««^ator and auto- 
na^o J ^ to produce a 

^ “VI" -a..;pread“h 

feeder Thie; ^ of a distribution 

gether wS °vement in regulation to- 

SrpossTbmtvS offers 

th^f? maximum utilization of the 

Ut?SVcan"«'-p“r^ 

-oompSdrthlSeVSVks"”"- 

movcVS^ S«>«aiy re- 

the capacitors, or connect them \n 

2 ^*^^^gOTents to meet the unsched- 

o-ionTdtrop-^ronrwiSLg-^'^ 
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periods, etc. By the proper co-ordination 
of controls the installed capacitors can be 
niade much more adaptable to system as 
well as local feeder needs with the new 
thermally activated control devices. 


W. H. Cuttino (Westmghouse Electric 
Corporation, East Pittsburgh, Pa.): Al¬ 
though automatically switched capacitors 
have been used on many distribution 
circuits for a number of years and their 
advantages in supplying the kilovars as 
needed to improve voltage conditions, 
release system capacity, and reduce system 
losses have been known, there has not been 
sufficient information published showing re¬ 
sets on specific circuits. The information 
^ven by the authors should be quite interest¬ 
ing to the distribution engineers, particu¬ 
larly those embarking upon a program of 
adding switched capacitors. 

When automatically switched capacitors 
are applied it is important that the band¬ 
width of the sensing device have sufficient 
spread to avoid “pumping.” If several 
switched capacitors are applied on one dis¬ 
tribution circuit the switching of one capac¬ 
itor may affect the sensing signals at other 
capacitor locations. This is particularly 
true in the case of voltage-sensing devices 
and often occurs in the case of other sensing 
devices, depending upon their location in 
the circuit. The change in signal should be 
known at all switched capacitor locations 
when capacitors are switched at any one of 
other locations to guard against the pos¬ 
sibility of the capacitor switch pumping. 
It would be interesting to know what these 


values are for the circuit in the paper. 

It is assumed that Mr. Fowler and Mr. 
Thomas do not necessarily propose nging 
automatically switched capacitors at all 
locations shown in Fig. 1. It appears that 
one or two unswitched capacitor banks 
might be applied in the interest of economy 
with satisfactory results. 


W. C. Fowler and C. W. Thomas: We 
appreckte the contributions made in the 
discussions which add to the value of the re¬ 
port of the tests. In connection with Mr. 
Dyson’s experienced comment on time 
switches, it might be mentioned that one of 
the banks that was automatically switched 
during the test period is to be operated in 
the future on a time schedule. However, 
the effectiveness in supplsdng vars as close 
as possible to the point of use is lost to a 
small degree in this change. 

The paper gave complete results on three 
selected days to present typical results of 
various settings on “normal” days. During 
various “abnormal” days it was found tliat 
all banks were switched on at some times 
and all switched off at other times, but 
the conditions would not be predictable. 

After the problem of unbalance was 
realized it was readily allowed for in setting 
the single-phase varmeter. The actual set¬ 
tings used were those found to accomplish 
the desired results by observing the poly¬ 
phase graphic varmeter at the substation 
and the proportion of unbalance in reactive 
loads held sufficiently steady to make the 
operation very satisfactory. If the regula¬ 
tor had been in the substation it would have 


been convenient to measure and control the 
bank from polyphase measurements at that 
point, with a control circuit carried out to a 
suitable location for the switched bank. 

In response to the question from Mr. 
Cuttino, the calculated effect of the last 
capacitor bank was 3 volts, which was 
exactly the amount observed on an instan¬ 
taneous voltmeter. With compensation re¬ 
moved from the regulator, this unit acted 
to restore most of the effect of switching 
with the time delay of the regulator. The 
time delay of the thermal control was ample 
to allow the regulator to complete its func¬ 
tion. The net effect found at the last bank 
of capacitors, after the regulator had re¬ 
turned to its set value, was slightly less 
than 3/4 volt. The effect was 1/2 volt at 
each of the other two banks under voltage 
control. Pumping did not occur until other 
setting^ were tried wherein the bandwidth 
on the voltage controls was reduced to a 
smaller value than the bandwidth on the 
regulator. 

Mr. Cuttino suggests the merit of fixed 
banks in securing results at the least ex¬ 
pense. A decision on this feature has been 
delayed pending minimum values of reac¬ 
tive load during the season of lightest loads. 
It appears that even 300 kilovars would be 
too much for the circuit to satisfy system 
requirements at such times. This feature of 
capacitor applications also identifies itself 
with the possible use of secondary capaci¬ 
tors at appropriate points where they may 
justify tliemselves. The switched capaci¬ 
tors should serve the purpose of handlin g 
the variations in reactive load above the 
minimum values. 


An Analogue Solution of Cable 
Heat Flow Problems 

A. W. W. CAMERON 

MEAdBER AIEE 


E. de HAAS P. J. SANDIFORD 

NONMEMBER AIEE NONMEMBER AIEE 

Synopsis: Steady-state heat flow problems 
related to buried cables can be solved with 
a simple electric analogue. The soil is 
represented by graphite-coated paper, and 
the cables and sinks by fixed electrodes 
applied with silver paint or by movable 
copper cylinders. Regions with lower 
thermal resistivity (t/r) than the main 
soil body (duct banks, special backfill) are 
simulated by placing one or more extra 
sheets of graphite paper on the base paper 
in electric contact with it. Applications 
described include a duct bank problem 
and a double-circuit pipe-type cable placed 
in a rectangular box of sand. The load 
reduction caused by close spacing, the 
beneficial effect of sand backfill in poor 
soil, and the influence of ground water 
are discussed. 

E quations for the heat flow from 
an underground cable or a group of 
cables have been ^ven by Neher .^'2 


His solution is based on the Kennelly 
equation and works satisfactorily for 
various configurations. Fink® has applied 
it to cases where special backfill is used 
to bring the over-all thermal resistivity 
of an otherwise poorly conducting soil 
down to a more suitable design value. 
Exact calculation is difficult or impos¬ 
sible in a number of practical cases, e.g., 
when twin circuits are placed in a rec¬ 
tangular box of backfill. An electric 
analogue, assembled with simple equip¬ 
ment, may then supply steady-state 
solutions of sufficient accuracy. 

Principle 

Heat flow from a system of n parallel 
buried cables is basically a 2-dimensional 
problem in a plane perpendicular to the 


direction of the cables. When a steady 
state has been reached, the temperature 
satisfies Laplace’s equation, and it may 
be written 

where 

surface temperature of cable » in a 
system of cables 
7 a“ temperature of a sink A 

thermal resistance between n and A 
per unit length of cable 
TFn=heat transported from n to A per 
unit of time and per unit length of 
cable 

A r=» temperature rise above ambient 

The same law holds for an electric 
flow where current is transported from 
a number of sources to a number of sinks 

Paper 55-S5, recommended by the AIEE Insulated 
Conductors Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Winter General Meeting, New 
York, N. Y., January 31-February4,1956. Manu¬ 
script submitted October 22, 1964; made available 
for printing December 6, 1964. 
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Va — SfiAin 

where 

’"”~’'an'd‘d‘“'“ between „ 

resistance between » and A 
current from n to A 

The advantage of studying heat flow with 
an electric analogue lies in the fact that 
the electneal quantities reach their final 
(steady-state) values immediately. Be¬ 
sides that they are much easier to 
me^e. Afterwards the solution is 
again translated into terms of heat. 

E^erimental Arrangement 

®o<^fi^tion of a commercial 
nalogue field plotter was very well 


suited for this model study. It uses a 
paper coated with a unifonn layer of 
graphite, which is available in two 
yproximately 10,000 and 
1,000 ohms of surface resistivity. It 
has been found that the low-resistivity 
paper IS best adapted for the purpose. ' 
Desired combinations of electrodes 
applied conveniently by covering the 

using fast-drying butyl-acetate as a 
thinner. Because the problem requires 
nly quantitative values of the thermal 

t^owTr’ S:enerany no need 

to plot the actual field lines in the model 

study. It IS sufficient to measure the 
electneal resistances with an ohmmeter 
or to calculate them from current and 
voltage; see Fig. i. 
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Expemental Proof for the Validity 
of the IVIethod 

A simple system with well-known 
charact^stics was set up on the board. 
It consisted of two circular electrodes 
and one sta-aight bar. representing two 
cables buned below the surface of the 
SOI; see Fig-. 2. Assume that at first 
ony one^ble is loaded and dissipates 
neat at the constant rate of W watts ' 
per centimeter (cm), which keeps the 
outer diameter of the cable at AT degrees 
above the ambient. The isothermals 

distnburion of the interinediate tempera- 
tures. Pipe no. 2 , similar to pipe no. 1 
but not heated, placed at P, will attain 
the temperature prevalent at this point 
j-e-, 71 iH- 0.3AT. When pipe no. 2 also 
^ becomes a heat source dissipating W 
watte per cm, superposition of the two 
heat-flow fields will raise the temperature 
of no. 2 to r^+0.3AT-hAT, or 1.3AT 
above the ambient (sink). The same 
applies to no. 1 as it is lying on the O.SAT 
isotteim of no. 2 . This means in effect 
that ffie presence at this distance of a 
second loaded pipe increases the tempera¬ 
ture of pipe no. 1 by 30 per cent for an 
ui^hanged dissipation from no. 1 . in 
other words it raises the thermal re¬ 
sistance between no. 1 and the surface 
by a factor 1.30. 

If the analogue method is correct, the 
same ratio should apply to the electrical 
resistances. This was investigated. The 
result w^ a measured ratio between the 
electneal resistances ,5*/^= 1.32± 0.01 
compared with the theoretical value of 
1.30, where 

i-restoce from no. 1 or no. 2 to .4 when 
only one pipe is dissipating heat W 
■s*-re«an« from no. 1 or no. 2 to ^4 
wiien both pipes dissipate W 

The error is principally caused by the 
fact that the introduction of a conducting 
disk at P disturbs the original field dis¬ 
tribution around pipe no. 1 . 

Tt is conceivable that the left side of 
the disk 2 whi^ is closest to pipe no. 1 
IS more active in increasing the effective 
r^stance between A and no. 1 than the 

right side. In other words, the center of 

gravity of the influence of the disk is not 

c *•! R«8lrf«nce Between Cable 

Watt) for a 1-Cra Long Portion of the Cable 

NELA Neher>.a Analoeue 

For top duct... . 200 ....306 3 ie 

For center duct- .200 . ' oo® 

For bottom duct. 200 .... 333 . 333 
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SURFACE 


Fig. 3 (left). Duct bank 
with six loaded cables 


EARTH (/£> =120*0 cm/watt) 


Fig. 4 (right). Electrical 
diagram. Current return 
path through graphite 

_ paper is not shown. 

The rheostats are ad- 

4 ---CONCRETE justed until the micro- 

(p- IO0*c cm/watt) ammeters show equal 

g current. The resistances 

--TRANSITE calculated from 

6 (/»'IOOO“Ccm/watt) 

readings. If desired, 

_ the microammeter can 

be adjusted to un- 
3“ equal currents, cone- 

^ spending to uneven 

loads 



P but a point Q, closer to pipe no. 1. 
For example, if Q were located as in 
Fig. 2, the theoretical ratio would be 
1.32. This type of discrepancy between 
theory and experiment would, however, 
also occur in the case of buried pipe-type 
cables and does, therefore, not affect 
the applicability of the method for solving 
practical problems. Consequently, the 
error in the use of the analogue is not 
above 2 to 3 per cent, which is permissible 
for the solution of cable heat-flow 
problems. At the same time it was 
found that edge effects are negligible 
when the sheet of paper is at least three 
times as long and three times as wide 
as the model. 

Inhomogeneous Soil 

For installations in inhomogeneous 
soil, the analogue should provide for 
paper with correspondingly varying re¬ 
sistivity. This is also the case if the 
cables are in ducts or if there is special 
backfill. 

Although an analogue using an electro¬ 
lytic tank of adjustable depths would 
normally be used for problems of this 
type,< the paper technique had proved 
so convenient for the homogeneous case 
that it was undertaken to modify it 


for use in backfill problems. Thus one 
or more extra sheets of graphite paper 
were placed on the base sheet, reducing 
the local resistivity, to one-half, one- 
third, etc., of its original value. To get 
good contact between the sheets without 
disturbing the flow pattern unduly, the 
edges were dotted sparingly with silver 
paint before the sheets were laid in place. 

Applications 

Cables in Duct 

When plans were being considered for 
two 116-kv 126-raegavoIt-ampere (mva) 
circuits in the Toronto area, one proposal 
was to place the six single phases in a 
dqpt bank, as shown in Fig. 3. In such 
cases it is usual to apply the National 
Electronic Light Association (NELA) 
equation when calculating the current 
rating of the cables. The NELA equation 
is based on an average t/r value and does 
not take into account the local t/r of the 
soil around tlie duct, which in the case 
under consideration was 120 degrees centi¬ 
grade (C) cm per watt. The concrete 
t/r was 100 C cm per watt. Application 
of Neher’s equation, which does allow for 
high soil t/r values, would restrict the 
cable rating to 100 mva per circuit, where 
NELA permitted 126 mva. Because of 
this appreciable difference in capacity re¬ 


Table II. Thermal Resistance Between One Cable and Sink in Thermal Ohms for 1 Cm of Cable 


’Without SaDd 

SoU t/r, R', Second 

C Cm R, One Cable Loaded 

per Watt Cable Only Also 


With Sand 2 Feet Above 
Cable Level 

R"/R' R" 

Per Cent 


With Sand Filling 
Whole Trench 

' R'"/R' R'" 

Per Cent 


suiting from the two calculating methods, 
the analogue was used to determine which 
equation was suitable. A model was made 
with single and double extra ^eets rep¬ 
resenting the duct- Resistances were 
measured between each cable and the ■<!tnk 
with all cables canying full and equal 
load; see Fig. 4. 

If the base sheet represents a resistivity 
of 120 C cm per watt, the duct portion 
consisting of a base sheet plus one extra 
sheet corresponds to 60 C cm per watt, 
and with two extra sheets to 40 C cm per 
watt. As in reality the t/r value of the 
duct was 100 C cm per watt, the corre¬ 
sponding resistance values were found by 
interpolation. Table I gives the analogue 
results and the values computed from the 
two equations. The good agreement be¬ 
tween the Neher values and the analogue 
values is evident. 

Effect op Backfill 

In a case of a route for two pipe-type 
cables with localized areas of high t/r, up 
to 300 C cm per watt, the question arose 
whether sand backfill extending to 2 
feet above cable level would be adequate; 
see Fig. 6. The Kennelly equation gave 
for one cable buried in homogeneous soil 
with a thermal resistivity p C cm per 
watt 

i?=0.48p 



n^r n 24 " 

U U ! i 


Fig. 5. Two Ipaded pipes in a rectangular 
box of sand 
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SURFACE OF SOIL 


HC 


■ 3 /4 5 6 

6-2.6''diam CABLES 

Rs- «. 9, Icded «W« o„, 

plane 

where 

okras 

fiS between the sheath of 

the cablM and the sink when no 
other loaded cable is present 

[ffesence of a second cable at the 
given distance brings R up to 

i?'=1.28i?=0.6lp 

where 

i2'=as in the foregoing but with the second 

^ foregoing but with both 

cables surrounded by sand «« 

indicated in Fig 5 ^ 


ea^ <^ble amounted to 1.0 watt per cm 
and, thus, the figures fori?, R' and R" 
ra T^le II dfreetly teptesent'S .L’ 
pera^e nse of the cable sheath over the 
ambient. Taking into acconnt that the 

as'ctnd^ir t if' ”“y ba as high as 

and sheath at full load is also 25 C it is 
evident ttat under normal full load con- 
*hons the conductor might become too 


TsWelll, Effect rfC^und Water on n.,*.| 
Resistance 


Heat Sink 


Resistance in Thermal 
Ohms Between Cable and 
Heat Sink 

Cable 1 Cable 2 Cable 3 
or 6 or 5 or 4 


Six Cables in One Plane 

the installation mentioned in the 

buricH^ be directly 

buried, as shown in Fig. 6. A model 

resistance between one 
loaded— 

at 1 standardised 

thermal ohm, the resistances for all 
cables loaded were found between: 


Earth's surface.... o « „ . 

Earth’s surface plus....^-8 

ground water. o « o „ 

... ^8 .2.9.2.9 


cablesord i 3.8\‘So°S: 


To evaluate the beneficial effect of the 
21^=80 Con per watt), a model 

^0 and extra sheets of paper corre- 
spondmg to the sand p,a^ ^ ^ 

aK *eet One extra sheet corresponded 
to SMd with p=80 surrounded with soil of 
P -160 two sheets to sand p=S0 sur¬ 
rounded with soil p=240, etc. Thus it 
was p^ible by a series of tests to mcTiJe 
toerahoU /if in soils of various t/r. The 
results are given in Table II. 

oufw^ Investigation it was tried 
ut how much improvement could be ob- 

by ffling the trench with sp^ctl 
backfill right to the surface. The dif- 

IS apparent in poor soil where the 
sand as a short circuit for the heat 

flow. ^TableII. whereiS'"represe“s 

At full load the dissipation tV from 


From these figures it could be eom- 
p^s 2 I opacity of 

ft if■ ? ““"y ^ “at 

of the full capaaty, available when the 

SIX conductors were spaced without over- 

^ppmg heat-flow paths. In other words, 

SIX cables in the given configuration 

do the work that four conductors of the 

These derating factors could also have 
Kennelly equa- 

tion by superposing thesixheatfieids An 

ad - ^analogue was the use of 
adjustable electrodes consisting of short 
copper cyhnders mounted on adjustable 
arms with a small drop of memm,! 
rapped between eadi electrode and the 
paper for good contact. In this way it was 
possible to observe the effects of various 

Th^oS on the resistance. 

This otherwise would have required manv 

repetitions of the calculation ^ 


Effect of Ground Water 

^ It IS often observed that the actual tem- 
^ peratme attamed by the pipe of a buried- 

puted from the observed thermal con- 
stants of the soil and cable, using the Ken- 

a^at^th 2 *^^°”‘T. suggested 

_ water which may be as effective a heat 

j sink as the surface of the earth 

^ elel^odf ^“°ther 

lei to tht r P"P^r P"^^- 

W T '■®P'’®®®°ting the earth’s sur- 
■ u corresponding to 118 - 

nch depth (about 10 feet of water table) 

‘Lr. electrically to the 

electrode, thus corre- 
ponding to ground waterat the same tem¬ 
perature as the earth’s surface. The re¬ 
tests fT Similar 

tests for other configurations show that 

su<A an additional heat sink is very ef¬ 
fective in reducing the thermal resist- 

n^hU } ^ ''^'^esponding increase in the 
able rating. Whether or not the ground 
ater acts in this manner must, of course 
be determined by field tests. 
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Discussion 

JS*.*^**®^ (PhUadelphia Electric 


*«Pbite- 

^Wy „„ a hLogo'nf:::'’;: 
of the sheets superposition 

crease of ekctriS" ^ c°f«-esponding in- 
cfre /4 + icctncal conductivity when de 

would be difficult conditions which 
callv Th«K • evaluate mathemati- 
asic pnnciple, however, is that 


. -- »t'-auj'-sLai.e V 

San<UM,. Cannon-Solution of mioHeal Flo. ProMoms 


1“' “ boraopraeous 

medra. Tht analogy b of course incapable 

cable loading, because the distributed ca 
pacity effects are not accounted for 

auth^»^“i*® disturbed, therefore.’ by the 
authors reference to the effect of ground 

sink whiiffi they 
seem to think is needed to explain the fact 

hit^* temperature attamed by a 

uned cable is found to be less than the 
steady-state value which can be computed 
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by appropriate use of the Kennelly equa¬ 
tion. The most likely explanation of the 
lower temperature attained is that the cable 
loads are far from constant for the great 
length of time necessary to achieve the 
steady-state temperature distribution which 
the Kennelly formula (see reference 1 of the 
paper) and their analogue are designed to 
represent. For ground water to be a heat 
sink, it must be moving so as to carry the 
heat away. When the improbability is con¬ 
sidered of ground-water flow in sufficient 
volume to become a heat-sink, it is recog¬ 
nized that the only heat sink which can be 
counted upon is that of the atmosphere 
above the surface of the earth, the surface 
temperature distribution of which would 
also be modified by the presence of the buried 
heat source. 

When Mr. Neher and I were first con¬ 
fronted with this problem of heat dissipa¬ 
tion in earth several years ago, we were 
handicapped for some time by the generally 
prevalent but fallacious notion that the so- 
called deep-isothermal was a heat sink. 
I have no doubt that the authors’ painting 
another electrode on their graphite-coated 
paper probably served the purpose of rec¬ 
onciling the analogue readings with an ob¬ 
served cable temperature in some situation. 
However, this artifice should be understood 
to represent nothing more than a purely 
empirical conclusion introduced to compen¬ 
sate for factors not accounted for in their at¬ 
tempted* steady-state representation of 
transient phenomena. 


W. A. Sinclair (The Detroit Edison Com¬ 
pany, Detroit, Mich.): This excellent 
paper furnishes us with another tool for 
solving heat flow problems. Load reduc¬ 
tion due to close spacing, the beneficial ef¬ 
fect of sand backfill in poor soil, and the 
influence of ground water are particularly 
important to those of us concerned with the 
operation of cable systems. 

The application of the analogue to the 
cables in duct was very interesting. At 
Detroit Edison we have considered the soil 
thermal resistivity inherent in the NELA 
heating constants to be 70 watt-cm units. 
If the results shown in Table I for the NELA 
equation had been corrected for the higher 
value of resistivity, the resultant values 
should check reasonably well with those 
given for the Neher equation or the ana¬ 
logue. 

The second application of the analogue to 
the effect of backfill was extremely interest¬ 
ing, At Detroit Edison we have en¬ 
countered areas of high thermal resistivity 
up to 200 C cm per watt along the route of 
one of our 120-kv pipe cable lines. The 
standard backfill called for 6 inches of 
yellow bank sand around the pipe. Through 
a portion of the area in which high thermal 
resistivity soil was encountered, 1 foot of 
yellow bank sand around the pipe was used 
in place of the customary 6 inches. Through 
the remainder of the high-resistivity area, 
the elevation of the pipe was lowered 1 foot 
which brought it nearer to the ground water 
level. This was an attempt to take advan¬ 
tage of ground water as a heat sink as de¬ 
scribed by the authors in the fourth applica¬ 
tion of the analogue. It will be interesting 
to see how the pipe-operating temperatures 
through this area compare with those ob¬ 
tained on the balance of the line. 


Fig. 4 shows the pipes with 4 inches of 
sand at the sides and 3Va inches below them. 
It has been common practice to surround the 
pipe with at least 6 inches of sand for single¬ 
pipe mstallations. In addition we have also 
filled the trench to the surface on some in¬ 
stallations with yellow bank sand. Fig. 1 
indicates that the amount of backfill adja¬ 
cent to the sides and bottom of the pipe 
would have an important part in determin¬ 
ing the thermal resistance of the earth path. 
It would be helpful if the authors could give 
us some data in which they considered 
greater amounts of sand adjacent to the sides 
and bottom of the pipes than were used for 
the effect of backfill. This could be a very 
important area since approximately 50 per 
cent of the thermal gradient horizontally out 
from the pipe occurs in the first 6 inches of 
the earth. 


L. H. Fink (Philadelphia Electric Company, 
Philadelphia, Pa.): The application of the 
analogue field plotter provides a convenient 
means for the solution of certain cable heat 
flow problems which are not suited for the 
usual mathematical solution based on the 
Kennelly equation. Such a problem, for 
instance, is presented when the trench in 
which a cable system is buried is backfilled 
with a material of thermal resistivity dif¬ 
fering appreciably from that of the surround¬ 
ing soil. The mathematical difficulty is 
caused by the fact that since the contour of 
the backfill material does not conform to 
the natural isothermal lines to be found in a 
homogeneous region, the heat field and the 
flow of heat become distorted, making their 
matliematical description complicated and 
impractical. The same sort of difficulty, of 
course, is encountered in the solution of duct 
bank problems, but usually the thermal 
conductivity of the concrete duct bank is 
close enough to that of the surrounding soil 
for the difference to be ignored. In any 
case, it appears that all such problems can 
now be solved readily and with satisfactory 
accuracy by the analogue plotter. At the 
same time, there are cases in which the 
mathernatical approach is still the more 
convenient. For instance, in the case of 
severe moisture migration, the resistivity 
of the soil may perhaps be found to vary in¬ 
versely with distance from tlxe pipe. Such 
a continuous variation in resistivity would 
be difficult to reproduce on the plotter, but 
Neher (see reference 1 of the paper) has 
shown how it may be handled readily by 
equation. 

Despite the differences in applicability of 
the two methods of solution, Kennelly equa¬ 
tion and analog^ue field plotter, they are 
basically the same, being based on the same 
thermal-electrical analogy. In the simple 
case of a uniform soil, where both are equally 
applicable, their respective results should 
check closely, and this is seen to be the case 
in Table I. However, because of this very 
fact, that tlie two approaches are funda¬ 
mentally the same, concurrence of their re¬ 
sults is to be expected, and neither approach 
can be cited as justifying the other or show¬ 
ing its validity. 

Another consequence of this underlying 
identity is that certain idealizing assump¬ 
tions we common to both. One such as¬ 
sumption is that the surface of the earth is 
an isothermal, having in effect perfect sur¬ 
face conductivity. Neher (see reference 1 


of the paper) has shown that in the usual 
case, with an undistorted heat field, this as- 
smnption is sufficiently close to the fact as 
to introduce no appreciable error. How¬ 
ever, because of the versatiHty of the ana¬ 
logue device, the authors have been able to 
treat a case where the error may exceed that 
computed by Neher. This is the example 
where the trench is filled to the surface with 
coirective backfill. As the authors observe, 
this provides a complete, low-resistance 
path between the heat source and the ground 
surface, through which most of the heat will 
flow. This concentration of heat flow 
directly above thie source may cause the 
drop due to the surface resistance of the soil 
to be much greater at that point than at a 
short distance to either side. Since the 
analogue plotter, as described in the paper, 
always maintains an isothermal for the 
earth surface, its results in this extreme case 
may not be as valid as in other cases. Per¬ 
haps a substance of higher electrical resis¬ 
tivity could be used to sunulate the ground 
surface. 

The use of a second ground bar to simu¬ 
late the effect of a water table acting as a 
heat sink is interesting. Such an approach 
would seem justifiable in cases involving a 
subterranean flow of water carrsdng off the 
heat by convection; whether it is permissi¬ 
ble in other cases deserves further considera¬ 
tion, especially since, m dealing as we are 
with steady-state solutions, the thermal 
capacitance of the water should not be in¬ 
volved. 

Finally, a very useful application of the 
device has been suggested by one of the 
authors. In reference 3 of the paper a set 
of curves was presented to show the dimen¬ 
sions of a trench which, when backfilled 
vdth material of a given thermal conduc¬ 
tivity, would achieve a desired amount of 
improvement in over-all effective soil con¬ 
ductivity. Being based on the mathe¬ 
matical solution, difficulties of which are 
outlined in the foregoing, these curves repre¬ 
sent trench dimensions conforming at least 
approximately to the isothermals of the un¬ 
disturbed heat, field and, while valid, they 
do not represent the most economical solu¬ 
tion possible, eitlier with regard to volume 
of backfill required or to required depth of 
excavation. The analogue field plotter 
makes it possible to determine trench di¬ 
mensions which will result in greater econ¬ 
omy of labor and material while providing 
a given degree of reduction in effective ther¬ 
mal resistance. A senes of curves giving 
such dimensions for typical conditions would 
be of real value. 

In demonstrating the facility and effec¬ 
tiveness with which the analogue field plot¬ 
ter can be applied to cable heat flow prob¬ 
lems, the authors have performed a valuable 
serviee, and deserve the tlianks of the en¬ 
gineers who deal with these problems. 

F. H. Buller (General Electric Company, 
Schenectady, N. Y.): The authors have 
performed two services in presenting this 
paper; first, they have demonstrated clearly 
with examples how difficult heat flow prob¬ 
lems, encountered in connection with buried 
cables, can readily be solved by the proper 
use of an inexpensive commercial device; 
and second, they have drawn attention to a 
device which has many other obvious ap¬ 
plications in the study of heat-flow problems. 
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a comparison of the calculated values of 
therm^ resistance of the various setups and 
the values found by the authors. Do thev 
check each other’s findings or is there a dif¬ 
ference that might result in a correction fac- 
tor for the calculated value? For example 
in the subsection “Effect of Backfill ’’ the 
authors state that the Kennelly equation 
gives for one cable buried in homogeneous 
soil a resistence of R ^ 0.48 p. Is this by 
cal(mlation? If so, what was found by the 
analogue? If the same value was obtained 
then we can have more confidence in the 
Kennelly equation. If not, what is the cor¬ 
rection factor to be used in the log equation 
to obtain the same value? How does this 
correction factor compare with the correc- 
tion factor now used in the log equation? 
It has been customary in the past to assume 
a value of thermal resistivity p of 180 ther¬ 
mal ohm cm, but we take a value of 2/3 p = 
120 thermal ohm cm in the log equation. 
This IS still not correct, so values of effective 
thermal resistivity are taken over the range* 
n thermal ohm cm, or (0.45 

to 0.56; p. Is the error due to the equation 
or to incorrectly measuring the soil thermal 
resistivity? 

In Table I the authors compare the ther¬ 
mal resistance between cable and soil surface 
for a duct installation. For the Neher equa¬ 
tion and the analogue they check very 
well, but using the NELA duct-heating con¬ 
stants, the thermal resistance is very much 
lower; in fact, the ratio of the analogue to 
NELA IS 1.58 for the top duct and 1.68 for 
the center and bottom ducts. The autliors 
Me bringing out the fallacy in the duct- 
heating constants. When these were first 
set up, they served their purpose very nicely, 
but since buried cable systems have become 
of interest, and comparison is made with a 
duct system, we find that a cable in a duct 
system, using the NELA heating constants, 
will carry a greater load than one directly 
buned. This is because in the case of the 
duct heating constants, they are set up for 
various numbers of cables m tlie duct bank, 
but do not differentiate among the several 
possible geometric arrangements of the 
ducts, the number of active ducts (yet there 
may be many idle ducts), the depth of 
burial, and the soil thermid resistivity. It 
would appear that the authors have taken 
the duct constant for 6 cables in a duct 
bank, namely, 6 X0.82 =4.92 thermal ohms 
PM foot (160 thermal ohms per cm), and for 
the analogue they use a value of 120 thermal 
ohm cm for the earth around the duct bank. 

In Fig. 3 they give the configuration of the 
duct bank. From it, it is possible to com¬ 
pute the thermal resistance of the duct bank 
and surroundings, assuming the Kennelly 
e(;^tion to be correct. If it is assumed that 
4.92 thermal ohms per foot is correct as per 
duct-heating constants, this is equivalent to 
a soil thermal resistivity of about 65 thermal 
ohm cm. Now, if we take a value of 120 
thermal ohm cm in the same equation, we 
a value of 8.18 thermal ohms per foot 
^50 thermal ohms per cm) or a ratio of 1.66 
between the two soil conditions, which com¬ 
pares with the ratio of 1.68 obtained by the 
authors. This shows that it is not correct 
to use the present duct-heating constants if 
a comparison is to be made with a buried 
cable where the latter has a soil surrounding 
it with a thermal resistivity higher tlian 65 
to 70 thermal ohm cm. To overcome it, 
we should use the Neher method for obtain- 


mg the duct thermal resistance. I hope 

the 

^Ment duct-heatmg constants based on the 
We are indebted to the 
j showing us that the Neher 
method does give more accurate values of 
tnermal resistance. 

Copper 

products Corporation, Yonkers, N. Y.): 
Paper r^dered semiconducting by means 
o graphite or carbon black, has been used 
for obtaimng analogue solutions of electric 
Jeld problems. In such work errors were 
found resulting from uneven conductivity of 
the paper. These were eliminated by test¬ 
ing the paper with voltage applied so as to 
give equipotential lines, which on uniform 
pap» would give some regular geometric 
pattern, such as a circle. Sheets which 
patterns were rejected. It 
would be interesting to know if the authors 
made any such tests. 

When a problem of cable ampacity (i.e., 
current-carrying capacity) is stated, it is 
ususd to give a certain “ambient tempera¬ 
ture as a starting point. 

According to Kennellsr’s equation, this 
temp^ture should be that of the ground at 
Its surface. However, no one lays a ther¬ 
mometer on the ground for this purpose and 
the given ambient temperature is either that 
of the air or the ground at cable depth when 
the cable carries no load. 

If the given ambient is that of the air, 
thennal resistance from ground to am¬ 
bient air should be included in the calcula¬ 
tion. 

If the given ambient is that of the earth 
at cable depth, it may differ from that at the 
surface, and presumably it would affect the 
heat flow from the cable. An extreme case 
may be imagined where the cable and am¬ 
bient temperatures are equal but the ground 
si^ace much cooler. In that case the cable 
wll have lower ampacity than indicated 
by the Kennelly equation. 

The method used by the authors seems 
to be adaptable to ascertaining the errors 
intr(^uced by these two interpretations of 
ambient temperature, and it is to be hoped 
that work will be continued along these 
lines. 


^ W". Atkinson (General Cable Corporation, 
Bayonne, N. J.): The methods and ma¬ 
terials used by tlie authors are well adapted 
to the solution of thermal flow problems. I 
have reported a large number of data by a 
similar method aimed primarily at elec¬ 
trical properties, particularly electrical 
stress. * For such a purpose, the materials 
used by these authors would probably pre¬ 
sent a problem because of lack of complete 
uniformity in resistivity. It is to be sup¬ 
posed,^ however, that the graphite-coated 
paper is completely adequate for the thermal 
analogue since gradients are not of direct 
consequence. 

In their analysis the authors have treated 
the earth surface as an isothermal. To do 
this is not entirely correct as it may be ob¬ 
served where loaded cable circuits pass under 
a snow covered area. The snow is promptly 
melted in the area above the cables in 
weather which leaves the snow in place else¬ 
where. The method used by the authors 
may, fairly readily, be modified to take into 


account the gradient at the earth’s surface 
and to allow for it. 

The authors have made measurements to 
determine the effect on thermal resistance 
of a buried cable system if there is a “ther¬ 
mal sink,’’ an isothermal surface below the 
cables unaffected in temperature by the heat 
from the cable S 3 ^tem. The authors have 
not taken a position in advocacy of the 
theory but have merely evaluated it. My 
criti(^m of the theory is thus not a criticism 
ofthispaper. The isothermal surface below 
the surface remains isothermal only if it is 
not significantly affected by the heat flow¬ 
ing into and through it. It is very easy to 
conclude from temperature measurements 
made on loaded underground cables that 
there is such a sink because the enormous 
thermal storage capacity will introduce a 
time lag of weeks into the system. For 
measurements made in shorter time than 
this, the behavior will be as though there 
were such a “sink’’ as has been postulated. 

It seems likely to me that most of the ex¬ 
perimental basis for the “sink” theory has 
resulted from this fact. It seems desirable 
to point out, however, that the method of 
these authors can also be used, with slight 
additions, to investigate the ultimate equilib¬ 
rium point that will be reached when all 
of the thermal transfer is by conduction. 
However, to determine whether movement 
of underground water may be a significant 
factor would seem to require actual measure¬ 
ments made with buried heat sources and 
temperature measurements. 

Kbfbrbncbs 

1. Thb Dielectric Field in am Electric 
Power Cable, R, W. Atkinson. AIEB Trans- 
actions, vol. 88, pt. II, 1919, pp. 971-1016. 

2. Diblewtoc Field in an Electric Power 
Cable—II R. W. Atkinson. AIBE Transactions, 
vol. 43, 1924, pp. 966-81. 


E. de Haas, P. J. Sandiford, and A. W. W. 
Cameron: We are pleased that the paper 
has stimulated so much discussion on tfilg 
timely subject. 

We believe that the Kennelly equation is 
fundamentally exact, because it has been 
derived analytically from the basic Laplace 
equation for heat flow. The reason for some 
of the difference of opinion, as Mr. TTirid^r 
remarked, may be that the steady state is 
not reached for a considerable time after the 
cable has been loaded. Indeed, the very 
last portion of the temperature rise may 
occur only after some months from the ini¬ 
tial loading. 

We agree with Mr. Sinclair that the veri¬ 
fication afterwards of temperatures bn 
buried cables in correlation with the Iqad 
would be very instructive. We plan to ex¬ 
tend the model studies to larger amounts of 
backfill around the pipes or cables. 

Mr. Fmk mentions backfill economy. 
We have been trying to find the solution to 
the problem discussed in his paper^ about 
the right amount of backfill to be placed 
around cables, but through a shortage of 
technical help we have not had a chance to 
do so. 

1^. Fink’s remark regarding the surface 
resistance of the soil is best answered by Mr. 
Buller’s discussion. We wish to thank the 
latter for his suggestions, which will make 
the analogue method more accurate in the 
case of extra backfill. 
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In answering Dr. Wiseman, we would say 
that the model studies cannot prove the 
timth of the Kennelly equation. As Mr. 
Fink remarks, the model applies the equa¬ 
tion to more involved problems than can be 
solved analytically. We agree with Dr. 
Wisem^ that the accepted present thermal 
resistivity values result in cables running 
much below the design temperature. 

We thank Mr. Del Mar for his suggestion 
on testing the uniformity of the paper. So 
far, our tests have shown that the errors are 
smaller than S per cent. 

The ambient temperature should be the 
annual maximum temperature of the ground 
at cable depth when the cable carries no 
lo^. 

It is true, as several discussers have re¬ 


marked that the NF)LA equation can g[ive 
proper results, but this applies at only one 
thermal resistivity value, namely about 65 
thermal ohm cm. 

Mr. Elidder and Mr. Atkinson touch on 
the subject of heat sinks -other than the sur¬ 
face of the soil. In the paper we have men¬ 
tioned only that an analogue study can be 
used to evaluate the effect of such heat 
sh^s, in case they exist. At present we 
think that there are not enough factors 
known one way or the other to enable us to 
discuss this point. However, the matter is 
well worth further theoretical and experi¬ 
mental study. Some field work is planned 
along a cable route close to Lake Ontario, 
where chances are good that the water 
table is only a few feet below the level of 


the cable. Geological observations have 
shown that in some cases the water can run 
perpendicularly to the cable with a speed 
of a few feet per day. In this case it would 
contribute significantly to heat removal. 

In continuance of our program of model 
studies we have made a comparison be¬ 
tween the observed values in the 6-cable 
problem (the third application in the paper) 
and a theoretical study, based on the princi¬ 
ple of superposition. Agreement to within 
3 per cent was reached. 

Rbpbrbkcb 

1. CONTROI. OP THB ThBRMAL ENVIRONMBNT OP 

Buribd Cablb Systems, L. H. Fink. AIEE 
Transactions, vol. 73, pt. Ill, April 19S4, pp. 406- 


Transfer of Steam-Electric Oenerating 
Station Auxiliary Busses 
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I N RECENT years there has been in¬ 
creased interest in methods of trans¬ 
ferring steam-station auxiliary busses be¬ 
tween normal and emergency sources. 
The problem has become more critical 
with increasing unit generator size and ad¬ 
vancing steam conditions because of the 
larger motors which have slower voltage- 
decay characteristics and the larger auxil¬ 
iary systems which generally tend toward 
poorer voltage regulation under bus- 
transfer conditioiis. There have been 
several published reports of tests made 
which show how voltages, currents, and 
speeds may vary during transfer on 
specific ^stems.i-2 It is the purpose of 
this paper to discuss more generally the 
various kinds of bus transfer and to pre¬ 
sent a method by which it is possible to 
predict approximately the performance 
of a system under interrupted-circuit 
transfer conditions. 

Blinds of Bus Transfers 

Bus-Transfer Condiiions 

The large majority of modem generat¬ 
ing stations are designed on the unit sys¬ 
tem, with two auxiliaty power sources. 
Usually the normal source is associated 
with the main generating, unit as a trans¬ 
former coimected to the generator leads, 
or a main shaft-driven auxiliary genera¬ 
tor. The second source is usually from 
the system, and provides power for start¬ 
ing up as well as for emergency condi¬ 
tions. It is necessary, then, to recognize 
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two kinds of transfer between these 
sources: the routine transfer, made when 
the generating um't is started up or shut¬ 
down; and the emergency transfer, made 
upon failure of the normal source to pro¬ 
vide power at adequate voltage. These 
two kinds of transfer have different re¬ 
quirements and, frequently different 
methods are used. 

Method of Bus Transfer 

Three methods of transfer may be used, 
characterized by the sequence and timing 
of Operation of the source circuit breakers: 

1. Continuous-circuit or paralleled transfer. 

2. Interrupted-circuit transfer where there 
is no intentional delay between tripping 
the ^ primary source circuit breaker and 
closing the secondary source breaker. 

3. Interrupted-circuit transfer where the 
closing of the secondary source breaker is 
deliberately delayed after the pri mar y 
source breaker is tripped. 

Criteria for Successful Bus Transfer 

The criteria for successful bus transfer 
are: 

1. That no component of the auxiliary 
system shall be subjected unnecessarily to 
excessive duty as a result of the transfer. 

2. That the performance of the auxiliary 
system shall be such as to permit con¬ 
tinuous output of the main generating unit 
or to maintain adequate control for safe 
shutdown. 

The most critical equipment under the 
first criterion is the motors which may be 
severely stressed by high inrush currents 


which can result from a nondelayed in 
temipted-drcuit transfer. This indi¬ 
cates the use of a continuous-circuit trans¬ 
fer method; or if an interrupted-circuit 
transfer must be used, delay to the point 
where the bus residual voltage has de¬ 
cayed to a low enough value to prevent 
excessive inrush currents. In terms of 
bus transfer conditions, the routine cases 
should be done by the continuous-circuit 
method, the emergency case by the de¬ 
layed interrupted-circuit transfer method. 

Under the second criterion, the output 
or control of the generating unit is best 
assured by continuous-circuit transfer. 
This is feasible for the routine case in 
most station designs; but, where there 
can be a large phase difference between 
sources, it may not be possible to parallel 
them and an interrupted-circuit transfer 
is required. In any design, an inter¬ 
rupted-circuit transfer is necessary for the 
emergency case, and the second criterion 
suggests that the shorter the delay, or 
dead time, the better. 

It is apparent that for the routine case 
a continuous-circuit transfer best satis¬ 
fies both criteria; and unless, as pre¬ 
viously mentioned, other factors prevent 
its application, it is the logical choice. 
But for the emergency case, the require¬ 
ments of motor duty and boiler opera¬ 
tion are in opposition, and the effect of 
the alternate transfer methods must be 
evaluated before a choice can be made. 

Motor Duty 

The effect of interrupted-circuit trans¬ 
fer on motor duty may be stated approxi¬ 
mately in terms of the residual motor 

Paper 55-96, recommended by the AIEE Power 
Generation Committee and approved by the AIEE 
Committee on Technical Operations for pr^enta- 
tion at the AIEE Winter General Meeting,' New 
York, N. Y., January 31-Febraary 4,1966. Manu- 
,script submitted October 21, 1964: niade available 
for printing November 18, 1964. 

D. G. Lbwis and W. D. Marsb are with the 
General Electric Company, Schenectady, N. Y. 
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Table I. Motor Constants for a 4,160.Volt Bus of a Typical Large, Hish-Pressure, High- 

Temperature Generating Unit 


No. of Horse- 
Motors power 


Kilovolt- 

Amperes 


Open- Short- 

Circuit Circuit 

Time Time 

Constant Constant 


1.. 

. .Boiler feed pump. 

. .2 

..2,500. 

2.. 

. .Induced draft fan. 

9 

. 1 260 

3.. 

. .Forced draft fan. 

9 

600 

4.. 

.. Pulverizer and fan. 

..5.. 

.. 300. 

5.. 

.. Condensate nump. 

. .2.. 

4.50 

6.. 

. .Service water pump. 


.. 300. 

7.. 

.. Circulating water pump.. 

. .2.. 

.. 400. 

8.. 

. .480-volt transformer. 

. .2.. 


9.. 

. .480-volt transformer. 

..1... 



2.160.0.10 

1,140.0.16 . 

630.0.16 . 

280.0.16 . 

400.0.16 . 

270.0.16 . 

370.0.16 . 

1 , 000 ..... 0 . 10 *. 


.. 0.12 . 2.6 

..0.058 .10.0 

..0.048 . 4.6 

..0.037 . 7.5 

..0.041 . 0.8 

..0.037 . 0.8 

-.0.04 . 0.8 

..0.026*. 1.0* 

..0.026*. 1.0* 


The values of x and H are in per unit on the individual motor kilovolt-ampere base; the time constants 
f ®*'*.‘*y reacceleration, the secondary source is assumed to be a 12,600-kva trans- 

fomer, with impedance on its own kilovolt-ampere base of 0.055 per unit. 

in^inaSlatiOT? transformers and their loads can be treated as equivalent motors 


Table II. Motor Constants for Equivalent Motors Formed by Lumping Motors of Table I 


Motor 

Horsepower 

Kilovolt- 

Amperes 

1 . 


_4 320. 

2.4. 

.4,000. 

-3!o80.! 

3. 

.1,200. 

....1,060.. 

6-9. 


....4.660.. 


Open-Circuit Short-Circuit 
Time Constant Time Constant 


.0.5H2.0.81 

.2.00.1.2.5 


0.81 .0.05 ... 

1.2.5 . 0.048... 

0.706.0.031... 


....0.685 

...2.03 

...0.296 

...0.249 


V^ues of * and H are in per unit on a base equal to the sum of the motor kilovolt-ampere ratings (13,620 


voltage existing at the time the secondary 
source drcuit breaker is closed. Experi¬ 
ence has shown that if this voltage is 25 
per cent of the rated voltage, or less, the 
inrush-current magnitude will be low 
enough to avoid excessive stresses on the 
windings. Motors of different voltage, 
speed, and horsepower rating vary in 
their ability to witlistand winding stresses,* 
but this rule is adequate to protect the 
most critical motors normally found on 
steam-station auxiliary busses. 

Boiler Output and Control 

The effect of interrupted-circuit trans¬ 
fer on boiler output and control is pri¬ 


marily a question of the speed-time rela¬ 
tionships of the essential auxiliaries during 
the transfer. No attempt will be marlp. 
to define limits of auxiliary speed and 
time for successful operation, because 
they vary widely with different boiler 
and boiler auxiliary designs, steam condi¬ 
tions, and types of fuel. But it should be 
possible to determine, for any particular 
station design, what auxiliary is limiting 
(pulverizer, draft fan, or boiler feed 
pump), at what minimum speed, and for 
what maximum time it may be allowed 
to operate without adversely affecting 
boiler operation. In many cases it will 
be possible by proper design and.selec¬ 


tion of auxiliaries to minimize the effect 
of reduced speed during transfer. 

Selection op Bus-Transfer Methods 

The most direct and practical way of 
protecting motors against excessive duty 
during interrupted-drcuit transfer is to 
use an undervoltage relay on the motor 
bus to block closure of the secondary 
source circuit breaker until residual volt¬ 
age has decayed to 26 per cent of normal. 
To predict the effect of this delay on boiler 
operation, however, it is necessary to 
know the time required for voltage decay, 
and the speeds of the auxiliaries during 
the dead time. It is also necessary to 
know the time required for reacceleration 
of the auxiliaries after the secondary 
source voltage has been applied. Ap¬ 
proximate methods of determining these 
speeds and times as well as expressions 
for the transient torques and currents in 
the motors are presented later iq the 
paper. 

When, in the emergency case, it is de¬ 
termined that the speeds and times in¬ 
volved in a delayed interrupted-circuit 
transfer will not assure adequate boiler 
output or control, it may be necessary to 
resort to a nondelayed transfer. Where 
such transfers are truly emergency auto¬ 
matic operations occurring only rarely, 
experience indicates that motors can be 
expected to give reasonable service. 

However, for the routine case, where it 
may not be possible to parallel sources, a 
nondelayed interrupted-circuit transfer 
should not be used. The frequency of 
transfer in the routine case would damage 
motor windings in a very short time. 
Since this transfer can be planned for 
times when loads are light, the use of de¬ 
layed transfer will not ordinarily jeop¬ 
ardize boiler functions. 
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Fig. 2 (left). Motor 
speed decays. 
Primary source volt¬ 
age removed at t=0. 
Motor constants 
given in Table II. 
Dotted curves show 
speed decays which 
would occur if 
motors were sepa¬ 
rately open-circuited 


Fig. 3 (below). 
Motor speed re¬ 
covery. Secondary 
source connected at 
t = 0.667 second. 
Motor constants 
given in Table 11 
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Discussion of Results 

The basis for the results shown in the 
paper and the approximate methods which 
are suggested in the section entitled 
“Analysis” consist of a number of step-by- 
step calculations made using the equa¬ 
tions of Appendix II. The calculations 
were made with an International Business 
Machines card programmed calculator, 
and they include a number of runs involv¬ 
ing two, three, and four induction motors. 
As a starting point, t 3 rpical machine con¬ 
stants for the auxiliaries associated with 
a large, high-temperature high-pressure 
unit were selected, as shown in Table I. 
The machines on this bus were then 
lumped into four equiv^ent machines, as 
shown in Table II. 

Fig. 1 shows the decay of the magnitude 
of the bus residual voltage obtained from 
the step-by-step calculation for this 
case as well as a straight-line approxima¬ 
tion obtained by using the curves of 
Fig. 4. Also shown in Fig. 1 is the mag¬ 
nitude of the bus voltage following re¬ 
application of a secondary source at ^=: 
0.667 second. 

Fig. 2 shows the decay in speed of the 
four lumped motors of Table II. Also 
shown are the speed decays which eadb 
of these motors would experience if they 
were open-circuited. This figure shows 
the^ tendency to synchrom'ze which is 
maintained until the residual voltage has 
decayed to about 26 per cent of rated 
value. Fig. 3 shows the speeds of the 
four lumped motors following reapplica¬ 
tion of secondary source voltage at #— 
0.667 second. 

A large number of additional calcula¬ 
tions have been made involving two and 
three machines. It seeins reasonable 
that the quantities of interest, voltage, 
and speed decay should follow a pattern 
depending on certain fundamental pa¬ 
rameters characteristic of a particular 
arrangement of motors. The following 
analysis describes the methods which 
may be used to predict voltage and speed 
decay as well as inrush current and tran¬ 
sient torque. The analysis considers a 
somewhat Imuted range of parameters to 
make the prechctions as accurate as pos¬ 
sible; even so, estimates of rates of volt¬ 
age and speed decay must be considered 
as approximations. In cases in which 
one or more of the motors has extreme 
values in its list of constants, such as 
extremely light load or unusually high 
inertia, the error may be appreciable. 
The equations of Appendix II give cor¬ 
rect results even for extreme cases, so it 
is always possible to evaluate a situation 
by carrying out the complete step-by- 
step procedure. 
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Analysis 

Physical Considerations 

The study of bus transfer of a group of 
dissimilar auxiliary induction motors 
logically divides itself into the analysis of 
four periods of time: 

1. The steady-state period preceding the 
removal of the primary source. 

2. The first part of the dead time when the 
residual voltage is appreciable. 

3. The secondary part of the dead time 
after the residual voltage has decayed to 
a negligible value. 

4. The reacceleration period following the 
connection of the secondary source. 

There is no sharp distinction between 
the first and second part of the dead time, 
since the decay of residual voltage is grad¬ 
ual. It is convenient, however, to ana¬ 
lyze the two periods separately because, 
after the residual voltage has reached 
about 25 per cent of its raited value, fur¬ 
ther energy transfer between machines is 
negligible. In the second part of the 
dead time each motor can be treated 
separately, thus making the calculation 
of individual motor speeds much simpler 
than in the first part when the motors 
must be treated as a group. 

The transformer feeding the auxiliary 
bus will normally be selected so that in 
the steady state prior to transfer the 
motor terminal voltage will have its rated 
value. Calculation of motor currents 
and slip in the steady state can be made 
using the familiar equivalent circuit; 
this calculation will not be discussed. 

At the time of interruption each of the 
motors has a certain amount of stored 
energy; mechanical energy stored in the 
inertia of motor and load, and electro¬ 
magnetic energy stored in the magnetic 
field. Quantitatively, the stored me¬ 
chanical energy predominates; the electro¬ 
magnetic energy in per um't is of the order 
of the current squared times the short- 
circuit reactance, while the mechanical 
energy is equal to the per-unit inertia con¬ 
stant of the machine. With no external 
source, the machines decelerate as their 
stored mechanical energy is used to 
supply the load. If al! the motors and 
loads are identical, electrically and me¬ 
chanically, they will decelerate at identical 
rates. No current will flow in the stator 
circuits, since each motor will see at its 
terminals a voltage equal to its own 
generated electromotive force (emf). 
This condition is just as if each motor 
were open-circuited The speed decays 
at a rate determined solely by the load 
and the inertia of motor and load. The 
rotor flux decays exponentially according 


to the open-circuit time constant, and 
the residual voltage deca,ys as the product 
of the rotor flux and the speed. 

If the motors on the bus are not identi¬ 
cal, the situation is altogether different. 
A motor with inertia greater than the 
average will decelerate more slowly and, 
as long as its rotor flux remains appre¬ 
ciable, it will act as an induction genera¬ 
tor supplying energy to other motors 
having inertias smaller than the average. 
The effect of this energy transfer between 
machines is threefold; 

1* The motors tend to synchronize; high- 
inertia motors are pulled down in speed 
as they supply energy to low-inertia 
machines. 

2 . The bus residual voltage decays at a 
rate faster than in the open-circuit case; 
the higher rotor currents caused by energy 
transfer between machines dissipate the 
magnetic energy in the rotom more rapidly. 

3. The bus residual voltage and the 
individual motor fluxes all decay at very 
nearly the same rate. Any machine in 
which the flux tends to decay more rapidly 
than the average will receive excitation 
from the other mac hinfiR, 

There is a very short period of adjust¬ 
ment, about 3 cycles, immediately after 
the removal of the primary source. 
Initially, the bus frequency drops to a 
value corresponding to the average of the 
motor speeds, and then the angle of the 
bus voltage sliifts behind the angle of the 
rotor flux in the high-inertia machines so 
that these machines supply electric torque 
to the low-inertia machines. This period 
of readjustment is included in the first 
part of the dead time. 

After the short period of readjustment, 
the bus residual voltage and the motor 
fluxes decay at nearly equal rates. While 
the residual voltage is still appreciable, 
there is energy transfer from high-inertia 
machines to low-inertia machines, and 
the motor speeds decay at rates dictated 
by the rate of thia transfer of energy. 
After the residual voltage has reached a 
low value, the amount of energy trans¬ 
ferred between machines becomes negli¬ 
gible and the motors then decelerate 
separately in accordance with their own 
loads and inertias. 

The frequency of the residual bus volt¬ 
age decays at a rate equal to the average 
rate of motor speed decay. Calculations 
show that a common frequency is main¬ 
tained until the residual voltage has 
reached a low value, after which time 
several frequencies may appear, depend¬ 
ing on the relative speeds of the larger 
motors. 

After the reapplication of voltage from 
the secondary source, there is ag'ain a 
short period of readjustment as the 


motor fluxes shift to positions behind the 
angle of the bus voltage. After this 
period, the motors will accelerate or con¬ 
tinue to decelerate depending upon the 
bus voltage and the individual motor load 
characteristic. Since the motor terminal 
voltage will be appreciably less than its 
rated value because of the high motor cur¬ 
rents, some of the motors may not de¬ 
velop sufificient electric torque to over-, 
come load torque at their particular 
speeds. This condition may change as 
the less heavily loaded motors reach 
steady-state speed and their currents de¬ 
crease to steady-state values. On the 
other hand, if the secondary source react¬ 
ance is too high, large, low-resistance 
motors may not reaccelerate even after 
all other motors have reached steady-state 
speed. 

Assumptions 

The analysis from which the results 
presented in this paper are obtained is 
based on fundamental assumptions re¬ 
garding the description of an induction 
machine. They are the same assump¬ 
tions used by Stanley:* 

1. Balanced rotor and stator windings 
are assumed. 

2. It is assumed that the coefficient of 
mutual inductance between any stator 
winding and any rotor winding is a co¬ 
sinusoidal function of the electrical angle 
between the axes of the two windings. 

3. It is assumed that the rotor is smooth • 
and that the self-inductances of all windings 
are independent of rotor position. 

4. The effects of saturation, hysteresis, 
and eddy currents are neglected. 

It is further assumed in the analysis 
that stator losses and d-c transients in the 
stators can be neglected, in so far as their 
effect on net electric torque is concerned. 
Appendix I contains a derivation of sim¬ 
plified motor equations which result 
from neglecting d-c stator transients. As 
an approximation, all motor load torques 
are assumed proportional to the square 
of speed. 

Finally, in deriving simplified methods 
for predicting voltage and speed decay 
during the first part of the dead period, 
it is assumed thatj in an induction ma¬ 
chine operating near rated speed and load, 
the stored electromagnetic energy is 
negligible compared with the stored 
mecham'cal energy. 

Nomenclature 

a=motor horsepower rating, per unit 

motor load, on motor base, per unit 
e=terminal voltage 

frequency, cycles per second 
»=rotor current 

p*= derivative with respect to time 
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resistance of each equivalent rotor 
winding 

;s=slip 

t— time, seconds 
=Iocked-rotor reactance 
£=motor bus voltage 
B =s voltage back of external reactance 
^“inertia constant 
/=stator current 

^ ■“^**^®sient value of stator current 
‘ ~ read from the curve based on 
unit voltage 
inductance 

■^“mutual inductance 
^“*’®sistance of each stator winding 
j =time constant 

time constant 

—nwasure of mechanical dissimilarity 
between the motors 
T ; = electric torque 
7?B = lbad torque 
rotor position 
stator flux linkages 
= rotor flux linkages 
A = difference 

Subscripts 

1,2. 3* phase arranged in order of rotor 
rotation 

o>, b, c=same as 1, 2, 3 
oc, 0 , 0 =s transformed components 
r=rotor 
5 = stator 
0=»at time zero 
T* total 
A “average 
C=read from curve 
e== external 

All quantities, unless otherwise speci¬ 
fied, are expressed in per unit on a base 
common to all machines. A convenient 
base is the total rated kilovolt-amperes 
of the motors on the bus. Weighted 
averages are used at several points in the 
analysis. It is necessary to give some 
consid^ation to the method of weighting 
to obtain the best estimate of the physical ^=-so+ 
situation. In calculating the quantity 
AT, the per-unit motor load ab is used 
as a weighting factor. On the other 
hand, in calculating the bus average x/r 
ratio, it is felt that the best estimate will 
be obtained by using the per-unit motor 
rating a as a weighting factor. 

Bus Residual Voltage 

It was pointed out earlier that if all 
the motors and loads on the bus are identi¬ 
cal, each will act as if it were open-dr- 
cuited, and the bus voltage will decay in 
accordance with the machines’ open- 
^cuit time constant. Complete step- 
by-step calculations of motor behavior 
during the dead period show that with 
djssunilar machines on the bus: 

voltage decay is more 
rapid than the product of motor speed and 
an e^onential decay based on the open- 
circmt time constant. ^ 

fluxes all decay at nearly the same rate. 
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o. iuc rare or voltage decay is greatest 
for motor combinations with the most 
pronounced mechanical dissimilarities. 

4. If the postswitching value of residual 
voltage is taken as a starting point, the 
decay can be fairly well approximated by 
a straight line down to about 26 per cent 
of the rated voltage, 

Ror combinations having the same de- 
of mechanical dissimilarity, the decay 
IS roughly proportional to the average 
x/r ratio of the motors. 

These observations lead to the conclu¬ 
sion that the voltage decay during the 
first part of the dead period can be calcu¬ 
lated by assuming a straight line starting 
at the postswitching value of voltage. 
This postswitching value of voltage can 
be found with satisfactory accuracy by 
assuming all the motors to be lumped as 
one equivalent motor having average elec¬ 
trical characteristics, and calculating the 
back^ emf of this equivalent motor from 
the simple steady-state equivalent circuit. 
The slope of the straight line is related to 
the average x/r of the motors and to the 
degree of mechanical dissimilarity. To 
evaluate the relationship which exists, it 
is necessary to establish a measure of the 
mechanical dissimilarity. 

If a motor decelerates with no electric 
torque present, its slip at any time is given 
by 


xNow suppose tnat all the motors on the 
bus are assigned new electrical parameters 
such that all motors are electrically identi- 
cal with the bus average. Since all the 
motor fluxes decay at nearly the same 
rate, this step is justified. Suppose fur¬ 
ther that all the motors with T greater 
than are lumped into one equiv¬ 
alent motor having (r-Tx) equal to 
the mean (T-TJ of the individual 
motors; a second equivalent motor is as¬ 
signed (Xa-T) equal to the mean {T^- 
T) of the motors with T less than 
Step-by-step calculations show that this 
hypothetical combination of equivalent 
motors gives approximately the same rate 
of voltage decay as the combination from 
which the equivalents are derived. This 
fact provides a measure of the mechanical 
dissimilarity or dispersion of mechanical 
parameter about the average. Define 
the quantity AT 


AT* 


S(Ti-rx)(atM 

(ab)j> 


( 5 ) 


It is assumed that 
Tm=ab(l—s)^ 
therefore 
ab 


ab C 


( 1 ) 


( 2 ) 


(3) 

Differentiating and separating the varia¬ 
bles 

1 _ i\ 

ab \1-^ i~so) 

With this equation the speed decay for 
a single motor acting alone can be calcu¬ 
lated. It can be seen that the significant 
mechanical parameter is the ratio Jff/ab - 
T, having the dimensions of seconds. If 
the load torque were directly proportional 
to speed, this ratio would appear in the 
speed equation as a time constant in the 
familiar sense. 

In general, all of the motors on the bus 
will have different T ratios. Since all 
the s and all the a’s are expressed in 
per imit on a common base, it is correct 
to say that the ratio [i?-r/Ca6)r]=r,i is 
the mechanical parameter which expresses 
the central tendency or average of the bus. 
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In other words, AT is the weighted aver¬ 
age of the absolute magnitudes of the 
{T— Tf) values for all the motors. 

Fig. 4 shows the relationship between 
the bus avCTage x/r ratio, the ratio AT/ 
7^, the ratio of total load (aft),, to total 
rating a^, and the slope of the straight- 
line approximation to the emf decay. 
These <^es were plotted using data ob¬ 
tained in a step-by-step calculation as 
described in Appendix II. 

Speed Decay 

It is pointed out earlier that there is a 
very short period of readjustment follow¬ 
ing the removal of primary source volt- 
age, followed by a period during which 
the individual motors tend to synchronize 
because of the energy transfer between 
high- and low-inertia machines. During 
both these periods, which together consti¬ 
tute &e first part of the dead period, the 
individual motor speeds can be fairly well 
approximated by curves of the form given 
by equation 4, with T replaced by T^„ 
For any motor, will depend on the 
motor r, the bus average, T^, and the 
bus average x/r ratio. Values of T^_r can 
be found from Fig. 6, which relates the 
rato T/Tgff to the quantities T/T^. and 
bus average a?/r. The speed decay based 
Leff holds until the bus residual volt¬ 
age has reached about 26 per cent of 
rated value. After this time, the motors 
act independently, and the actual motor 
T must be used in equation 4. 

Time for Motor Reacceleration 

Since the rates of acceleration after the 
reapplication of voltage are relatively 
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FIs- 4 (left). Correlation of calculated data, Straisht-line 
approximation to voltage decay as a function of the parameters 
(AT/TAXab)T/aT and (x/r) 


Rg. 5 (lower left). Correlation of calculated data. (T/T,tt) as 
a function of (T/Ta). Ten is effective time constant of motor 
speed decay 

Curve a—x/r =50 
Curve b—^x/r=24.7 
Curve c—x/r=12.5 

Rg. 6 (above). Co»ordinate axes used to derive motor equations. 
The a and p axes are rotating at synchronous speed in the 
direction of rotor rotation 



slow and since there is little exchange of 
energy between motors during this period, 
it is sufhdent to analyze the speed re¬ 
covery with a step-by-step calculation 
based on the individual motors’ speed- 
torque and speed-current curves. In 
fact, such a calculation ^ould be better 
than one based on the equations of Ap¬ 
pendix II, because motor reacceleration 


at low teimind voltages is sensitive to dif¬ 
ferences between the idealized speed- 
torque curve and the actual speed-torque 
curve which accounts for ttie effects of var¬ 
iation of rotor resistance with frequency. 

All the motors must be considered at 
once for the reduced bus voltage to be 
calculated correctly; however, similar 
motors may be lumped together using the 


method of Appendix III, so that the final 
munber of motors to be considered may be 
as small as three or four. Also, as an 
approximation, phase differences between 
the various motor currents can. be dis¬ 
regarded. The time interval assodated 
with this step-by-step calculation can be 
fairly long, say 0.25 second, provided a 
sufficient accurate method of numerical 
integration is used. A suggested pro¬ 
cedure is given in Appendix IV. 

Inrush Currents and Transient 
Torques 

Appendix V gives as the expected mag¬ 
nitude of the inrush current (fuUy offset) 



In tlie worst case, AE is equal to the sum 
of the magnitudes of the preswitching 
bus residual voltage and the postswitching 
bus voltage. Then 

r._ ME _ 

•(-B) 

Equation 7 gives the transient value of 
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current. After a period of time deter- 
mt^d by the bus average x/r ratio, or 
short-cu-cuit time constant, the current 
to any motor reaches the value given by 
the steady-state characteristics for the 
particular speed and bus voltage. 

The postswitching value of electric 
torque for any motor consists of a steady 
component plus a um't-frequency pulsat¬ 
ing component. Appendix V gives as 
the approximate value of the maximum 
total torque 




where 


‘D 


Appendix I. The Equetionj of 
the Ihduction Motor Referred to 
Synchronously Rotating Axes 

assumptions of the 
analysis and with reference to Fig. 6 the 
fimdamental stator and rotor emf equa¬ 
tions are written as follows ^ 


^a^P4>a'\-Ria 

^e — p'Pe'\‘Rie 
Rotor 

^i^PPi+rii’==Q 

e2^p}p2'{-rii^0 

et^pPi+ria^Q 

in ^ rotating 

or ^^^■^‘^tion of rotor rotation at unit 
or synchronous speed such that the positive 
« ^is coincides with the center of the 
po«tive ii-phase winding at time zero 

self- and mutual per-unit 

flut 1 ? following 

flux-linfcage equations 


4=/« cos l-Ifi sin t+Ia 
H^Ict cos (i-2ir/3)-/^ sin (i-2ir/3)-|-/o 
ie^Iet cos C^+2x/3)—7^ sin (i-f-2T/3)-f-7o 
ii =ia cos 0+ifi sin ^j 2 ) 

cos (d-f-2»iy'3)-f sin (^-|-2r/3) +to 
is=ia cos (0-i-27r/3)+tfi sin (0+2T/8)+to 

of the same form are applied 
to the stator , and rotor emf's and flux 
hnkages. In addition, the following defi¬ 
nitions are made s cu 

T«=7s'—J 17,'=apparent stator self¬ 
inductance 

Zf =Z/— “apparent rotor self- ( 13 ) 
inductance 

il7=3/2JI7'«apparent mutual inductance 

transformations 12 it is necessary 
to de&e SIX new variables to replace each 

that ^^'^^ver. it is evident 

tnat lo and lo (and similarly ^nd Po. 

Ro and eo) vanish if the restriction of bal¬ 
anced operation is applied. 

fro® transformations 12 
and the inductances from equations 13 
into equations 10 and 11 


So - P^o+RTo =, (A/+2il7/)7o 

(14) 

^<^‘-PPa+na+PflP0^O ^«=7,4-f.i|f7^ 
«o-/)^o+r»«=0 P^={Z/-2M/)ia 

fol- 


The Neglect of Terms 

The quantities in equations 14 appear 
M a observed from axes rotatfag at 
ebronous speed The coase,p,eoa of this 
IS that symmetrical a-c stator quantities 
as constants or d-c quauMes S 
that d-c stator quantities appear as sinu 
soids at unit frequency. 


l.'i.+MAk+i,)+M[i, cos «+„)+;, cos(t+s+?;)+;„^ ('+»-7)] 

cos (f+«-|)+ii cos «+d)+f. cos,(f+s+MJ 
cos (t+d+f)+. cos (l+d-|)+, 

cos (f+,+|:)+,., ^ 


in equations 10 and 11 
can be referred to the a and 8 axes bv 
means of the foUowing transformw 
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When a short-circuit or other switching 
•j transient occurs in an induction motor 
circuit, there appears a transient offset 

2^ and flux linkages. 

2) This offset arises from the fact that stator 
flux linkages cannot jump to a new value 
in zero time when a switching operation 
OCCI^. The d-c stator current wS 
results causes an oscillatory torque. Be- 
IX cause of the relatively high inertia of the 
[j. this torque will have no appreciable 

effect on rotor speed. In studying motor 
transients involving relatively slow speed 
changes, it is desirable to neglect the d-c 
offsd: and the oscillatory torque produced 

^ fl To neglect the transient d-c offset, stator 
flux linkages cannot be continuous, but 
stator quantities must be related to each 
other on a symmetrical basis at all times. 

^ In equations 14, the terms preventing 
^ jumps m stator linkages are the p^ terms 
. ^ ^‘inafions; a jump presents 

an undefined derivative. Also, if stator 
cuiTMts, voltages, and linkages are sym¬ 
metrical and in the steady state = 

; relatively slow changes in voltage, 

ewent, and linkage amplitudes admit 

as an approximation. Omit¬ 
ting the terms in the first two equations 
of e^ations 14 is a simple way to eliminate 
the toansient offset. 

. differential analyzer studies made by 
the authors indicate that in investigations 
of motor transients involving appreciable 
speed changes the results are not signi- 
ficandy affected by the omission of the 
temw. In the stator currents, the 
offsets simply do not appear. Neither 
the rotor fluxes nor the net electric torque 
are appreciably changed. 

. The omission of the p-^ terms greatly 
^plifite the solution of the motor equa- 
tions. From equations 14, with the *^’s 
omitted md the stator fluxes and rotor 
curr^ts eliminated, the following simplified 
equations are derived 

Sa’^RIcc-xIfi—rPp 

Lf 

^<^=‘PPa+j-pa+Pppe~MIce=‘0 (15) 
^0^PPp-\^Pp~Pap0-—Mlp=eQ 

where 
r “7g — - ' 


Appendix II. The Equations for 
Several Induction Machines Fed 

hrough a Coitinion Reactance 

y Equations 16 may be modified for use 
in the study of several induction machines 
connected together and fed through a 
common reactance. In this case, and 
Rp will be the motor bus emf common to 
all machines. They will no longer be 
constants, but will be functions of the total 
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bus current, i.e., if Met is a constant emf 

back of the common reactance Xg, then 

(16) 

and similarly 

E^^Ep'-XeY^Jg 

For any one motor, equations 16 give 

7 

* X Lr X X ^ 

J. Eg M Ipp R 

so that 

Z'—'D-Est- 

Ef" 

E'-'-E-ES- 

E- 

(18) 

A further simplification in the motor 
equations can be affected by omitting the 
stator loss terms in equation 18. Since 
R/x is 0.1 or smaller, the error in the 
currents introduced by this simplification 
should be 1 per cent or less. The usefulness 
of tWs approximation has been checked 
in differential analyzer studies with good 
results. 

Omitting the R/x terms, and substitut> 
ing the currents from equation 18 into 
equation 16 results in 

Solving for the bus volfages 




Eg' ^ ^ j|7 \/fp 
Xe ^ ^Lf X 

‘ -+E- 

Xt ■ ^^^x 
Xt jL^Lt X 

’ -+E- 


Bquations 19 make the step-by-step 
solution of the multimachine problem quite 
simple. The third and fourth equations of 
the equation 16 can be solved for the rotor 
flux-linkage time derivatives to form a basis 
for whatever type of prediction equation is 
to be used. The flux prediction must 
be made for each motor. Equations 1^ 
then give the motor bus voltages in terms 
of the source yoltage and the predicted 
motor fluxes. The individual motor cur¬ 
rents can then be found from equations 17 
and the torque can be calculated. The 
speed is fotm^ from the acceleration 
equation 


where the mechanical torque To. is a given 
function of speed. The advantage of 
solving for the bus voltage separately as 
in equations 19 is that with this arrange¬ 
ment the numerical difficulty of the solution 
increases somewhat less than linearly with 
the number of motors involved. 


Appendix III. Lumping of 
Motors With Similar Characteristics 

To reduce the number of machines which 
must be considered in studying a par¬ 
ticular case, it is usually necessary to lump 
together machines with similar charac¬ 
teristics so that the resulting, equivalent 
machine will have the same effect on the 
remainder of the system as the original 
machines acting individually. In this 
study of bus transfer, the following pro¬ 
cedure is used: 

1. All motor constants including inertia 
constants and loads are expressed in per 
unit on a common base. 

2. The individual load torques and 
inertia factors are added together to form 
an equivalent load torque and inertia factor. 

3. The locked-rotor or short-circuit 
reactances are combined as if connected 
in parallel. 

4. The rotor resistance and the stator 
and rotor self- and mutual inductances are 
calculated using the criteria that the stator 
and rotor self-inductances are equal ’ and 
that the equivalent machine must have 
short-circuit and open-circuit time con¬ 
stants equal to the weighted averages of 
the time constants of the original machines, 
weighting being on the b^is of machine 
rating. 


where is the value from the curve. The 
first approximation to the increase in speed 
during the first time interval is 


Appendix IV. Step-by-Step 
Method for the Calculation of 
Motor Reacceleration 

For the purpose of this discussion, the 
time of reapplication of voltage will be 
called time zero. All the motor speeds 
are presumed to be known at this time. 

Step 1. Starting the Calculation 

Using the individual motor speed- 
current Curves, the motor currents can be 
found in the form 

-'“/o (21) 

The voltage at the bus can be found from 


The electric torque can now be found 
from the individual speed-torque curves, 
the actual value being given by 

(23) 




This value of A(^) is next improved by 
calculating the currents and torques for 
/>0=(/)ff)o-f A(/)d) and averaging the ac¬ 
celerating torque with the original value. 
This manner of improvement can be 
repeated if it appears necessary. 

Step 2. Continuing the Calculation 

Once the values of ^0’s at t=At have 
been found, the calculation of successive 
points is simpler. The value of A(pe) 
between t=^0 and t=At is assumed to 
apply also between t=>At and t=2At 
and the average accelerating torque in 
the second interval is calculated on this 
basis. This torque is then used to cal¬ 
culate an improved A(p6) and the cal¬ 
culation proceeds to the next point. 


Appendix V. Modified 
Equations for the Calculation of 
Inrush Currents and Transient 
Torques 

When voltage from the secondary source 
is reapplied to the motor bus, each motor 
will Mperience high inrush currents and 
transient unit-frequency torques. To cal¬ 
culate the initial magnitudes of these 
currrats and torques, equations 14 may be 
modified by as^ming motor speeds con-, 
stant and neglecting all resistances. 

With these simplifications, and with 
stator flux linkages and rotor currents 
eliminated 

^ M 

Xp^a+J-p^a-Xlp-^Pp^Eg 
Lr 

M M 

*7^k+—(25) 
~ iP0)Pa'\-p'Pp = 0 

^ These equations may be solved opera¬ 
tionally, giving for the currents and flux 
linkages 


cost -f 


cost)-|-^Etj-f-at7^-f— 

Sint cost -f 

M. M "1 

—Sin {pe)t —cos {pe)t 

cost)-H(E|5-x7«o~ 

M \ , / M \ 

Pofi J Sint +( ^l3o 1 cost — 

M , M . 

Y^piCO&ipB)t-j-PcgiSi.n{pB)t\ (26) 

Pa=‘PaO cos ipe)t-ippa siu ipe)t 
sin {p6)t-\-pp^ cos (pe)t 


June 1955 


Lewis, Marshr-Tran^er of Steam Station Auxiliary Busses 





















compared to tht 

SLr'hi”" copst^ts so ttat tho 
™y be considered as following steady- 
state charaet^cs (with slow decelera- 
reaPPHcation of 

to 28 can be simplified 

to give for the currents 

cost)+A£^sint^+/„, 

■” sint^ +/|3o 

(27) 

in whi^ and AE^ are the changes in 
motor terminal voltage through the switch¬ 
ing^ operation. and I^^sre the prt 
switchmg values of stator current 
By manipulatmg the terms in. equations 
^7 It can be shown that the maximum 
inrush current wUl occur when the pre- 
switchmg bus residual voltage and the 
newly applied voltage are 180 degrees out 
of pha^. The magnitude of the sym- 
metnc^ component of current in this 
case will be 


V 01—4'am 

4'p=’4'0q (29) 

torqtiTh^ variables, the electric 




Currents and flux linkages 
from procedures 2 and 4 of Appendix III 

_ir/M px \ 

cost)-l- 

M \ “I 

^^^^^'M-S«-^l^'«oABpjsintJ-f-reo (30) 

ufuTt’® P”°^ to switching, 

disregarded. At 
®tator currents 

will be small; therefore 
M 

JBjSo 


whwe .Eo is the magnitude of the pre- 
switc^g residual voltage and E is the 

wlteg^^** terminal 

The maximum value of the oscillatory 
torque occurs when £ and £o are 180 degrei 
out of phase at the time of switching. This 
value is given by 

_(A£)(£o) 

" ~x (34) 

values of .Bo below 30 per cent of 

voW^“fi,°^ terminal 

whin total torque occurs 

^ f ® approximately 90 degrees 
out of phase. Its value is approximately 


'““(■E+V's^+Eo*) 


(35 


(31) 


r AE 


(28) 


where AE equals the sum of the magnitudes 
terminal voltage and 
the presmtchmg value of bus residual 
voltage. To calculate the actual peak 

S, ^ equation 28 will 

the practical purposes, 

the Jo terra m equation 28 can be neglected 

period 

IS stiU relatively small, the flux linkages 
given by procedure 1 in Appendix III can 
their preswitching 


^lA/9fl=-Eao 
Thus the initial torque can be written 

^'*“^|^^“-®«»^-®^+-2/»AS«)(l— cost)+ 
(“•EggoAEot—£j5oAE^)sint] (32) 

The torque given by equation 32 can 
be separated into a unidirectional torque 
^d a umt-frequency oscillatory torque* 
The maximum value of the unidirectional 
torque occurs when the preswitching bus 
residual voltage and the newly applied 
voltage are 90 degrees out of phase. This 
value is given by ^ 
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ussion 


^*®h:en 2 ie (Pennsylvania Power & 
•Light Company, Hazelton, Pa.); The 
authors are to be congratulated for having 
presented an excellent method for calculat- 
mg conditions occurring under an inter- 
hus transfer. The paper provides 
an exceUent qualitative discussion of the 
electrical and mechanical behavior of the 
equipment during the transfer. It also 
pro’wdes the means to obtain quantitative 
results for any given system. The cal¬ 
culations involved may be rather laborious 
for the engmeer confronted with the design 
of a power plant auxiliary transfer scheme. 
It imy be more practical to make oscillo- 
^aph tests on the auxiliary system after 
It IS assembled and design the transfer 
sch^e from these results. 

Smce our company has been using the 
nonddayed interrupted transfer for all 
emerg^cy transfers on its larger units for 
several years, we would be vitally interested 
to taow the details on any motor failures 
that have occurred from this type of 
transfer. ^ 


Authority, 

Iwnoxville. Tenn.): Mr. Lewis and Mr! 
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Marsh have made a valuable contribution 
to this complex subject by their thorough 
analytical approach. With reference to 
the continuous-circuit transfer method 
recommended, the 0.065 per-unit trans¬ 
former impedance used in Table I utilizes 
about 0.88 of a 250-megavolt-ampere 
cucrat-breaker interrupting rating and all 
of this breaker’s momentary 60,000- 
arapere rating. Paralleling two sources of 
this magnitude even for a short interval 
appears to be a questionable practice, par- 
ticul^ly when the start and emergency 
transformer which should be connected 
electncaUy remote from the generator may 
be out of phase during unusual system 
conditions. The open-circuit method with 
a fixed time delay for routine transfers 
appears to be a better arrangement in most 

transfer can be made 
at rull load when required. 

The requmement that the residual bus 
voltage be liimted to 26 per cent of rated 
voltage should be subject to a critical review 
since it will become unduly restrictive as 
tue size of. generating units and auxiliary 
motore increases. Steps leading to the 
^tabhshment of this factor may have been 
brought about by deficiencies in motor 
design. Some of the motors in.^ta lle d 
recenriy were found to be insufficiently 
braced for full-voltage starting on a low- 
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impedance supply system. Extensive trans¬ 
fer tests of all the auxiliaries for a 125- 
megawatt unit at .the Tennessee Valley 
Authority Johnsonville plant did not 
mdicate ^y apparent rdation between 
as3rmmetric motor inrush and bus residual 
m the range of 4- to 36-per-cent residual, 
i be higher motor impedance at 85 per cent 
speed as compared to the locked-rotor im¬ 
pedance actually tends to reduce the inrush 
value. 

With reference to Fig. l, the residual 
decay to 25 per cent in about 0.7 second 
short for the size of motors as 
tab^ated in Table I. Could this be 
attnbuted to an assumption that the 
motors were operating near name-plate 
ratmg before ^ansfer instead of 80 to 

P^ cent as in the usual case? During 
the transfer tests referred to in the fore- 
gomg, about 1.2 seconds were required to 
reach 26-per-cent residual with a total 
connected-motor load of 7,900 kva, in- 
cludmg two 1,750-horsepower boiler feed 
motors. 

Rrferring to Fig. 3, the poor recovery 
^eed characteristics of a standard boiler 
feed motor led to the development with 
se^al manufacturers of 3,600-rpm motors 
with torque characteristics better matched 
to i^e pump requirements. Motors rated 
2,000, 3,000, and 4,000 horsepower for use 
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with 150-, 200-, and 250-megawatt units 
have been shop-tested to show accelerating 
torque characteristics at 76-per-cent rated 
volts such that they will have a definite 
accelerating torque above the pump re¬ 
quirements from zero to rated speed. 


H. C. Barnes and S. H. Horowitz (American 
Gas and Electric Service Corporation, 
New York, N. Y.): The authors have 
presented an excellent theoretical exami¬ 
nation of an interesting phase of motor 
protection. That operating practices which 
involve this problem are in use is well 
established. 

There is no question that it is desirable 
to establish quickly auxiliary power from a 
reserve source in event of loss of the normal 
source from the generator. To do this 
quickly enough to assure safe shutdown 
requires automatic transfer. Any auto¬ 
matic scheme requires periodic testing to 
assure proper operation when needed. 
The best time to make this test is when 
the unit is being removed from service for 
maintenance or inspection. To make such 
a test with loadings of upwards of 200 mega¬ 
watts would involve too great a service risk. 
To do so when removing a unit not only 
eliminates this risk but also saves numerous 
operations on the part of the operator. 
Also, the time of the test man is saved 
since the tripping is usually initiated from 
an emergency push button or from a pro¬ 
tective relay contact which trips the 
differential, thereby testing not only the 
reserve transfer components but also the 
differential, main breaker, field breaker, 
and other devices. Therefore, it appears 
that this tsrpe of transfer Will be encountered 
even though a transfer under actual fault 
conditions never occiurs. 

There has been some past discussion 
that the chance of motor damage from 
transfer is increasing because of the in¬ 
creased use of the automatic transfer as a 
‘'lazy” means of shutdown. Actually, 
modern generating-unit service continuity 
is so high that the desired test period is 
usually exceeded before a shutdown occurs, 
^erefore, there is actually little increase 
in the number of automatic transfers be¬ 
cause this means is used for a routine 
shutdown. 

After the initial shakedown period, the 
number of transfers because of fault 
conditions is very small. Also, in event of 
a fault, it is generally believed that the 
fault will act to diminish the residual 
voltage. Therefore, the risk of damage by 
reason of transfer from fault is slight. 

While the paper is conclusive that 
theoretically there is danger of damage, 
practically this is questionable. Like all 
studies of this type, there are so many 
assumptions and so many variables that 
it always seems doubtful that the results 
are truly representative. For example, 
if it is assumed that the worst condition 
of full residual voltage continues, then, 
to cause damage, it is necessary to hit at 
some point considerably out of phase. If 
it is necessary for the angle to be greater 
than 90 degrees, which does not seem un- 
resonable, then this factor alone reduces 
the probability 60 per cent. 

Fig. 1 indicates that the inherent 20- 
to 25-cycle closing time of the large circuit 
breakers used on the inco ming feeds is 


enough to permit voltage decay in the 
order of 60 to 50 per cent. This reduction 
means a larger angle necessary for danger 
and, therefore, reduces the angular area 
in which damage can occur. Reference 1 
indicates that, at 20 cycles, the voltages 
are practically in phase. 

Table I is fairly representative of the 
auxiliaries associated with a unit. How¬ 
ever, this number of motors is in service 
only during full load. At the time of a 
normal shutdown only a few of these are 
in service, since the load would have been 
decreased to near zero and coal firing would 
have been discontinued. Those in service 
may well be practically unloaded, thereby 
reducing the decelerating torque and, there¬ 
fore, the slip. An indication of the condi¬ 
tions is a tsrpical reduction of auxiliary 
demand from 11,000 kw at full load to 
3,000 kw at near no load. A check of 
planned outages of two 200-megawatt 
units revealed that only one forced draft 
fan, one boiler pump, and one circulating 
water pump were running. All pulverizers 
were down. It is, therefore, doubtful that 
the same motors will be stressed each 
shutdown. Further, pressure operation is 
proving so much better than suction that 
induced draft fans will seldom be used. 
This does however tend to increase the 
.size of the forced draft fan. If larger 
drives are required, it is quite possible that 
they will be steam because of the increased 
over-all heat efficiency. 

Even if it is assumed that the worst 
condition of full residual voltage at a 180- 
degree angle is encountered, this would 
appear negligible if the impedance of the 
source were equal to that of the load 
since only per-unit voltage would appear 
acro.ss each impedance. While this is 
rather impractical, there is some source 
impedance and the larger motor at least 
is nearer to this source impedance than the 
smaller motor. This may be insignificant 
but it is another factor which tends to 
limit the stress. 

The paper states that experience has 
shown that residual voltage greater than 
25 per cent of rated will cause excessive 
winding stress. Some detail of this ex¬ 
perience would be appreciated. 

Automatic transfer without intentional 
time delay has been in use by the American 
Gas and Electric Company system for over 
16 years. Motor failure from mechanical 
winding stress has been very small. None 
are known to have been caused by automatic 
transfer. Motors of 2,600 horsepower 
have been in use for at least half of this 
period. A large number of 18,750-kva 
synchronous condensers have been trans¬ 
ferred from starting to running without 
benefit of synchronizing or time delay and 
no damage has resulted. The latter may 
not be a fair example since it is effectively 
an unloaded motor, usually in hydrogen, 
and slip during transfer could be small. 
This experience does not indicate that the 
interrupted transfer is damaging enough 
to warrant much consideration. 

Large motors are protected by plunger- 
type instantaneous relays. Seldom have 
these caused tripping during transfer. 
On a few test transfers, about 1960 it was 
found that a setting of 10 per cent greater 
than normally required for starting was 
needed for the 2,500-horsepower boiler 
feed pumps to assure 100-per-cent con¬ 


tinuity on transfer. Even the need for 
this increase is questionable since it is not 
of too great consequence if one relay should 
trip as it can be readily restarted in time. 
The increase has not been used on the last 
five units and no tripping on transfer has" 
resulted. 

In speaking of winding stress, an explana¬ 
tion of the nature and degree of stress 
would be helpful. Presumably, the con¬ 
ductor tends to be driven through the 
insulaticn or forces out the retaining 
material. Is this force not distributed 
over the conductor area? What is the 
resultant pressure per square inch and how 
does this compare to the insulation strength 
in compression? Is it not reasonable 
that failure probably will not occur at the 
first stressing and that it may take several 
before actual insulation rupture occurs? 
If so, is it not possible that the required 
number of stresses may never be en¬ 
countered in the life of the motor? If 
excessive inrush is encountered, the instan¬ 
taneous relays would initiate tripping in: 
about 1 cycle and clearing in another 4 or 6.. 
Would not this tend to reduce the damage? 

There has been some talk of possible shaft; 
failure. This is not mentioned in the: 
paper. Is this a real problem? 

One of the principals of mechanical 
design used to be to calculate carefully 
the stresses and then multiply by a safety 
factor of roughly from 3 to 30, depending 
upon the damage possible. Is not some 
such safety factor still used, and if so, is 
it not sufficient to take care of these occa¬ 
sional stresses? 

While the cost of adding time delay is 
insignificant, our experience has not been 
such to justify the nuisance value of test, 
maintenance burden increase, and added 
chance of transfer failure when needed. 
It may seem that these are so small as to be 
meaningless. It should be remembered 
that the ratio of really necessary gadgets 
per kilowatt to manpower per kilowatt 
is ever increasing. Therefore, any un¬ 
necessary ones should be avoided. 

While we have not found it necessary, 
we are quite willing to change if it can be 
proved that our experience is unique. We 
would be quite interested in hearing the 
motor manufacturers statements as to their 
experience, design factors, and recom¬ 
mendations. If a good test procedure can 
be worked out which will bring this subject 
to conclusion, consideration would be given 
to make the American Gas and Electric 
Company system available for such tests. 
Perhaps a program under the joint auspices 
of the relay and motor committees would 
be feasible. 


Einar Nilsson (Pacific Gas & Electric 
Company, San Francisco, Calif.): At our 
Pittsburgh steam plant one each of the 
boiler feed pumps, induced draft fans, 
forced draft fans, and condensate pumps is 
supplied from a single 2,400-volt bus which 
is connected during startup to the 2,500- 
volt tertiary winding of a 110/220-kv 
system power-interchange transformer. 
This is the emergency as well as the 
startup source of the plant. After the 
machine is synchronized, the station 
auxiliaries are normally transferred through 
continuous-circuit or parallel transfer to 
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the house transformer, which is directly 
wnnected to the main generator leads. 
The parallel transfer will be the normal 
procedme, delayed interrupted-circuit trans- 
rer will be the emergency case. To de- 
termme the length of the delay period or 
dead time required for prevention of 
^cessive motor inrush currents or permitted 
. or uninterrupted boiler operation, a reason¬ 
ably accurate method is desirable for 
^termmmg the decay characteristics of 

Presents 

such a method. As a check on the method 
a test performed at Pittsburgh steam plant 
IS bemg used. The test was set up on a 
single bus which supplied the motors of 
one 4250-horsepower boiler feed pump, 

920-horsepower induced draft fan, 
one 900-horsepower forced draft fan, and 
one 500-horsepower condensate pump. 

■f ig. 7 shows the oscillogram obtained for 
^1 motors combined. The motor loads 
during the test were 76 per cent of full 
load for each of the two pumps, 63 per cent 
f induced draft fan, and 33 per cent 
for the forced draft fan. 

In determining some of the motor con- 
stants for use in the method shown in the 
paper, the manufacturer's calculated values 
available. In the case 
0 the draft fan motors, measured values 
were obtained from a test of the motors, 
•fig. 8 shows bus voltage decay by the 
approxunate method plotted for comparison 
on the same chart as the test values. The 
^art shows a good agreement between 
the two. 

The author's "Criteria for Successful 
■BUS iransfer" is a concise analysis of the 
problems involved. For the evaluation 
and the choice of the transfer method, 
certam critical characteristics must be 
kno^ regarding the effect of dead time 
on boiler operation in general and fuel, 
reed water, and air in particular. For the 
benefit of the industry it is hoped that 
M more experience is gained with automatic 
transfer of station auxiliary busses, these 
characteristics will receive wide publidty 
through professional papers and articles. 

Paulus (The Cleveland Electric 
Ruminating Company, Cleveland, Ohio): 

■ims IS an excellent analysis of motor 
perfomance during interrupted-circuit 
teansfer conditions. It nicely complements 
the papers mentioned in the author's 
retoences. I agree with the authors 
stetement that in normal starting and 
stoppmg operations transfers should be 
made closed-circuit. I further agree that 
emerpncy transfers must be made open- 
cu-cmt and the spinning motors should 
not be connected to the new source until 
Reu: voltage has decayed to a value of 
25 per cent of normal or less. 

The approach suggested by the authors 
for calculatmg the time of decay for a 
group of motors of varying and various 
characteristics appears to be somewhat 
cumbersome and of little value in the i 
aesigii of power plant auxiliary systems. i 
ihis is because the conditions in a power ; 
pant, are different than those aRstimpd 
m this paper. In the modem iinifized 
cmtral station with auxiliaries fed from 
e generator leads, it is neither necessary 
nor desirable to transfer all auxiharies 
under emergency conditions. This transfer 
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does not take place until the machine has 
been tripped. When this happens it is 
better to trip all mills and all but one of 
the fans. It is best to leave only one feed- 
water pump on. 

At the time the emergency transfer 
takes place following a tripoff, the unit 
may have been at full load or at quarter 
load; the number of auxiliaries running and 
their loads may vary broadly. Using the 
author’s methods to calculate the voltage 
decay for all these possible conditions would 
be a tremendous undertaking and, at best, 
give data which would not be directly 
useful. I believe that the problem can 
be solved by more practical means. The 
design of the auxiliary system for a power 
plant can be approached in this fashion. 

To make permissible the normal trans¬ 
ferring of auxiliaries by the closed-circuit 
method, transformer reactances should 
be so specified as to keep circuit-breaker 
duties within available capabilities. This 
problem as well as that of staying within 
available ampere ratings is best accom¬ 
plished by using two transformers in place 
of one. For larger units it is generally 
necessary to provide two boards for each 
transformer. This arrangement results in 
four boards which makes it possible to 
connect only one pump, one fan, and one 
mill to each board. This makes it possible 
to transfer the auxiliary loads in four parts. 

In closed-circuit transferring, the cir¬ 
culating current is reduced because of the 
greater reactance in the circuit caused by 
the split transformer. Failure to transfer 
successfully is not so serious with only a 
quarter of the auxiliaries being transferred. 
Under emergency open-circuit transferring, 
the inrush from the new source is not so 
great as to cause a low voltage problem. 
This inrush is further reduced by trans¬ 
ferring only those auxiliaries which should 
be kept running when the machine has 
tripped. 


If the transfer to the new source is 
blocked until the decaying voltage on each 
bus has reached a value of about 25 per cent 
there will be no abuse of the motors. The 
time required to reach this value varies 
from board to board, and from day to day. 
The time in itself is of no importance. 
The voltage which may be fully out of 
phase is important. In any case, each 
board will be closed-in to the new source 
at the earliest permissible time. The 
likelihood of more than one board being 
connected to the emergency source simul¬ 
taneously is very remote. There is no 
need to calculate the voltage decay for 
each motor and combination of motors. 


D. G. Lewis and W. D. Marsh: We ap¬ 
preciate the interest shown by the several 
discussers, and are grateful for the many 
excellent ideas and suggestions presented. 
With reference to Mr. Mackenzie’s remarks, 
it is certainly true that, where the design 
of the bus-transfer scheme can be based 
upon actual tests of the system involved, 
his is the most satisfactory method. It 
seems likely, however, that in some cases 
it will be necessary to have at least an 
approximate idea of what the system per¬ 
formance will be to select values of trans¬ 
former impedance and circuit-breaker rat¬ 
ings. 

So far as we are aware, there has been 
only one ease of motor-winding failure 
that could without question be directly 
traced to the stresses resulting from an 
excessive number of nondelayed transfers. 
This involved two 1,500-horsepower boiler 
feed pump motors subjected to approxi¬ 
mately 100 such transfers oyer a period of 
3 or 4 years. The results were quite 
apparent from visual inspection of the 
motors which showed distortion of the coil 
end turns. The winding of one of these 
motors had failed and, as a result of the 
investigation, it was decided to change 



Fig^ 8. I3us voltage decay against time 


ligible risk involved in paralleling sources 
on the basis that the exposure time is 
extremely low. There will, of course, be 
designs wherein normal phase differences 
will not permit paralleling sources. 

Mr. Sellers brings up a very important 
point in connection with the adequacy of 
motors under full-voltage starting condi¬ 
tions. Briefly, it should be borne in mind 
that in considering the ability of electric 
windings to withstand full-voltage starting 
we are dealing with a repetitive stress type 
of phenomenon. Starting duty is merely 
one of the things that wears out a winding, 
and a motor may be thought of as having 
built into it an ability to start a certain 
number of times before its winding will 
be worn out. We are not aware of any 
attempt to designate a specific number of 
starts as representing normal life for a 
motor winding. Such a number would 
vary widely with motor horsepower and 
speed as well as with conditions of starting 
voltage and load inertia. But to say that 
a motor is suitable for full-voltage starting 
necessarily implies a reasonable number of 
full-voltage starts. Experience indicates 
that modem motor windings will have an 
acceptable life with the number of starts 
found in normal power plant service. 
They caimot, however, be expected to have 
acceptable life under abnormal conditions 
as t 3 rpified by, e.g., 30 or 40 starts per day. 

The effect of nondelayed transfers is 
also a repetitive stress problem. However, 
since the stresses for any one transfer can 
be much greater than for a single full- 
voltage start, the life of a winding in terms 
of number of transfers must be very much 
shorter. Undoubtedly, the more rapid 
decay shown in Fig. 1 as compared to the 
tests conducted by Mr. Sellers is partially 
the result of the assumption that the 
motors were operating at name-plate 
rating. 

Mr. Barnes and Mr. Horowitz have 
brought forth a number of interesting com¬ 
ments. With reference to the nature of 
winding stress as indicated in the foregoing, 
one of the more important effects is that 
of the bending stresses on the end turns of 
the winding. There are also compressive 
stresses existing primarily in that portion 
of the winding in the stator slots. 

The statement that the chance of motor 
damage from transfer is increasing because 
of increased use of automatic transfer as a 
lazy means of shutdown may or may not 
be valid in any particular instance. It is 
quite obvious that, whether the automatic 
transfer relaying operates as a result of 
faults or not, it will be desirable to make 
periodic tests of the equipment. Usual 
practice appears to be to test generating 
station protective relays at intervals of 
from 6 months to 1 year. While it may be 
convenient to test the automatic transf^ 
relays each time a unit is shut down, it 
is apparent that, in the case of a generator 
shut down once a day, this will result in 
from 180 to 365 times as much wear and tear 
on the motors. If a ddayed-transfer 
scheme is used, this duty is drastically 
reduced. 

Therfe are several factors, as pointed 
out, that tend to reduce the inrush current 
on transfer below the theoretical maximum. 
A fault to which the motor could con¬ 
tribute short-circuit current would increase 
the rate of residual voltage decay; but in 
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haveWh generators which 

nave high resistance grounding, there would 
be no such contribution for a ground fault^ 

^osed IS, of course, a matter of probability 
mth a certainty that over a large enZeh 
favorabl^°^ tr^sfers some will be at an un- 
mo • The rated closing time of 

systeras'^’irpn auxiliary 

from Fig. 1 

would indicate a decay to more nearly 70- 

rrs'’orrv ^^tually, bre2- 

10 to frequently operate in 

15 cycles, giving 80 per cent under 

fs of7tt^°^^ 1- However. thS 

sW^J/n« practical con- 

sjderation smce the residual voltage decay 

pendtn?!J^^*“ of systems vary widely de- 
5 motors involved and the 

S to th. be made 

and reserw difference between residual 
and reserve source voltages at 20 cvcies 
or any other time after tripping. 

svst&m^Tn question of auxiliary 

Jutdow^Ve fait Zt tSL toads ai^Tow 

tralf factor favoring delayed 

less °P®ration should 1e 

conditions. Source 

impedance wiU. of course, tend to reduce ] 


L motor inrush during transfer, but it is more 
I °“e-third of the toad impedance 
rather than equal to it as Mr. Barnes and 
Mr. Horomtz have chosen for their example. 
This would result in 1.6 per-unit voltage 

voltage. 

It is interesting to know that in some 

iwint necessary to increase 

instantaneous relay settings to avoid 
tripping during nondelayed transfer. This 
would seem to be a sure indication that 
excessive inrush currents do exist 

thoT; Horowitz’s opinion 

isff trLsfer 

bttle consequence is dfficult to recon¬ 
cile with their opening statement that it 
establish auxiliary power 
from a reserve source quickly to insure 
safe shutdown. They suggest that 1! 

damaging effects of instan- 
t^eous ttoow over. Much of the damage 

clearing 

time that would be involved but. in anv 

dSv^ tripping 

seem to 

SSL ^ automatic 

ansfer. Our company has had no ex- 


We wish to express our appreciation to 
Mr. Nilsson for making available iii» 
bus-transfer tests and the 
data showing comparison with the method 
of calculation presented in the paper. 

Mr. Paulus’ comments are particularlv 
interesting in that they represent a different 
gproach to the problem. Certainly C 
arrangement of auxiliary power 
philosophy regarding transfer 
result in a, very high degree of simplicity 

of standpoint 

of design and operation. If it can be 
assumed, or known from experience, that 
the tunes involved for voltage decay to 
25 per cent of normal will not be embar 
rassmg to the boiler, there is no ne”d to 
mke My calculations beforehand. If 
method of the paper 
IS flexible enough to take account of the 
fact that not all motors are transferred 
and It should be possible to make the cal- 

^be expected 
“i:°^ring the longest delays 
were willing to 
^ ^ generating unit under every 

reaUd^tT,^^ emergency transfer fe 
required, there would be much less need to 

aitvii^ recovery characteristics of 
auxiliary motor systems. 


Line and Transformer Bank Relaying 

Systems 

J. L. BLACKBURN G D Rnri^ccci i cn 
member aiee ^ KOCKEFELLER 

Associate member aiee 


■N JWNY power systems, connections 
■ <rf transmission lines and transfoimer 
anks are often encountered which re- 
quire spMial consideration for adequate 
tetey protection. Though these arrange, 
ments may ra«e difficult relaying prob- 
1^, the ovemding factor is the appre- 
^ble economic advantages which result 
he iwoblems can be grouped into two 
gravel classes: the 3-teminal lines, and 

a f “ ‘'^^iesion line in 

f ‘ceoeformer bank. In this paper 
vmous C^s frequently encountered to- 
with solutions to the relaying 
problem are presented. ^ 

me discussion win be generaUy Ihnited 
to r^ymg systems, which provide high¬ 
speed snnultaneous tripping of all line 

on Technical ” aiee Committee 

^EE Wintti G^S 

January Sl-Pe^^ 4 iSs' Y.. 

mitted October 1954' ®“*»- 

printiuff November 18, 1954 . ^ available for 

iitk’ : 

Newark, N. J. Electric Corporation, 


toii^. Included in this classilication 

n« pilot wue, power-hne carrier, and 
nncrowave relaying. In other words, it 

s^ciCTt nnportance to justify high- 

Pilot Wire, Power-line Carrier, 
or Microwave? 

With pilot-type relaying, one of the 
rst tasks ^of the relay engineer is the 
flection of a clmnnel for transmitting 
ae rda^g mteUigence. Until recently 

^ pilot wire or power-line carrier 
^ere a rehable pilot-wire circuit can be 
ade available, a choice between the two 

tteleng^ of the line. The cost of i^u- 
Plmg radio-frequency energy to a power 

Ttoi ® connection 

Unless the pilot-wire cable cost can be , 

shared by other functions, a length on the 


w w • uun; 

s,a, s,*.. 


order of t to 10 miles represents the 
economic limit. However, wire drcuits 

m excess of 20 miles are in use in this 
country.’ 

At present, microwave is limited to key 
areas of the system where many functions 
can nde the microwave circuit. Where 
ten or more channels are required be¬ 
tween any two points, it is likely that 
miCTowave will be economicaUy feasible. 
It IS improbable that all of these will be 
relaying functions, hence the relay en¬ 
gineer should be cognizant of the other 
communication needs of his system.* 

In addition to selecting the type of 
channel, the relay engineer must choose 
the type of relaying best suited for the 
probl^ at hand. GeneraUy, the choice 
IS e ween the phase- and directional- 
comparison systems. The phase type 
utilizes the channel to compare the phase 
position of the currents at each line ter¬ 
minal. Thus, the scheme has the advan¬ 
tage of not requiring potential, nor is it 
susceptible to tripping on out-of-step or 
synchronizing surges. The biggest ad¬ 
vantage of the phase-comparison system 
appe^s to be its low cost whUe its big¬ 
gest ^sadvantage is its poor discrimina¬ 
tion between 3-phase faults and load 
currents. 

With the directional-comparison sys- 
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guide for high-speed simultaneous clearing of transmission lines with a 
transformer termination 

lDL = Line side delta current 
lYL=Line side wye current 
31(1=Bus side residual current 
3loL==Une side residual current 
* See Fig. 2 
t See Fig. 3 


ED = Delta bus voltage 
EL=Delta line voltage 
3Eo=Residual bus voltage 
3EoL=Residual line voltage 
Id=B us side delta current 
Iy = Bus side wye current 


tern, the direction of the fault is deter¬ 
mined independently at each station and 
the result transmitted over the channel. 
Generally, this system is more flexible to 
system changes and addition of taps. A 
more detailed comparison of the two sys¬ 
tems utilizing a carrier or microwave 
channel is given in reference 3. 

Choosing the Electrical Quantities 

A further job of the relay engineer is 
the selection of the electrical quantities 
for operating the relays and at what point 
in the system these quantities should 
be measured. The decision on where to 
measure is based on the requirements of 
the protective system or, if the choice is 
restricted, compromises may be necessary 
in the protection. This is one of the areas 
where system design can appreciably 
influence protective relaying. 

The problems encountered in selecting 
the quantities are well illustrated where 
the transmission line terminates in a 
transformer bank and where either line- 
side or bus-side current and potential 
quantities may be used. Sometimes it is 
best to use bus-side quantities to enable 
the line protection system to clear bank 
faults, even though bank differential re¬ 
lays are present. However, bus quanti¬ 


ties are not always satisfactory. Bus 
side zero-sequence current or voltage will 
not sufiice for ground relaying of the line 
where the bank is cormected wye-delta. 
Also, bus side current may not be satis¬ 
factory where the line is terminated in a 
transformer bank and high-speed reclos¬ 
ing is desired following line faults. If 
bus side current is used, the line relays are 
likely to trip for transformer faults and 
initiate redosing. Since it is not con¬ 
sidered desirable to reclose following a 
transformer fault, it is necessary to use 
line side current or to provide a remote 
trip channel to block redosing of the re¬ 
mote breaker on transformer faults. To 
block redosing, the remote trip signal 
must be received at the remote station be¬ 
fore redosing can be initiated by the line 
relays. 

In some cases, the remote trip channel 
may also be used to block redosing. This 
feature may obviate the need for blocking 
line relay tripping on bank faults by the 
use of line side quantities, if the differen¬ 
tial relays can initiate a remote tripping 
signal before the line relays set up redos¬ 
ing. Some dday in initiating the redos¬ 
ing may be necessary to assume positive 
blocking for transformer faults. 

One other illustration of the effect on 
on'the protection of the point of measure¬ 


ment of the electrical quantities applies to 
the application of distance-type rdays. 
With these relays, line side potential or 
its equivalent is preferable to bus voltage. 
This is particularly true where the bank 
impedance is large in relation to that of 
the line. Since the instantaneous ele¬ 
ments should be set to protect a mflYiiniitr; 
of 80 to 90 per cent of the total impedance 
to the remote bus, a large bank imped¬ 
ance will limit line coverage when using 
bus side voltage. As an example, assume 
that the impedance of the line is Z and 
of the bank 2Z. With the instantaneous 
element Zi set for 85 per cent of the total 
3Z, only 45 per cent of the line is covered. 
However, the use of bus potential will 
not compromise the first line protection 
since the carrier tripping element Z^ is 
set to overreach the remote bus. 

Two-Terminal Line With 
Transformer Termination 

The electrical quantities which should 
be utilized for a 2-terminal line with a 
transformer termination are listed in Fig. 

1 for four types of power transformer con¬ 
nection* These are generally the pre-‘ 
ferred or recommended connections, and 
it should be recognized that spedal cir¬ 
cumstances may alter them. For each 
case solutions are given with and without 
high-speed redosing for both phase- and 
directional-comparison systems. In all 
instances the distance relays at station I 
receive line voltage or the equivalent, 
while they use line-side current only for 
high-speed redosing applications. At 
station II, the distance relays are. always 
connected in standard fashion. The sta¬ 
tion II arrangement for the phase-com¬ 
parison system can likewise be standard 
in every instance. Since the phase-com¬ 
parison system is susceptible to tripping 
on magnetizing inrush current, a sup¬ 
pressor should be used where the bank is 
in the protective zone. The trip sup¬ 
pressor can be eliminated by using line- 
side currents but then, as suggested pre¬ 
viously, remote tripping equipment is 
necessary in order to dear transformer 
faults at station II. Some of the special 
considerations are detailed in the follow¬ 
ing. 

Case A 

Where a delta-way bank is used with 
tire ground on the line side, the ground re¬ 
lay in the directional-comparison scheme 
may be nondirectional at station I of 
Fig. 1, if bank fault tripping can be 
tolerated. For phase comparison the 
low-side current transformers at station I 
are connected in delta. Sensitive ground 
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Fis. 1. Connection guide for high-speed simultaneous clearing of transmission lines with a 

transformer termination 


En^DcIta bus voltage 
El = Delta line voltage 
3Eo = Residual bus voltage 
3EoL=Residual line voltage 
Id —Bus side delta current 
Iy = Bus side wye current 


lDL=*Line side delta current 
lyL = Line side wye current 
3lo=Bus side residual current 
3loL=Line side residual current 
* See Fig. 2 
t See Fig. 3 


tern, the direction of the fault is deter¬ 
mined independently at each station and 
the result transmitted over the channel. 
Generally, this system is more flexible to 
system changes and addition of taps. A 
more detailed comparison of the two sys¬ 
tems utilizing a carrier or microwave 
channel is given in reference 3. 

Choosing the Electrical Quantities 

A further job of the relay engineer is 
the selection of the electrical quantities 
for operating the relays and at what point 
in the system these quantities sWld 
be measured. The decision on where to 
measure is based on the requirements of 
the protective system or, if the choice is 
restricted, compromises may be necessary 
in the protection. This is one of the areas 
where system design can appreciably 
influence protective relaying. 

The problems encountered in selecting 
the quantities are well illustrated where 
the transmission line terminates in a 
transformer bank and where either line- 
side or bus-side current and potential 
quantities may be used. Sometimes it is 
best to use bus-side quantities to enable 
the line protection system to clear bank 
faults, even though bmik differential re¬ 
lays are present. However, bus quanti¬ 


ties are not always satisfactory. Bus 
side zero-sequence current or voltage will 
not suffice for ground relaying of the line 
where the bank is connected wye-delta. 
Also, bus side current may not be satis¬ 
factory where the line is terminated in a 
transformer bank and high-speed reclos¬ 
ing is desired following line faults. If 
bus side current is used, the line relays are 
likely to trip for transformer faults and 
initiate reclosing. Since it is not con¬ 
sidered desirable to reclose following a 
transformer fault, it is necessary to use 
line side current or to provide a remote 
trip chaimel to block reclosing of the re¬ 
mote breaker on transfonner faults. To 
block reclosing, the remote trip signal 
must be received at the remote station be¬ 
fore reclosing can be initiated by the line 
relays. 

In some cases, the remote trip channel 
may also be used to block redosing. This 
feature may obviate the need for blocking 
line relay tripping on bank faults by the 
use of line side quantities, if the differen¬ 
tial relays can initiate a remote tripping 
signal before the line rela 3 rs set up reclos¬ 
ing. Some delay in initiating the reclos¬ 
ing may be necessary to assume positive 
blocking for transformer faults. 

One other illustration of the effect on 
on-the protection of the point of measure¬ 


ment of the electrical quantities applies to 
the application of distance-type relays. 
With these relays, line side potential or 
its equivalent is preferable to bus voltage. 
This is particularly true where the bank 
impedance is large in relation to that of 
the line. Since the instantaneous ele¬ 
ments should be set to protect a maximum 
of 80 to 90 per cent of the total impedance 
to the remote bus, a large bank imped¬ 
ance will limit line coverage when using 
bus side voltage. As an example, assiune 
that the impedance of the line is Z arid 
of the bank 2Z. With the instantaneous 
element set for 86 per cent of the total 
3Z, only 45 per cent of the line is covered. 
However, the use of bus potential will 
not compromise the first line protection 
since the carrier tripping element Zg is 
set to overreach the remote bus. 

Two-Terminal Line With 
Transfonner Termination 

The electrical quantities which should 
be utilized for a 2-terminal line with a 
transfonner termination are listed in Fig. 

1 for foiu types of power transformer con- 
nectiona These are generally the pre¬ 
ferred or recommended connections, and 
it should be recognized that special cir¬ 
cumstances may alter them. For each 
case solutions are given with and without 
high-speed reclosing for both phase- and 
directional-comparison systems. In all 
instances the distance relays at station I 
receive line voltage or the equivalent, 
while they use line-side current only for 
high-speed reclosing applications. At 
station II, the distance relays are. always 
connected in standard fashion. The sta¬ 
tion II arrangement for the phase-com¬ 
parison system can likewise be standard 
in every instance. Since the phase-com¬ 
parison system is susceptible to tripping 
on magnetizing inrush current, a sup¬ 
pressor should be used where the bank is 
in the protective zone. The trip sup¬ 
pressor can be eliminated by using line- 
side currents but then, as suggested pre¬ 
viously, remote tripping equipment is 
necessary in order to clear transformer 
faults at station II. Some of the special 
considerations are detailed in the follow¬ 
ing. 

Case A 

Where a delta-way bank is used with 
the ground on the line side, the ground re¬ 
lay in the directional-comparison scheme 
may be nondirectional at station I of 
Fig. 1, if bank fault tripping can be 
tolerated. For phase comparison the 
low-side current transformers at station I 
are connected in delta. Sensitive ground 
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sponse is modified and the open-circuit 
filter voltage becomes 

( 2 ) 

By inserting the net bank neutral cur¬ 
rent into the station I filter, an equal 
response is obtained at both stations re¬ 
gardless of the current distribution, pro¬ 
vided that 

Vu / toXxoI \ / Rj (ii) \ 

Vi \ratio 11/ \ Rt (i) / 



where and i?o are the tap values of the 
filter resistors, and V is the system volt¬ 
age. Equation 3 states that the filter 
responses can be equalized either by pro-' 
portioning the current-transformer ratios 
or the filter resistor taps, or a combina¬ 
tion of both. 

The current transformer connections 
in Fig. 3 apply equally well for RKB ear¬ 
ner relays. The RKB filter responds to 
both positive- and negative-sequence 
current as well as to zero-sequence cur¬ 
rent. The open-circuit voltage for this 
connection, but without the 1^ current 
transformer, is 

where Ki and Kt are constants whose 
values vary with settings. A compari- 
son of equations 4 and 1 shows that the 
zero-sequence responses are the same in 
both relays. Therefore, the current 
transformer may again be used to modify 
the filter voltage as 

While an actual magnitude comparison 
is not made with the carrier scheme, the 
filter responses should be very nearly the 
same to insure proper time co-ordination 
between the start and trip fault detectors 
of the RKB, The current trans¬ 
former should, thus, be utilized unless the 
spurious response is of negligible 
magnitude. 

Case D 

The tise of an autotransfoimer necessi¬ 
tates additional consideration not present 
with the wye-wye-delta bank of case C. 
Where the phase-comparison scheme in¬ 
cludes the bank, the connections will be 
the same as in Fig. 3 except that the cur- 
rent-'transfoimer ratios and filter resistor 
taps should be proportioned as follows 



former should match the ratio of the local 
line current transformers. With this ar- 
r^gement, the setting are not a func¬ 
tion of the power-transformer voltage 
ratio. 

If tertiary current is used instead of 
neutral current, the current-transformer 
ratios should be 

Vi ratio T 
Vt ratio I 

where Fy and ratio T are the voltage and 
current-transformer ratio of the tertiary 
respectively. 

Three-Terminal Lines 

All too frequently a 3-terminal line pre¬ 
sents the relay engineer with difficult pro¬ 
tection problems. This is particularly 

STATION I 


tme where high-speed simultaneous trip¬ 
ping of all circuit breakers is required for 
high-speed reclosing. 

One of the difficulties which occurs 
often is the reversal of current through 
station III for faults .4 or 5 of Fig. 4(A). 
Even though the fault is in the protective 
zone, the R current may flow out of the 
line and to the fault -via a tie line (not 
shown) between stations II and III for 
fault B, 

The phase-comparison pilot -wire sys- 
t^ RCB offers the only possibility of 
simultaneously tripping all three circuit 
breakers under these conditions, but this 
is possible only if the current flowing out 
of one terminal is small compared to the 
total flowing in the other two. As a good 
approximation, the published charac¬ 
teristic curves for 2-terminal lines can be 
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3lo*= Residual current 
lYL®=Line side wye current 
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-^apparent *Z’j-|-Zi(/i//,) ^Zj^-Zj+Zi X 

(-M) (9) 

and similarly for fault B 
-^apparoat ==-^>+^s(fs/l3) =Zt+Z 2 +ZiX 

i-h/h) CIO) 

he minus sign on Ii and I 2 indicates the 
^ent flows in the direction opposite 
trom that shown in Fig. 4(A) for the faults 
involved. 

This additional impedance is caused by 
the voltage drop produced by infeed cur¬ 
rent, or current not measured by the re¬ 
lays at station III. This distance-ele- 
increases as the current 
contabution of station III becomes pro¬ 
portionately smaUer. Where h is very 
small ccrapared to or 4 it is not possible 
o se the 2one-2 impedance elements to 
reach the station I and II busses. 

When I 3 becomes too small for proper 
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distance-element reach, there is no need 
to clear breaker III from the standpoint 
of system stability. However, a veiy 
small current will maintain a fault arc 
so that, where high-speed reclosing of I 
and II IS required, circuit breaker III must 
be cleared simultaneously with I and II 
to effect extinguishing of the arc before 
reclosing. 

The breaker III reach may be extended 
by the use of the instantaneous voltage 
elements, whose contacts are connected in 
series with the directional-element con¬ 
tacts of the distance relays. Fig. 5 shows 
the simplified connections for this system. 
When a phase fault occurs on the line but 
is beyond the reach of the zone-2 distance 
elements, tripping can be effected when 
one of the voltage elements 5F drops out 
The closing of DIR and SV causes the 
CSP element to be energized. The CSP 
contact in Fig. S(B) removes the short 
circuit on the tripping coil RRT of the re¬ 
ceiver relay. Since the holding coil RRH 
of this receiver relay is not energized by a 
blocking signal from station I or II, the 
RRT coil current closes the receiver relay 
contact RRP in Fig. 5(A). Tripping of 
the circuit breaker then occurs throurfi 
DIR, .SF, and RRP, ^ 

The SV distance-element system would 
be applicable where the dashed bus of 
Fig. 4(A) is present. The Hne-side bus 
would only exist when an additional tie 
line is connected to station III. A set of 
3-zone distance relays could then be 
justified on the basis that a large 4 is 
available when this tie is in .service. The 
.SF elements are of value when this tie 
line is open and 4 is supplied only by the . 
transfonner bank. For correct operation 
of the scheme on faults beyond stations I ^ 
and II, the earner start elements at sta- \ 
tions I and II must operate for all faults 
seen by the 5F and elements at station c 
III. ® 

The relaying considerations can be 
quite different where the dashed circuit ^ 
breaker and bus at station III of Fig. 4(A) ^ 

are not present. With the line ter- a 
minated in a transfonner bank, the fault 
current source III is frequently nonexist- ^ 
ent or very small in comparison to sources 
I and II. Distance-relay underreach tii 
caused by current infeed is likely to be st 
serious. Where high-speed simultaneous gr 


d tnppmg IS required, the following two 
It solutions are considered, utilizing direc- 
y tional-comparison carrier relaying. 

I Case A 

r 1 • electrical quantities are 

» bsted for the case of a wye-delta bank at 
in with the line side grounded and no 
high side breaker. The connections of 
stations I and II are standard. However, 

' for phase tripping at station III, a poly- 
I phase directional relay m is utilized in 
conjunction with instantaneous voltage 
elements. The d-c circuits for this sys¬ 
tem are shown in Fig. 6. Carrier tripping 
occurs through the US, SV, and RRP 
contacts. The contact is the super¬ 
vising feature of the circuit, since it will 
remain open if a carrier signal is received 
from either station I or II. Stations I 
and II, in turn are supervised by station 
. 7‘. blocking signal from station III 
IS initiated by the distance relay HZS in 
Fig. 6. This relay is employed to pre¬ 
vent carrier tripping and, hence, high¬ 
speed reclosing of stations I and II for 
bank faults. If the remote trip signal 
from station III can block reclosing of 
stations I and II before reclosing can be 
initiated by the carrier relays at stations 
I and II, the HZS is not necessary. A 
similar clioice exists with the ground 
relays at station III where a directional 
relay is needed only when carrier tripping 
on bank faults must be prevented. 

The F/3-6'F system is more sensitive ^ 
than the standard scheme and is more 
economical than the 3-zone distance re¬ 
lays where source III is smaU. The m ! 
should not be used without voltage super- f 
vision, since it is likely to operate for an 
external fault too remote to be seen by t 
the Zs carrier start elements at stations I ^ 
and II. Should the start elements at 
stations I and II fail to operate, incorrect 
tripping of circuit breaker III will occur ^ 
if voIta,ge supervision is not used. The 
Za settings should.be made so that all 
external faults which cause SV dropout ^ 
also result in the Za operation. 


breaker. The phase fault protection is 
the same as that of case A, but special 
consideration is necessary on the ground 
fault system. Since no zero-sequence 
(^rent is available at . station III for a 
line fault, carrier-supervised tripping 
must be effected with a voltage element 
ZEol- 

If the fault is internal, the directional 
elements in conjunction with overcurrent 
elenients will stop carrier transmission at 
stations I and II so that the ZEol element 
at station III can clear the fault. If the 
fault is externa] and beyond station I,’ 'an 
overcurrent element at station I will op¬ 
erate to start earner and block tripping of 
stations II and III. The ZEa elements 
can also start carrier at stations I and II. 
For the fault beyond station I, the cur¬ 
rent contribution from station II may be 
below the overcurrent ^start-element 
pickup at station I, or circuit breaker II 
may be open. In either case, without the 
35o start elements, incorrect tripping of 
station III would occur. 

Conclusions 


Case B 

Fig. 4(B) also lists the electrical quanti¬ 
ties to be used with a wye-delta bank at 
station III when the bus side winding is 
grounded and there is no high side circuit 


The solution of a transmission-line re¬ 
laying problem is generally more difficult 
and expensive where a bank tennination 
is involved or where tliere are more tlian 
two line terminals, particularly where 
high-speed reclosing is to be employed. 
Minor modifications to standard systems 
will in some cases suffice, while instan¬ 
taneous voltage elements for phase or 
ground tripping or a transfer trip channel 
may sometimes be required for a satis¬ 
factory solution. The most commonly en¬ 
countered problems are catalogued in 
Figs. 1 and 4 as a guide for convenient 
reference. 
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Discussion 


H. P. Bruncke (Northern States Power 
Company, Minneapolis, Minn.): The 
authors are to be commended for their paper 
and for the way in which they have outlined 
the various phases of the problem suggested 
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in the title. The tabulation of types of 
Slpfr/^*^ certain conditions is also very 

I would like to comment on the authors’ 
companson between the phase- and direc¬ 
tional-comparison relay systems. It was 
steted that the biggest advantage of tlie 
phase-comparison system appears to be its 
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low^ cost. This is true if the protection 
engineer will be satisfied with just the so- 
called first-zone operation. In the event 
that backup protection is required, then 
the cost of the phase-comparison system 
will increase sharply. The phase-compari¬ 
son system, of course, has the advantage 
that It does not require potential trans- 
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current per phase when the case-A trans- 
tormer was re-energized from the terminal 
at station I, Tests indicated that by de¬ 
sensitizing the phase-comparison relay at 
station I mth respect to zero-phase sequence 
^rrent this difficulty would be eliminated. 
However, in this particular situation de¬ 
layed tripping was less acceptable than de- 

f° tWs expedient was not 
adopted for regular operation. 

Incidental to these tests we noted some 
delay in the reset time of the phase-compari- 
son rekys and some unaccounted-for phase- 
angle differences between local electrical 
quantities and those received from remote 
terminals for through faults. The first diffi- 
culty was corrected by internal changes in 
before the second could be 
rationalized the needs of the system made 
It necessary to break the circuit apart as far 
relaying was concerned. However, for 
these and other reasons we had decided by 
this tune to use directional-comparison re- 
laying on most of our high-voltage trans- 

already been 

installed. Phase-comparison relaying was 
restricted to short 2-terminal lines without 
transformer termination; in fact, for this 
purpose phase-comparison relaying is 
unique, and additional terminals have been 
installed by us for that reason. 

In addition to the two types of carrier 
Pil^J ^■elaying ni general use on our system 
we have three remote trip schemes operating 
over frequency-shift carrier channels. These 
^e all special applications used in connec¬ 
tion with lines having transformer termina- 
circumstances and equip- 
ment differ in each case these will be de¬ 
scribed individually. 


ceipt of both signals at stations I and II set 

to trip the line breakers 
and block their reclosing. 

Case 2 

This is also a 3-terminal line having a 
teansformer termination similar to case 1- 
however, the circuit itself is not considered 
as important as that described in case 1. 
At station III the quantity 3£oi, is used for 
ground relaying, but for the phase relays bus 
side quantities Ed and ly are used. The 
line and transformer are" thus protected as 
a unit, the transformer impedance being 
relatively large. Although at station III 
this limits the line coverage of the instan¬ 
taneous elements, at stations I and II it per¬ 
mits setting them into the transformer for 
full line coverage. In addition to this over¬ 
all protection, the transformer will in the 
near future be equipped with a rate-of-pres- 
sure-rise device which wiU function as a 
relay to trip the local breaker at station III, 
and, by means of a remote trip channel, the 
breakers at stations I and II. No inter- 
mcking signal is planned for this circuit 
Breaker reclosing will be blocked when their 
tripping is initiated by the transformer pres¬ 
sure-rise device. 

Case 3 


Case I 

This is a 3-terminal application having one 
wansfonner termination similar to case B, 
Fig. 4. The relaying quantities used for 
line faults are those taken from the line side 
or the transformer at station III. Since the 
line relays do not initiate tripping of any 
break^s for a transformer fault, high-speed 
reclosmg is not blocked by operation of the 
line relays. The transformer at station III 
IS protected from internal faults by variable 
percentage differential relays, which initiate 
tripping of the local breaker on tlie bus side 
of the transformer and block its reclosing. 
The differential relays at station III also 
function to set up the remote trip signal to 
stations I a,nd II over the frequency-shift 
channel. Since this line is of primary im¬ 
portance to the power system and we had 
no previous experience with frequency-shift 
equipment, we interlocked the trip circuit of 
^is scheme at stations I and II with the 
blocking circuit of the carrier pilot relays 
^hich protect the line between stations I,. 
II, and III. The performance of this com¬ 
bined relaying system is as follows: 

3. line fault the directional-com¬ 
parison relays at all stations operate in the 
usual manner. Breakers at stations I, II, 
and III trip and reclose. 

^ b. For a transformer fault the differen¬ 
tial relays at station Iir operate to trip the 
local breaker and block its reclosing. They 
also initiate the transfer trip signal to sta¬ 
tions I and II. At the same time station 
III line relays transmit a blocking signal to 
the line relays at stations I and II. The re- 


This is a 2-terminal line having an auto- 
fransformer at one terminal similar to case 
D, Fig. 1, However, the autotransformer at 
station I has both line and bus side breakers 
^d is protected by variable percentage dif¬ 
ferential relays which trip the two breakers 
m case of a fault between them. Because 
the autotraiisformer is in itself a source of 
zero-phase sequence current to the system, 
in and lot are used for the differential re¬ 
lays. Over-all protection for the line and 
transformer is provided by time-delay over¬ 
current relays at station I and distance re- 
lays with instantaneous elements at station 
II. The transformer impedance is again 
relatively large and the instantaneous ele¬ 
ments at station II can be set into the trans- 
foimCT impedance for full line coverage. 
This fact IS used to advantage and by means 
of a remote trip frequency-shift channel 
nondelayed tripping is transferred to the bus 
side brewer at station I for the usual line 
faults^ The bus side breaker is used to 
clear line faults in order to limit the duty on 
the line side breaker to the clearing of trans¬ 
former faults beyond the reach of the in¬ 
stantaneous relay elements at station II. 

These three applications illustrate the 
adaptations whicli may be made in the pro¬ 
tection of a transformer as part of a line 
tominal. They further illustrate the use of 
electacal quantities suggested by the auth¬ 
ors in F^s. 1 and 4. In connection with 
case D, Fig. l, we make a qualifying com¬ 
ment with reference to the quantities suita- 
ble for ground-relay polarization at station I. 
Nether Ty nor /j.can be used indiscrimi¬ 
nately for ground-relay polarization when 
supplied from an autotransformer. We re¬ 
alize that Mr. Blackburn has previously pre¬ 
sented tte reasons why these quantities are 
not safrsf^to^ under all conditions (see 
ref. 1 of Mt. Lmder’s discussion) but we be- 
should be referred to in this paper. 
f,uthors’ suggestions for correcting 
the underreach of distance relay elements 
due to curr^t infeed on 3-temiinal lines are 
all of considerable interest. One of these, 
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lUusfrated in Fig. 5, may have an applica¬ 
tion for us, where in one instance this prob¬ 
lem was particularly troublesome. 

G. W. Hampe (Commonwealth Edison 
Company, Chicago, Ill.): The authors are 
to be congratulated on their courage and in¬ 
dustry in tackling the grueling job of setting 
up preferred connections for the cases likely 
to be encountered in the field. With these 
fairly well established, I would like to dis¬ 
cuss what to do next. The authors dis¬ 
cussed automatic reclosures and special 
adaptations such as blocking automatic re¬ 
closure when transformer faults are indi¬ 
cated. 

One trouble with the present type of 
automatic reclosing is that it was developed 
for one particular type of high-voltage sys- 
teni, namely a pure transmission system. In 
such a system there are only one or two sys- 
tein ties, and reclosure must be made at 
high speed, or the two ends of the system 
have lost synchronism. Many present sys- 
tems, including^ that of my company, are 
dual purpose, i.e., for transmission com- 
bmed with distribution. The Northern 
Illinois area, including Chicago, is solidly 
interconnected with 138-kv lines. The 
quick removal of one 138-kv line could cause 
loss of S3mchroiiism only under very special 
circumstances. The lines remote from the 
metropolitan area may have three to five 
terminals, some with no breakers on trans¬ 
former taps. Some have single-pha^ 138- 
ky grounding switches to cause remote trip¬ 
ping for transformer protection. Only a 
few of the lines can profitably use high¬ 
speed reclosing. 

The lines are generally well shielded witli 
static wires and tower-footing resistance is 
fairly low* Hence in the few cases when 
lightning does strike it is vicious and the 
strokes tend to be repetitive. I pointed out 
m another discussion^ that the effectiveness 
of conventional reclosing equipment has 
been low. It seems that the sustained and 
repetitive faults were (and will be) about 30 
per cent of the tot^, not counting the 
grounding switch operations. Thus it seems 
that we should do some further pioneering' 
on the subject of reclosing. Consider the 
following suggestions: 

1. There should be no distinction in the 
manner of tripping. That is, reclosure could 
occur whether the line tripped from carrier 
pilot, ground instantaneous, distance (all 
zones), or ground backup. 

2. On any trip as in item 1, the local 
directional- or phase-comparison carrier 
transmission should be turned off mid held 
off while the local breaker opens and about 
16 cycles thereafter. At the end of this 
period carrier control would be returned to 
the conventional carrier start-and-stop 
elements. 

3. On lines requiring reclosing with 
speed, a carrier receiver relay should sus¬ 
pend reclosure until incoming signals stop, 
after which it is to be completed without 
further delay. 

4. On lines not requiring speed, voltages 
taken from line connected potential trans- 
fonners or devices should be used to deter¬ 
mine when the line is de-energnzed. After it 
registers as de-energized, reclosure is to be 
completed. 
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^heme. However, the scheme appears to 
have merit where system stability is not a 
factor m the desire to reclose at the earliest 
possible moment. 

Mr. Hampe’s scheme 2, where the fami¬ 


liar de^-line and hot-line redosing system 
IS modified, seems to have merit, if not-line 
^losing on a fault arc is of great concern. 
His sugg^tion is to redose only if the line 
voltage is balanced, indicating that the 
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^HE MOST elementaiy type of rotor 

■ for the polyphase induction machine, 
the solid iron rotor, oifere advantages in 
ease of manufacture and in high torque 
per ampere at standstill. In spite of these 
advantages, this type of construction has 
not been used extensively, even in appli¬ 
cations most suited to its characteristics. 
This paper presents a rational method for 
the design of the induction machine with 
. solid iron rotor. The method over¬ 
comes the usual difficulties encountered in 
treating the nonlinear magnetic properties 
of the rotor, emphasizing instead the 
same concepts used in the design of con¬ 
ventional machines. The formulas which 
are obtained refer directly to the physical 
dimensions of the machine and to the elec¬ 
tric and magnetic loading of materials. 

Electromagnetic Field Problem 

Previous work on tlie electromagnetic 
field problem involved in the solid rotor 
machine has followed an approach based 
on modifying the results of a constant per¬ 
meability theory. Tlie work of Gibbs^ 
and McConnell* is illustrative. A graph¬ 
ical treatment to find the power loss per 
unit of rotor surface area lias been de¬ 
veloped by Pohl,» in which the machine 
performance is obtained by cross reference 
to families of curves. The metliod of 
Pohl is an extension to nonlinear media of 
a. method originated by Hay.* 
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Two aspects of this field problem 
appear. First is a consideration of the 
efforts made toward a solution of the 
eddy-current problem in solid iron under 
a pulsating excitation. Such a situation, 
typified by the solid iron cored toroid, 
produces an electromagnetic field without 
divergence by virtue of the geometry. 
Even in this case, purely analytical 
methods based on extension of the linear 
theoiy are quite awkward. Second, the 
solid rotor macliine presents a 2-dimen- 
sional field problem, which is of higher 
complexity because the divergence theo¬ 
rem must be included as one of tlie field 
equations. This added complication fur¬ 
ther reduces the usefulness of any rigorous 
quasi-linear treatment. 

Recent work using a limiting case 
theory® based on the idealized magnetic 
characteristic of Fig. 1 suggests that this 
same theoiy might be useful in obtaining 
a better understanding of the performance 
of the solid rotor machine. Tliis theory 
was first suggested by Wolman® in 1932 
as a method of attacking the problem of 
the rate of fiux rise through a magnetic 
circuit subjected to a step function of ex¬ 
citation. In 1936, F. and G. Haberland^ 
applied this tlieory to 1-dimensional situa¬ 
tions involving sinusoidally pulsating ex¬ 
citation. The theoiy has been applied by 
Ganz® in the development of pulse trans- 
fornier cores made from square loop mag¬ 
netic^ materials. This paper extends 
the limiting case theory to the 2-dimen- 
sional problem of the solid.rotor machine. 

ITomenclature 

/“Stator frequency, cycles per second 
effective air gap, meters 
*?»», pitch and distribution factors for 
fundamental 
m “ number of phases 
^ “number of poles 
r“slip, per unit 
i“time, seconds. 

y, s “space co-ordinates referred to stator 


fault has cleared (except for three remote 
phase faults). This arrangement seems 
preferable where a line side source of 3- 
phase potential is available or can be eco¬ 
nomically justified. 


y', s'—space co-ordinates referred to 
rotor 

depth of magnetic interface, meters 
saturation flux density, webers per 
square meter 

normal component of flux density 
■B 2 inuix“maximmn value of space funda¬ 
mental of air gap flux density 
E—stator induced electromotive force per 
phase, volts rms 

F“ magnetic potential, ampere-turns 
^—magnetic potential of magnetizing 
current 

magnetic potential of load current 
tangential component of magnetic 
field intensity, amperes per meter 
Hr “maximum value of tangential magnetic 
field intensity at rotor surface 
/“Stator current per phase, amperes rms 
le “rotor eddy current per unit of periphery, 
amperes per meter 
/«“ magnetizing current per phase 
/L“load current per phase 
/t “ axial current density, amperes per 
square meter 
/“Core length, meters 
i\^=stator turns per phase in series 
Re = equivalent rotor resistance, ohms 
7’=electromagnetic torque, newton meters 
Xnt “magnetizing reactance, ohms 
•X’£=equivalent rotor reactance, ohms 
a “phase angle, radians 
^ “phase angle, radians 
5“depth of penetration, meters 
/io=47rX10“* weber per ampere-meter 
P “resistivity, ohm-meter 
cr=conductivity, mho per meter 
T“pole pitch, meters 
Wo “Stator radian frequency, 2Trf 

Method of Analysis 

The analysis is restricted to balanced 
operation of the polyphase machine, and 
an equivalent circuit of the type shown in 
Fig. 2 is drawn to represent its electrical 
performance per pliase. This equivalent 
circuit divides the total stator current 
into two parts, a magnetizing component 

FLUX DENSITY I 


M^NEfic’ 

intensity 



Fig, 1. Idealized magnetic characteristic 
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Air-Gap Phenomena 
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Rs. 5 (left). Travel- 
Ins functions illustrat* 
ins masneiic field 
intensify at rotor 
surface and masnetic t 
state of rotor 



Fig. 6 (rishf). Air- 
gap flux density 
distribution and its 
space fundamental 
component 



be neglected for the purpose of further 
analysis of field phenomena in the rotor. 
The magnetic potential required to sus¬ 
tain the space fundamental of the air-gap 
flux density will be assigned to tlie magne¬ 
tizing current. Thus, for the funda¬ 
mental components 

(5) 

S-ff 

in which 

F,p(x, i)=0.9 — (kpika^N)!,/, X 




The remaining part of F(x, t) is the load 
component Fl(x, t) 

FLix,t)^F{x,t)^F^{x,t) 

Fzix. t) = 0.9 ~ (kp,ka,N)Iz X 
■P 


(t \ 


Zm.ff 

The quantities 5, 14 ,, I, Iz, F^, F, Fz 
a, are shown on the phasor diagram 
of Fig. 4. The unknown angles a and jS 
are detennined from the rotor field 
analysis to follow. 

Rotor Field Analysis 

Rotor co-ordinates are denoted by 
primed S3nnbols x', y', z' with the origins 
shown in Fig. 3 . The traveling func¬ 
tions f(x'x/T Wfli) referred to stator co¬ 
ordinates take the form/(7r»/r'-^woi) re¬ 
ferred to rotor co-ordinates. The origins 
x ~0 and x^—Q coincide once per revolu- 
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tion, although this has no bearing on the 
analysis. 

f A 2-dimensional field is assumed, imply- 

• ing that end effects are neglected. The 
■ use of a rectangular co-ordinate system 
> implies that the rotor curvature is not 
important. As pointed out by Con¬ 
cordia* this procedure is justified even for 
2 -pole machines if the ratio 8/t is smaU. 
These two major assumptions will be dis¬ 
cussed in detail later. 

The rotor surface is laid off in strips of 
width one of which is shown in Fig. 3 . 
Each surface element thus defined experi¬ 
ences a tangential magnetic field intensity 
pulsating at slip frequency and of ampli¬ 
tude ifjp, where 

TC ft% 

HT^Q.^-j{kpMN)Iz (8) 

as a consequence of equations 7. Be¬ 
cause of the traveling excitation, neigh¬ 
boring elements see the same amplitude 
of pulsating field intensity but with a 
time phase displacement. The litniKtig 
nonlinear field theory of reference 6 will 
be applied to each rotor element individ¬ 
ually. 

The flux density at any point within 
the rotor may be changed only if the field 
intensity is zero (Fig. 1 ). As is shown 
in reference 5, this statement requires 
that tlie magnetization of the rotor de¬ 
ments proceed by the propagation of an 
interface between regions • magnetized 
tangentially in opposite directions. At 
this interface the magnetomotive force 
of the eddy currents within the element 
must be balanced by the magnetomotive 

force externally apph'ed to the element. 3 

Quantitative application of these argu- j 
ments establishes the location of the inter- s 

face within the element as a function of 1 
time. Consideration of all such elements < 
leads to the distribution of eddy currents £ 
within the rotor. The relationship be¬ 
tween the load component of the stator t 


current and the rotor eddy currents is es¬ 
tablished in this way. 

It is shown in reference 5 that a uniform 

current density exists between the ele¬ 
ment surface and the moving interface, 
while no eddy current flows on the other 
side of the interface. The density of 
eddy currents is 

Jt - (9) 

when the flux density is being changed 
from —Bf to -j-Bg. Since this density 
is uniform, the total eddy current con¬ 
tained in the element is found from 

~'2Bg(rzo' ( 10 ) 

The field intensity at the rotor surface 
must balance /«of equation 10 so that the 
fieldintensityat9=z6'iszero. Therefore 

Ht sin ^2Bgazo' 

( 11 ) 

Integration of equation 11 yields the 
depth of the interface 

V 2IIt I/t \ 

— ( 12 ) 
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Equation 12 expresses a traveling wave 
function which describes the position of 
the interface at any value of {x\ t) within 
the interval 0<iirx'/r +a-jcoo/)< 7 r. At 
the extreme of the interval where the 
argument (tx'/t +0 :—jc«\»#) has the value 
T, the process of reorienting the active 
layer of the rotor material from —Bg to 
~\-Bg is just beginmng. This reorienta¬ 
tion is complete at the other extreme of 
the interval where the argument (r»'/r-|- 
a—suot) has the value of zero. The 
traveling function illustrating the mag¬ 
netic field intensity at the rotor surface 
and the magnetic state of the rotor are 
shown in Fig. 5. This pattern moves to 
the right with the wave of excitation, with¬ 
out change in the shapes of the bound¬ 
aries. 

Equation 12 and Fig. 5 show that the 
total tangential flux carried by each rotor 
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over half-cycle intervals. Thus 
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End Effects 


The analysis has neglected any extra 
impedance introduced at the ends of the 
rotor. The usual procedure in conven¬ 
tional machines is to group the resistance 
and reactance of the end connections to¬ 
gether with the squirrel-cage impedance 
to obtain an over-all rotor impedance. 
The situation in the solid rotor macliine 
is quite different because of the non¬ 
linearity. 

Rotor currents entering the end regions 
cause an electric potential to appear at 
the ends of each rotor element. The 
electric field established by the moving 
interface (Fig. 3) must balance both the 
potential drop (due to eddy currents) 
within the element and the added poten¬ 
tial at the ends. Thus the interface 
must move faster than indicated in 
equation 9. Consequently, a given 
value of H-p yields a greater depth of 
penetration than given by equation 16. 
But the depth of penetration is actually 
fixed by the maximum air-gap flux 
density, as shown in equation 17; tliere- 
fore the presence of the end ring potential 
reduces the operating value of Up and 
consequently reduces the load component 
of stator current. It is as though an 
impedance were placed in series with 
the rotor impedance of equations 24. 
The evaluation of this added impedance 
will be discussed qualitatively in the 
following paragraphs. 

Tlmoughout the analysis it has been 
assiuned that the boundary condition at 
the rotor surface is a sinusoidally dis¬ 
tributed traveling wave of tangential 


magnetic field intensity. The rotor 
current whi^ flows in response to this 
swface excitation has a nonsinusoidal 
distribution in both density and depth 
However, the total current carried by 
&e active part of the rotor is sinusoidally 
distributed. 

The presence of the end ring potential 
Will alter the space distribution of rotor 
current density, causing it to depart from 
the ideal shown in Fig. 5. Still, the total 
rotor current will be sinusoi dall y flis- 
tnbuted to satisfy both the boundary 
condition and the limiting nonlinear 
theory of eddy currents. This argument 
IS independent of the type of end rinv 
used. 

The presence of the end ring causes a 
reduction in the operating value of Hp 
as shown previously. In addition, a 
change in the density of rotor currents is 
brought about. Therefore, the end ring 
both adds an impedance to the circuit 
and causes a change in tlie impedance 
offered by the active layer itself. This 
type of interaction is typical of nonlinear 
systems. 

Copper End Ring 

In the case of copper end rings, the end 
ring potential is sinusoidally distributed, 
as the end ring is made of a linear ma¬ 
terial. Since the resistivity of copper 
is considerably smaller than that of steel, 
the end ring potential will be small if the 
end ring and the active layer are operated 
at about equal current densities. Under 
such conditions the distortion of current 


density in the active layer will be of 
second order, so that the end ring and 
active layer impedances may be added 
directly. 

Steel End Region; Continuation op 
Active Layer 

^ In ^e case of steel end regions, the 
sinusoidally distributed active current 
entering the end region encounters 
nonlinear magnetic material of the same 
kind as the active layer. The depth of 
penetration of these currents is de¬ 
termined by the current and rotor fre¬ 
quency, whereas the depth of penetration 
in the active layer is determined by the 
required air-gap flux (equation 17), 
The process in the end region is similar 
to conductive heating w5th a forced 
current, establishing a potential at the 
end ring which depends on tliis current, 
its depth of penetration, and its fre¬ 
quency. The phenomena in this active 
layer and the end regions are related in 
a nonlinear manner, the variables being 
the ratio of pole pitch to core length, 
the rotor frequency, and the total air-gap 
flux. Theoretical work on this problem 
is in process. 

Experimental Work 

The performance of the solid rotor 
machine was investigated experimentally 
using a commercial 2-phase stator. A 
rotor was constructed using SAE 1020 
steel with a 3/16-inch overhang on each 
end, which formed the end patli for rotor 
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currents. After the test program on 
this rotor was completed, the overhang 
was removed and a soft copper pnd ring 
1/4 by IV4 inch in cross section was 
soldered to each end. The pertinent 
machine data are as follows: 

General 

Rated power output, 3/4 horsepower. 

Rated voltage, 440 volts. 

Rated frequency, 60 cycles per second. 
Number of phases, 2. 

Number of poles, 4. 

Stator Winding Data 

Number of turns per phase connected in 
series, 1,080. 

Winding pitch factor (fundamental), 0.940. 
Winding distribution factor (fundamental), 
0.903. 

Winding resistance per phase at 26 degrees 
centigrade, 27.2 ohms. 

Machine Dimensions 

Stator core length, 0.0636 meters. 

Pole pitch, 0.0870 meters. 

Physical air gap length, 4.07 X 10 meters. 
Stator Carter coefficient, 1.166. 

Effective air-gap length, 4.70 X 10 meters. 
Stator bore diameter, 4.375 inches. 

Rotor diameter, 4.343 inches. 

Ratio-active rotor length to pole pitch, 0.73. 

Electric and magnetic properties of the 
rotor material are given in Fig. 8. This 
irrfoimatiou was obtained from tests 
made upon a solid ring cut from the 
same piece used for the rotor. 

The stator was equipped with a 6-tum 
full-pitch ^arch coil made of no. 30 
copper wire and cemented to the surface 
of the stator. This search coil was used 
to examine the wave shape of the radial 
air-gap flux density distribution and for a 
direct measurement of the induced volt¬ 
age. A thermocouple, type of voltmeter 
was used in this measurement and its 
reading corrected according to a wave 
analysis to give the rms value of the 
fimdamental component of this voltage. 

The rotor resistance and reactance 
were calculated according to equations 
24, using the refinement described in 
connection with equation 26. These 
calculated values are compared in Fig. 9 
with test results obtained using the rotor 
with copper end rings. The test values 
of impedance were determined from the 
complex ratio of stator-induced voltage 
to the load component of stator current. 
The stator-induced voltage was obtained 
from observed values of the fundamental 
electromotive force induced in the search 
coil. The load component of stator 
current was obtained from a phasof 
diagram in which the magnetizing current 
was subtracted from the measured stator 
current. In each test, the applied stator 
voltage was adjusted to maintain a 
constant induced voltage. Tests were 



Fig. 10. Calculated values and test results 
for torque characteristic 

Curve A/ theoretical 

Curve B, rotor with copper end rings 

Curve C, rotor with steel end rings 


made for two other induced voltages, 190 
and 366 volts rms, with similar agreement 
between <a,lculated and test values. 

Tests on the rotor without copper 
end rings show a considerable increase 
in rotor impedance. This result is con¬ 
sistent with the qualitative discussion 
of end effects. These test values are also 
shown in Fig. 9 for a 263-volt induced 
voltage. 

During the tests for verification of the 
equivalent circuit, the torque was meas¬ 
ured by dynamometer. These torque 
measurements are diown in Fig. 10. The 
torque calculated according to equation 
26, using again the refinement outlined 
in equation 26, as shown for comparison. 
End effects account for a large part of 
the discrepancy noted. 

Conclusions 

This study of the solid rotor machine 
is based on a fidd theory applicable to 
the limiting case of saturable magnetic 
materials. As such, the study shows tlie 
way in which the dimensions of the 
machine and the properties of materials 
separatdy affect the performance. This 
separation of attributes is significant to 
the design process. 

This and other studies of the solid 
rotor machine indicate the importance 
of the end effect. However, the present 
study leads to an imderstanding of this 
problem in terms of the dectric field 
and the rotor current distribution, which 
have been obscure. 


The general results are in agreement 
with those published by earlier investi¬ 
gators, who use with great ingenuity 
adaptations of the dassical eddy-current 
theory. 
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Discussion 

W. J. Gibbs (The British Thompsoii- 
Houston Company, Ltd., Rugby, War¬ 
wickshire, England): The most striking 
result of the authors’ calculations and tests 
is the great increase in torque achieved by 
using copper end rings shown in Fig. 10. 
Is not this mainly due to the machine’s being 
rather short ( 2 V 2 inches) and its pole pitch 
rather large ( 3 V 2 inches) for its diameter? 
Nevertheless, the improvement is un¬ 
expectedly good and it does suggest that 
some research should be concentrated on 
a theoretical treatment of end effects, 
because they seem to have a vital influence 
on the whole performance. It would be 
interesting to see curves of primary current 
corresponding to Fig. 10, because torque 
per ampere is an important figure in many 
applications. 

We usually find tlie efficiency of solid 
rotor machines rather low. In the authors’ 
experimental machine the air gap is given 
as 0.018 inch which is a normal induejion 
motor air gap. We should expect that 
with such a short air gap and a solid rotor 
the surface iron loss on no load would be 
excessive. Did tlie authors measure the 
no-load losses? And are the stator slot 
openings abnormally narrow? The actual 
power factor and efficiency curves of the 
machine would be both interesting and 
useful. The authors are to be congratulated 
on their work in this important field. 
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Rg. 11.. Torque per ampere 
corresponding to Rg. 10 


H. M. McConnell and E. F. Sverdrup : 
We are grateful to Mr. Gibbs for his con¬ 
tribution to the paper. His comments on 
end affects agree with our conclusions. A 
rdatively short machine was used in the 


experimental work, although we believe 
that the machine chosen is fairly representa¬ 
tive of commercial practice. 

A curve showing the torque per ampere 
corresponding to Fig. 10 is shown in Fig. 11. 


Reference to manufacturers’ data for this 
motor with its normal squirrel-cage rotor 
diows that the locked torque per ampere 
with the solid rotor, with copper and 
is about three times the value with the 
squirrel cage. 

The efficiency of the solid rotor tnachme 
is low if it is compared with a squirrel-cage 
machine of equal dimensions, considering 
in each case the slip required to develop 
name plate torque. This low efficiency is 
a property of any machine with hign- 
resistance rotor. This point is emphasized 
to put the rotor surface loss in proper p^- 
spective. The rotor surface loss is naturally 
large in the solid rotor machine, but it is 
not predominant in causing low efficiency. 

An approach to the surface loss problem 
can be made by cl^ical eddy-^rrent 
theory, using the residual permeability of 
the rotor iron and using as boundary condi¬ 
tions the known harmonic content of the 
stator magnetic potential. 

Unfortimately, data are not available to 
show the no-load loss, the power factor, or 
efficiency. However, examination of Fig. 
10 shows that the rotor impedance does 
indeed 3 deld a current locus which is a 
straight line (equation 24);, the theory also 
predicts that the power factor with respect 
to induced voltage approaches asymptoti¬ 
cally the value 89.6 per cent. The tests 
confirm this value. The experimental 
machine was made up using a stator of 
standard manufacture, and the stator slot 
openings were normal. 


Improved Fast-Acting Thermal Relay and 
Its .Application as a Cage ^p/inding 
Protective Relay for Synchronous Machines 


JOHN BAUDE 

ASSOCIATE MEMBER AIEE 


vanced to the point where appreciable 
dose matching of machine thermal char¬ 
acteristics with the rate of heating of the 
thermal rday is obtained. 

Referring to equation 1, it is obvious 
that thermal relays are ideal for a rela- 
tivdy long time out period, and it is also 
apparent that for a constant value of Tt 
an exponential relation exists between W 
and t which is illustrated in Fig. 1. This 
means that, for relativdy sinaU values of 


t, 


the energy transfer requirement still 

•f*__ 


T hermal relays have been used in the 
past for a great variety of purposes 
because they are simple and rdiable de¬ 
vices, but they are rdatively slow in ac¬ 
tion. A description of design and ap¬ 
plication of a new fast-acting thermal re¬ 
lay for synchronous machine protection 
and control purposes follows. The usual 
application of thermal relays makes use of 
only the h eating part of a total thermal 
cyde for purposes of motor control and 
protection. Such practice involves the 
simple direct or indirect heating of a bime¬ 
tallic strip, which acts upon a contact¬ 
making device which in turn is arranged to 
stop motor operation, give an alarm, or 

perform any other desired function. 

The thermal problem involving the re¬ 
lay can be studied with the hdp of the 
following equation. 1 



where 

Jiff sa mass of bimetallic element 
5=heat capadty per gram, joules per 
gram per 1 degree centi^ade 
TF^rate at which heat is applied to mass 
Jkf, watts 

A=rate at which heat is exchanged between 
the medium and the mass M per 
degree difference in temperature, 
watts per 1 degree centigrade 
Tisa temperature increase of bimetallic 
strip sufficient to cause defl,ection for 
contact operation 

Jaatime in seconds to cause a temperature 
increEise of Ti 
«=a2.718 

The art of ddaying the heating of the 
thermal relay’s bimetallic strip during the 
fiarst part of the thermal cyde has ad- 


rdation between W and t, and large 
amounts of energy are required for a short 
operation time regardless of whether the 
bimetallic strip is used as a heating cur¬ 
rent conductor or the operating element 
is heated indirectly. In normal motor 
protection practice it is not required t^t 
the thermal relay, simulating machine 
thermal characteristics, act very fast. If, 
however, the thermal rday operation can 
be increased to approximately 4 seconds 
with a reasonable operating current, say 
2 to 3 amperes at 125 vol ts d-e such a de- 

Paper 55-100, recommended by the AIBB Belaya 
Committee and approved by the AIBB Committee 
on Technical Operations for presentation at the 
ATTiiTT. Winter General Meeting, New York, 
N. Y., January 31-February 4, 1965. Manuscript 
submitted October 22, 1964; made available for 
printing November 19, 1954. 

John Bavdb is with the AlUs-Chalraers Manu¬ 
facturing Company, West Allis, "Wis. 
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Fig. 1 (left). Energy re¬ 
quirement of thermal relay 


Fig. 2 (light). Heating 
characteristic of thermal 
relay 
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vice could help solve a difficult synchro¬ 
nous machine problem and provide inex¬ 
pensive protection for the most vulner¬ 
able part of a synchronous motor or syn- 
^^ouous condenser, which is its cage or 
amortisseur winding. This winding is 
used for starting purposes and has a very 
limited thermal capacity which usually 
varies between 4 to 10 seconds at locked 
rotor condition. This starting winding 
has no outside connections. The rate 
of heating of this winding is substantially 
proportional to the slip cycles per second 
of the motor. In reduced voltage starting, 
it is also inversely proportional to the 
ratio of the square of the line voltage to 
the square of the reduced voltage during 
starting conditions. 


this type can be expanded to include simu¬ 
lation of the machine’s cooling character¬ 
istic if a residual current is circulated 
through the heater of the thermal relay 
after the heating period is completed. 
In Fig. 4 the cooling characteristic of the 
same relay is shown under normal ambient 
temperatures; in the construction of such 
a relay experience has shown that the 
shorter the heating period is compared 
with the cooling the more difficult it is to 
find a satisfactory design solution. If 
equation 2 for cooling is compared with 
equation 1 for heating, the existing de- 
sign limitations can be seen more readily. 

The cooling period of the total thermal 
cycle can be studied with the help of 
equation 


The ideal cage winding protection relay 
should operate on a slip cycle per second 
basis and in accordance with the ter¬ 
minal voltage of the machine. At locked 
rotor condition the temperature rise in the 
cage winding of a specific motor may be 
well over 100 degrees centigrade per 
second. A fast-acting thermal relay can 
be arranged to simulate the thermal char¬ 
acteristic of the cage winding of a motor 
by connecting it to the control voltage 
source, and inserting various resistors into 
its circuit, which are controlled in ac¬ 
cordance with the conditions under which 
the motor has to operate. The most im¬ 
portant requirement for such a relay is re¬ 
liable operation. Operating speeds up to 
4 seconds with moderate power require¬ 
ments are also recommended. 

Fig. 2 shows the heating characteristics 
of a special fast thermal relay at normal 
ambient temperature. This relative high 
speed was obtained by modification of a 
standard relay in such a manner that the 
heatiiig dement was sandwiched between 
two bimetallic strips as shown in Fig. 3 in 
order to provide the necessary concentra¬ 
tion of energy transfer from the source 
to the bimetallic strips. 

The application of a thermal rday of 


where 

Tj) temperature difference between the 
bimetallic element and the medium 
at any time t 

ri=the initial temperature before cooling 

To will now be considered as the necessary 
temperature difference at which the relay 
wiU reset after heating to a time out point; 
it is noticed from equation 2 that the re¬ 
set time t vanes directly proportional with 
the mass M which is a design factor of the 
rday. The greater the mass the longer 
the natural reset time has to be, keeping 
other factors constant. A residual cur¬ 
rent during cooling will act to restore lost 
energy and lengthen the reset time by 



Fig. 3. Thermal relay 


raising the ultimate temperature of the 
bimetallic element in accordance with 
equation 1. The typical curves of Figs. 2 
and 4 show the performance of a thermal 
rday with all of its design factors prop¬ 
erly balanced to meet spedal require¬ 
ments for synchronous machine protec¬ 
tion such as: 

1. Low energy requirements. 

2. Minimum trip-out time 4 seconds. 

3. Controllable reset time up to 15 minutes. 

4. Long life combined with high operating 
temperature making additional ambient 
temperature compensation unnecessary. 

The cage protection thermal relay, Fig. 
3, was designed to include an additional 
separatdy heated thermal dement acting 
upon the same contact mechanism for pur¬ 
poses of an over-all check of relays during 
the starting period on a coimiion time 
basis. The timing of this separate ele¬ 
ment is based upon normal functioning of 
all rdays and starting of the motor under 
normal load conditions. If any one of the 
relays fails to function properly, this 
separate part of the cage protection relay 
will function to act as an incomplete se¬ 
quence relay and take the motor off the 
line. 

Application of Cage Protection Relay 

The application of the combined cage 
protection and incomplete sequence relay 
is described in the following. Fig. 6 is a 
sdiematic diagram for full-voltage start¬ 
ing and Fig. 6 for reactor starting. 

Full-Voltage Starting Scheme, Fig. 5 

The dosing drcuit of circuit breaker 
42 is e^rgized by a push button, a con¬ 
trol switch, or any automatic device hav¬ 
ing a momentarily operated normally 
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Fig. 4. Cooling characteristic of thermal relay 
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open or a maintained contact. The 
undervoltage and reverse phase relay 47 
has one of its contacts connected in series 
in the closing circuit in order to prevent 
starting of the motor on low voltage. 
Provided that contact 47 in the dosing 
circuit is closed, assuring proper voltage, 
the operation of the starting push button 
will pick up 42X and energize the dosing 
coil of circuit breaJcer 42CC; upon com¬ 
pletion of the closing cyde of the circuit 
breaker, rday 42Y by action of its con¬ 
tacts will either lock itself in if the start¬ 
ing push button is of the maintained con¬ 
tact type or will drop out when the push 
button is released. This type of control 
is standard and is antipumping. During 
the starting cycle and before synchroniza¬ 
tion, the synchronous motor is protected 
by primary relays, including generally 
single-phase induction overcurrent rdays 
with instantaneous tripping attachments, 
and theniial overload relays. When re¬ 
quired, differential rdays, current balance 
relays, and other primary protective relay 
may be added easily to this standard con¬ 
trol scheme. 


Cage (Starting) Winding Protection 

Cage winding protection of the syn¬ 
chronous motor is provided by means of 
thermal relay 48, which is connected at 
the beginning of the starting cycle into the 
control circuit by action of a normally 
open contact of auxiliary relay 13X . The 
action of thermal rday 48 is controlled by 
two resistors R4 and R5. R4 is adjusted 
to provide sufficient time for starting 
under normal conditions. Resistor R5 
is diort-circuited by the contact of a fidd 
current failure relay 40 and a normally 
dosed contact of fidd contactor 4i. As 
soon as the starting cyde is completed and 
the fidd contactor doses, RS is cut into 
the circuit and current continues to flow 
through the heater dement of thermal re¬ 
lay 48. This current is reduced to a value 
which may be adjusted to delay the cool¬ 
ing of the thermal relay to the point where 
it approximates the rate of heat dissipa¬ 
tion of the cage winding of the motor 
under normal running conditions. In this 
way maximum co-ordination of the cage 
protective relay with the thermal charac¬ 


teristics of the cage winding of the motor 
is accomplished. This method of co¬ 
ordinating the operation of relay 48 with 
the characteristics of the cage winding of 
the motor is carried further for cases in 
which the synchronous motor has been 
overloaded to the point of pullout or shut¬ 
down. To prevent an excessive number 
of unsuccessful restarts under adverse 
operating conditions the residual heater 
current of the thermal relay is increased 
by circulating current from the source 
through rday contact 48 through a nor¬ 
mally dosed contact of relay J 3X to a tap 
on resistor R5 through the heater dement 
of thermal relay 48 through resistor R4 
and' back to the source. The increased 
residual current through the relay will de¬ 
lay cooling of the thermal rday further 
and will simulate the cage winding’s rate 
of cooling under conditions of lockout due 
to overload. 

Refinements 

Other extra features that may be added 
to this cage winding protection scheme in¬ 
clude locked rotor protection by attaching 


Fig. 5. Connec¬ 
tion diagram for 
full-voltage mo¬ 
tor starter 

42: Running 

breaker 

13: Field ap¬ 

plication relay 
40: Field failure 
relay 

41: Field breaker 
41X: Auxiliary 
relay for field 
breaker 

48: Cage wind¬ 
ing protection 
relay 

47: Undervolt¬ 
age and reverse 
phase relay 
13X: Auxiliary 
relay 

Note: 41X used 
only when shut¬ 
down on pullout 
is required. Con¬ 
tacts 41X and 
41 X 2 must be 
make before 
break type 
* Zero speed 
switch on motor 
is required if 
locked rotor pro¬ 
tection is desired 


a zero speed switch to the motor, the con¬ 
tact of which is closed when the motor is 
at standstill. This contact short-circuits 
a portion of one of the series resistors in 
tlie relay circuit of thermal relay 48 and 
cuts down the operating time of this relay 
to a point where it matches the allowable 
time which the motor can operate with 
full voltage on its terminals but with the 
rotor locked. If it is impossible to equip 
the motor with a zero speed switch, the 
same thing can be accomplished by oper¬ 
ating an underfrequency relay from taps 
on the discharge resistor of the motor field 
circuit. The contact of this underfre¬ 
quency relay is connected into the circuit 
in the same manner as a contact of the 
zero speed switch just described. 
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Field Application 

Field breaker 41 is controlled by field 
application relay 13. This relay is a 
simple clapper-type relay which carries 
two coils. One of these coils, ISA, acts as 
a polarizing coil and is connected into the 
field supply circuit by means of a nor¬ 
mally open contact of relay 13X. The 
other coil, 13B of field application relay 
13, is connected in series with the motor 
field, the discharge resistor, and a nor¬ 
mally closed contact of field contactor 41. 
During the starting cycle coil 13B there¬ 
fore will be under the influence of the in¬ 
duced field current during the starting 
cycle and before the field contactor closes. 
The combined action of coils 13A and 
13B provides that the two superimposed 
fluxes cancel each other at a certain point 
of each positive half-cycle, which causes 
relay dropout based upon time constant 
and air-gap adjustments. Relay 13 is ad¬ 
justed to drop out at approximately 95 to 


POT 



98 per cent of S 3 mchronous speed. Once 
the field contactor has closed under the in¬ 
fluence of the field application relays 13, 
the flux from coil 13A is increased by cut¬ 
ting out a portion of its series resistance to 
prevent subsequent pickup on field cur¬ 
rent surges. 

The control circuit of the firid contactor 
functions as follows: At the instant the 
circuit breaker of the motor is closed, field 
application relay 13 will pick up and its 
normally closed contact 13, which short- 
circuits the auxiliary relay 13X, opens up. 
When 13X is energized it locks itself in 
through a resistor and a normally open 
contact of the circuit breaker. This re¬ 
lay is necessary to set up the circuit for 
the closing coil of the field contactor 
which otherwise might pick up simultane¬ 
ously with field application relay 13. After 
the circuit for dosing of the field con¬ 
tactor has been set up by field application 
auxiliary relay 13X, the field contactor 


Fig. 6. Connection diagram for 
reduced-voltage motor starter 

42, 13, 40, 41, 48, 47, 13X, and * 
are the same as for Fig, 5 
6: Starting breaker 
19: Transfer and lockout relay 
A: Connected for shutdown after 
pullout 


will dose when relay 13 drops out and 
doses its contkit 13. A drcuit in this 
form is set up to provide for automatic 
resynchronization on pullout. Under cer¬ 
tain circumstances and with certain types 
of load it may be necessary to shut down 
as soon as the synchronous motor has 
pulled out of step. Shutdown is provided 
by the addition of a rday 41X, the con¬ 
tact of which is connected in series with a 
normally dosed contact of the fidd con¬ 
tactor. This arrangement will energize 
trip coil 42TC oi the circuit breaker and 
trip this breaker instantaneously on pull¬ 
out. Tripping of the circuit breaker is 
accomplished either by push button or by 
any other automatic control device. 

To 'check the over-all performance of all 
the relays during the starting period, a so- 
called incomplete sequence rday 48X is 
provided. This rday is actually part of 
the cage winding rday as previously 
explained but consists of a separate heater 
dement operating on the same contact as¬ 
sembly of relay 48. This heater is ad¬ 
justed to provide backup protection for all 
of the other automatic devices and the 
time setting is slightly longer tlian it nor¬ 
mally takes to synchronize the motor. 

To provide the operator with some 
means which will indicate when relay 48 
has automatically reset after a lockout 
operation, a reset indicating lamp is pro¬ 
vided in series with contact 48-48X to in¬ 
dicate when this relay has reset. This ar¬ 
rangement cuts down lost operating time 
because of a lockout. 

Reactor Starting, Fig. 6 

The prindple of operation of the react¬ 
ance starter is the same as described in the 
foregoing for the full-voltage starter. The 
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main difference in operation is the fact 
that the starting cycle involves the closing 
of two circuit breakers instead of one. 
The operation of field application relay 13 
is exactly the same as described for the 
full-voltage starter. The cage winding 
protection relay 48 is further modified in 
its operating characteristics by a normally 
open contact of the running breaker 42 
which provides for the insertion of dif¬ 
ferent series resistance values to co¬ 
ordinate the operation of relay 48 with the 
variation in the heating time of the cage 
winding under fuU-voltage conditions as 
against reduced-voltage operation. A 
timing relay device 19 is provided as a 
transfer and lockout relay. The purpose 
of this relay is to energize the running 
breaker closing circuit 42 after a prede¬ 
termined time. This function is per- 
fonned by contact 19T1 of this relay. An¬ 
other contact 19T2 in series with a nor¬ 
mally closed contact of the running 
breaker 42 is connected into the trip cir¬ 
cuit of the starting breaker 6 to protect 
the starting reactor and open up the start¬ 
ing breaker in case the running breaker 
should not close for any reason. 

The connection marked A can be made 
to provide for immediate shutdown on 
pullout. Relay 48X again acts as an in¬ 
complete sequence relay and its operation 


Discussion 

H. C. Barnes (American Gas and Electric 
Service Corporation, New York, N. Y.): 
The author’s coverage of the problem of 
motor cage windings points out the need for 
an improvement in motor standards. It 
is extremely difficult for the relay designers 
and engineers to protect motors adequately 
when such great variations exist. 

On several occasions, we have endeavored 
to correlate thermal relay tripping times 
with motor thermal characteristics. The 
relay manufacturer is extremely evasive on 
the question of margin between relay time 
and motor thermal capability, particularly 
in the case of the heaters normally supplied 
with magnetic contactors. He will tell 
you that the curves are based on an “aver¬ 
age” of motor characteristics but will not 
produce the curves from which the “average” 
is taken. His stock answer is that curves 
for each motor should be obtained from the 
motor manufacturer. The motor manufac¬ 
turer will give some equally evasive answer 
to the effect that each motor has its own 
characteristics which can be determined 
only by tests which are economically prohib¬ 
itive. With such answers determination 
of adequacy of protection is difficult, to say 
the least. 

In addition to this lack of information, 
there are the other problems of ambient 
temperature, particularly if the thermal re¬ 
lay and motor are in widely separated areas, 
the difference in cooling characteristics be- 


somewhat parallels the function of trans¬ 
fer relay 19. 

The autotransformer starting scheme 
involves the proper co-ordination of three 
breakers. Starting breaker 6B, neutral 
breaker 6A, and running breaker 42 are 
interlocked in such a way that the neutral 
breaker 6A is closed first, then the start¬ 
ing breaker 6B, and after a period of time 
the running breaker 42 is closed and 
breakers 6B and 6A are open. The prin¬ 
ciple of operation otherwise is exactly the 
same as described for the reactance 
starter. 

Conclusion 

The previous description of a special 
thermal cage protection and incomplete 
sequence relay for synchronous machines 
outlines the practical design limits which 
were readied for a simple thermal relay 
for this type of application. Adequate 
protection of a synchronous machine’s 
cage winding is one of the most important 
requirements for modern motor applica¬ 
tions because it eliminates the danger of 
ruining the motor as the result of the 
operator’s misjudgment of the motor’s 
thermal capadty. Also adequate protec¬ 
tion for the starting reactor is provided 
when reduced-voltage starting is used. A 

- 4 -^- 

tween the relay and motor, and the diffi¬ 
culty in testing thermal relays because of 
the long wait for them to cool to ambient, 
all of whidi discourage any feeling of confi¬ 
dence in tliermal protection of motors. 

When it is realized that thermal overload 
protection generally consists of an effort 
to make the minute mass of the thermal ele¬ 
ment act just like the comparatively huge 
mass of the motor, it becomes evident that 
correlation will be difficult. Therefore, 
perhaps the author’s approach of basically 
establishing a definite time and then varying 
it for the starting cycle or for locked rotor 
is more realistic than trying to match all 
points of the thermal curve. 

Perhaps this could be carried further to 
eliminate the thermal relay and its inherent 
weaknesses and utilize synchronous timers 
instead. The induction overcurrent relay 
is a modification of this in that in general it 
trips in a fairly definite time once a certain 
percentage overload is reached. It makes 
no effort to match motor thermal charac¬ 
teristics. This type of protection has been 
fairly satisfactory although admittedly 
motor damage could result from continuous 
operation in the band between motor rating 
and pickup of the relay. A properly func- 
tioningthermalrelay would, of course, permit 
some operating advantage where short-time 
overloading above the induction relay 
pickup setting was considered desirable. 
Both the definite timer, and the thermal de¬ 
vice as applied here, would have the advan¬ 
tage of being applkable where no current 
transformers were available. 


simple indicating lamp which indicates 
the position of the cage protection and in¬ 
complete sequence relay will help the 
opo'ator to see exactly when the motor is 
ready to go through another complete 
starting cycle, and will be especially ap¬ 
preciated in industries which impose fre¬ 
quent overloads upon their motors. 

Since the copper in the cage winding is 
active only during starting, the tendency 
exists among motor designers to decrease 
the amount of copper which is put into the 
starting winding of motors because all in¬ 
active material is eliminated as much as 
possible. The knowledge that efficient 
cage protection is always provided may be 
considered an important factor in altering 
present design practice. Furthermore, 
there seems to exist a discrepancy at pres¬ 
ent between the standards covering ther¬ 
mal capacities of starting reactors and the 
thermal capacity which is commonly de¬ 
signed into the cage winding of a motor. 
It seems that adequate cage protection 
automatically provides starting reactor 
protection on a precise basis which would 
permit revision of the present standards. 

Reference 

1. Thermat. Problems Rblatino to Measuring 
AND Control Devices, W. N, Goodwin, Jr. Weston 
Engineering Notes, vol. 2, no. 6, Dec. 1947, pp. 3 
and 4. 


There does not appear to be a statement 
as to the operating tolerance of this device 
Such information would be of interest. 

Fig. 3 appears to be intended to illustrate 
the advantage of placement of a bimetal on 
each side of the heater to take full advan¬ 
tage of heat availability. It is not clear 
just what this advantage is. It would seem 
that each would react to one-half the heat 
and each would travel the same amount. 
Are the^ additively coupled in some way? 

The use of the polarized field application 
relay with one winding across the discharge 
resistor is one way of indicating the approach 
of synchronous speed. We have always 
used the simple plunger overcurrent relay 
in the secondary of one of the armature cir¬ 
cuit current transformers of large syn¬ 
chronous condensers for this purpose. This 
seems to have the advantage of reduced ex¬ 
posure of field circuits to grounds or short 
circuits. 

Inclusion of the incomplete start function 
48 as a. part of this device might be of dis¬ 
advantage because of the need to await 
cooling if the full time is to be realized, 
A synchronous timer might be better. 

This seems a good time to point out that 
the AIEE Relay Committee has established 
a Project Committee on Motor Protection, 
The purpose is to review present practices 
and to prepare an application guide for 
motors and synchronous condensers. The 
material presented in this paper will be 
valuable in guiding this work. The com¬ 
mittee would welcome any otlier similar in¬ 
formation on available protection as well as 
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letters pointing out weaknesses of present 
protection. No doubt there will be a need 
for much consultation with manufacturers 
of motors, relays, industrial control, and 
special protective devices such as those re¬ 
lated to lubrication and cooling. Full co¬ 
operation will be needed since the field of 
exploration is unlimited. Letters should be 
addressed to Mr. Von Roeschlaub or to me. 


John Baude: I should like to thank Mr. 
Barnes for his discussion which emphasizes 
the need for a revision of motor standards. 
Only complete co-ordination of motor and 
starting reactor standards can help to realize 


the benefits of modem protective and con¬ 
trol methods, of which cage winding protec¬ 
tion for synchronized machines is only a 
relatively small part. 

Since the cage winding protective relay is 
intended to protect the motor during the 
relatively short time of subsynchronous 
operation only, the rela/s operating toler¬ 
ance is safely within the accuracy with 
which cage winding thermal capacity can 
be predicted. In general, it will be found 
that the heating cycle of this type of non-, 
compensated relay is less affected by am¬ 
bient temperature changes than the cooling 
cycle, and both tolerances vary with the 
operating periods. 



Since the contact mechanism of the relay 
requires a definite force for operation, two 
bimetallic strips will help to provide this 
critical operating force in less time than 
one, and the heat generated within the 
heater element is more protected from radia¬ 
tion than it woxild be with a angle bimetallic 
strip. 

The incomplete function heater element 
48X in Pig. 5 was included for backup pro¬ 
tection of the heater element device 48 in 
Fig. 6. The cooUng time of 48X is much 
shorter than of that of 48 and thus will 
cause no needless waiting time of the opera¬ 
tor in case of an incomplete sequence opera¬ 
tion. 
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T his paper presents results of an in¬ 
vestigation into a phase of the light¬ 
ning protection problem which has not 
been completely evaluated in the past: 
that of protection against direct strokes 
terminating on transmission towers and 
conductors immediately adjacent to high- 
voltage stations. Lightning protection of 
extensive stations in the past has been 
based on the premise of incoming travel¬ 
ing waves on overhead transmission lines, 
the surge having originated 1 or V/a 
miles away from the station. This broad 
premise encompasses two basic assump¬ 
tions: 

1. The station structure is so well shielded 
that there is practically no possibility of a 
lightning stroke terminating on a phase 
conductor within the station. 

2. The first mile or so of incoming line 
is lightningproof or, if not, the probability 
of a flashover is so small that equipment 
failures in the event of close-in strokes 
be accepted as considered risks. 

^ Recent treatments of protection against 

mcoming travehng waves are given in 
three papers^-* covering miniature-sys¬ 
tem studies, and two papers^*® coverinsr 
field tests. 

The possibilities of obtaimng direct- 
stroke protection of, high-voltage switch¬ 
ing stations and transformers were studied 
on an actual station, the St. Laiyrence 
River Power Project, now being under¬ 
taken jointly by the New York State 
Power Authority and the Hydroelectric 
Power Commission of Ontario. It had 
been determined by the engineers of Uhl, 
Hah, and Rich and the Commission that 


cable leads would be advantageous for the 
connections from the transformer, located 
on the dam, to the switching stations 
located on the shores. It was ^ential 
that these. cables, and their associated 
transformers be given adequate lightning 
protection. 

With respect to transient voltages, 
cables behave in a manner siTnilnr to over¬ 
head lines. However, they have much 
lower smge impedance and inductance and 
much higher capacitances, and these prop¬ 
erties are in a direction to help the prob¬ 
lem of surge protection. These circum¬ 
stances suggested to the authors that 
surge protection could be studied to ad¬ 
vantage with respect to the following 
points: 

1. Can reliable protection be obtained 
against close-in direct strokes? 

2. How many high-voltage lightning ar¬ 
resters are required? 

3. What is the best placement of the 
arresters? 

These questions have been studied at 
length on the Anacom analogue computer. 
The main object of the studies was to ob¬ 
tain facts pertaining to direct-stroke pro¬ 
tection of stations and transformers. 
With such facts available, protective fea¬ 
tures of stations can be made on a more 
rational basis. 

Physical Layout 

Differences in local conditions resulted 
in two different situations; On the United 


States side, the cables run directly from 
the dam to the switching station; there¬ 
fore the switching station has the initial 
exposure to lightning surges. On the 
Canadian side, the cables run from the 
dam to the shore and thence via overhead 
lines to the switching station several tnilps 
remote; therefore, the cables have the 
initial exposure to lightning surges. These 
two cases are representative of conditions 
that may be encountered elsewhere. 

In Fig. 1, the major dimensions are 
shown for the 6-line 4-cable bus with four 
transformers on which the study was 
made. Cable lengths were varied from 
600 to 3,500 feet in length. Fig. 2 shows 
an approximate physical layout and a dia¬ 
grammatic representation of those cir¬ 
cuit elements pertinent to a study of 
direct-stroke protection. The symbols 
Li, Z 2 , and J?i, J ?2 are the inductances and 
resistmees of the first and second towers 
away from the station Ti and Ta re¬ 
spectively. Zr, and R, are the station 
structure inductance and resistance to 
ground. The letter symbols of Figs. 1 
and 2 are voltage measuring points and 
serve to orient Fig. 2 with Fig. 1. 

Direct strokes are most destructive if 
they occur in the one or two tower spans 
on the outgoing overhead lines from the 
switching station. Ground wires in these 
critical spans are three in number, and 
have a spacing between outermost wires 
greater than that of the phase conductors. 
This gives three desirable features: low 
surge impedance, practically perfect 
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shielding, and increased coupling to the 
phase conductor. 

Circuit constants for the transmission 
lines, cables, ground wires in the critical 
spans, and rating of the lightning ar¬ 
resters are given in the following sec¬ 
tion. 

Circuit Constants 

Transmission Lines: Phase 
Conductors 

Inductance per foot, 0.46 microhenrys (Mh). 
Capacitance per foot, 2.22 micromicrofarads 
(MMf). 

Surge impedance, 450 ohms. 

Velocity of propagation, liOOO feet per 
microsecond (ft/jusec). 

Line insulation, 16 standard 10 by eV^-ioch 
insulators. 

Span length, 1,000 feet. 

Cables 

1,000,000-circular-mil copper, 0.926-inch 
paper insulation. 

Inductance per foot, 0.06 nh. 

Capacitance per foot, 66.7 /i/if. 

Surge impedance, 30 ohms. 

Velocity of propagation, 600 ft//isec. 

Lightning Arresters 

196-kv station-type lightning arrester. 

Gap breakdown for slow-wave front, 600-kv 
crest. 

Discharge voltage, 600-kv crest at 10,000 
amperes used for cases A and B; 
560-kv crest at 6,000 amperes uspd 
for case D. 

Circuit Breakers 
Capacitance per bushing, 500 nfd- 

Transformers 

Equivalent surge capacitance, 1,600 fini. 
Shielded Spans 

Lu=Ground wire self-inductance per foot, 

0.22 Mh. 

Z. 22 =« Phase conductor self-inductance per 
foot, 0.46 Ath. 

Li»“ Ground wire to phase conductor 
mutual inductance per foot, 0.77 
Aih. 

Cii «=s Ground wire to ground capacitance per 
foot, 4.65 niA. 

C 2 S=Phase conductor to ground capacitance 
per foot, 2.22 ju/if. 

Ci 2 =* Ground wire to phase conductor 
mutual capacitance per foot, 13.00 

/ijuf. 

Surge impedance of ground wires =>220 
ohms. 

Li=» Tower inductance, 20 /ih. 

jLs= Switching station inductance, 5 pii. 

JR* == Switching station resistance, 1 ohm. 
JRi=Tower-footing resistance, variable from 
5 to 20 ohms, 10 ohms used in most 
cases. 

Coupling Factor Between Ground 
Wires and Phase Conductors 

35% for cases A and B. 

65% for case C. 


Anacom Procedure 

Techniques used in representing the 
station on the Anacom have been given in 
detail in the literature.^** In brief, the 
procedure consisted of setting up on the 
computer the proper inductances, capac¬ 
itances, and resistances to represent 
faithfully the transient wave response of 
the actual circuit elements. Multipliers 
for the various elmnents were chosen to 
obtain wave fronts suitable to the Ana¬ 
com with respect to fidelity of response 
and adaptability to photography on the 
cathode-ray oscillograph. 

Fig. 1 shows the circuit used in the 
study. Distributed constants of the over¬ 
head lines and cables were simulated by 
pi-sections as illustrated in Fig. 2(B). For 
simplicity, only a few pi-sections are 
shown; in the actual setup, a sufficient 
number were used to assure proper re¬ 
sponse for the wave shapes encountered. 
Overhead lines which were so long that re¬ 
flections from their ends would not return 
in time to affect voltages within the sta¬ 
tion were terminated in their surge im¬ 
pedances (represented by Z on lines 2 to 6 
of Fig. 1), When more than two cables 
were used, additional cables were repre¬ 
sented by their equivalent lumped capac¬ 
itance. Transformers and circuit break¬ 
ers were represented by their equivalent 
surge capacitance. Circuit constants for 
the phase conductors, cables, and ground 
wires are given in the section "Circuit 
Constants.” 


A major deviation from the Anacom 
representation used in previous studies^ 
was the detailed representation of cou¬ 
pling between grovmd wires and phase con¬ 
ductor in the one or two spans entering 
the station. A single pi-section of this 
representation is given in Fig. 3, which 
shows both electrostatic and electromag¬ 
netic coupling. Constants shown in the 
figure are calculated in a manner similar 
to that in reference 6. 


CnCi2Ci2 
Cx2*” C11C22 


( 1 ) 




C22*Cl2 
Cl2*— CnCti 


( 2 ) 


Ca= 


Cu^Cia 
Cu®— CuCii 


(3) 


where the symbols with numbered sub¬ 
scripts are defined in the section “Circuit 
Constants.” The use of two inductances 
each for ground wire and phase conductor 
permits the representation of different 
self-inductances while maintaining reci¬ 
procity of mutual inductance. 

The 195-kv station-type lightning ar¬ 
rester was simulated by the countervolt¬ 
age of a battery and a switch in series. 
The switch simulated arrester spark-over 
at 600 kv for slow front waves, while the 
countervoltage of the battery simulated 
arrester discharge voltage. This discharge 
voltage was set at a constant value of 600 
kv for strokes terminating within one or 
two spans from the station and at 550 kv 
for the strokes terminating 1 or 1V 2 miles 


Rg. 1. Single-line 
diagram of the 230- 
kv station studied, 
showing circuit feet 
between junctions 
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Table I. Location of Surge Voltage Measure¬ 
ments 


Notation Location 

TT .Tower-top-to-ground voltage at 

struck tower 

CT .Conductorrto-tower voltage at 

struck tower 

CG .Conductor-to-ground voltage at 

struck tower or at struck 
point 

IC . .Conductor-to-ground voltage at 

station entrance 

BI .Bus potential-to-ground at in¬ 

coming line bay 

BR .Bus potential-to-ground at most 

remote point from incoming 
line bay 

LA .Lightning arrester voltage 

CE-t a,nd CE-2 _Voltage at cable entrances of 

cable 1 and 2 respectively 

TR-1 and TR-2 .. .Voltage at transformers located 
on cable 1 and 2 respectively 

OCB-J .Voltage at circuit breaker 

located at station entrance of 
line 1 


from the station. These two discharge 
voltages correspond to 10,000- and 5,000- 
ampefe, 10x20-microsecond arrester dis¬ 
charge currents respectively. This type 
of arrester analogue will lead to very con¬ 
servative results because the tail of the 
arrester voltage is held constant at the 
maximum discharge voltage for a long 
period. Fig. 4 shows the actual arrester 
discharge current, voltage, and volt-am¬ 
pere characteristic for a discharge current 
of 10,000 amperes. The loop, effect in the 
volt-ampere characteristic causes the volt¬ 
age wave to drop appreciably after crest 
voltage is reached. For example, at 24 
microseconds, the voltage has decreased 
to about 57 per cent (%) of its crest value, 
a situation which must be taken into ac¬ 
count in interpreting the oscillograms in 
those cases where the lightning arrester is 
connected. 

Surge voltages were measured at the 
points identified by the letter symbols of 
Figs. 1 and 2. Definitions of these sym¬ 
bols are given in Table I. All strokes were 
applied to line 1 and when more than one 
cable was in service the entire bus was 
connected. Disconnects on the bus side 
of the breaker were open except when ad¬ 
ditional lines were simulated by closing all 
the switches to the surge impedance re¬ 
sistor Z. 

Situations Analyzed 

Since there are so many combinations of 
variables in the surge protection prob¬ 
lem, a systematic appraisal of all the 
factors which influence the magnitude and 
duration of surge voltages in the station 
must be made. The variables are: 

1. Character of the lightning wave. 

2. Current magnitude in the lightning 


STROKE 

CURRENT 





0 10 20 30 

/t SEC. 


CASE 1 NO BACKFLASH 


TT C6 CT 




CASE H BACKFLASH. NO ARRESTER 
CG CE TR-I 



GROUND WIRE CONDUCTOR 

AT STATION AT MIDSPAN OCB~l 



GROUND WIRE 
AT MIDSPAN 


fissis 



\\:\\\ 

Willii 



■■■■«■ 

iiiisias.is.isssss: 


;g:I!b 

iiilili 

\iil\i\ 

iiini! 

:nsssM8i:||:nRs 

iiiiiiliiiii 

iliilii iliilillili; 

■ 

■MM 

MM ■Mil 


CASE HI BACKFLASH, WITH LIGHTNING ARRESTER 
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Fig. 5, Oscillograms for case A with line 1 and cable 1 in service. Cable length Is 2,500 feet 
and struck point is first tower out from station, Tt. Ri<>s10 ohms 


stroke. 

5. Number and location of lightning 
arresters. 

4. Number of overhead lines and cables 
assumed to be in service. 

6. Tower-footing resistance. 

6. Coupling between phase conductor and 
ground wires. 

Character of the Lightning Wave 

The idea that protection against close- 
in direct strokes is possible led to the 


selection of lightning waves based on 
stroke current rather than stroke voltage 
for study. Cases A, B, and C, in the 
following, are the three possible kinds of 
waves resulting from different considera¬ 
tions of stroke currents and the point in 
the system which is hit. Case D involves 
a traveling voltage wave originating some 
distance away from the station. The lat¬ 
ter is the one case which has been used in 
previous studies^"*® and is included here 
for correlation. 
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CASE I NO LI6HTNIN6 ARRESTER 


CASE IC WITH LIGHTNING ARRESTER 




Fig. 6. Oscillograms for case B with line 1 and cable 1 in service. 
Cable length is 2,500 feet. A 9,200- and 11,200-ampere stroke 
current terminate on phase conductor at Ti for cases I and II respecdvely 
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Cases A 


Fig. 8. Oscillograms for case D with line 1 and cable 1 in service. 
Cable length is 3,500 feet 


These all involve backflashes caused by 
direct lightning strokes to either the 
first or second tower out from the station. 
The stroke current is assumed to rise to its 
crest magnitude in 4 microseconds and to 
fall to half value in 40 microseconds. This 
is the same wave shape selected by the 
AIEE group which prepared the report on 
lightning performance of transmission 
lines.’’ 

Cases B 


ages as a guide for the application of surge 
protective equipment A brief review of 
the phenomena which cause these volt¬ 
ages is given in order to provide a dear 
picture of the surge protection problem. 

Cases A: Backflashes 

A badcflash is caused by a lightning 
stroke to a tower which raises the poten¬ 
tial across an insulator string CT result¬ 
ing in a flashover to the phase conductor. 


The oscillograms of Fig. 6 show the mech¬ 
anism of a badcflash. After lightning 
strikes the tower, the tower-top potential 
TT builds up according to LidI/dt-\-Ril. 
The first row of oscillograms in Fig. 6 
shows the conductor-to-ground voltage 
CG at the struck point, the conductor-to- 
tower voltage CT across the insulator 
string, and the voltage at the transformer 
TR-1 which would exist if no badcflash 
occurred. 


These all involve sideflashes (shidding 
failures) to a phase conductor one span 
length out from the station. The same 
stroke current wave shape in used as in 
case .<4. 

Cases C 

These all involve coupled or induced 
voltages resulting from direct strokes to 
the first tower out, where the combined 
effect of coupling factor and tower-footing 
resistance permits high voltages on the 
phase conductors even if there is no tower- 
to-conductor badcflash. The stroke cur¬ 
rent wave shape is the same as in case A. 

Cases D 


STROKE 

current 






These all involve incoming traveling 
voltage waves originating 1/2 mile or so 
out from the station. The standard AIEE 
1V2x40-microsecond wave shape^ is 
used, as the most severe of the six waves 
used in previous studies. 

Discussion of Phenomena 

Primarily, the object of the study was 
to obtain numerical values of surge volt- 



Fig. 7. Oscillograms for case C with line 1 
and cable 1 in service. Cable length is 500 
feet and struck point is at Ti. Ri = 10 ohms 


Depending upon the magnitude of 
stroke current, tower inductance, and 
tower-footing resistance, the voltage 
across the insulator string CT may be high 
enough to cause a badcflash. The im¬ 
pulse withstand strength of the 16 in¬ 
sulators was determined for the particular 
wave form by the integration method,’** 
which showed that 205,000 amperes are 
necessary to flash over the line insula¬ 
tion, assuming a 10-ohm tower-footing 
resistance. The badcflash was assumed 
to occur at 4 microseconds, which is the 
point where the tower-top potential starts 
to decrease. When a badcflash does oc¬ 
cur, the voltage on the phase conductor 
CG rises to the tower-top potential of 
2,300 kv and has the same wave shape on 
the tail as the tower-top potential. Shown 
in the second row of Fig. 5, this is the 
general shape of voltage waves placed on 
the phase conductor in all cases A, since 
Li and i?i are of such relatively low im¬ 
pedance that the circuits connected at tiie 
station have no appreciable influence on 
the voltage at the struck point. Resultant 
voltages at other points in the station are 
shown in the second and third rows of 
Fig. 5. 
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CASE A-BACK FLASH 
ONE LINE, ONE CABLE 



TIME IN MICROSECONDS 

Some observations from Fig. 5, while 
not directly pertinent to the protection 
problem, afford a better insight to the na¬ 
ture of the phenomena. Half way be¬ 
tween the struck tower and the station, 
the voltage on the ground wire is highly 
oscillatory because of reflections from the 
station. But the ground wire potential at 
the station (actually tlie station steel 
potential) is quite low in consequence to 
the low ground resistance of the station. 
Reflections from the station and altered 
coupled voltage from, the ground wire 
diange the character of the traveling wave 
on the conductor considerably, as it moves 
from the struck point CG to mid-span and 
to the incoming circujt-breaker location 
OCB-1 . The high-frequency components 
are largely suppressed by the low cable 
surge impedance at the cable pothead 
CE, 

Also shown in Fig. 5 are the voltages at 
the lightning arrester LA and at the trans¬ 
former TR-1 with a 196-kv lightning ar¬ 
rester located at the cable entrance. The 
lightning arrester holds the crest voltage 
down to 600 kv at its terminals and to 800 
kv at the transformer. 

Cases B: Sideflashes 

Sideflashes result from shielding failures 
which permit the lightning stroke to make 
direct contact with a phase conductor. 


Fig. 9 (left). Impulse with- 
stand curve for external poi^ 
celain of 196-l<v bushing 
showing representation used 
for analysis of Anacom data 


Fig. 1 i (right). Stroke cun-ent 
of 205/000 amperes teiminates 
1,000 feet from station at Ti 
having an Ri»10 ohms 



CABLE LENGTH IN FEET 


They seldom occur, but when they do 
there will usually be a flashover to the 
tower, and the voltage wave entering the 
station will not differ greatly from that of 
cases A, However, in a few instances 
where the stroke current is low, the volt¬ 
age may not be high enough to flash over 
the line insulation. These cause trouble, 
because they may be high enough to be 
dangerous to equipment insulation. 

Fig. 6 shows oscillograms taken with a 
4x40-microsecond current surge terminat¬ 
ing on a phase conductor one span from 
the station at CG. Stroke current was ad¬ 
justed to give a voltage at the struck 
point just barely insufiicient to flash over 
the line insulation, this being the worst 
case. The stroke current necessary to 
cause flashover for the case of no arrester 
in Fig. 6 was 9.200 amperes, while 11,200 
amperes were required to cause flashover 
with an arrester located at tire cable en¬ 
trance. 

The wave shape and magnitude of the 
voltage at the struck point is dependent 
on station loading in the form of con¬ 
nected lines, cables, apparatus, and light¬ 


ning arresters. Therefore, to obtain the 
same critical flashover voltage at the 
struck point, tlie magnitude of the stroke 
current must be varied with the number 
of connected circuits. Consider the case 
of no arresters as shown by the first row of 
oscillograms in Fig. 6. The voltage at the 
struck point CG initially rises at the rate 
of half the line surge impedance multi¬ 
plied by the rate-of-rise of the stroke cur¬ 
rent. However, before maximum voltage 
(half the line surge impedance times the 
magnitude of the stroke current) is 
readied, a negative reflection returns from 
the drcuit breaker and connected cable to 
reduce the voltage at the struck point and 
give the characteristic spike of voltage as 
seen in the oscillograms of Fig. 6. As re¬ 
flections return from the cable-con¬ 
nected transformer, the voltage at CG 
begins to increase slowly to a second maxi¬ 
mum value whose magnitude depends on 
cable length and magnitude of stroke cur¬ 
rent. Thus, for a constant distance from 
the struck point to the cable entrance and 
a constant stroke current magnitude and 
wave shape, the first spike of voltage has 



Fig. 10. Impulse withstand test points for 900-icv and 825-kv 
BIL transformer and curve showing representation used for 
analysis of Anacom data 


Fig. 12 (light). 
Stroke current of 
205,000 amperes 
terminates 2,000 
feet from station 
at Ti having an 
Rs’»Ri»‘10ohms 


CASE A-BACK PLASH 
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STRUCK POINT-2000 FT FROM STATION 
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Stroke current of 205,000 amperes terminates at T, havlne aw R l tl 

airester is located only af cLl * a lightni 


a constant magnitude but the second 
slowly rising voltage magnitude and shape 
depend on the cable characteristics. The 
wave shape of this slowly rising voltage is 
the principal determinant of flashover 
^ce the influence of the spike of voltage 
IS small compared with the influence of 
the second voltage wave. Therefore the 
srioke current was varied in the study to 
obtain the critical voltage of 1,300-kv 
crest for the second slowly rising voltage 
wave. Although this voltage varies with 
cable length, the variation is small and for 
confomity was held constant at 1,300 kv 
for all cable lengths. 

For the case of an arrester located at the 
cable entrance, the first spike of voltage 
results from the same phenomena as men¬ 
tioned for the case of no arrester. How- 
evCT, after this first spike, the arrester 
olds the voltage to approximately 600 
the arrester discharge voltage. There¬ 
fore, cable length has no effect on the 
voltage wave shape at the struck point 
and the wave shape of the first spike of 


voltage determines whether or not there is 
flashover of the line insulation. The crit¬ 
ical crest voltage is 1,900 kv. which cor¬ 
responds to a stroke current of 11,200 am¬ 
peres. 

^ shown in Pig. 6. lightning ar- 

rester analogue was set to hold 600 kv 
corresponding to a crest discharge current 
of 10,000 amperes. As has been pointed 
out, the type of arrester analogue em¬ 
ployed yields extremely conservative re¬ 
sults wi^ respect to the magnitude of the 
wave tail, and this must be considered in 
interpreting the voltage across tlie trans- 
foim^ If a more exact analogue 

lad been used, the shape would have been 
similar to the voltage wave of Fig. 4(6) 
with a crest of 740 kv and it would have 
been down to about 422 kv at 24 micro¬ 
seconds. 

Cases C : Coupled Voltages 

Coupled voltages are placed on the 
phase conductor by direct strokes to a 
tower with no backflash. These cases 
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900 KV BIL 
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were studied to deteimine the relatii 
sevmty of coupled voltages as compart 
to those obtained from backflashes. T1 
Anacom set-up was exactly the same as f( 
cas^ but the switch simulating tl 
bacMash was not closed. Consequently 
siroke current was not apphed condut 
tivdy to the phase conductor; instead 
stroke effects were coupled onto the phas 
conductor solely through the electroraag 
netic and electrostatic coupKng shown i, 

O* 

Surge voltage coupled on to a phase con 

ductor C(? for normal line constants is 
s ovrn in Fig. 6, case I, and its magnitude 
IS quite low. A more severe condition can 
be Mticipated in which the coupling fac¬ 
tors are increased intentionally (by aerial 
counterpoises) to prevent backflashes. 

For the oscillogram sequence of Fig. 7 , 
the coupling factor was increased to 66% 
me tower footing resistance was kept at 
10 ohms, and a 500-foot cable was con¬ 
nected to the station. The crest stroke 
cuCTent of 216,000 amperes was just in¬ 
sufficient to cause a bacMash. Crest volt- 
age at the transformer {TR-1) was only 
160 kv. These results show that it is un- 


CASE B-SIOEFLASH 
ONE LINE, ONE CABLE 

^^^GHTNING.-^^ 


£ ® 1600 2400 3200 40 
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Fig. 15. Stroke current necessary to produ 
critical flashover voltage of 16 insulators 
CG. See Fig. 14 
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CASE D-TRAVELIN6 WAVE 
ONE LINE, ONE CABLE 



CABLE LENGTH IN FEET 


(A) (B) 

Fig. 16. Incoming surge voltage is 1,450>lcv crest, 1 ysx40-niicroseconcl wave shape 


necessary to consider direct strokes which 
do not result in backflashes. 

Cases D : Traveling Voltages Waves 

Studies were made of cases involving 
incoming traveling voltage waves to show 
the comparison in surge voltages caused 
by direct strokes dose to the station and 
those caused by strokes some distance 
away. Fig. 8 shows oscillograms for the 
case of one overhead line and one 3,500- 
foot cable. 

The lightning arrester was set to spark- 
over at 600 kv but the discharge voltage 
was held constant at 550 kv, which cor¬ 
responds to a discharge current of 5,000 
amperek The crest voltage at the trans¬ 
former TR-1 is slightly higher than the ar¬ 
rester discharge voltage, but not suf¬ 
ficiently to alter the protection afforded. 
As with side flashes cases B the duration 
of arrester voltage appears to be too long, 
but this, as previously pointed out, is be¬ 
cause of the characteristics of the arrester 
analogue employed. 

Analysis of Anacom Data 

Surge voltages from the oscillograms 
were evaluated in terms of their severity 
index, a procedure based on the inte¬ 
gration method of expressing the dismp- 
tive effect of nonstandard waves in terms 
of that of equivalent standard test waves. 
For circuit voltages of 69 kv and over, 
disruptive effect is given by the relation 

Disruptive Effect = 

where e is the surge voltage as a function 


of time and is a constant. The % the standard impulse withstand tests for 
severity index (SI) is the ratio, expressed both the 900-kv and 825-kv basic impulse 

in %, of the crest voltage of the surge insulation level (BIL) transformer.; 

under consideration to the crest voltage Therefore, for the 900-kv BIL trans- 

of a surge of the same shape which will former, either a 1,036-kv, lV!8x40-micro- 

stress the insulation just to the impulse second wave chopped at 3 microseconds or 

withstand curve. Or, to put it another a 900-kv, lV2x40-microsecond full wave 

way, % SI of a surge of any odd shape have Si’s of 100% on the transformer 

is the ratio, expressed in %, of the insulation. Based on these two standard 

crest voltage of a reference wave having test waves, the constant is 9.1 for the 

the same disruptive effect as the odd wave transfonner insulation. Because the 

to the crest voltage of the same reference chopped-wave test is 15% higher than 

wave which will stress tlie insulation just the full-wave test, the constant K% will 

to its impulse withstand curve. be 9.1 for all transformers. The impulse 

In this study consideration was given to withstand curves for the 900-kv and 

the disruptive effect of surges on the 826-kv BIL transformers are shown in 

transfonner insulation, and on the cir- Fig. 10. The ciuves were plotted from 

cuit-breaker insulation. Si’s of surges calculated values of SI and therefore 

on the circuit-breaker insulation are they pass through the chopped-wave and 

expressed in terms of the external por- full-wave test points, protection being 

tion of the 196-kv bushing having an im- co-ordinated on these two points, 

pulse withstand curve as in Fig. 9. Any 

wave which will stress the bushings to Discussion of Results 
this curve has an SI of 100%; for ex¬ 
ample, both a 1,650-kv, l^/2x40-micro- Si's and crest voltages at various 
second wave chopped at 1.6 microseconds measurement points are plotted against 

and a 900-kv, lV2x40-raicrosecond wave cable length in Figs. 11 through 18. 

chopped at 14 microseconds have Si’s of Tables II and III give additional data 

100%. Equating the expressions for dis- for multiple Circuits for cases A and 

ruptive effect of these two waves, the con- B. For the most part, the curves and dia- 

stant iTa comes out to be 4.7 for the 196-kv grams of Figs. 11 through 18 and Tables 

breaker bushing. Si’s of surges on the II and III with their captions are self-ex- 

transformer were expressed in terms of planatory. Discussion of each curve is 

Fig. 17. Single-line 
diagram of circuit 
tested to show effect 
of adding lumped 
capacitor at TR-1 
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(A) 


Fig. 18. 


Stroke current of 205^000 


amperes terminates at Ti having an 


Ri 


10 ohms. 


(B) 

(Refers to Fig. 17) 


omitted in the interest of brevity. The 
cu^es can be used for reference purposes, 
^ for protection problems in general, 
^^ile the <feta are all in terms of a 230- 
^ system, judicious eirtrapolation should 
be possible with other operating volt- 

expected 

that the SI will be higher for 138-kv 
systems and low^ for 330-kv systems 
for comparable cases. 

Cask A: Backflash 

Comparison of Figs. H and 12 shows 
that voltages at the transformer become 
less severe as the stroke terminating point 
IS moved farther out from the station. 

Tabic II. Ca«e A, Backflash 

% Sis and Crest Voltages: Four Lines (Nos. 

1/ 2, 4, and 6) and all Four Cables In Service: 
Stroke Terminates at First Tower out from 
Station. Ri-10 Ohms 


Cable 

I'ength, 


With No With 

Lightning Lightning 

4”e8ter Aireater 




“ Txi " ■ ■ f ^ ' • • ®20... 71 (77) 

l,600...2’Jt-r....67o.,.75(8Q\ * 

-680.. ,76 (88) ” 

OC3-J. . .920.. .73 

82 S.kv 

I ne ocner % SI is based on 900-kv BIL 


With one line and one cable connected 
voltages at OCB-1 were recorded only for 
a 2,600-foot cable. With arrester con¬ 
nected, a crest voltage of 1,200 kv having 
an SI of 144% appeared at 0CB4 
With an arrester connected at the cable 
entrance, the voltage reached a crest 
of 1,160 kv and had an SI of 84%. 
However, protection of circuit breakers 
for other cable lengths can be esto^^ 
from the curves of Fig. 13(C) which 
apply where two cables axe in serv¬ 
ice. Assuming the same shape curve as 
in Fig. 13(C), the SI at OCB-l for one 
oOO-foot cable and an arrester is 113% 
The 100% SI point occurs at a cable 
of 1,000 ieet. Therefore, it is 
estonated that for case A, with one line 


and one (able, the breaker is protei 
for cable lengths longer than 1,000 fe 
Surge voltages at transformer I 
shown in Fig. 13(B) apply for the c 
of an arrester located at the (able entra 
CB-1 and nowhere else in the stati 
Adequate protection might be affor 
transformer TR-2 for some cable lengt 
depending on the transformer B 
However, in the actual station it is 
suable to place an additional arrester 
CE~2 so that protection of rj?-2 is 
sured if a bacikflash should occur on 1; 
no. 2. In this case, the curves of Tl 
would be identical to those of TR-1. 

Table II shows the effect of four lit 
and four cables in service on the volta 
at the equipment terminals. With 1,6C 


Table III. Case B, Sldefla*h 

% SI s and Crest Voltages. Cable Length =2 >500 ci. i 


Connected Circuit 

Apparatus 

With No Lightning Arrester 

With Lightning Arrester 



Crest, Kr 

SI *, % 

Crest, Kv 

SI*,% 

1 line, 2 cablesi. 

4 Unes, 4 cablesS_ 

1 line, 1 cable.. 

Flashover to tower.. 

..TE-Jf . 

TX-^ . 

OC3-I . 


..156 (170).... 
..166 (170). 


...80 (87) 
..83 (91) 

..rx-i .. 

rR-2 . 

OCX-/ . 

.rje-i........ 

- 470. 

- 460.. 

..61 (66). 

.. 67 (62) 

. . 66 

. t 

...88 

-oex-j . 

.... 670. 

-.74 (81) .. . 

••60 ..... 


..66 (71) 
..54 

* t See footnotes of Table H. .------ 
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§ Line 1, 2, 4, and 8 and aU cables In service. 
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Table IV. Comparison of Si's of Surge Voltages 

At Transformer and Circuit Breaker for Case of One Line and One Cable in Service with Light¬ 
ning Arrester at Cable Entrance 



Transformer* 

Circuit Breaker* 

Cases 

500-Foot 

3,S00-Foot 

500-Foot 

3,500-Foot 

A —Backflash at first tower. 

B —Sidefiash at first tower. 

.7S (82).... 

.71 (78)_ 

....86 (92). 

_78 (86). 

. Ai 

.82t 

C —Coupled voltages at first tower. 

D—^Traveling wave. 

.19 (21).... 

.60 (72).... 

....79 (86) 

. 26 



* See footnote of Table II. 
t Tliese are estimated values. 


foot cable, the station is adequately pro¬ 
tected without arresters. 

Case B : Sideflash 

The severity of surge voltages appear¬ 
ing at the equipment is less than for the 
backflash of case A; see Fig. 14 and 
Table III. With four lines and four 
cables in service, the station is protected 
without arresters; see Table III. If 
flashover to the tower at the struck point 
does occur, the severity of surge voltage 
at the apparatus is greatly reduced; see 
Table IV. 

Case D : Traveling Voltage Wave 

The significant fact for Fig. 16 is that 
the SI of surges at the tiansformerswith 
an arrester in service is lower for case D 
than for cases A and B, 

Effect of Capacitance in Reduction 

OF Surge Voltage 

The picture would not be complete 
without some calibration to the effect to¬ 
ward reduction of surge voltages exerted 
by the cable circuits. For this purpose, 
data for case A were taken on the circuit 
of Fig. 17, which is the same as Fig. 1 from 
point CG to BI, capacitance being added 
at point TR-1. These data are presented 
in Fig. 18 which shows that the presence 


of high-voltage cables makes direct-stroke 
protection possible. 

For zero added capacitance (i.e., an 
open line) and with no lightning arresters, 
a crest voltage of 2,350 kv is indicated. 
Comparing the 2,360 kv with the value of 
1,570 kv obtained with 600 feet of cable, 
see Fig. 11, gives an example of the im¬ 
provement from the presence of the cable. 
A 600-foot cable has about0.033 nid capac¬ 
itance. Reading from Fig. 18, a crest 
voltage of 1,670 kv is obtained for this 
value of capacitance, which checks the 
value from Fig. 11, taken with pi-sections 
representing the distributed constants 
of the cable. 

Comparison of Voltages at Ends of 
Bus 

Fig. 19 shows a comparison between the 
bus voltages at the incoming line bay BI 
and at the most remote point from the in¬ 
coming line bay BR for case A with a 
206,000-ampere stroke to Ti having a 10- 
ohm footing resistance. One line and two 
2,500-foot cables were in service for these 
oscillograms, which show, that the crest 
voltage at BR is 20% higher than the 
voltage at BI for the case of no arrester. 
For ah arrester connected at CE~1 the 
crest voltage at BR is 14% higher than the 
voltage at BI. 


Effect of Tower-Footing Resistance 

The importance of seeming low tower¬ 
footing resistances TFR at the first tower 
out from the station is illustrated in Fig. 
20. These oscillograms show voltages at 
the transformer for cases A , with one over¬ 
head line and one 2,600-foot cable con¬ 
nected. The scale is the same for all 
oscillograms. 

Two stroke current magnitudes were 
considered. For a stroke current of 145,- 
000 crest amperes at Tj, voltages at the 
transformer are negligible until a back- 
flash ocems, which is for a footing re¬ 
sistance of 20 ohms in this case. The 
value of the lightning arrester in holding 
down the transformer voltage when a 
backflash occurs is illustrated in the last 
oscillogram of the case I sequence which 
shows two voltage traces: a crest voltage 
of 970 kv without an arrester, and a crest 
voltage of 760 kv with an arrester. 

The case II oscillograms of Fig. 20 were 
made with the same setup as case I ex¬ 
cept that the stroke current was 206,000 
amperes, a value just high enough to cause 
a flashover with a lO-ohm tower-footing 
resistance. It is significant that the high¬ 
est stroke current ever recorded in the 
field measmed only 218,000 amperes. 
This leads to the conclusion that there is 
practically no possibility of a backfladi 
ocemring if the tower-footing resistance is 
10 ohms or less. The effect of the light¬ 
ning arrester is also shown on the last two 
oscillograms of the sequence. 

Comparison of Cases 

In terms of the surge voltages which 
have the highest severity on the trans¬ 
former insulation. Fig. 21 shows a sum¬ 
mary of the “worst” examples for the 
four general cases studied. In each case 
line 1 and cable 1 were in service and the 
stroke terminated on Tx which had a foot¬ 
ing resistance of 10 ohms (except case D, 


NO LIGHTNING WITH LIGHTNING 
ARRESTER ARRESTER 



0 10 20 SO 40 0 10 20 30.36 
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Fig. 19. Oscillograms comparing surge voltages 
at BR and BI 
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Fig, 20. Oscillograms of transformer voltages for various values of tower-footing resistance 
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toe traveling wave). The oscillograms 
show that the highest voltages occS for 
case A while cases B md D are of lesser 
sev^ty. Case A is approximately 30% 
^gher m crest voltage than case Z> which 
has been the commonly accepted cri- 

^ magnitude 

that it need not be considered in surge 
protection studies. ® 

Analysis of Results 

Data taken during the study pennit a 
veiy complete assessment of lightning pro¬ 
tection for 230-kv stations. However a 
reasonable basis for station protection 
design must be selected from the wide 
range of cases studied, and due considera- 
faon must be given to certain premises. 
These premises are: 1. Effective shielding 
IS proxuded for the switching station and 
on each overhead Ime in the one span im¬ 
mediately adjacent to the station through 
Ae use of three ground wires. 2. Foot¬ 
ing resistance of the first tower out from 
the station is 10 ohms or less. 3. The 
station grotmd resistance is less than 1 

arresters are located 
at the cable potheads. 

S^kes beyond the first span must fall 

m ^e categories of sideflashes or back- 
flashes. In either case, the SI of the 
conductor-to-ground voltage wave may 
not ^ceed the line insulation strengtli. 

In tte studies of cases B and B, this 
relation is established, and it may there¬ 
fore be concluded that only the first 

shielding, and 
y the first tower a low-footing resist¬ 
ance. Statedanotherway.theinductance 

of one span limits the incoming surge en¬ 
ergy to protectable values. 

With ^1 lines and cables in service, the 
station IS inherently self-protected from 
ghtning without any lightning arresters 
However, as the nmnber of lines and 

cables in serviceisreduced, themagnitude 

of surge voltages appearing in the station 

increase. From the station layout 

of view, the most critical case is that^of a 
k'ne and a single cable to 
tte transform^. Hence, it is prudent to 
apply protection based on the smallest 
number of lines and cables which will ever 
DC in service. 

All of lightning strokes studied 
«cept ttose to e tower or ground wS 
^ no ba^ash, are potentially danger- 
In all cases, lightning arrester 
ge currents are in a zone (below 12,- 
MOampaes) where a 196-kv arrester will 
old ite discharge voltage to 600 kv or 
^Sage voltages at the transformer 
the arrester discharge voltage by a 
au amount, dependent upon the length 


-- U«SE o 

BACK FLASH SIDF Pi Aeu 

iMMM m i *^ 3500 FT 

.. 



to 20 30 

fJ- SEC 

CASE C 
INCREASED 
OOUP LING- 6S!fc 
600 FT CAMLE 


0 20 40 56 

ft- SEC 

CASE D 

IgWELING WAVE 
3500 FT CABLE 



Fi'S. 21. Oscillograms showing summary of 
worst cases of surge voltages at transformer 
TR-1 
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of cable, the stroke current magm'tude 

and character of the lightning wave. ' 

With respect to surge voltages at the 
transformers, consider the shielding faU- 
weCcases F). On a probability basis, it is 

the least likely to occur. It requires a 
shielding failure (probability in a given 
span of about 1 in 5,000 years) and a 
stroke current in the limited range of 

amperes (probability 
about four m 10) to require consideration. 
Thus, the over-all probability is placed at 
perhaps once in 10,000 years, odds which 
are too great to merit consideration. 

Direct strokes followed by a badeflash 
at the l^rst tower out from the station 
(cases k4) are highest in order of severity 
Probabilitywisej the chances of the first 
tower being struck are small compared to 
strokes on several mfles of line. How¬ 
ever, protection against these strokes is 
possible when using cable connections to 
the transformers, so surge voltages origi¬ 
nating from direct strokes to the first 
tower are included in the picture. 

Most lightning surges meriting con¬ 
sideration will arise from strokes to towers 
or ground wires within about 10 miles of 
the station Surges tra%^eling a greater 
^stance will be attenuated to an extent 
toat they are harmless; this conclusion is 
based on the fact that the magnitude of a 
travehng voltage wave cannot exceed the 
cntjcal flashover voltage of the line in- 
sidation. The point of this discussion is 
that strokes producing the most voltage 
the least probable, and that the most 
frequently occurring surges produce the 
taast voltages. Careful attention must be 
^ven to these factors if maximum protec- 
i(m IS to be attained at minimum cost. 

Figures of SI for the worst cases from 


Figs. 11, 14, and 10 are shown in Tabl 
IV, in which transformers with 825-lr 
or 900-kv BIL are shown as adequately 
protected for all cases considered witl 
a 196-kv arrester located at the cabli 
entrance. If i85-kv arresters are used 
the protection margins in the case of 826- 
V BIL is established as approximately as 
good as for 900-kv BIL with 196-kv 
arresters. 

Circuit-breaker data are not available 
for the traveling wave (case Z>). How¬ 
ever, because traveling waves produce less 
severe voltages than cases A or B at the 
transformer, it can be assumed that the 
same phenomena will apply at the circuit 
breaker. Therefore, the circuit breaker 
IS adequately protected except for case 
lengths. The 
% SI point for this case h as been 

^ length of 
1,000 feet. Therefore, except for cable 
lengths under 1.000 feet, the circuit 
breaker is adequately protected in all 
cases. If an 826-kv BIL transformer is 
u^d with an 186-kv arrester, it is reason¬ 
able to assume that the severity of the 
voltage wave at the 900-kv BIL circuit 
breaker will be low enough that the 
breaker will be protected for all cable 
lengths for all cases studied. 

One of the most significant conclu¬ 
sions to be drawn from Table IV is that 
tte ^verity of the surge voltage at the 
tranrfoimer produced by the worst case 
considered (case A, badeflash) has an 
SI only 7% greater than the surge volt¬ 
age pr^uced by the traveling wave 
(case B). This leads to the condu- 
sion that the traveling wave produces 
voltages only 7% less severe than the 
worst of dose-in direct strokes, provided 
of comse, that the prescribed measures 
are taken for direct-stroke protection. 

Conclusions 


Griscom. of H-V SwUching Stations 


1. Use of cable leads to the transfonne 
IS of considerable value in lightning surj 
protection of stations and transformers. * 

presence of cab] 

S carS' direct-stroke protec 

non can be secured. 

3. To secure direct-stroke protection, th 

S* ^st tower mus 

have a fwtmg resistance of 10 ohms or less 
Inasmuch as stations are well shielded ii 
fe S. ^ditional expense 

transformers and 
arresters at the cable entrances, 
additional arresters at the transformers 
are UMe^sary even with only a single line 
and smgle cable in service. 

6. With 186-kv arresters at the cable 
entrances and transformers of 825-kv 
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BIL the transformers are adequately pro¬ 
tected, without additional arresters at the 
transformers. 

6 . When the direct-stroke protection prob¬ 
lem is recognized and provided for, the 
surge voltages are only 7% more severe 
than those from traveling waves. 

7. The circuit breaker with 900-kv BIL 
on the incoming line is adequately protected, 
provided a lightning arrester is used at the 
cable pothead and the cable length is 
longer than 1,000 feet. For the most 
severe strokes, the line circuit breaker may 
not be protected if there is only one cable 
and it is less than 1,000 feet long. How¬ 
ever, the probability of strokes as severe 
as those studied is exceedingly remote. 
In any specific case, these factors should 


Discussion 

E. Beck (Westinghouse Electric Corpora¬ 
tion, E. Pittsburgh, Pa.): The paper shows 
how the risks of damage from severe direct 
strokes can be reduced to a virtually neg¬ 
ligible quantity. When the authors speak 
of the "idea that protection against direct 
strokes is possible” I do not think they 
mean that past practices have not provided 
protection; they are speaking of degrees 
of protection and degrees of stroke current. 

Certainly protection has been afforded 
against direct strokes into and close to 
.substations, even imshielded ones, in the 
past. Lightning-arrester engineers, as far 
as we are aware, have not hesitated to 
declare that adequate arresters applied 
at apparatus terminals will protect for the 
great majority of strokes, perhaps for all 
but those catastrophic strokes that occur 
about as often as earthquakes. 

Experience bears this out. There are 
many unshielded stations. It is estimated 
that a small substation might be struck 
once in 10 to 16 years. Thus 1 in 10 or 
15 might be struck each year. We doubt 
that in such substations the failure rate 
of protected transformers is 7 to 10%, or 
even half of it. A look at distribution 
transformers gives a similar picture. Direct 
strokes close to distribution transformers 
are quite likely and many must have 
occurred during the past 30 years. 

The authors have shown how a cable- 
connected transformer can be protected 
against very severe strokes with arresters 
only at the cable entrance and not at the 
transformer, thereby giving protection 
also to the cable and adjacent switchgear. 
The beneficial effects of cable are effectively 
demonstrated. The benefit to the switch- 
gear is important. Therefore, the paper is 
a contribution to the lightning protection 
art. 

W. S. Price (America Gas and Electric 
Service Corporation, New York, N. Y.): 
Protection of station equipment against 
surges caused by lightning strokes adjacent . 
to tlie station should be based, first, on the 
probability of such surges occurring, and 
second, on the probable severity of such 
surges when they do occur. Heretofore, it 
has been assumed that transmission lines 
would be so well shielded and would have 


be evaluated in determining what pro¬ 
tection should be provided. 

8 . Lumped capacitors, if large enough, 
can afford benefits similar to those afforded 
by cables, and the influence of capacitors, 
for power factor correction or other pur¬ 
poses, should be considered in the lightning 
protection problem. 
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such low tower-footing resistances for 1 
mile out from a station that neither shield¬ 
ing failures nor backflashes would occur in 
this area. Although this assumption may 
be correct, a complete appraisal of the 
station protection problem should include 
a study of the severity of surges produced 
in the station in case a shielding failure or 
backflash does occur near the station. In 
this excellent paper the authors have, for 
the first time, provided a detailed picture 
of the severity of such surges, and have 
thus partially closed an important gap in 
our knowledge of station lightning pro¬ 
tection. 

It is evident from the oscillograms in 
this paper that the high-voltage cables have 
a profound effect on surge voltages within 
the station, and their presence makes 
direct-stroke protection possible. However, 
insuflicient data are presented to evaluate 
the protection afforded by multiple lines 
in a station without high-voltage cables. 
Possibly, a similar study could be made in 
the future for the benefit of those of us 
who do not have high-voltage substation 
cables. 

The analogue computer studies which 
the authors and their associates have made 
in the past several years have been of great 
value in the application of station lightning 
protection on a rational basis. A secondary 
but worth-while benefit which I have de¬ 
rived from these studies is the clear pictixre 
which they have given of the life and death 
of a surge voltage which has entered a sub¬ 
station containing multiple reflection points. 
The textbooks tell us that lattice diagrams 
can be used for this piupose. However, 

I have never seen a lattice diagram outside 
of its natural habitat, the textbook, and 
their value to protection engineers is 
somewhat doubtful. 

Of particular interest in this respect are 
the oscillograms in Fig. 5 showing the 
mechanism of a backflash at a struck tower, 
and the oscillograms in Fig. 6 showing the 
effect of multiple reflections in the cable. 

H. M. Ellis (Hydro-Electric Power Com¬ 
mission of Ontario, Toronto, Ont., Canada): 
The authors have done axi excellent job of 
simulating the circuitry of tlie St. Lawrence 
Power Project on the analogue computer 
and have very capably demonstrated the 
usefulness of the computer in determining 
the severity of voltage surges which can 
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arrive at the 230-kv cables and transformers. 

Having determined the direct-stroke 
currents to the transmission lines which 
proditce excessive singe voltages at the 
cables and transfonners, perhaps the next 
step should be to determine the frequency 
of occurrence of thesp overvoltages. On 
the Canadian side a lightning outage on 
the several miles of transmission line 
between the 230-kv cable entrance and the 
switchyard will mean loss of one-quarter 
of the generation; hence, it is desirable to 
obtain low tower-footing resistances on the 
lines, i.e., 5 ohms or less, to minimize the 
frequency of these outages. Based on this 
low resistance and good overhead shielding, 
the lightning outage probability and the 
frequency of operation of the lightning 
protective devices at the 230-kv cable 
entrances becomes approximately one every 
30 to 40 years for all four single-circuit 
lines. 

Based on the infrequent operation of the 
lightning protective devices, the fact that 
there will generally be a line outage asso¬ 
ciated with this operation regardless of the 
type of protective device used, and the fact 
that the cable significantly reduces the rate 
of rise of the voltage surge, it appears that 
co-ordinating gaps located at each end of 
the 230-kv cables would provide adequate 
protection for the cables. 

H. A. Cornelius (Commonwealth Edison 
Company, Chicago, Ill.): A paper which 
explains how currents so much larger than 
can be obtained on the basis of traveling- 
wave theory can reach substation equip¬ 
ment has been needed for several years. 
The authors are congratulated for recog¬ 
nizing this need and for supplying some 
helpful information. There are a few 
points, however, on which additional in¬ 
formation would be useful. 

It is interesting to compare the 51-kilo- 
ampere-(ka)per-microsecond rate of rise 
of current to a crest value of 205 ka assumed 
in this paper with the comments on a 1963 
paper* for advocating the use of a 6-ka-per- 
microsecond 6-ka-crest current for co¬ 
ordination purposes. One discusser stated: 
"No record of an arrester discharge of this 
character has been obtained on a line 
properly equipped with ground wires, 
nor on substations with adequate provisions 
for shielding. It would therefore appear 
that for systems having a voltage of 100 
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conductors) 

M discharge can be neg- 

bS o„ calculation!. 

. f simultaneous occurrence of a 
6 -ka rate of use to a 5-ka crest current 
*ow ttat tha^ 1 % 

^h^ged through arresters in stations 
to ^te exceed these values, how do the 
authors justify the use of a 51-ka rate of 
rise to a 206.ka crest current? 
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S^,t 2. the occurrence of 
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rTcorf^W performance 
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fSwT'^w that a shieldkg 

tS^d ”■ “ '«««■ p™- 

a^m.H ^ “dodtance was 

'*\™“ induotanoe 
value tor steel towers has been used in 
several other papers. The basis used to i 

3-Sue to ^,1, 55“ ’"’“'d be i 

+i!rT^ ^ -^Iso* have anv t 

measure the potential c 
at tie top of a typical 138-kv or 22oSI v 
steel tower, when subjected to, say, 6 £ f, 

P^^^i^osecond or larger rates o/rist^ k 

In case A of section on "Discussion of n 
Ph^eaa- it is stated that a^^fa S 

t? ^ hatrinff a footine resistance w 

of 10 ohms wiii cause flashover of a lO-unif tl 
■asuiator string in 4 micr^cZl S 

factor giren elseS^ fa nS' S 

^blyhed l,5x40-microseconTp^itive^?e 

(10 ^ if T® **'®, ^^°ver kv of a le-um’t ch 
Substkutine 


tune a skoke occurs to one of the lines 

former ba^. was not stated on the paper 
f^ltabfa Wormation' 
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aciu,ns. vol. 72. pt. III. Oct. 1953. pp 8^S ' 


t^t insulation performance at tirnpc 
porter thafi chopped-wave times is of 

IW* ^POrtance to seriously 

liimt the application of the SI idea ac- 
coring to the reasoning given here. From 
what I can rea^d in this and similar papers 
there m very little data to justify steep- 
front tests; I would like to bL the 
authors comments. 


Tower current to cause flashover 

— ins ulation flashover kv 
tower-footing resistance X (1-less 
coupling factor) 

paS“Svi.^n'^ '™^ Since tte 

faS fTb^ ten'^the 3 :r“ 

sS'T**'? if •>' W-^ted. 

S,§,o“? 3 f iTfa'tsE 

There fa a-Scirtrir totfSe 
^^which affect this problTwo^t 


out to tave tieed the”si fai 

’ PAper and other papers but I think 

rent ^at it is well to point !u?T5 hSitate 
rsus The mtegration-of-voltage idea is based 
n a on the assumption that the strength of 
tion J“®“lation vanes with the time of a^lica- 
hon to conform to volt-time curves drawn 
.ion tlu-ough the American Standards Assoda- 
^Id tion fuU-wave and chopped-wave points 
nee ^®rtam mdependent studies purport to 
m' S7 of^5 ™ulation strength bS of air 
i tterSe pressboard follows 

3 ^ Actually the relation between voltaee 
ch ^d dme to breakdown is not entirely a 
Die function of the insulating material- it is 

? li^ ® electrodes. 

® k” general, the streamers which initiate 
br^doi^ t^e a long time to pr^S 

as as a coil edge or lead, and lead off into 

in SS f r"*®^- ®*®®^‘' 

in mitiate flashover m a small fraction of a 

:o microsecond if they start from a W 

d rounded surface such as a large ball on the 

ie mner end of a bushing. 

y toSlwho ^®' 

1 ov« !d^?« chopped-wave test. Insulation 

Ir weake^^wheuTfi probably be 

/ weaker when longer-time voltages, such as 

full waves, are applied, and the dSmS 

f IS car^l to add extra insulation to S 

sure It stands the fuU wave. iZSSn 

the volt 5 ® assumption is made that 
tte volt-tune integration indicates severity 
tte resiflt wfll be conservative fi S 
lo^er than the chopped wave. , 

eh^®^^^®*^’ shorter than the i 

chopped-wave value, the insulation on I 

little higher voltage than the chopped- t 
wave value. There is nothing in the 

Standards Association Standards u 
fnsullf • makTSe c 

msulation sponger at times shorter than 
the chopped wave. Certainly therp « 
P^g to tell the deeiguer that 'thfhi^ta! ^ 
requirements of the w 

to meet these requirements could con- tr 
ceivably result in disaster. ? 

National Electrical Manufacturers S 
Association steep-front test values are lo 
positive points at shorter times, and if the rj 

!Llr ir?®‘^®f ^ ^ base! 

‘iesigned and os( 
iiS* ^ - 11 ®!,*^®®®, steep-front values, the SI an 

tim!^no '® ^® ^t^^P-front api 

applications of the SI vol 

shS *^® ‘^^^PP^^^-^ave values, and, as tol 
I would like to I 
ask the authors if the number of times cou 
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'or ®®85enguth (General Electric Com- 

‘em Mass.); The authors have 

ion ^ thorough study of 

the lightomg protection of stations I 

«s. afthe^^&sft resistance 

sed hi “ ^ t shielding wiU 

sea be very beneficial in keenine 

o ^rester cuments low, and will help greatly 

- S tHlSf f® 

ia ^ “ Stations. I recommended this in a 
to £ paper. It seeins, is a Uttle misleading 

^ sSt £® ^d^^<^:«troke protection! 

/^® J’cal intent is to mak^ 

?e £hS ^®®®’“® ^ niinimum of 

a jesters. This they propose 

^ oablTTl^t^ .“®®^ caMas."^ A 

s wl! £ ^ impedance and termi- 
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j ^“tTSS 

5 ^ Sp l!t£® terminology as the 
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B ?PoM if ^ as at the CE 
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I ri v«u®^ oscillatory circuit the resulting 
i ^ voltages as compared to the CE voltages 
; depend greatly on the conditions 

^^^emt and the current wave applied. 

: the authors have chosen a tot 

^dously high current, they have also 
used an unusual wave form-—a straight 
Thtf ^ straight falling t!il. 

^ *^® current crest, the 

of the tower voltage 
St ®^ £® of 1,000 kv suddenfy 
collapses at the very moment when the 

ftoveling wave oa toe coo- 
ductor. Because of this short spike the 
vo^ge at the 77? end does not ^eed toe 
oltage at the CE end greatly and toe 

so !toi^« ^®£ ‘*°®® 

a-r i arrester action does not occur 
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toape but 00 toe“ 

we condition. Thus, with three shield 
wes between the station and toe first 

tower and oidy one shield wire beyond toe 

£ mlr’ £® Voltage wave would 

lon^f^^®*^ ^ and for a 

W some importance are toe changes in 
^egre™ wheo to. Hghtoiog arreSer fa 
®^®P® at ZA (Fig. 6) 

arrester ^arks, when compared to the 

^tege at eg without arrester sparking. 
However, toe wave at the 77? end appeam 

to be exactly alike in both cases ^ 

could almost deduce that shielding is 
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needed for only the first tower. It can 
be shown readily that currents of the order 
of 60,000 amperes and ground resistance 
of 30 ohms (and higher currents with 
corre^ondingly lower ground resistance) 
can produce severe conditions in the station 
if ground wires are omitted at the second 
tower. In that case, the ground wires 
do not reduce the tail of the resulting 
voltage wave, and also currents in excess 
of 20,000 amperes can flow in the lightning 
arrester. 

The authors state that the case of a 
sidefiash to a conductor, resulting in 
flashover of the insulator string, will not 
differ greatly from that of a stroke to a 
tower. This is not quite true for two 
reasons: First, the total current required 
to produce high voltages in the station 
may be considerably less. Second, the 
reflection phenomena begin in the cable 
with a slowly rising front and are more 
effective in raising the cable voltages. 
For instance, the wave at CG (Fig. 5) 
producing the transient in the station has 
about a 1,200-kv crest and a 15-micro¬ 
second tail equivalent to a tower ciurent 
of 120 ka. Such currents have been 
measured. Since the current is building 
up simultaneously with the traveling 
phenomena on the ground wire and the 
conductor, the tail length will likely be 
greater with consequent increase in cable 
voltage. Also, the sudden drop in voltage 
due to the sudden change in rate of rise 
of the current wave will not occur. 

For all these reasons, it is doubtful that 
omission of an arrester at the transformer 
is justifled for the longer cable lengths. 
Before such general conclusions can be 
drawn, it would be necessary to conduct 
tests with different tsnpes of current waves 
for the various surge conditions as outlined 
in this discussion. 

Rbfbrbncb 

1. Discussion by J. H. Hagenguth of Lioutnino 
Ikvbstigation on 132-Kv Systbk or Akbrican 
Gab and Bdbctrtc Coupany, I. W. Gross, G. D. 
Lippert. AJEE Transactions, vol. 64, 1946, pp. 
476-76. 


S.^ B. Gxiscom, J. K. Dillard, and A. R. 
Hilemw: The remarks of Mr. Beck and 
Mr. Price re-emphasize and clarify some 
of the pertinent points covered in the paper. 
A complete understanding of these points 
is essential in applying the data to station 
protection problems. Dr. Ellis’ deductions 
relative to the frequency of operation of 
protective devices are very interesting and 
corroborate the marked influence of cables 
on station protection. We are grateful 
to these discussers for these observations. 

Mr. Cornelius'asks about the rate of rise 
of stroke current. The 4x40-microsecond 
current wave shape used in the study is 
consistent with reference 7 of the paper. 
However, this rate of rise is not present at 
the arrester location at the line-cable 
junction. Fig. 6 shows that the rate of 
rise of voltage at the arrester location is 
50 kv per microsecond for a backflash and 
Fig. 6 shows a rate of rise of 45 kv per 
microsecond for a sideflash. Also, for the 
incoming traveling wave of Fig. 8, the rate 
of rise at the arrester location is only 18 
kv per microsecond. For such low-voltage 
rates of rise, arrester current rates of rise 


are very low. However, to be conservative, 
the arrester discharge voltage used m this 
study is based on the standard test current 
wave of 10x20 microseconds. 

Very severe conditions were assumed for 
this study, as Mr. Cornelius suggests. The 
idea was not to recommend that protection 
always be based on such severe assumptions; 
rather it was to show that if adequate 
protection is provided against conventional 
traveling waves then it is both possible and 
practical in some situations to protect 
against severe close-by strokes. 

The 20-/ih tower inductance is a cal¬ 
culated value for a 100-foot tower (ref. 7 
of the paper). It was estimated from 
recent high-voltage surge tests (ref. 4 of 
the paper) that a 100-foot tower has an 
inductance of about 10 /ith. The towers 
considered here are higher than 100 feet 
and the value of 20 /th was chosen to be 
conservative and to be consistent with 
previous studies. 

The stroke current required to cause 
flashover cannot be calciflated from the 
equation given by Mr. Cornelius or from 
the one in reference 7. These equations 
assume that the coupled voltage on the 
phase conductor is of the same wave shape 
as the tower-top potential and that these 
two waves can be arithmetically subtracted 
to obtain the voltage across the line insula¬ 
tion. This is true at some distance out 
on the line from the station, but immediately 
adjacent to the station the coupled voltage 
wave will be reduced by reflections from 
the station. The wave shapes of the 
tower-top potential and coupled phase 
conductor voltage are different and there¬ 
fore can not be arithmetically subtracted. 
This factor was recognized and provided 
for in this study. For the first time, a 
detailed representation of the ground wire 
and phase conductor. Fig. 3, was included 
with the station equivalent circuits so that 
protection against close-in direct strokes 
could be evaluated. Fig. 5, case I, shows 
the tower-top potential of 2,300 kv. The 
coupled voltage on the phase conductor 
CG starts to rise to a voltage of the coupling 
factor of 0.36 times the tower-top potential 
or 806 kv. However, before crest voltage 
of the coupled wave is reached, a negative 
reflection returns from the station due to 
the decrease in ground-wire current and 
station loading. Thus, as seen from Fig. 
6 , case I, the voltage is decreased to 630 
kv and the wave shapes of the tower-top 
potential TT and the coupling voltage 
CG are different. The oscillogram of CT 
shows the resultant voltage across the 
insulators. For this speciflc wave shape, 
the critical magnitude so as to just cause 
flashover was determined by the integration 
method to be 1,780 kv. To obtain this 
voltage across the line insulation, a current 
of 205,000 amperes is necessary. 

A transmission line possesses a surge 
impedance which is independent of line 
leng^th. In some cases where the length is 
short and the front of the wave is long, 
reflections back and forth on this line tend 
to wipe out the surge impedance and, for 
purposes of analysis, the line can be con¬ 
sidered as an inductance. For example, in 
many studies of allowable separation dis¬ 
tance between an arrester and transformer, 
the drop lead to the lightning arrester of 
about 35 feet has been shown to be 
adequately simulated by its inductance. 


Each case must be considered separately. 

Regarding the effects of multiple circuit 
on the reduction of surge voltage within 
the station, these are shown in Tables II 
and III and Fig. 13. 

Mr. Wentz’s discussion of insulation and 
insulation breakdown is welcomed because 
it shows that the SI method of analyzing 
nonstandard surge voltages is basically 
sound. This method is based on the 
assumption that all of the test waves are 
equal in severity. Although the constant 
Ki is determined by equating the disruptive 
effect equations for the chopped wave and 
the full wave. Fig. 10 shows that the cal¬ 
culated withstand curve also coincide 
with the front-of-wave test point. Thus, 
the SI method is valid over the whole 
range. Most surge voltages which have 
appeared at the equipment terminals in 
this and previous studies have shown the 
wave shape to resemble chopped waves or 
full waves. Therefore, front-of-wave tests 
hardly appear to be justified. 

The stroke cmrent analogue used is the 
same as employed in previous studies and 
it is noted from this circuit that both the 
front and tail of the wave are expotential 
in form and not straight rising front and 
tail as Mr. Hagenguth concluded by looking 
at the oscillograms. His objection to the 
sudden drop in voltage at the struck tower 
immediately after crest is reached on the 
tower-top potential wave is not clear. 
The tower-top potential is composed of a 
tower inductive component and a tower¬ 
footing resistive component which are 
modified by reflections from adjacent 
towers. Immediately previous to current 
crest the tower-top voltage is a maximum; 
however, at crest current the inductive 
component must be zero since the rate of 
change of current is zero. Thus, at this 
point the voltage drops sharply. 

Mr. Hagenguth intimates that we have 
chosen stroke-current wave shapes that 
are favorable to the protection of iJie trans¬ 
formers. Actually the reverse is true; 
the wave shapes and current magnitudes 
were intentionally chosen to produce the 
greatest possible transformer voltages for 
the particular situation investigated. In 
particular he apparently objects to situa¬ 
tions wherein the inductive component of 
the tower voltage wave suddenly collapses 
at the moment the line insulators flash oyer. 
Now this is a necessary circumstance in 
order to impart maximum energy to the 
line conductors with a backflash, as exami¬ 
nation of cases I and II of Fig. 5 shows. 
Compare CG for cases I and II. Flashover 
does not occur in case I and the maximum 
conductor voltage CG is only 630 kv. 
Flashover occurs in case II and results in 
a crest voltage of 2,300 kv on the line con¬ 
ductors. Case I may be considered as 
having a stroke current of 205,000 amperes 
and case II of 206,000 amperes. 

The spikes referred to could be mini¬ 
mized with respect to the tail of the wave 
by increasing the tower-footing resistance. 
Since one of the main objects of the paper 
was to demonstrate the effectiveness of 
low-footing resistance, low values were 
used in most tests. As a matter of fact, 
the mechanism of protection in these cases 
is essentially that of limiting magnitudes 
by a lightning arrester and filtering ripples 
by the cable capacities. As Mr. Hagen¬ 
guth points out, with a 30-ohm tower- 
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the wave tail is greater 
PJ-otection reduced. 

Mr. Hagenguth’s 
observatious with regard to sideflS^ 

wL for Fig. 6 

th? stroke current and 

suffiX I •^“st short of being 

to cause flaahover. A slightly 
Itghet current would have caused flashow! 


elimmating the tail ot the wave and giving 

'"’“T tte station 

«,if ^ °f^^°ff^Phic records and re¬ 
sultant analysis of the voltage waves at 
the equipment terminals, only the first 
^au out from the station and the JaS 
Itself must be well shielded to protect Se 

nasnes. This as shown by Fig. 14, How- 


Sr^’. 4 ^® ^®"^^*ider of the line should bi 
to prevent line outages. 

Mr. Hagenguth expresses the opinioi 
^at more tests are required to sustain th« 
conclusions of this paper. We believe that 
we have used sufficient wave forms Un‘ 
wd of 1,000 oscillograms were^aicen 
^proccsa of determining the "worn” 


Measurement of Resistance and Reactance 
of Expanded ACSR 


JOEL TOMPKINS 

MEMBER AIEE 


B. L. JONES p Q TUTTLF 

associate member a/EE assoqatc membk^iee 


Synopsis: A convenient method for the 
measurement of reactance and Usance 
reinforced (ACSR) 
T?. ""®‘* be accurate 

used to“«S“^ “®*bod are 

^ information con- 

Sr un trf characteristics of all sizes of 

^st use was to measure the im¬ 
pedance cliaracteristics of expanded ACSR 

dtocS; 

fcST mils (CM), has beci^ 

ohm r,*° ^^M® ^ resistance of 0.0717 
(C) a ratio^f^fl «iegrees centigrade 

1 015 ^ ^ ^*® ^®®*stance of about 

^ reactance at 60 cycles ner 

ohi^° 1-0-foot spacing of 0.347 

ri.an+ ^®*^ ® 1^®^ conductor. This 

reactance value corresponds to a geometric 
mean radius of 0.600 inch, or 86.2 pe7SS? 

Of tte nominal conductor radius 

l,4^W CM F'^ Oiameter, 

i H been found to have 

a d-c resistance of 0.0660 ohm per mile It 

1 0 font ® reactance at 60 cps at 
1.0-foot spacing of 0.337 ohm per mile 
per conductor. For this conductor 
reactance value coircsponds to h geoL^! 
me^ radius of 0.747 inch, or 85.4 pe?lS 
of the nommal conductor radius. 


pECAUSE of the presence of the steel 
chfl on the electrical 

conductors are 
somewhat difficult to calculate. Data 
now published were based on the results 
of measurements made by 
Prof. W. R. Work, the first about 30 

nginally W. Nesbit^^ and later W A 
and others, made many of'the 
ralmlahons, using Prof. Work's test re¬ 
sults, to complete the Mbies of electrical 
fhaw^stics of ACSR which havc^ 

^ of a relatively smaU number of sizes 

of conductor, over limited ranges of ^ 
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rent density, and much of the information 
m the published tables was obtained by 
interpolation and extrapolation. The 
magnetic and electrical properties of the 
sted core wire manufactured at the time 
of the tests by Prof. Work were possibly 
somewhat different from those of core 
wires manufactured today. 

The electrical characteristics with which 
this pyer is concerned are the reactance 
and effective resistance of cables at the 
frequency of 60 cps. The effective resist- 

rZl throughout as a-c 

resistance. 

To obtain accurate data on reactance 
and a-e resmtance of ACSR as manufae- 
tu^ now. having standard strandings 

M availa¬ 

ble, smtable laboratory equipment and a 

measm^ent method have been needed 
In addition, the equipment and method 
are of value for determination of imped¬ 
ance Aaracteristics of ACSR of sp^ai 
strandings, ^ 

Suitable equipment for such measure¬ 
ments wm put into service in 1950 at the 
Electrical Conductor Laboratory of Alu¬ 
minum Company of America. This 
paper describes the equipment, the de¬ 
velopment and proidng of measuring 


techmques, and some of the results 
me^ements. The equipment was fir 
used to measure the characteristics , 
^perimental 1.76-inch-diameter 1.344 
000-CM expanded ACSR. Measure 
ments were made later of the charac 

tenstics of 1.60-inch-diameter, 1 . 275,000 
CM expanded ACSR. and of 1.76-inch 
^ameter 1.414.000-CM expanded ACSR 
^ge quantities of expanded ACSR an 
teng used on the 33a.kv systems of th< 
and Electric Company and 
the Ohio Valley Electric Corporation. 

Equipment 

The reactance and a-c resistance of test 
conductors are calciilated from the read¬ 
ings of im a-c potentiometer used to 

of the test conductors, with 60-cps test 
lowing. Fig. I shows schLatl! 
cally the arrangement of the test conduc¬ 
tors, potentiometer equipment, power 
and current Lns- 

The a-c potentiometer comprises a 
Brooks mductometer, a special voltage 
^ noninductive volt box. 
The detector used originaUy was an a-c 

fomer fOT the supply of voltage to the 
field wmdmg. Later an electronic null 
detector was substituted for the galva- 
nometCTand phase shifter, with resulting 
simplification of operation and increased 
sensitivity of the potentiometer equip- 
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Fig. 1. Schematic diagram of test ce 
nections 
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ment. Fig. 2 shows the potentiometer 
equipment. 

The volt box is used to provide, for 
the measuring circuit, a voltage propor¬ 
tional to the voltage drop along the test 
sections of the specimen conductors. 
The inductometer provides a voltage 
proportional to, and in quadrature with, 
the current in the test conductors. The 
special voltage divider provides a voltage 
proportional to, and in phase with, the 
current in the test conductors. 

The a-c potentiometer is balanced by 
alternate adjustment of the special volt¬ 
age divider and the inductometer to pro¬ 
vide a minimum indication of the null 
detector. Equations for calculating the 
values of resistance and reactance of 
^ach test sample, from the readings of the 
potentiometer, are shown in the Appen¬ 
dix. The averages of tlie individual 
values for each of the two samples of a 
pair are taken as the correct values. 

Current transformers of high precision 
are used, and care is taken to maintain 
the secondary burden on the current 
transformers at values witliin their rated 
burdens. A 60-cps test current is ftu- 
nished by special, low-voltage high-cur¬ 
rent transfonners which are in turn sup¬ 
plied through multitapped autotrans¬ 
formers. Capacity for test currents up 
to 10,000 amperes is available. D-c re¬ 
sistances of test conductors are measured 
with a precision Kelvin double bridge witli 
test current supplied by large storage bat- 
tenes. A test current of approximately 50 
amperes has been used for the measure¬ 
ment of d-c resistance of expanded ACSR. 

The calibration of the equipment and 
the suitability of. the measuring technique 
have been checked by a large number of 
measurements of reactance and resist¬ 
ance of several sizes of wire and cable of 
both aluminum and copper. The react¬ 
ance of such homogeneous conductors, 
without steel cores, and the ratios of a-c 
to d-c resistance can be computed with ac¬ 
ceptable accuracy. Based on the results 
of these numerous checks of the equip¬ 
ment calibration, it is believed that most 


measurements of resistance and reactance 
are accurate to approximately l/2 of 1 
per cent. 

Test Method 

In the measurements, two spans of the 
test conductor are used, eadi about 120 
feet long. The two conductors are 
taken from a single continuous original 
length. Each span fe subjected to con¬ 
stant tension within the limits of 16 to 
25 per cent of the nominal ultimate 
strength of the conductor. The tension 
in the two spans is equalized by mpang of 
"yokes” and is maintained by a single 
lever loading system. The conductors 
are placed parallel to each other with 
spacings of 1.0 or 2.0 feet and are aligned 
so that any line perpendicular to both 
conductors is horizontal. The separa¬ 
tion of the two conductors is maintained 
by means of spacers. After being put 
into place, tlie two spans are connected to 
form a single-phase return circuit. Fig. 
3 shows two spans of 1.75-incli-diameter 
1,414,000-CM expanded ACSR in posi¬ 
tion for tests. It also shows the return 
or cross connection 1>etween the two test 
conductors. The connections to the 
power supply are made at the opposite 
ends of the spans. Spans of multilayer 
test conductors are terminated in com¬ 
pression dead-end bodies. This type of 
terminal has been proved to insure proper 
distribution of test current between the 
strands of the conductors. 

Measurements are made of tlie voltage 
drop along the central 100-foot sections 
of the 120-foot test spans. The voltage 


drop of each of the two conductors]^is 
measured in turn. Care was used in the 
placement of the voltage leads from the 
test conductors to the a-c potentiometer 
to minimize possible errors caused by 
extraneous voltage induced in the leads. 
The potentiometer equipment is located 
at some distance from the test conductors 
in another laboratory room. 

Temperatures of Test Conductors 

The determination of representative 
test conductor temperatures has been a 
problem. Though the laboratory room 
in which the test conductors have been 
strung has been kept relatively free of 
drafts, at times there have been small 
temperature gradients along the test 
conductors. Because of this possible 
gradient, thermocouples have been placed 
at different points along each test length. 
At relatively Irigh values of test currents, 
with appr-edable temperature rises, there 
has appeared to be a definite, though 
small, temperature gradient, under the 
test conditions, from the steel core to the 
outer strands. With 1,400 amperes on 
the 1.60-inch-diameter 1,275,000-CM ex¬ 
panded ACSR, the steel core temperature 
has been found to be 3 to 4 degrees 
Fahrenlieit (F) higher tlian the tempera¬ 
ture of the outer layer of aluminum 
strands. With 2.0-foot spacing between 
the test conductors and with relatively 
high values of test current, it has been 
found that the outer portions of one ex¬ 
panded conductor nearest the otlier con¬ 
ductor have had slightly higher tempera- 
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---txpandedACSR.to Determine if Extraneous Induction Effects Are Present 


Conductor 

Identi¬ 

fication 


Spacing 
Between 
Test Centers of 

Conductors, 
Feet Inches 


Current, 
<50 Cps, 
Amperes 


_ ^ Calculated 

Heactance of Reactance 

Test Length of per Mile per 
Conductor at Conductor 

OiTen Spacing, at 12.0-lhch 
<50 Cps, Spacing. 

Microhms 60 Cps, Ohms 


Conductor 
Temp. T, 
P 


North. 100 oj n ^—Check for Possible End Effects 

North. 100 24 0 , Check fer Proximity Effects 

.. 

T.M. II. R g E,p.Hm«,W 1 75 1 ..I, r,- . 

__’-3'M,OOO.CME,p.nd«IAC» <-«-l«cl,0..n.rt!. 


_ , ^‘C Calculated A-C D-C 
ResistMce of Resistance Resistance »««« 

Microhms Ohma uri ' ■? Resistance 
”s Ohms Microhms at Temp. T 


Conductor 

Identi¬ 

fication 


Current, 
<S0 Cps, 
Amperes 


Calculated 
-Keactance Reactance 
PM 100-Eoot per Mile per 
Conductor, Conductor, 


Investigation of Possible Causes of 
Errors 


North.,.. 
South..,. 
North.... 
South.... 
North.... 
South.... 
North..., 
South.... 
North.... 
South.... 
North..,. 
South...., 


.... 301. 
.... 301. 
.... 299. 
.... 296. 
.... 699. 
.... 599, 
.... 694. 
.:. 595. 
...1,190. 
••. 1 . 210 , 
...1,195,, 
... 1 , 200 ., 


24.0-Inch 
Spacing, 
50 Cps, 
Microhms 


-7.920, 

....7,920. 
...7,920. 
....7,920. 
....7,880. 
...7,860, 
....7,880. 
....7,860. 
....7,880. 
'...7,860., 
...7,880., 
...7,880.. 


12.0-Inch 
Spacing, 
50 Cps, 
Ohms 


..0.334.... 

.0,334.... 

•0.334.... 

.0.334. 

.0.332_ 

.0.331. 

•0.332,... 

.0.331. 

.0.332_ 

.0.331. 

.0.332. 

.0.332. 


A-C Calculated A-C 
Resisttoce of Resistance Ratio 

_ Microhms Ohms at Temp. T 


•. 86..., 
■. 86..., 

.163_ 

.163_ 

.108.... 

.104.... 

,163_ 

.146.... 
.104.... 

. 109_ 

. 184..,, 
.181. 


..1,838... 

.1,342... 

•1,538..., 

•1,633.... 

.1,388.... 

.1,390.... 

.1,629.... 

•1,616.... 

.1,390.... 

.1,404.... 

.1,621.... 

.1,615.... 


..0.0706... 
..0.0709... 
..0.0809... 
..0.0809... 
.0.0732..., 
.0.0783.... 

.0.0806_ 

.0.0800..,. 

.0.0738_ 

.0.0742_ 

.0.0866.... 
.0.0863_ 


...1.014 
...1.017 
...1.016 
...1.016 
...1,014 
....1.015 
...1.013 
...1.016 
...1.016 
...1.013 
...1.016 
...1.016 


|. &mples at 24*0™inS spSn^^ 100-foot sections of samples about 120 feet long. 

• **®sistaiiccs ftt tQsinerafifirsu T* Ka j 

(a c. p r^ ^ ^ 


^ t^n the strands on the opposite 

ade. -Aiter considerable experimentation 

rt was ^ded that the representative 
^p^tures of expanded ACSR could 
be ^teimmed with acceptable accnracy 
as the average indicated by five theimo- 
couples m each conductor, at 20 -foot 
sp^gs, at the, top of the conductor 
the outer alnminmn strands.' 
^s anmigment of thennocouples has 
mems”*'^ practically afi measure- 

Thirty-gauge copper-constantan ther 
foconplra have been used. Some of the 
tenyeratme measurements have been 
a precision potentiometer 
cold junctions” in sthred baths of 
melting ice. Most of the temperature 
me^ents, however, have beL 
with a pi^ble potentiometer iucoiporat- 
jng a cold-junction compensator. 

resfetances of test conductors have 
ten m^ed at room temperatnri 
A-C resistances uonnaily have been 


measwed at increased temperatures 
caused y the test currents, though not 
necessarily at equilibrium temperatures. 
Conductor temperatures have been deter- 
mmed simultaneously with the measure¬ 
ment of reactance and a-c resistance. To 
determine the ratio between a-c and d-c 
resistances, the d-c resistance value has 
been adjusted to the conductor tempera¬ 
te at which t a-c resistance was de- 
ermmed by using the temperature coeffi¬ 
cient of resistivity of aluminum. This 
coefficient has been used for ACSR both 
because the steel carries very little current 
and the coefficient of resistivity of steel 
IS approximately the same as that of 
aluminum. i 

The values of conductor temperatures 
obtamed during measurements are prob¬ 
ably accurate within about 3 F. it is be¬ 
lieved that the small variations of calcu¬ 
lated ratios of a-c to d-c resistance are 
l^gely caused by difficulties in accurately 
aetermming conductor temperatures. 
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It was questioned whether end effects 
from current connections at the ends of 
the spans of test conductors would influ- 
ence the results of impedance measure- 
j. ments. It had not seemed possible that 
suA errors could be significant with the 
voltage drop connections arranged as 
they were. To answer this question, 
however, measurements were made of re¬ 
sistance and reactance of 100 -foot sec¬ 
tions of 120 -foot spans of 1.76-mch-diam- 
1,344,000-CM expanded ACSR. 
These measurements were then repeated 
for a central 80-foot section of the same 
co^uctors. The test results are included 
m Table I. The reactance and resistance 
respectively per mile based on the two 
sets of measurements were found to be 
the s^e. It was therefore concluded 
mat there were no significant end-effect 
OTors in the measurements of the charac- 
enstics of the 100-foot sections. All 
^bsequent measurements were made of 
100 -foot sections of 120 -foot spans. 

Initial impedance measurements had 
been made of the characteristics of ex¬ 
panded ACSR with the conductors spaced 
at 2.0 feet. The spacing, of course, was 
considerably less than between phases of a 
practical transmission line. There were 
questions concerning possible proximity 
effects at the close spacing. To deter- 
nime if the proximity effect might be of 
Jmport^ce, measurements were made 
oth with S.O-foot spacing and with 1 . 0 - 
foot spacing. As shown in Table I, re¬ 
sults based on the measurements at the 
different spacings did not appear to 
be significantly different. It was there¬ 
fore decided that, as there seemed to be 

no proximity effects discernible in dosing 
me spacing to 1.0 foot, the proximify ef¬ 
fect would be entirdy negligible at 2 0 
feet Spadngs of 2.0 feet were used for 
all subsequent measurements. 


Jtjnb5 1955 















Conductor 

Identi¬ 

fication 


Table III. Measurement of Resistance and Reactance of 1.60-Inch-Diameter 1,275,000-CM Expanded ACSR 


Current 
60 Cps, 
Amperes 


Reactance per 
lOO-Root 
Conductor 
24.0-Incli 
Spacing, 

60 Cps, 
Microbms 


Calculated 
Reactance per 
Mile per 
Conductor, 
12.0-Incli 
Spacing, 

60 Cps, Ohms 


North . 

South . 

.. 605 . 

.. 605 . 

..8,160 . 

. . 8 , 160 

. 0.347... 

North . 

.. 907 . 

..8,160 . 

. 0.347. . 

North . 

.. 907 . 

..8,160 . 

.0.347.. 

North. 

.. 905. 

..8,160. 

_;0.347.. 

North. 

.. 900. 

..8.160_ 

ft -S47 

North. 

.. 907 . 

. .8,160 . 

. 0.347. .. 

North . 

.. 900 . 

. .8,100 . 

. 0.347. .. 

South . 

.. 900 . 

..8,160 . 

. 0.847... 

South . 

. .1,200 . 

. .8,160 . 

. 0.347. .. 

North . 

..1,190 _.... 

. .8,160 . 

. 0.347. .. 

North . 

. .1,190 . 

. .8,160 . 

.0.347... 

North. 

..1,190. 

..8,160. 

.0.347... 

South. 

..1,190. 

..8,160. 

.0.347... 

North. 

..1,190. 

..8,160. 

.0.347... 

South. 

..1,190. 

..8,160. 

.0.347... 

North. 

..1,190. 

..8.160. 

.0.347... 

North. 

. .1,190. 

..8,100. 

.0.347... 

North. 

. .1,190. 

..8,160. 

.0.347... 

South. 

. .1.190. 

..8,160. 

.0.347.... 


Conductor 
Temp. T, 
P 


Ambient 

Temperature, 

P 


A-C 

Resistance of 
Test Length 
at Temp. T, 
Microhms 


Calculated A-C 
Resistance 
Per Mile at 
Temp. T, Ohms 


.0.0792. 
, .0.0792. 


..0.0733. 

.0.0760. 

. .0.0786. 

. .0.0802. 
.0.0834. 
.0.0855. 
.0.0855. 

.0.0771. 

.0.0787. 

.0.0802. 

.0.0834. 

.0.0846. 

.0.0871. 

.0.0876. 

.0.0892. 

.0.0908. 

.0.0939. 

.0.0945.. 


Ratio A-C/D-C 
Resistance at 
Temp. T 


1. Measurements made of central 100-foot sections of samples about 120 feet long. 

A. S&mples at 24.0«inch spacing. * 

t ifS « ““ c>. 

6. Measurements made at temperatures below equilibrium, with temperatures increasing. 

6. Nominal cross section of aluminum was 1.275,000 CM. Actual cross section was 1,277,000 CM. 


Table IV. Measurement of Reactance and Resistance of 1.75-lnch-Dlameter 1,414,000-CM Expanded ACSR 


Reactance per Calculated 


Conductor 

Identi¬ 

fication 


Current, 
60 Cps, 
Amperes 


100-Poot 
Conductor, 
24.0-Iach 
Spacing, 
60 Cps, 
Microhms 


Reactance 
per Mile per 
Conductor, 
12.0-Inch 
Spacing, 

60 Cps, Ohms 


Conductor 
Temp. T, 
P 


Ambient 

Temperature, 

F 


A-C Resistance 
of Test Length 
at Temp. T, 
Microhms 


Calculated 
A-C Resistance 
per Mile at 
Temp. T, 
Ohms 


Ratio 
A-C/D-C 
Resistance 
at Temp. T 


South (black) .... 
North (black) .... 


....7,970 . 

_ 7,990 . 

r . 0 338 


... 88 . 

. 72 . 

..1,306.. 


...1.021 

South (black) .... 
North (black) .... 


. ...7,900 . 

....7,970. 

. 0.838... 

.0.337... 


..116. 

.,114. 


•»1 • 

..1,371.. 


..1.016 

..1.013 

South (new). 

North (new). 


....7,940_ _ 

....7,065...... 

.0.335... 


..139. 

. .138. 


* •X o . • 

..1,436.. 


. .1.017 

..1.012 

South (black) .... 
North (black) .... 


....7,090 . 

....7,990 . 

. 0.338... 


..136...... 


..1,426.. 


.. 1.017 

..1.011 

South (new) .. 

North (new) . 


....7,930 . 

....7,950 . 

. 0.336... 


..192 . 


.• 1,430. * 
..1,677.. 


.. 1.015 

..1.011 

South (black) .... 
North (black) . 

. 1,488 . 

.. ..7,980 . 

....7,980 . 

. 0.337... 


..177 . 

. .170 . 


..1-642.. 


..1.015 

..1.011 

South (new). 

North (new). 


....7,060. 

....7,940. 



..249. 

. .248 . 


..1,739.. 


..1.006 

..1.012 

South (black) . 

North (black) . 

. 1,772 . 

....7,990 . 

....7,990. 

. 0.338... 

.... 

. .218. 


..1,660.. 

..1,646.. 


..1.010 

..1.014 

..1.006 


1. Measurements made of central 100-foot sections of samples about 120 feet long 

2. Samples strung on 24.0-inch centers. 

3. D-c resistances at temperature T based on a resistance of 0.0660 ohm per mHe at 77 P (2S C) 

4. Nominal cross section of aluminum was 1,414,000 CM. Actual cross section was 1,399,000 CM. 


The ratios of a-c to d-c resistance, shown 
in the lower part of Table I, for currents 
of about 1,200 amperes appear to be 
slightly lower than found in other meas¬ 
urements. The small discrepancies were 
thought to be caused by a slightly dif¬ 
ferent and less satisfactory arrangement 
of thermocouples used for ^ese few check 
measurements. 

In the initial work some discrepancies 


were noted in the measured reactance of 
all-aluminum cable with different values 
of current. It was found that the second¬ 
ary burden on the current transformers 
was somewhat too high for most accurate 
results. Subsequently, much larger sec¬ 
ondary leads were installed between the 
current transformers and the measuring 
equipment for most of the measurements, 
and current-transformer ratios were se¬ 


lected to maintain secondary currents 
between about 4.0 and 6.0 amperes. 
These steps eliminated the discrepancies. 

Asmaybe noted in Tables I, II, III, and 
IV, there is dose agreement between re¬ 
sistance and reactance values determined 
for each of the two test conductors of each 
pair. This appears to indicate that the 
effect of any induced voltages in the volt¬ 
age drop connections was negligible. 
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Another Method of Measurement 

In addition to the use of a potentiom- 
etCT for the determination of reactance 
^d resistance of conductors, an attempt 
has been made to use the wattmeter 
method, using sensitive galvanometer- 
3^e hght-beam wattmeters with low- 
voltage potential windings of relatively 
igh resistance. It was found that this 
method was less convenient than the 
potentiometer method, and would be 
conaderably less accurate unless rela- 
h^vy voltage-drop connections 
were used. With the voltage-drop con-' 
nections placed for the potentiometer 


method, u leads to the wattmeter, a volt- 
a^ drop in the leads caused by the burden 
Of the voltage coil of the wattmeter intro¬ 
duced appreciable error. 

With Eqierimental 
Expanded 

The reactance and a-c resistance of ex- 
pei^ental 1.75-inch-diameter 1 , 344 , 000 - 
CM expanded ACSR were measured at 
current values of about 300,600, and 1,200 
amperes. For each current value, im¬ 
pedance values were determined for a 
range of cable temperatures. Conductor 
spacing of 2.0 feet was used, with a ten¬ 
don of 7,000 pounds on each conductor, 
ihe results are shown in Table II. The 

Rs- 5 (left). Temperature rise 200 |- 

^-^O-Inch-diameter 
1/275,000-CM expanded ACSR 
In free air 


reactace at 60 cps for 1.0-foot spacing, 
based on measured values of 100-foot 
test sections at 2.0-foot spacings, was 
found to be 0.332 ohm per mile per con¬ 
ductor. This value appeared to be in- 
dependent of test current value and con¬ 
ductor temperature, and corresponds to 
a geometric mean radius of 0.778 inch. 
The ratio of a-c to d-c resistance was 
a out 1.015. This ratio apparently was 
substantially independent of the magni¬ 
tude of current, within the test range 
and of conductor temperatures reached! 
IhCTe was some indication that this ratio 
tends to decrease slightly as conductor 
temperature increases. This tendency 
IS reasonable, as the skin effect decreases 
with increasing resistivity caused by in¬ 
creased temperature. The construction 
of this conductor was similar to that of 
the 1.60-inch-diameter 1,275,000-CM and 
the 1.75-inch-diameter 1,414,000-CM ex¬ 
panded ACSR, the details of which are 
given in Fig. 4. 

Test Results With 1.60-Inch- 
I^eter 1,275,000-CM Sqaiided 

Measurements were made of the react¬ 
ance and a-c resistance of this cable at cur¬ 
rents of about 900 and 1,200 amperes over 
ranges of temperature at each current 
value. In addition, impedance values 
were determined at 600 amperes at equi¬ 
librium temperature. D-c resistance was 
me^ured. The measurements were made 
wift a conductor spacing of 2.0 feet, with 
c.OOO pounds’ tension on each conductor. 


ambient temp. 

_ 71-62 "F 


ambent temp 

ABOUT a|OF 


ambient temp. 

>s^6-64<»F 


current - amperes 


Rs- 6 Irisht). Temperature rise 
1.75.incl,-dlameter 
1/414,000-CM expanded ACSR 
in free air 
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Data based on the measurements are 
shown in Table III. 

The calculated reactance per mile, at 
60 cps for 1.0-foot spacing, based on 
measured reactance of the 100-foot test 
sections at 2.0 spacing, was found to be 
0.347 ohm. The ratio of a-c to d-c resist¬ 
ance was foimd to be about 1.016, and 
the d-c resistance at 25 C was found to be 
0.0717 ohm per mile. 

Test Results With 1.75-Inch- 
Diameter 1,414,000-CM Expanded 
ACSR 

The a-c resistance and reactance of this 
conductor were determined at currents 
up to 1,800 amperes, all values being 
taken at equilibrimn temperatures. The 
measurements were made with a tension 
of 9,000 pounds per conductor. This 
represents about I 7 V 2 per cent of the de¬ 
signed ultimate strength of the cable. 

The data obtained from the electrical 
measurements are shown in Table IV. 
As may be seen, the calculated 60-cps 
reactance for 1.0-foot spacing was found 
as 0.337 ohm per conductor per mile and 
is essentially independent of current and 
temperature. The d-c resistance was 
0.0600 ohm per mile at 26 C and the ratio 
of a-c to d-c resistance approximated 
1.016, slightly decreasing, as might be ex¬ 
pected, at the higher temperatures. 

Discussion 

The ratios of a-c to d-c resistances of 
the three sizes of expanded ACSR may 
appear low for such large conductors. 
These low values may lie understood by 
realizing that expanded ACSR is similar 
electrically to a hollow conductor, in 
which the skin-effect ratio is relatively 
low. With even numbers of layers of 


aluminum strands, losses in the steel core 
are very low, so that the increase in a-c 
resistance from this cause is also small. 

Tlie geometric mean radii of the three 
sizes of expanded ACSR, expressed as 
percentages of nominal radii, are similar 
(88.9 per cent for the experimental 1.76- 
inch cable, 86.2 per cent for the 1.60-inch 
cable, and 86.4 per cent for the 1.75-inch 
1,414,000-CM cable). 

During the measiuements, data were 
obtained on equilibrium temperature 
rises of the 1.60-mch-diameter 1,275,000- 
CM and the 1.76-inch-diameter 1,414,000- 
CM expanded ACSR. These data were 
taken with the conductors as they were re¬ 
ceived from the cable mill, with relatively 
low emissivity values, and then with the 
conductors painted flat black, to simulate 
exteme weathering which could result in 
relatively high emissivity values. The 
temperature rise data are shown in Fig. 6 
for the 1.60-inch-diameter 1,275,000-CM 
conductor and in Fig. 6 for the 1.75- 
inch-diameter 1,414,000-CM conductor. 
These curves show the temperature rises 
of the conductor indoors in a relatively 
draft-free room. Temperature rises with 
the conductor exposed to natural wind 
conditions would, of course, be lower. 

Following the work on expanded ACSR, 
work is in progress on a program to obtain 
complete data on resistance and react¬ 
ance characteristics of conventional ACSR 
of the range of sizes available, over wide 
ranges of current densities. 

Conclusions 

A convenient and accurate method with 
suitable equipment is available for the 
measurement of reactance and a-c resist¬ 
ance of conductors. Such characteristics 
of a number of sizes of ACSR, including 
expanded ACSR, have been measured. 


Appendix. Calculation of 
Resistance and Reactance 
from Laboratory Readings 

The a-c potentiometer used in this work 
is a modification of the customary type in 
that the standard current is a multiple of 
the actual cable current. Since the com¬ 
ponent balance voltages derived from the 
voltage divider and the inductometer are 
directly proportional to the current-re¬ 
sistance and current-reactance drops in 
the cable test length, the divider and 
inductometer scales may be calibrated 
directly for R and X. This may be done 
on the basis of any desired ratio of current 
transformation and volt box multiplier. 
In the present case, the instruments are 
calibrated on the assumption of unity ratio 
and multiplier. Consequently, the readings 
must be appropriately modified by the 
actual ratio and multiplier used. 

The cable reactance and a-c resistance are 
computed as follows 

^^^_G (X'+R' t£Ln4>) 

^ \/(l-l-tan®^) 

(R'-X' ta.n<f>) 

^ \/(l-|-tan®^) 
where 

A = reactance of cable test section, ohms 
R = a-c resistance of cable test section, ohms 
G — volt box multiplier 
IV=current tran.sformer ratio 
A'“reading of inductometer 
R'“reading of voltage divider 

phase angle of current transformer 

When the phase angle is small 
G 

A“—A'approximately 

_ G . 

approximately 

Reference 

1. Bluctricai. Charactbristics of Transmis¬ 
sion Circuits (book), William Nesbit. Westing- 
house Technical Night School Press, East Pitts¬ 
burgh, I’a., 3rd ed., 1926. 
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Discussion 

C. F. De Sieno (American Gas and Electric 
Service Corporation, New York, N. Y.): 
The evaluation of transmission-line losses 
is pla 5 n[ng an increasingly important part 
in the electric utility industry. This 
points up the need for accurate conductor 
data, especially conductor resistance under 
various loadings and ambient temperatures. 
This paper therefore is an excellent step 
towards filling a long-standing gap in the 
field of electric conductors. 

We are particularly thankful to the 
authors for the work done on the 1.6-inch 
and the 1.75-inch expanded ACSR because 
large quantities of these conductors are be¬ 
ing used on the 330-kv systems of the Ameri¬ 
can Gas and Electric Company and 
the Ohio Valley Electric Corporation. 


H. B. Dwight (Massachusetts Institute of 
Technology, (Cambridge, Mass.); The 
measurements on aluminum overhead trans¬ 
mission line conductors given by tlie 
authors have evidently been made with 
great care, and the results are without 
doubt very valuable. 

The reactance of ACSR, except for those 
cables with a single layer of aluminum 
wire, can be computed by the geometric- 
mean-distance method from the dimensions 
of the conductor. This can be done as a 
predetennination of the reactance before 
the conductor is fabricated, and so may 
be useful for designs and sizes for which 
tests are not available. 

Following the method of Example 6,‘ 
the 60-cycle reactance of the 1.75-inch 
conductor of Table IV is 7,920 microhms 
per 100 feet at 24-inch spacing, to be 
compared with the measured values of 


7,930 to 7,990. For the 1.60-inch con¬ 
ductor of Table III, the computed value 
is 8,150 microhms per 100 feet, to be 
compared with 8,160, as measured. 

This close agreement as well as other 
comparisons that have been made justifies 
the use of the calculations. More reliance 
should be placed on the calculations. They 
are not'particularly short, but a geometric- 
mean-di.stance calculation needs to be 
made only once for a given design of 
conductor. 

The skin-effect resistance ratio also can 
be computed, though not with the same 
precision as the reactance. The steel core 
does not come appreciably into the computa¬ 
tion if the aluminum wires of right-hand 
and left-hand spiraling are equally balanced 
so that they do not produce longitudinal 
magnetization of the core. 

If the spacing wires are not considered. 
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Test Results 


Aluminiua. 

CM 


lot* Reactance 

Strands of layers of »* 1 Foot. 

Aluminum M^enrys Ohms per 

Aluminum per 1,000 Feet Mile 


Calculated 
Reactance 
at 1 Foot, 
Olims per 
Mile 


Difference 
from Test 
Per Cent' 


795,000. 

795,000. 

477,000. 


..0.0130.... 

..0.0116.. 

..0.0127.. 

.0.385... 

..0.393... 

....0.884... 


477,000. 


.2 

lO-f-16... 

..0.0116_ 

..0.0127_ 

..0.424_ 

..0.430.... 

-0.399... 

-0.424... 

-0.430.., 


_r.bl« VI. C.„p.Hto„.fT«.a„J Clcul^ed R«ri.„„ fo, Exptodad ACSR, 

60 Cps 

Diaiaeter, 

Inches 

Aluminum, 

CM 

Strands of 
Aluminum 

I<ayers of 
Aluminum 

Test 

Reactance 
at 1 Foot, 
Ohms per 
MUe 

Calculated 
Reactance 
at 1 Foot, 
Ohms per 
Mile 

Difference 
from Test, 
Per Cent 

1.75. 

1.60. 

1,344,000. 

1,275,000. 

.2-{-2-t-30-f36 = 70.. 

. .2 Full. 

2 Partial 
. .2 Full. 

..0.332... 

..0.347... 

-0.333... 

...+0.3 

1.75. 

1,414.000. 

■■..2+2+26+82=^62... 

2 Partial 

. .2 Full_ 

2 Partial 

..0.337... 

...0.334_ 

...—0.3 

... -0.9 
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is O Ofifin r^wtance of the cable 

w 0.06^ ohm per mile. Reading at these 
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a'*St”S 

-?^opa*^-s2j:«a 
a«^m a,r«ment with the moasorei ™iu2! 
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(Minds InsUtute of Tecli. 

“•)•• «>a authOT TO 
to ^ ronrotulated on a very ^ 

^htfomyd presentation Z liT S? 

~ '“S 

SSi*“'=£S 

siS'SH-S? 

Iv extending the equations for the 


reactance of stranded conductors^-® tn 
i^ude hollow conductors of the same 

!=?““■ aa the aluminum ,trS 

of the condu^ tested by I>rof. Work 
tt was possible to make comparisons bf 

f t^ues of ream- 

Mce. These equations were based imny. 

I?)r Sl^f 1:h°^ ge(3metric mean distances. 
Wil^iTi. conductors tested by Prof 

fftim strands about a central steel core i+ 
^ ST” oaloulated mactaii^ 

alone checked ^ 
closdy the measured values for the comDle+^ 
conductor. The test and cal^iStrt 
are shown in Table V. vames 

concluded that, for conductors 

Sr/s r i^yers of alumin^ 

^ands spiraled m opposite directions 
about a central steel core, tie effect of the 
steel core on the conductor rSSmx^ at 

tSr?s 1 ^ “ usedT^e 

See tor£:^V4^f “- 

of s: Sr"d"f follows 

S^irdlin^'^f'*® ° fflfgnetize the core, the 
^u-allmg of successive layers in opposite 
^ta^ns permits this efeet to be SS 
completely neutralized. ‘“raost 

When samples of the expanded ACSR 
^a ref^ to in the paper WTO b^ 
or test, the conductor design 

quations for calculating the reactance 
^tended to include the effect of the 
aluminum 
^®^t“ices were computed 
the data, neglecting aatirely 

the effects of the steel core (as weU as 
^iraling) but including the effect of 
stranding by the methid of ^ometHc 
mean distances. The compute? «stS 

^^mSTca Aluminum Company 

iroi., f?^ comparison with the tested 
the agreement was very 
good, as shown by Table VI. ^ 

alWb?®® excellent agreement in 

au the compansons, it may be concluded 
that the reactance of multilayer ACSR 


. r — '•“‘towu-u wiui a mgn degree c 

SatTw assumption 

spiraling of thi 
strands have a negligible effect and tha 
ae ciarent m each strand of aluminum i 
proportional to its area. This assumption 
f course, gves equal currents in all th« 
^ummum stands if the strands all have 
same diameter. The final equation* 

appLSSi."^^ ^ 

of^Su^ ts t ts'.r 

reactances calculated using the same as’ 
sumptions did not agree with test mst^ 

tested by 

ftofessor Work. Furthermore, the re¬ 
actance as well as the resistance, as testS 
showed variations with current densitv 
starting from a low value at small cuS^nt^ 
mcrepng substantially, and then 
ye^ing again as the current was increased. 

St S;TT ^^^etaiice w^ 

value than the calculated 

effertc eglectmg the core and spiraling 
effects. It was concluded that the spiral- 
mg of a single layer of aluminum about the 
core caused a substantial effect in the 
measmed reactance and effective resiSaSt 
that depended upon the flux density in the 
core and decreaserl ao +».», ^ ™ 

saturation ^ approached 

of f ® ^ °f conductors 

of this type has been given complete tesS 

tte inconsistencies among 

2bl2 P°®®^We to pZi! 

*1 smgle-layer conductors 

havmg the same accuracy as for the multi 

to ,^'P'-o' thtauT^ 

wewf therefore very 

Stcludine^h?. that methS 

calculated 

can be Dprfpr*+ i®®at reasonable accuracy, 
can be perfected so that the resistance and 
reactance of fecial conduct^ such ^ 
ttose of unusuaUy high strength for river 
^os^gs can be predicted^ adv^^ 
of actual construction. uvance 
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Laboratories Ltc 
Kingston. Ont.. Canada): This pap« 

dSr ® appropriate time becau! 
during the past few months we have give 

tMts on some of the standard sizes an 
tojqdfflgs 0 ( ACSR to check 
publ^d value, for the a^e 
Md reactances The method of measure 
m^t as desenbed by the authors is direc 
studies it ^ siniple ^d from preliminary 
erne fetsli 

selection of the equip 
ment, mstallation of test samples, etc 
ve^ animate results shoidd be obtained. ’ 
or,?® and the internal induct- 

t difficult to cal¬ 

culate with any degree of accuracy owing 
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to the presence of the steel core. This 
particularly applies to 1- and 3-layer 
aluminum conductors and especially for 
the higher current densities. Actual tests 
are, therefore, a necessity for determining 
the electrical characteristics of such con¬ 
ductors. 

It may be of interest to compare cal¬ 
culated and test values for the a-c to d-c 
resistance ratio and internal inductance 
for the 2-layer aluminum 1,414,000-CM 
1.76-inch-diameter ACSR mentioned by 
the authors. The calculated values for 
the d-c resistance and a-c to d-c resistance 
ratio are 0.0656 ohm per mile at 26 C and 
1.01 respectively. These values compare 
very favorably with the test results of 
0.0660 ohm per mile at 25 C and a re¬ 
sistance ratio of 1.015. For this same 
conductor, the tests give a reactance of 
0.421 ohm per mile with 2-foot spacing. 
By calculating back, it is found that the 
external inductance is 1.066 millihenrys 
per mile and the internal inductance is 
O.OSl millihenry per mile. By direct 
calculation, the internal inductance of 
this conductor is found to be 0.041 milli¬ 
henry per mile and this is reasonably close 
to that obtained from the test. However, 
calculations for the electrical characteristics 
of other conductors, especially those having 
one or three aluminum layers, probably 
would not give values anywhere nearly as 
close to the test values. 

As stated previously, considerable atten¬ 
tion diould be given to the test setup if 
the highest possible accuracy in the results 
is to be obtained. In my opinion, the 
authors have given this matter the atten¬ 
tion it deserves but, for informative pur¬ 
poses, it would be of interest to have their 
comments on two points which are as 
follows: 

1. In the test setup, compression dead¬ 
end bodies are applied to the conductor 
ends to ensure proper distribution of the 
current between the strands of the con¬ 
ductors. While it would appear that 
this procedure is satisfactory for single- 
or double-layer aluminum conductors, it 
would seem advisable in the case of 3- and 
4-Iayer aluminum conductors to weld the 


aluminum wires to the open ends of the 
aluminum dead-end bodies just to make 
certain that the current does have the 
opportunity to distribute itself properly 
in the conductor. 

2. The measurement of the conductor 
temperature is important, as the authors 
have stated. From the paper, it is gathered 
that the thermocouples are placed at the 
top of the conductor and between the outer 
aluminum strands. Does this mean that 
these thermocouples are actually on the 
outside of the outer aluminum wires or 
are they between the two layers of aluminum 
wires? 


Joel Tompkins, B. L. Jones, and P. D. 
Tuttle: We are grateful to the discussers 
for their remarks concerning the paper 
and the experimental work behind it. 

The comment by Mr. DeSieno^Conceming 
transmission line losses is of importance. 
Prof. Dwight, Dean Lewis, and Mr. Defoe 
all noted the close agreement between 
calculated values of electrical charac¬ 
teristics and the results of measurements 
for ACSR with more than one layer of 
aluminum strands. Dean Lewis presented 
data showing that calculated and measured 
reactance values agree closely for con¬ 
ductors with three, as well as two, complete 
layers of aluminum strands. We agree, of 
course, that the reactances and ratios of 
a-c to d-c resistances can be calculated 
accurately for ACSR with even numbers 
of layers of aluminum strands. This fact 
will reduce considerably the amount of 
laboratory work necessary to revise pub¬ 
lished data on the electrical characteristics 
of ACSR. While it appears that the 
reactance of ACSR with three layers of 
aluminum strands can be calculated with 
acceptable accuracy, measurements of a-c 
resistance of several sizes of, such cables 
are needed and are to be made. Measure¬ 
ments of reactance will be made simul¬ 
taneously. 

As noted by Dean Lewis, the electrical 
charact^tics of ACSR with single layers 
of aluminum strands cannot be calculated 
with acceptable accuracy by neglecting 


the solenoid effect of the spiraling of the 
strands. Progress has been made in the 
development of methods of estimating the 
characteristics of such cables although it 
appears that the estimates must be de¬ 
pendent on experimental data concerning 
the characteristics of the steel cores. Con¬ 
firming measurements of characteristics of 
several sizes of ACSR with single layers 
of strands are needed and are being made. 

The simplified equations for the cal¬ 
culation of reactance promised by Dean 
Lewis will be welcome and helpful. The 
calculation by the geometric-mean-distance 
method is laborious for cables with many 
strands. A simple approximate method 
has been available for obtaining preliminary 
data. For expanded ACSR, a computation 
of reactance based on the equation for a 
single-phase return circuit composed of 
tubular conductors, and considering the 
cable as a tube of outer diameter equal to 
the cable diameter and of inner diameter 
equal to the cable diameter less four strand 
diameters, gave a result differing by less 
than 2 per cent from the exper ime ntal value. 
The tubular conductor concept also leads 
to an acceptable estimate of the a-c to d-c 
resistance ratio, as Prof. Dwight demon¬ 
strates. 

To answer Mr. Defoe’s questions, we 
have found that compression dead ends, 
properly applied, seem to meet adequately 
the requirements of proper current dis¬ 
tribution. If there is any doubt, then 
the cable ends can be welded to be doubly 
sure, and compression dead ends can be 
readily adapted to do this. Welding has 
been used in preparing samples for the 
measurement of the characteristics of some 
cables with four full layers of aluminum 
strands. 

We have experimented considerably in 
regard to the placement of thermocouples 
to insure satisfactory average readings of 
cable temperature. We have found no 
difference in the readings of couples placed 
between the strands of the outer layer 
and the couples wedged between the 
strands of the outer and the first inner 
layers. The latter position has the ad¬ 
vantage of more mechanical security. 
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F acilities for capacitance-switching 
tests to check the performance of 
circuit breakers when switching the 
charging currents of transmission lines, 
cables, or large capacitor banks have been 
for many years a part of the drcuit- 
breaker development program of the 
company with which the authors are as¬ 
sociated. It had been recognized that 
severe transient voltages could be en¬ 


countered when interrupting capacitive 
currents.^ In order to develop an inter¬ 
rupter which would minimize these tran¬ 
sient voltages* a bank of capacitors that 
provided the means for performing capac- 
itance-switdiing tests was installed in the 
High Power Laboratory in Schenectady 
in 1941. This bank of capacitors had a 
rating of 7,800 kilovars (kvar) and was 
arranged for tests up to 132,000 volts. In 


1948, an additional 10,800-kvar bank was 
added, bringing the total capacity to 

18.600 kvar. In 1962, when short-circuit 
testing operations were transferred from 
Schenectady to Philadelphia**^ the 7,800- 
kvar bank was replaced with a second 10,- 
800-kvar bank, giving a total capacity of 

21.600 kvar in the present Laboratory. 
With the increase in the number and 

length of high-voltage transmission lines 
and cables, Eind in the use of capacitor 
banks, the importance of this type of test- 


Paper 55-220, recommended by the AIBB Switch- 
gear Committee and approved by the AIBB Com¬ 
mittee on Technical Operations for presentation at 
the AIBB Winter General Meeting, New York, 
N, Y., January 31-February 4, 1966. Manuscript 
submitted October 26, 1064; made available for 
printing December 17, 1064. 

R. L. WiLUAMS, L. L. Mankoup, and H. N. 
ScHNSiDHR are all with the General Blectric Com¬ 
pany, Philadelphia, Pa. 
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R.. 1. Oipadto, b.„l, .„d hlsh^ltas. y„d 330.1c, S5 000 00O • • , 

undergoing capacitance-switching tests' ' 


mg has become more generally realized 
It IS currently being emphasized in the 
development program to the extent that 
^ost as many capadtance-switcliing 

tests are being made as high-power tests « 
^Pacitance-switching tests 
utilized the same power source as inter- 
niptmg capacity tests, without the actual 
necessity for such high-power equipment 
and dnoe this equipment is i„ 

the 

uhhse a synthetic ciremt for investigat- 

istfrr,!fT“?‘““'™'“'’“'‘S character- 
brS^l interrupters and 


Capacitor Bask Installation 

Capacitor Bank 

in f napadtor installation 

tL?? tdth the high-voltage 

yMd in the rear. Power for testing is ot 

toed from one of the two 125,(Wkva 
hm-circrnt testing generators. One or 
of two 100,000-kva 220-kv testing 
tonsformers are used to obtain the volt- 
m required for capacitance-switching 
tots A 330-fcv 25,000-niegavoIt-anipere 

tor 

7 m ia Wt up of 

^ continuously rated 
+ti ^ ^ short-time basis (10 cycles) 

he unite are capable of withstanding 73- 
overvoltages, so that switching 
teste may be made as high as 64,800 kvar 

On^ h capacitors. 

is capable 

the r ^ single-pole unit up to 

quivalent of 300 miles of 330-lcv 


J tance and current available without over- 
excitation on tlie capacitors. 

in capacitors are arranged 

5ts 10,800-lcvar banks, with 

;r- ff Provision for a third bank. Each 

'^''200 volts. 

It * ^ ® close-up view of 

wo o the trays, each containing 12 16 - 
tvax capacitor unite permanently con- 
parallel. Each bank consists of 

towr. Connections progress from .tower 
_ to tower and tier to tier in a helical ar- 
rangement, Fig. 3, with an insulation level 
above ground of 760-kv basic impulse 

level 

level between tiers is 350-kv basic im- 

^se level. Hook-operated disconnecting 
^t^es are provided for making series 
parallel combmations of unite from 7.2 kv 

^ maximum of 
flexibility m both voltage and capaci¬ 
tance ranges. Fig. 4 shows the operator 
changing the bank connections by means 
of these switches. 

Two high-voltage lines and two -shunt 
(ground-return) lines for each of the two 
towers give a high degree of flexibiUty in ' 
making test connections. One high-volt- 
age line of each bank has an insulation 
level corresponding to the top tier, and 

wru®"" insulation level correspond- 
mg to the bottom tier. Each high-voltage 

^ has an automatic grounding switch 

hich pounds the line and discharges the 

In'fw J?""” ®°<^Josure gate is opened. 

a addition to grounding switches which 
tescharge the bank as a whole, each ca¬ 
pacitor unit has an internal resistor which i 

v^i? approximately 60 i< 

volte m 6 minutes. u 

The disconnecting switches for series- 


P^allel connections are mounted on the 
sides and ends of the tier frames. They 
are so arranged that no disconnect has the 
voltage of more than two capacitor unite 
(14 4 kv) so that 23-kv switches may be 
used. This keeps space requirements to a 
minimum, and the switches are easily 
operated from ground level. 

In large commercial installations of 
capacitors, it is customary to equip each 
capaator unit with an individual fuse 
wmeh disconnects this um’t from the dr- 
emt in case of an internal fault. Experi¬ 
ence has shown that, in an installation for 
laboratory testing, fuses make no con- 
nbution to either continuity of service or 
^ety of equipment. Therefore advau- 
ge is taken of the simplicity afforded by 
flitting the fuses. In addition, this 
sunpler connection contributes to mini¬ 
mum inductance in the bank. 

Tests are usually made with the test 
circmt breaker located in the power-test 

tests and line-dropping tests may be made 
mthout shifting the location of the test 
breaker. Where close coupling of the 
capacitors and a minimum inductance is 
required, as in bank-to-bank testing, the 
test breaker is mounted on a test car 
located on the concrete strip immediately 
m front of the capadtors. On some oc- 
^sions spedal connections within the 
^ ave been made to eliminate even 
more of the inherent inductance of the 
Dank. 

A rod gap is provided to protect the 
capaator bank from high transient volt¬ 
ages due to multiple restrikes which occur 
m the development of new interrupter 

Table I. Maximum and Minimum Values of 

Capacitance and Current Obtainable at 
Various Test Voltages Without Overexclta- 
tion on the Capacitor Units 

.Made at 73-Per-Cent Overvoltage (for 10 
Cycles Duration) at Three Times the Values of 
Capacitance and Current Shown 


Capacitance, 

Microfarads 


Amperes 


Him- “^S"" Mtai. 

v.r. s 


7.2. 
34.4. 
21 . 6 . 
28.8. 
36.0., 

43.2.. 

57.6.. 
72.0.. 

86.4.. 
108.0.. 
144,0.. 
216.0.. 
432.0.. 


. 0.077..1 
.0.077.. 
.0.077,. 
.0.077.. 
.0.077., 
.0.077.. 
.0.077.. 
.0.077.. 
.0.077.. 
.0.077.. 
.0.077.. 
0.077.. 
0.077.. 


,106.0 

276.3 

122.8 

69.1 

44.2 
30.7 

17.3 
11.05 

7.67 , 
4.91 . 
2.76 . 
1.228. 
0.807, 


0 . 21 .. 
.. 0.42.. 
.. 0.62.. 

.. 0.83.. 
• 1.04,. 

. 1.26.. 

. 1.67.. 

. 2.08.. 

. 2.50.. 

. 3.12... 
. 4.16... 
. 6.25... 
.12.60... 
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. .3,000 
..1,600 
.. 1,000 
.. 750 

.. 600 
.. 600 
.. 375 
. 300 
. 250 

. 200 
. 160 
. 100 
. 50 
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Fig. 3. Complete capacitor installation as viewed from the high-voltage yard, 
the picture are the four high-voltage power lines that tie into the bank. Conn* 
lines are the four high-voltage grounding switches located In front of the towers, 
to the right of the grounding switches are the ground return or )hunt lines. Ini 
between towers can be seen on the two towers on the left side of the pi 
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units. The rod gap is located on the 
source side of tlie breaker with the spark- 
over voltage adjusted just below the 
lightning-arrester level. Not only does 
the gap provide a high degree of protec¬ 
tion to the capacitor bank but it also re¬ 
lieves the lightning arrester or surge pro¬ 
tector at the transformer terminals of the 


necessity of discharging the large amounts 
of energy stored in the capacitor bank. 

Synchronous Taping op Test 
Breaker 

In order to make a thorough capaci¬ 
tance-switching test on a circuit breaker, 
the breaker is tested over the complete 


Fig. 5. Control panel for synchronous 
tripping of breaker under test 

range of contact-parting angles (the angle 
on the current wave at which contacts 
part). This is done to demonstrate that 
the breaker capacitance-switching ability 
is adequate for any condition encoun¬ 
tered in service. Synchronous tripping is 


June 1955 


Wtllmms, Mankoff, Schneider—Capacitance-Switching Facilities 


377 











IM/Vl/VuVVVv^ ^ ^ 

i fi i 1 1 1 \ [\ /i /i /l- ^ ^ 



CURVE A 



CURVE B 
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F'S. 6. Magnetic oscillogram for capacitance- 
switching test 

Curve A—^Trip current 
Curve B—Generator voltage 
Curve C—Current 

Curve F-Othode-ray oscillograph timing 
Indication 


Sj^thefic Circuitfor Capacitance 
Switching 


used to control effectively the contact- 
paatmg angle. 

ia Circuit 

IS obtained by means of a control genera¬ 
tor which IS directly connected to the 
testing generator. This control generator 
-pphes voltage to a phase-shikg sel- 
‘ -xTr® selsyn triggers an electronic 
cirmt that trips the test breaker at any 
predetennmed point on the voltage wave. 

ig. 6 shows the control panel used for 
S3mchronous control testing. 

Recording of Data 

JVo methods of recording tests, de- 
pendmg upon the use to be made of the 
data are employed. If the perfonnance 

« to be correlated with the breaker travel 

^eed. pres^e. etc., records are made 
^plo^ng bo^ a magnetic oscillograph 
and special laboratoiy-type 3-tuL 
^^ode-ray osciUograph producing rec- 
ords on a 6-inch by 40-inch film having 

a’^deseectionintimescale. Figs.Oa^I 

7 ^^ow typical osdllograms for such a 

rei^hf "^P^^^^^-switching tests do not 
requne ^e elaborate osciUograms re- 

^ese tests, all essential data are obtained 

eraiS^ cathode-ray osdllo- j 

graph, having a long-persistence screen # 

from which a still photograph is made S ^ 

^e ^ansient phenomena with a 36-milK- t 
metCT camera. With this method of re- 

rr ^ tunes the former rate, effectively h 

trip^theavaaabffityofthetestfa<ffl! ^ 

5 show a 35-nulIimeter record of two n 
a^dta^-switching tests, one with re f 

rtrice and one without restrike. !” 


Basic Circuit 

The Development Laboratory has the 
ling ;?*‘e^entioned capacitance bank installa¬ 
tion in the high-voltage yard to provide 
means of determining full-scale capaci- 
Watching perfonnance of brealcers. 

hese tests are made to demonstrate that 
fte breaker being tested can successfully 

f ^^^S^®^“^*®®^g^“.^apadtance 

a- switching. However, in the develop- 
lie ment of new interrupters it is not siff- 
or ficient merely to determine successful per¬ 
il- formanceforagivenvoltage. Toevaluate 

1 C adequately capacitance-switching char- 

y acteristics of developmental interrupters 

Ir tiiif investigate the factors 

•r that contnbute to perfonnance such as in- 

terrapter configuration, contact design 
contact speed, etc. ^ ' 

In addition to this, it has been found 

■ that for a given set of conditions there is 

■ no sharp boundaty between the region 
where no restrikes occur and the region 
where restiikes occur all of the time. On 
the contrary, the voltage at which re- 
stnkes occur all of the time may be as 
much as two to three times greater than • 
the voltege at which no restrikes occur 
Also.^this investigation should be made J 
over the whole range of contact-parting I 
angles because changes in the contact- t 
parting angle can result in more than 100- 
per-cent variation of withstand voltage 
and this variation changes with inter^ 
rupter modifications. Since this investi- 'i 
gation must also be made over a wide I 
range of agents, it is apparent that, to “ 

evaluate asinglemodification of a develop. J 

mental interrupter, many hundreds of p. 
tests must be made. 

Theconventioualmethodofperfonning 
capacitance-switching tests requires the 
high-po^ facilities and large test areas 
of the ^tchgear Development Labdra- ? 
tory which are in continuous demand for 

testing. However, capacitance- Cu 
smte^ng tests require only a small frac- ^ 
tion of this available power. Recognition Cu, 


of fact led to the development of a 
s^thetic circuit which is used for evalu¬ 
ating the capacitance-switching perform¬ 
ance of developmental interrupters and 
aremt breakers. This synthetic circuit 
u izes rdatively low power equipment 
■ and a small test area. In essence the cir¬ 
cuit supplies capacitive current from a 
: low-voltage source and high test voltage 
from a low-current source. Synchronous 
isolation of the two power supplies is pro¬ 
vided by means of a device designed for 
this purpose. 

Synthetic circuits for investigating de¬ 
velopmental interrupters and circuit 
breakers have been under consideration 
many times. Synthetic circuits for power 
es mg require the application of a high- 
requency, recovery voltage accurately • 
con rolled within a few microseconds of 
the current zero. Fortunately this is not 
• capacitance-switching test¬ 

ing. The recovery voltage is a 60-cycle 
wave and application within 100 micro¬ 
seconds will suffice. 

Fig. 9 shows the basic circuit and wave 
f(^s of the synthetic test unit. The 
high-potential transformer is energized 
mth ffie contacts of the interrupter closed ; 
therefore, the high potential is impressed 
across the series capacitor whose 60-cycle 
reactance is high enough so that it will 
not overload the high potential trans- 
lormer. To insure steady-state condi¬ 
tions a minimum of 10 cycles, set by a 
time-delay unit, are allowed before any 




Fig 8. Oscillogram of capacitancc-switching 
tests photographed on 35.millimetcr film 
showing (left) a restrilce and (right) a restrike- 
free test 


-— — -wui 

Mankoff, Sch^n^er-CapacUancMmt FaemUs 


Curve A--Breakcr contact parting Indicator 

'“Urve B—Line voltage on source side of 
breaker 

Curve C—-Voltage on capacitor side of 
breaker 

Curve D—Current 
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SERIES ISOLATION 

CAPACITOR DEVICE 



TRANSFORMER GENERATOR 




Fig. 9. Basic circuit and wave forms of the 
synthetic test circuit. At the top is the block 
diagram for the circuit. Underneath the basic 
circuit are the essential wave forms showing the 
synchronization between current and voltage 
and the resulting voltages across the series 
capacitor and the test unit 


action is initiated by a synchronous-con¬ 
trol umt. As can be seen from the wave¬ 
forms the current generator is preset to 
fire so that current zero will occur at a 
voltage maximum. The current generator 
is fired synchronously and current begins 
to flow through the dosed contacts. The 
current generator produces a half-cyde of 
current. At the desired time within the 
half-cyde the contacts part and the cur¬ 
rent continues to flow in an arc produced 
across the parting contacts. This arc 
maintains a low’-impedance path for the 
high potential. At the end of the half- 
cyde of current the isolating device has re¬ 
moved the current generator from the 
circuit. The high-potential transformer 
voltage is then at a positive peak, and the 
series capadtor is charged to a voltage 
iSmax. Voltage now builds up across the 
interrupter contacts and reaches 2Ema» 
after 1/2 cyde. 

Thecurrentgeneratoris a bank of capac¬ 
itors diarged from a rectified a-c source 
and synchronously discharged through an 
inductance by means of a thyratron-trip 
circuit. The amount of capadtance used 
is governed by the range of current de¬ 
sired and the inductance is chosen to reso¬ 
nate with the capadtance at 60 cydes 
per second. Fine control of the amount of 
current obtained is achieved by adjusting 
the alternating voltage applied to the 
diarging drcuit. 

Both the current and the voltage are 
displayed on a cathode-ray oscillograph. 
The current is measured by means of a 


shunt, the voltage by means of a capad¬ 
tance divider across the interrupter or 
breaker. The contact-opening indication 
is obtained through the use of a switch 
set to fire a thyratron which in turn 
blanks the trace for a short interval at the 
time of contact opening. The composite 
signal, on a single trace, is obtained from a 
signal-mixer unit which amplifiesand com¬ 
bines the current and voltage signal. Fig. 
10 is a typical osdllogram showing cur¬ 
rent, contact indication, and voltage. 
The first half-cyde shown is the current 
wave. The remainder of the oscillogram 
is the voltage applied to the interrupter. 
In recording, the polarity of the voltage 
wave is reversed. This is done to position 
the voltage wave on the osdllograph in 
order to improve the readability of tlie 
test record. When it is required to record 
additional test data sudi as contact 
travd, interrupter pressure, etc., a 4-beam 
cathode-ray osdllograph is used. 

The device developed to provide syn¬ 
chronous isolation of the two power sup¬ 
plies was tested extensively. In addition, 
to insure the reliability of the data ob¬ 
tained, the proper operation of this device 
is checked on each test. This is accom¬ 
plished by means of an indicating drcuit 
which is actuated in the event of a rare 
isolation failure. This drcuit will blank 
the cathode-ray oscilloscope beam at t he 
instant of failure, thereby recording that 
the test was not valid. It is to be noted 
that this synthetic drcuit cannot be ap¬ 
plied to interrupters that are shunted by 
resistors of such ohmic value that would 
effectively discharge the series capacitor 
of the synthetic circuit. 


CURVE A 


CONTACT 



CURVE B 



Fig. 10. Oscillogram for synthetic capaci¬ 
tance-switching test 

Curve A—^Withstand test 
Curve B—Restrike 


Synthetic-Circuit Installation 

A permanent installation of this syn¬ 
thetic capadtance-switching circuit has 
been made in the Development Labora¬ 
tory as shown in Fig. 11. This installation 
is divided into a control area, which is 
located in the upper left corner of photo¬ 
graph below the clodc, a drcuit area, 
which is located at rear of photograph, 
and two test areas, in the foreground. 
The drcuit area contains the following 
components: 



Fig. 11. Installation of synthetic capacitance-switching circuit. Directly in the foreground 
are the two test areas. Behind the test areas is the circuit area that contains the synthetic circuit. 
To the left of the circuit area, and underneath the clock, is the control area 
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area of synthetic 
capacitance¬ 
switching circuit 
showing, fiom left 
to right, the in¬ 
coming power 
panel, synchron¬ 
ous control unit 
"o. 1 instrument 
panel and calibra¬ 
tion unit, and syn¬ 
chronous control 
unit no. 2. To 
the extreme right 
is seen the cath¬ 
ode-ray oscillo- 
Sraph and 35- 
nilllimeter cam- 


ed. Restive action at voltage break 
Thecontriba 

fr™ being obtaine( 

Conclusions 


era 


9 * regulator, 

n* High-voltage transformer 
o. Jienes capacitor. 

s' divider. 

«• Isolation device. 

Current generator. 

as shown in Fig 

wirinen ii. The test-unit control 

™ng plugs into stationary recentarl^><= 

«^ch connect to the 

^t aosocwted with each test tea 
JunipCT connections in the circuit are. 
provide for the interchanging of tlie Z 
^onous-control units. The front fencL 

“ removable to allow 
tot breakers, as weh as test units to he 
brought into the test areas. ' ' 

The control area, as illustrated in Fig 
12, meorporates the following conf^ 


ponents: 

I. Incoming-power control panel. 

tto'S?'™tte 
Data is records oscdlograph. 

mounted on the oscilloti^?™'*"' 

3. Calibration unit. 

units whic^^^e°used 

current, voltage ssmciiromze the 

breaker-oper^u,r-o^rsw^; 

CuPacrraKcn 

teii„v'*rt-“" ‘^P«=-‘“oe-switching 
totmg, this mstaUation, with the svn*^ 

chronousHioatrol units, has provided tte 

of “ PbotograpMe 

tudy of the fundamentals of caoaci 

s^trf f Using Lh 

Still and high-speed motion photoeraohv 
arcs of the magnitude and di^^K-' 
ountered in capacitance-switching duty 
are being investigated. TheeffLsof 


.‘^^Pacitance-switdung facilities ( 
ae S^^ar Development LaboreTo; 

have been expanded in step with capac 

^-swi^lng perforeiice r^^ 

testiticT capaaty and nev 

" ntilire of^w“.“ multiplied th( 
Utility of the testing facUities. 

switchW^?^^ circuit for capacitance 

proi^ re ““<1 bas 

P oved to be a very useful tool. It has 

of mvestigatiiig many (ypes 

^devdo^eutal interruptere aud biSi- 

have been 

is as a de™h)^™^ 

^ 'toification'S'S^e 

^tauce-^tching performance of the 

S^ieS “'“j5™P‘“-»breakermust 

^de^ined through the use of fuU- 
iW ban? fjxipmeut such as capac- 

st:^"’' U'^'^^P-ant 
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R. L. Williams, L. L. Mankoff, and H. N. 
Schneider: The voltage across the circuit- 
breaker contacts is available both in full- 
sc^e and synthetic circuit capacitance 
switching testing. In capacitance switch¬ 
ing testing, using full-scale testing facilities, 
the voltage is measured on each side of the 
breaker to ground. The difference of the 
voltages is the voltage across the breaker 


contacts. Any initial voltage drop across 
the breaker contacts will appear on the volt¬ 
age trace of the source side since the voltage 
of the load side will remain constant. For 
the synthetic test circuit as stated in the 
paper, voltage is measured directly across 
the breaker contacts. It is a property of 
the synthetic circuit that the initial change 
in voltage across the breaker contacts upon 
interruption is zero, correspon din g to the 
most severe test condition with regard to 
kvar to kva short-circuit ratio. 

There is no conflict between this paper and 


the two mentioned by Mr. Kilgour. They 
establish the voltages that should be used 
for the single-phase circuits equivalent to the 
various 3-phase conditions. The of 
the present paper designates the crest value 
of the transformer voltage of the synthetic 
circuit, which may be set at the same value 
as tha.t required for the single-phase equiva¬ 
lent circuit or for any other voltage desired. 
In f^ct, for developmental investigations, 
testing is done through a range of voltages 
far in excess of any encountered under field 
conditions. 


Stray Losses in tKc Armature End Iron 
or Large Turbine Generators 


R. L. WINCHESTER 

ASSOCIATE MEMBER AIEE 


Sjmopsis: ^ The results of a study of stray 
load losses in the armature end iron of large 
turbine generators are presented. These 
losses are induced by the generator end 
leakage flux, and the resulting end iron 
temperatures limit the machine capability 
in the underexcited region of operation. 
Quantitative methods of analysis of the 
magnetic field distribution at the ends of the 
machine and the resulting losses and tem¬ 
perature rise are presented. Design innova¬ 
tions for reducing end iron losses and tem¬ 
perature in both conventional and direct- 
cooled generators are described. The re¬ 
sults of factory and field tests supporting the 
principal conclusions are included. 

I T WAS recognized early in the history 
of synclironous machines that genera¬ 
tor operation at high lagging, unity, and 
leading power factors resulted in com¬ 
paratively high temperatures in the 
structural parts at the ends of the arma¬ 
ture core. This phenomenon has been 
termed “end heating” and is characteris¬ 
tic of the steam turbine type of alternator. 

End heating is caused by losses gen¬ 
erated in the structural parts by magnetic 
flux entering the ends of the armature 
core. This flux is caused by the resultant 
of the armature and field winding magne¬ 
tomotive forces (mmf) and rotates in 
synchronism with the field. The parts 
affected, shown in Fig. 1, are the end 
laminations of the stator core, the stator 
core clamping fingers, the stator core 
flanges, and the end winding binding 
bands. 

During the early years of electric power 
generation, little capacitive correction 
was used on transmission systems. Under 
these conditions, the generator supplied 
most of the reactive power. Most early 


units carried loads ranging from 0.7 to 
0.9 power factor, overexcited, and per¬ 
formed satisfactorily with such loads. 
In later years, with the application of 
static capacitors and synchronous con¬ 
densers, system power factors, during 
light load periods especially, have grad¬ 
ually shifted closer to unity. 

In about 1925, the General Electric 
Company made turbine-generator design 
alterations which materially reduced the 
high temperatures resulting from under¬ 
excited operation. These changes con¬ 
sisted of using nonmagnetic steel for the 
s^ctural parts, fingers, flange, and 
binding bands, which were previously 
made from magnetic steel. Additional 
improvement was made later by intro¬ 
ducing the practice of chamfering the end 
packages of the stator core. 

The reduction in temperature rise ob¬ 
tained by these improvements, docu¬ 
mented by test results on many machines 
through years, ^ has promoted increased 
confidence on the parts of both the manu¬ 
facturer and the operator in the under¬ 
excited capability of modem turbine 
generators. All turbine generators cur¬ 
rently being built by tire General Electric 
Company are capable of operating at 
rated kilovolt-amperes (kva) at 0.96 
power factor, underexcited, and may be 
loaded to approximately 60 per cent of 
rated load at zero power factor, under¬ 
excited. A typical operating charac¬ 
teristic for one of these machines is shown 
in Fig. 2. 

During the past few years, rather in¬ 
tensive, industty-wide efforts by turbine- 
generator designers have been devoted to 
increasing the specific capacity of 2-pole 


generators. Hampered on one hand by 
limits of shipping weight and dimen¬ 
sions and on tlie other hand by the me¬ 
chanical limits of known stmctural ma¬ 
terials, the designer has had to devise 
radical improvements in methods of cool¬ 
ing to increase the kva capacity of 2-pole 
turbine generators. Significant progress 
has been made in the design of direct- 
cooled generators®-6 and in the design of 
multiple-circuit generators and multiple- 
phase generators* which also allow an 
appreciable increase in generator capacity. 

The greatly increased specific capacity 
of tliese direct-cooled machines hng re¬ 
sulted in greatly increased loadings on the 
generator windings. It is to be expected 
that the losses at the ends of the armature 
core will increase correspondingly. An 
idea of the increase in end iron tempera¬ 
ture to be expected by simply increasing 
the Winding loading of a large 2 pole 
generator may be gained by inspection 
of Fig. 6 of reference 1. This curve shows 
tliat a 10-per-cent ina-ease in capability 
for a given generator will cause an in¬ 
crease in the end iron temperature of ap¬ 
proximately 13 per cent if no other design 
changes are made. What, then, is to be 
expected if the generator rating is in¬ 
creased 60 per cent or even 100 per cent 
or more without an increase in physical 
size? 

The results of a study directed towards 
gaining a better understanding of the 
nature of end iron losses are described. 
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^ ^dy was undertaken with the in- 
te^ea^ bow to design generators 
“^d ca^bdity with end iron tern- 
^tares consistent with those of con- 
vent.^ units over the entire range of 
2 ^tmg conditions. In addition the 
d losses, which appear as stray load 

l^b^e of anappredablema^tude 
mup-ratd generators, andmethoShave 

been devised to reduce these losses The 

Which has been made towards 

Md tempOTture, and the loss reduction 
fMti^ winch will be introduced in large 
^Mt coded-genetators currently beii 
by the Gened Electric clS 

„ of which are described in this 

^ dhect-cooled 
sector. These problems have re- 
qmed, and will continue to require 
thor^h engineering study in advance of 
“J^otion and operation 
satisfactory and lasting operation. 


*, - armature winding pitch factor 

generator centerline 
f' scalar magnetic potential 
*,y,^=rectangular co-ordinates 
«=» depth of penetration 
generator peripheral angle 
p =s electrical resistivity 

flc “resistivity of copper 
«—angular frequency 
P “magnetic permeability 
Po “ permeability of free space 

Descri^on of the Hatnre of End 
iron Losses 


onienclature 


“Square wave armature reaction 
B “magnetic induction " 

E *^ectric field intensity 
r;“ frequency 
^“niagnetoiriotive force 
H “magnetic field intensity 

J“electnc current density 
182 


•The purpose of this section wffl be to 
from a qualitative standpoint, 

the structural parts at the ends of the 
^hne core. The emphasis will be 
plarad on establishing a physical picture 
of the magnetic field distribution at the 
ends of the machine, the behavior of the 
coducting ^terials in the presence of 
^ field, and the effect of load conditions 
on losses and temperature rise. 

End Construction 

^ The end construction of a typical tur- 
bine gen^ator is shown in Fig. l. Axial 
preMure is maintained on the stator core 
amimtions by the stator core flange 
which IS bolted in place on extended key 

ars m back of the stator core. Beneath 


Wincl^^Stray W s„ ^ eWa/orr 


, “6<»auo». tuc core are 

l^ted the outside space blocks, or end 
clamping fingers, which extend as canti¬ 
levers over the core teeth between arma¬ 
ture bar slots and maintain axial pressure 
on the core teeth. The annature end 
windings extend axiaUy from the slots 
and are laced to binding bands in the 
u^ ctoond-shaped pattern. The field 
end wn^ngs extend axially from the 

rotor body and are held in place by the 

retaining ring. The retaining ring is 
shrunk onto the rotor spindle and a small 
^ gap IS maintained between the tip of 
the retaming ring and the rotor body. 

Magnetic Field Distribution 

Under normal load conditions, the 
generator voltage is produced by mag¬ 
netic flux which passes radiaUy across the 
air gap and is distributed unifcamly over 
the length of the core and approximately 
^nusoidally ^th the p^pheral angle 

with ^ synchronism 

mtk ^e field and is generated by the re- 

m^* of the armature and field winding 

The ei^ losses are generated by the end 
nn^ng flux which passes from the ends 
of the rotor body and retaining rings to 
pie ends of the armature core. This flux 

being that the permanence paths are in 
and more compHcated. 
tbfu fl rotates in synchronism with 
e field and, therefore, sweeps past the 
stationary parts at the ends of the atma- 
me core at synchronous speed, inducing 
eddy-current losses. ® 

Skin Eprect in Conducting Material^ 

The losses in the various structural 
parte may be separated into two cate- 
gones. In the first case, the eddy cur¬ 
rents are resistance-limited, or the effec¬ 
tive resist to eddy-current flow is 
considerably larger than the effective 
^ere is Httle skin effect. 

In ^is ^se, the distribution of the mag¬ 
netic field is relatively unaffected by the 
conducting material, and 
the eddy-current distribution is deter- 
mined largely by the properties of the 

material and the magnetic field distribu¬ 
tion. 

In ^e second case, that of pronounced 
skin effect, the eddy currents are r^ct- 
ance-limited. In this case, the conduct¬ 
ing material has a dominating effect on 
the magnetic field in its vicinity, the eddy 

currents being large enough to prevent the 

entry of magnetic flux and tending to 
cause the conductor to act as a shield. 

The criterion to be applied to detennine 
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to which category the materials belong is 
the classical depth of penetra,tion of the 
material. The magnetic field attenuates 
within a conductor (the proportions of 
which are large in comparison to the 
depth of penetration) to a value, at a 
point one depth of penetration below the 
surface, of 37 per cent of the value at the 
surface. The classical depth of penetra¬ 
tion is defined as 


f mi 

(lA) 

0.336 

flB) 

VUOQft)"' 


The case of pronounced skin effect occurs 
when the dimensions of the conducting 
body are large in comparison with the 
depth of penetration, while little skin ef¬ 
fect occurs when the dimensions are smalt 
in comparison with the depth of penetra¬ 
tion. 

Eddy-Current Losses in S'ieuctural 

Parts 

Magnetic flux entering the end teeth 
of the stator core in an axial direction in¬ 
duces eddy cmrents which flow unob¬ 
structed parallel to the laminations. It 
has been demonstrated that a given mag¬ 
netic induction entering a laminated steel 
body in a direction perpendicular to the 
laminations generates losses many times 
greater than the same induction entering 
parallel to the laminations. Eddy cur¬ 
rents in the end teeth are largely resist¬ 
ance-limited except in generators with 
the widest teeth. The primary reason 
for this behavior is that the effective per¬ 
meability of the stator core to axial pene¬ 
tration of magnetic flux is quite low 
because of the air gaps between lamina¬ 
tions. 

As was described previously, the bind¬ 
ing bands, binding-band brackets and 
outside space blocks of the machines cur¬ 
rently being built by the General Electric 
Company are made from nonmagnetic 
steel. The eddy currents in these parts 
are resistance-limited since the dimefiri n ns 
are small in comparison with the depth of 
penetration. The losses in these parts 
are minimized by the nonmagnetic sted 
construction. 

On the other hand, the dimensions of 
the stator core flange are such that with 
presentiy used materials the currents are 
nearly reactance-limited. Therefore, the 
core flange eddy currents prevent most of 
the end flux from penetrating the flange 
and from entering the badciron. The cur¬ 
rent flowing in the flange is a small frac¬ 
tion of the total end winding current, the 


actual magnitude depending on the geom¬ 
etry of the end structure. Magnetic 
steel and cast-iron flanges behave in a 
similar manner except for more pro¬ 
nounced skin effect and higher losses tTia n 
with the nonmagnetic steel construction. 

With the generator operating at rated 
load and rated power factor, the end losses 
and resulting end iron temperatures are 
well within comfortable limits. The 
losses and temperature rise increase 
rapidly, however, as the generator loading 
is shifted into the underexcited region of 
operation^ and, finally, actually limit the 
generator capability, as diown in Fig. 2. 
This increase in end losses and tempera¬ 
ture is caused primaorily by the changes 
in the magnitude and relative spatial 
positions of the winding mmf. As the 
generator loading is shifted towards un¬ 
derexcited operation, the locations of the 
peak values of the armature and field 
winding mmf move towards one another, 
and the field winding mmf decreases in 
magnitude. Both of these effects cause 
an increase in tlie end leakage flux and 
the resulting losses. 


Effect of Nonmagnetic Retaining 

Rings 

End losses are, in general, lowered by 
providing nonmagnetic retaining rings on 
the rotor. The presence of a nonmagnetic 
retaining ring tends to increase the 
lengths of the reluctance paths for the end 
leakage flux, lowering the magnetic field 
intensities and decreasing the losses. 

Although nonmagnetic retaining rings 
are ideal from an electrical standpoint, 
there are many problems of quality con¬ 
trol in producing these rings for large 
generators. As a consequence, engineer¬ 
ing effort has been directed towards de¬ 
veloping loss reduction features applicable 
to direct-cooled generators with magnetic 
retaining rings as well as towards solving 
the problems of manufacture of non¬ 
magnetic retaining rings. 

Results and Conclusions 

End iron temperature rise margins in 
generators of conventional rating have 
been greatly increased by the introduction 
of split teeth in the end laminations of the 
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.stator core. The striking effect of split 
exzd teeth on end tooth temperature rise 
has been demonstrated by generator field 
tests and is illustrated in Fig. 3 which 
shows a comparison of temperature rise 
in duplicate machines, except for solid 
and split end teeth. 

Slottmg the end teeth accomplishes, 
to a lesser degree of perfection, the same 
effect as laminating the core in a direction 
parallel to the magnetic flux. This loss 
reduction technique was first described, 
as far as the author is aware, with refer¬ 
ence to the generator end loss problem, in 
the foreign literature.^ 


It is expected that direct-cooled genera¬ 
tors with greatly increased specific capac- 
iries, currently being built by the General 
Electee Company, will have capabilities 
m ^e underexcited region of operation 
amilar to those of conventional units. 
This operation has been made possible by 
the development of design innovations 
consisting of split teeth in the end lami- 
nations of the stator core and a conduct- 
mg shield over the stator core flange. 
The introduction of these design features 
will also help to maintain high efficiency 
in direct-cooled generators. 

The stator core flange shield consists 
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Of a copper shield bolted in place over the 
stetor frame flange. This device allows 
the currents which otherwise flow in the 
flange to flow in the low-resistance shield 
reducing the losses. Factory tests have 
been run with temporary shields of this 
type and are described later. 

Progress has been made towards a com¬ 
plete understanding of the stray losses at 
the ends of the armature core in large tur- 
bme generators. It is hoped that the re¬ 
sults will stimulate further investigation 
of this problem, and lead ultimately to a 
thorough understanding of the over-all 
generator stray load loss. 

Outline of Analytical Methods and 
Substantiating Test Data 

The analysis of end iron losses and 
temperature rise in large turbine genera¬ 
tors has involved a fundamental study of 
the magnetic field distribution at the ends 
of the machine, an investigation of the 
flux distribution and eddy-current losses 
in the end teeth and fingers, and a study 
of the tliermal characteristics of the ends 
of the core. The analytical methods will 
be outlined and the results of calculations 
will be compared with test data gathered 
on models and during generator factory 
and field tests. 

Magnetic Field Distribution 

The magnetic field at the ends of the 
mature core forms a fairly complicated 
3-dimensional configuration. A solution 
to the problem has been obtained using 
an electrolytic field-mapping tanV es¬ 
pecially equipped to account for the 
various features of the problem. 

Elsclrolytic Tank Analogue 

It is well known that 2-dimensional as 
well as axially symmetric Lapladan field 
problems may be solved by analogue 
methods. Aanong the techniques availa¬ 
ble are hand flux plotting, resistance 
paper, electrolytic tank, d-c calculating 
bomd, and digital computer studies. In 
^is case the electrolytic tank seemed to 
be the most adaptable to the problem. 

In the electoolytic tank analogue, elec¬ 
tric volta,ge in the tank is analogous to 
the mmf in the machine, and the electric 
^ent is analogous to magnetic flux. 

The geometry of the generator end struc¬ 
ture is axially S37mmetric, requiring a 
wedge-shaped tank in which the-electro¬ 
lyte depth vanes with the radius from the 
generator axis of rotation. 

^ Since the generator winding mmf vary 
sinusoidally with the peripheral angle, 
considering only the fundamental com¬ 
ponent, peripheral flux exists within the 
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end region and should be accounted for 
in the analogue solution. A technique 
has been developed which allows the rep¬ 
resentation of ^e peripheral as well as 
the axial-radial' fields in a wedge-shaped 
tank. 

The magnetic field in the air regions at 
the ends of the machine may be obtained 
as the gradient of a scalar potential, where 
the potential must be a solution of 
Laplace s equation. Laplace’s equation, 
in cylindrical co-ordinates, is 


dr® r br "^r® 


Magnetic Retaining Rings 

Magnetic retaining rings were repre¬ 
sented by additional current sources. 
Magnetic retaimng rings in large turbine 
generators are saturated, occept at very 
low field currents, by the large field mmf. 
The saturated rings may, therefore, be 
represented by current sources which 
simulate the intrinsic ring saturation 
level. The strengths of these sources de¬ 
pend only on the retaining ring material 
and geometry and are independent of load 
conditions. 


where 


H=-VF 

Since the winding mmf are distributed 
sinusoidally with the peripheral angle 
the potential V will also be sinusoidaUy 
distributed. 

Let this potential be written as 

Then the potential equation 2 in terms of 
the new potential V' is 

d®F^ 1 bjr d®F' (P\^V' 

dr® r br ^ 

Thus the distribution of the potential in 
any ra(fial plane is independent of varia¬ 
tions with the peripheral angle. 

Equation 4 is Laplace’s equation for an 
axially symmetric field except for the pres¬ 
ence of the source terra on the right-hand 
shown that the potential 
distribution may be determined by any 
of the analogue methods applicable to 
axially symmetric fields providing suita¬ 
ble sources are located throughout the 
plane of the solution. In the electrolytic 
tank, probes were located throughout the 
plane of the tank and grounded through 
suitable resistances. The current ab¬ 
sorbed by these probes corresponds to 
magnetic flux leaving the corresponding 
radial plane in the generator to travel in 
a peripheral direction. The actual field¬ 
mapping tanic and pantograph plotting 
equipment is shown in Fig, 4, 

Winding Mmf 

The winding mmf are obtained by 

evaluating the equivalent axial and periph¬ 
eral currents in the end windings. The 
mmf were represented in the electrolytic 
tank by voltage sources located on the 
radial centerlines of the end windings. 
The strengths of the voltage sources are a r 
maximum at the ends of the core and de- ^ 
crease, depending on the end winding „ 
geometry, with axial distance frcan the a 
core to zero outside the windings. 


Boundary Conditions 

The boundaries, end teeth, rotor body, 
stator frame, and end shields, were repre¬ 
sented as infinitely penneable materials. 
It will be shown that skin effect is of 
second order importance in the end teeth, 
hence these may be represented, as far 
as the magnetic field distribution in the 
air region is concerned, as infinitely per¬ 
meable surfaces. The end shields and 
stator frame, generally made from mag¬ 
netic steel, can only be approximated by 
infinitely permeable surfaces because of 
pronounced slcin effect. Since these sur¬ 
faces are relatively distant from the re¬ 
gions of primary interest, the approxima- 
tion is of sufficient accuracy. Boundary 
conditions for the stator core flange will 
be discussed later. 

The end result of the field mapping 
study is the detennination of the mag¬ 
netic field intensities in the various regions 
of interest for varying load conditions. 
I^oper account must be made of the phase 
ffisplacement of armature and field wind¬ 
ing mmf in evaluating the magnetic field 
intensities under load conditions. The 
evaluation of eddy-current loss from 
known field intensities is described in 
the following. 

Loss IN End Teeth and Fingers 

End leakage flux entering the end teeth 
normal to the laminations induces eddy 


currents, and the resulting loss is many 
times greater than for the same magnetic 
induction entering parallel to the lami¬ 
nations. The magnitude of the losses de¬ 
pends on the normal induction, deter¬ 
mined from the field study, and the dis¬ 
tribution of flux within the end teeth. 

Axial Penetration of End Flux 

^ It will be shown that ^in effect is rela¬ 
tively unimportant in determining the 
tooth flux distribution except in genera¬ 
tors with the widest teeth. Under this 
condition, the degree of axial penetration 
of the end flux into the core is determined 
by the magnetic circuit of the end pack¬ 
ages of the stator core. 

An equivalent circuit representing the 
end packages of the core is shown in Fig. 6. 
The magnetic reluctances of this network 
are determined from the dimensions and 
permeability of the core material, and 
the flux inputs are evaluated for the par¬ 
ticular load condition being studied. 
The network can be made as detailed as 
necessary to obtain a reasonable approxi¬ 
mation to the axial flux distribution. 
The network solution must account for 
the nonlinearity of the core material. 

Solution of equivalent circuits of the 
type shown in Fig. 6 indicates that the 
end flux is confined largely to the first 
package of laminations in modern genera¬ 
tors of conventional rating. The axial 
flux in the end package decreases nearly 
linearly with depth into the package, ex¬ 
cept for variations just below the end 
surface. 

Tooth Loss Intensity 

The tooth loss intensity and the dis¬ 
tribution of tlie axial field over the width 
of an end tooth may be evaluated by an 
analysis from fundamental field theory. 

The geometrical configuration is shown 
in Fig. 6. The object here is to evaluate 
the tooth eddy-current loss intensity in 
terms of known axial fields at the end 
surface. 




Fig. 4. Three-di¬ 
mensional field- 
mapping tank 
and associated 
equipment 
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It be assumed that the end flux 
spanning one tooth and slot pitch enters 
the tooth end face unifonnly over the 

are 1-d^ensional. The first assumption 
^ based on the fact that the iron penne- 
abdity IS considerably larger than that 
of the air paths. The second is an ap- 
justified on the ba^s 
io depth is considerably 

larger than the tooth width, and the rate 
of ^ange of the axial field with the radial 
too^ dimension is small except over a 
short distance near the tooth tip. The 

fw ^ ^asis 

“ continuous, and then 
mod^ed to account for the fact that the 
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M^ ’s field equations, on TOglecting 
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Rg. 5 (above). MasneKc equivalent 
circuit for end paelcaget of stator core 

Rg. 6 (right). Geometry of end tooth 
and co-ordinate system for analysis 


1 b^ dWg /2\ 

at bac* ^ ~ p 

./ 2 \ 

at bx^^by*- p 

where 


where 


I Hie . tedx 

r“r 


The solution of equation 6, subject to the 
boundapr conditions of a uniform field m 
at the faa of the tooth and all the flux 
to be earned in the iron, is 


and peak values of the time-vaxying 
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Ohm’s law is written as 


(5E) 

By^HyHy 

In writing equations 6(E) and 6(P) 
cognizance is taken of the fact that the 
core penneability in a direction perpen- 
diculw to the laminations is considerably 
less than when paraUel to the laminations 
because of the air gaps between lamina¬ 
tions. Constant pemeabiUty paraUel to 

ttie laminations is assumed. Differential 

equaWforthemagneticfieldintensities 

may be d^ved from equations 6 in the 
followmg form 


(^) ^hcre 


where 




equation 7 is the field 
mstnbution at some distance into the 
tooth, while the second tenn accounts for 
the redistribution which occurs just be- 
iiea& the surface. This solution de- 
smbes the behavior to be expected, i.e 
the magnetic flux tends to crowd to the 

outside surfaces of the tooth. 

The power loss intensity may be ob- 

tamed as the real part of 

( 8 ) 
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7“=ar*+Jai® 

y^yr+jyi 

The coefficient of equation 9 may be 
regarded as the loss which would occur if 

the currents were resistance-limited. The 

first term accounts for the redistribution 
of axial flux at some distance into the 
tooth, and the second term is a result of 
the reorientation just beneath the surface. 
Numerical evaluation of equation 9 indi¬ 
cates that skin effect is of secondary im- 
portence for a tooth tip to depth of pene¬ 
tration ratio tt>/5 of less than about 4. 
The ratio of w/S for large turbine genera¬ 
tors is generally less than 4; hence, it 
may be concluded that skm effect does 
not have a major part in determining 
tooth loss. Equation 9 was derived on 
the baas of uniform axial flux. Since 
the axial flux decreases approximately 
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uniformly with depth into the package, 
the first term should be reduced by a 
factor of three. 

Tests were run to evaluate loss with 
perpendicular to the laminations. 
First the losses in a sta.ck of laminations 
^ iudies stacked 1 inch high were 

measured at varying inductions at dif¬ 
ferent frequencies. The loss in two 
packages 4 by 0.76 inch stacked 1 inch 
high were also measured under identical 
conditions. The loss in these samples 
and a comparison with the losses evalu¬ 
ated by equation 9 are shown in Fig. 7. 


These data illustrate the effect of split 
teeth as well as confirm the method of 
calculation. Generator end tooth losses 
were computed by applying equation 9, 
modified to account for axial distribution, 
to successive radial increments of the 
tooth for which the axial field was nearly 
constant. End finger losses were calcu¬ 
lated on the basis of resistance-limited 
currents. 

Effect of SpUt End Teeth 

As was mentioned previously, end tooth 
losses and temperature rise have been re¬ 


duced significantly by the introduction 
of split end teeth. The end tooth is 
simply slotted, effectively lam ina ting the 
tooth to eddy currents flawing parallel to 
the core laminations. Inspection of 
equation 9 indicates that the loss intensity 
with resistance-limited currents varies as 
the cube of tooth width. It would be 
expected, therefore, that placing one dot 
in a given tooth would reduce the loss by 
a factor of 4. The reduction in skin ef¬ 
fect tends to offset part of this gain, 
however. 

Stator Core Flange Loss 

The dimensions of the stator core 
flanges of large turbine generators are 
such that pronounced skin effect occurs, 
i.e., the dimensions of the flange are large 
in comparison with the depth of penetra¬ 
tion. Under this condition, the flange 
will act as a shidd and will prevent end 
leakage flux from penetrating the body of 
the flange and entering the back iron. 

In the electrol 3 dac tank, therefore, the 
nonmagnetic flange was represented as a 
conductor having zero resistance. The 
flange current distribution, both radial 
and peripheral, is obtained directly from 
the potential distribution in the tank. 
The flange power loss was computed from 
this current disixibution and the effective 
flange resistance based on the Tna teri a l 
resistivity and the known depth of pene¬ 
tration. 



Fig. 8. Temporary copper shield mounted on stator core Range 
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Rg. 10 (left). 
Thermal equiva¬ 
lent circuit repre¬ 
senting end pack¬ 
age of stator core 


Rg. 11 (right). 
Variation in ratio 
of peak to avei^ 
Age armature 
winding mmf with 
armature winding 
pitch 


w 

o 

K 

_ 





<p 

l4|lL 

1 






r. 







Ss 

-I| o-'*- 







O 

o 

-i- n.?. 















> 0 J 

> oa 

6, 7 

lATURE COIL 

0.6 

PITCH 

0.3 



Because the nonmagnetic steel flange 
acts as a shield, the eddy-current loss can 
be reduced by substituting a material of 
low» electrical resistivity, or by covering 
me flange with a highly conducting shield 
With constant current flowing in the 
flange ot in the shield, the loss will vary 
approximately as the square root of the 
electrical resistivity because of the 
changing depth of penetration. This 
fteoty has been tested by tests on a pro¬ 
duction generator with a temporary 
copper shield, or amortisseur winding 
located over both core flanges. This 
temporary shield in place on the flange 
is shown in Fig. 8. 

The generator was tested with the 
sMd m place and, again, with the 
shield removed. In Fig. 9 is shown a 
c^panson of the relative difference in 
the stray lo^d loss with and without the 
shield with the calculated difference in 
loss The flange loss is a relatively small 
p^t of the total generator input under 
these conditions, but the comparison of 
test and calculated results is as dose as 
can be expected. 

The shield current was measured by a 
cuCTent transformer located on one of the 
radid straps. A comparison of test and 
calculated shield current during short cir¬ 
cuit operation is also shown in Fk 9 
The calculated curve does not pa^ 
though zero load because of the method 
^^^ccQjmting for retaining ring satura- 

Stuciies were also made of the losses in 

m 


IT aiiu magnetic steel flanges. 

Since these do not correspond to surfaces 
of infinite permeability or xero resistance 
it was necessary to represent the surfaces 
m the electrolytic tanlc by a network of 
resistances simulating magnetic condi- 
ons in the skin, llie losses were found 
to be larger than in either the nonmag¬ 
netic steel or shielded flanges. 

The flange losses can be reduced by the 
use of eitlier a very high resistance or 
I^mated magnetic shield. A magnetic 
shidd of this type must be made from a 
material of very high resistance or prop¬ 
erly laminated so that it is capable of 
canymg the end flux without large losses 
bpmg induced in the shield itself. An 
additmnal factor of some importance is 
the effect cjf the flange or core shield on 
the magnetic flux distribution in the vidn- 
ity of the armature end turns and the 
resulting armature winding copper loss. 

End Iron Tempbrature Rise 

End tooth temperatures have been 
calculated using the thermal equivalent 
circuit, shown in Fig. 10, to represent the 
end package of laminations. This circuit 
IS based on the usual approximations for 
o-dimehsional heat-flow problems. The 
tooth was represented by two nodes, with 
the appropriate tooth losses mjected as 
equivalent current inputs. The iron ther¬ 
mal resistances are based on the core di¬ 
mensions and the thermal resistivities of 
the core material. The surface resist¬ 
ances are based on the surface areas and 
the surface heat transfer coefiicients cal¬ 
culated from known velodties of the cooh 
mg medium. The end finger losses are 
mjected at the end surface nodal points. 


Comparisons of test and calculate 
average end tooth tip temperature rise 
for a range of load conditions and a 
v^ing hydrogen pressures are shown i 
Eig. 3. The test values shown are th 
average of six thermocouples attached b 
the outside lamination at the tips of si: 
teeth. The tests were run in the Mosi 
Landing steam plant of the Pacific Ga- 
and Electric Company on units nos. 5 
and 6. These units are exact duplicates 
except that no. 6 has split end teeth. 
Calculated values shown are based on the 
methods of calculation outlined in the 
preceding sections. 

Eppbct of Armature Winding Pitch 

It has been observed on many marhineg 
that the end teeth at or near the inter¬ 
sections of phase belts show the highest 
tempCTatme. It will be shown that this 
behavior is caused by the variation of the 
armature winding mmf or by the har¬ 
monica of the armature reaction. 

The armature winding mmf for a 3- 
phase generator during balanced opera¬ 
tion can be written as 


„ 4 ^ / 1 

^ \ 6 


cos cos (tci—7el)+... 
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where the peripheral angle is measuri 
from the center of a phase belt. Tht 
the winding mmf cionsists of a fund 
mental sinusoidal term plus harmonies 
the fun^mental, the magnitudes of tl 
harmonica depending on the windii 
geometry. 
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The magnitude of the total mmf at 
the location of the peak value of the 
fundamental term may be determined by 
setting cat=e in this equation, whicii is 
equivalent to riding around on the funda¬ 
mental term. 


F'=- A 

1C 




1 

7 


cos 6d +... J 


The ratio of the change to the peak 
value of the fundamental is 




}thd6 . 1 
-—r-~ 


that equation 11 has equal maviTninn 
values at the intersections of phase belts 
in the top and bottom layers in the arma¬ 
ture winding. A plot of the ratio of the 
mmf acting at these points to the average 
mmf is shown in Fig. 11 . 

It may be concluded that the variation 
of end tooth temperature is caused by the 
variation of the armature mmf. This 
effect is exaggerated by the fact tliat the 
harmonic permeance paths are shorter 
than for the fundamental. Fig. 11 then 
indicates only qualitatively the tempera¬ 
ture rise variations which may be ex¬ 
pected. 


It can be shown by direct evaluation 
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Discussion 

Richard T. Smith (General Electric Com¬ 
pany, West Lynn, Mass.): Mr. Winchester 
has made a valuable contribution to the 
study of end losses through a judicious com¬ 
bination of ^ theoretical work and model 
testing. This approach seems to be the 
one most appropriate, since direct measure¬ 
ment of generator end losses would be ex¬ 
ceedingly difficult to carry out. The at¬ 
tendant problem of end temperature rises 
can be resolved satisfactorily by tempera¬ 
ture measurements in the end region under 
various load conditions. My company has 
carried out this work with the help of a full 
load test base capable of loading the ma¬ 
chine under test up to 18,760 kva at any 
power factor between zero lag and zero 
lead. 

Tests conducted on this base during the 
past few years have proved conclusively 
the efficacy of nonmagnetic retaining rings 
in reducing end temperature rises during 
leading power-factor operation. In addi¬ 
tion, valuable data have been obtained rela¬ 
tive to the effects upon temperature rises 
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Fig. IS. End leakage flux path 


of changes in materials and geometry of tlie 
end region structure. 

That end losses may be expected to in¬ 
crease with increasing air gap lengths, as 
are being called forth by desigm innovations, 
may be shown qualitatively by reference to 
Fig. 12. Roughly, thus, for a 

given per-cent increase in g, there is a some¬ 
what smaller per-cent increase in I, thereby 
increasing the leakage density Bi for a given 

Bf. 

The^ effect of field current in causing 
losses in the end region may be explained as 
follows: At rated load and lagging power 
fMtor the magnitude of the field mmf is suffi¬ 
cient to produce saturation of the magnetic 
retaining rings, which are then paths of rela¬ 
tively high reluctance, so far as the course 
taken by armature leakage flux is concerned. 
In addition, the mmf of the field end turns 
opposes that of the armature. As the load 
power factor passes through unity and 
thence into the leading region, the field cur¬ 
rent steadily decreases, causing the retaining 
rings to desaturate. As the retaining rings 
regain their full magnetic properties, the 
reluctance of the path of armature leakage 
flux decre^es and the mmf of the field end 
windings is shielded from the armature, 
Thus^ the armature leakage flux increases 
and is accompanied by rising losses. If 
nonmagnetic retaining rings are used, or if 
the magnetic retaining rings remain sat¬ 
urated even at leading power factors, the 
resultant mmf effective in producing end loss 
again increases as the power factor passes 
into the leading region, because of the 
change in phase relation between the anna- 
tare and field mmf, so that the lo.sses also 
increase. 

In addition to the work of de Pistoys (ref. 

7 of the paper), some of the otlier contribu¬ 
tors to the literature in this field are given 
in the following references. 

Rbfbrbncbs 

1. Methods POR Computing THE Eddy Current . 
Losses IN Non-Maonbtic Stator Flanges op 

Generators, L. DreyfnB. Tek- 
12^ Stockholm, Sweden, &pt. 1932, p. 

2. Das Stirnstrbppbld dbr Turboqeneratoren 


und die Stirnraumverlustb, R. Pokl. A. E. G. 
Mitieilungen, Berlin, Germany, Sept. 1926, p. 326. 

3. Supplementary Losses in Turbogenerators, 
J. Eiicera. CIGRE, Paris, France, vol. 4, 1932, 
p. 293. 

4. Frontal Stray Fields and Additional 
Losses in Turbogenerators, G. Kohler. Sie- 
mens-Zeitschrift, Berlin, Germany, Dec. 1026. p. 
60S. 

6. Rrcbnt Developments in Turbogenerators, 
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E. 1. Pollard (Elliott Company, Ridgway, 
Pa.): Pig. 13 illustrates the typical con¬ 
struction used by my company at the ends 
of the stator core on turbine generators and 
other large synchronous machines. The 
fingers supporting the ends of the stator 
teeth are made from nomnagnetic steel 
bars. The fingers are in turn supported by 
clamping plates of magnetic steel. Mag¬ 
netic steel is used in the rotor retaining rings 
of turbine generators. Narrow radial slots 
are punched in the teeth in the packages of 
larninations at the ends of the core, thus 
dividing the width of the tooth in two from 
the standpoint of the amount of end fringing 
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Ampere 
Condactors 
per Incb 

Tooth 

Tip 

Else 

End 

Finger 

Rise 

Clamping 

Plate 

Rise 

1.020.... 

-.36 ... 

...25 . 


690.... 

•.21.5... 

•..17.5..., 

...25.5 


!!l*« section of the tooth, in 

tne ^e manner as described in Mr, Win- 
cheer’s paper. Fig. 13 shows a 7,500.kw 

*!;? P''“‘°S«Ph TOS 
construction was 
h““’ Mor to this it was 

used by another manufacturer. 

We tested two hydrogen-cooled 20-mega- 

iTig^ generates 

fuIl S« khovars for 

fuU load overexcited at zero power factor on 

exdte(W°^’ operated under- 

zJro fielH practically 

zero field current in air. Thermocouples 

^ u fing^s, and 

e bore of the end clamping plate 
Temperature tests were made at 0 power 

t corresponding to 1.020-ampere 
air gap pe- 

690 ^ corresponding to 

590-arapere conductors per inch. Maxi- 
mu^m temperature rises were as shown in 

&st test was made at about 
ero field in air, these temperature rises are 
quite moderate. The tests indicate crudely 
what rises might be expected as the 

would be the case with direct cooling re- 

onger air gaps associated with direct cnni. 


eloping plate would be the most practical 
olution. Mr. Winchester’s account of the 
use of a copper magnetic shield on the 
tif therefore most interesting 

I fail to see the need for 

I nonmagnetic 

steel when It is sheathed with copper, par- 

facu^ly when the core laminations are made 

'^culd be of 

mterest if the author would report the 
kilowatt gam in load loss on short-circuit 

aTSlr 

mSinS’‘i“l mostfatiSSg 
mchester is to be congratulated for this 

ouSft^V^^^f' contributes to our 

quantitative knowledge of several of the 

sources of these losses 


louver ^^anges such ai 

risrof^^hf temp^ature 

magnetic steel clamping plate 

nt W Sg and 

current loading beyond our present er. 

penence, and we concluded that a conna 
maga^tic sbidd over the outo 



fig. 13 . 


590 


Typical construction used at ends 
or stator core 


Lee A. Kilgore (Westinghouse Electric 
^^oration. East Pittsburgh, Pa.): The 
If ^^^aP'atulated on a rather 
^orough analysis of end zone losses in a 
large generator. I went through similar 
c^culations with less mathematics 22 years 
frarrV^ amved at the same conclusions re¬ 
garding split teeth in the end package and 
such split teeth have been used o?’large 
water-wheel generators built by my com- 

have been em- 
torr^if” the inner-cooled turbine genera- 
Zl absolutely^ss^l 

® somewhat different conclu- 
aon regarding end flanges or end pktes 

and that a nonmagnetic steel is better than 
i?Tnw' that a sm2n 

iron plate gives very low loss althouvh a 

answer. With either 

end nonmagnetic steel 

end plate extremely high currents flow on 
the inner edge. The author says a smS 
winding current, but the 
It amperes. 

rent Mr ur to know what cur¬ 

rent Mr. Wmchester did find flowing in the 

” cad winding current in the bottom 2 
m^es of this plate might give over 100 watts 
^r cubic inch and quite high temperato^ 

“F be crowded out of 
rate M fh! “ Z'*® bemendons cur- 
™UW Jt hL”"?' ‘''' ‘e”Pe«tures 

ZmIu ^ U ®*®essive. These copper 

ever o Company of Belgium. How- 
sSh Pr°P®*’^y designed laminated iron 
shield can take care of this end zone flux iSS 

values of indicates the tested 

of tte tem^ture ou the ends 

o-*«rcuit.k3!*:o!-indT^.^Z“'^ran“T 

am^f^ot ‘'e‘e™>i™« the av^. 

tSh r? ''■*,bo““‘ temperature of the 
teeth. It would seem that these internal 

th”n considerably higher 

than the surface temperature and it woufd 

ngwes for the ^ kva under excited range 

for the conventional construction. 


flS t^na f Y,?^f^yorable experience wit! 

la • ^ circumferen 

?n^i U®® of these ring- 

W f P^rcharged generator described 

year r has aided in keeping the tem- 
pwatw-e nse of the disk spring holding the 

by^thS^^‘°°*? measured 

iSf h ® per square 

sfpressure on a machine de- 
fnS 5 operation at 30 pounds per square 

-f 5 T^®«® tests have 

be^ described in a current paper.* 

.attention is directed to a 
paper in the British literature^ which dis¬ 
cus^ stray loss in some detail, p^ng pl^?. 
bcular attention to the end The 

Mce? nf" v^*5f ^ bibliography of 25 refer- 
c^nfrf "® directly con- 

The soiritfifi stoay losses in the end region. 

Rbpbrbnces 

1. See reference 5 of the paper. 

Pbaturbs Op the Folly 
195? pp 73. pt. Ill, June 

GENSATO?“St„ri»^,I?l'^’^ SUPEECHAROED 

actions, vol. 74. pt. nr. Apr. l? 65 ,‘pp sSq. '' 

Electrical 

Institution 

1945 pS London. England, vol. 83. 


add significantly to the understanding c 
the mportant factors of the proh 
. ’ considerable amount of very ptac 
obtained on the ful 
® ?® Medium Steam Turbim 

Dep^ent at L^n, Mass. The availa 
bUity of su^ eqmpment makes possible s 
thorough full-scale evaluation of design in- 

SS.”™ 

nonmagnetic retaining rings 
wfo ‘2 ? ®°““derable reduction in end 
losses and temperature rise. All 3,600-rpm 

b^lf K*°”' ^ have been 

■ . y ^y company with magnetic retain- 

mg rmp, and it is expected that this prac- 
tice will continue until the problems attend- 
manufacture and control of 
quality of large, nonmagnetic rings have 

^ ^Sree with Mr. 
Smith s explanation of the effect of load 

S 7 SsS^*°'’ ^®^'* ®’"®“* 0“ S®^erator 

I’obard for his dis- 
s ion. The end iron temperature rise 
data presented by him further substantiate 
the importMce of the problem in large, 
direct-cooled generators. In answer to his 
questions, it is our conclusion that a non- 
magnefac flange is not required with a 
properly designed conducting shield. The 
reduction in stray loss obtained with the 

no-load, short-circuit 
tests of a 126,000-kva generator was ap¬ 
proximately 25 kw. ^ 

T ^ 1 __ _ • « . 



/ ^sh to express my appreciation 
G* W.StaatsCAUis-ChalmersMflni.fowf- • ^-Kilgore for his discussion. We ha 
Company, Milwaukee, Wis^ ^m*^ ^^^Jbat a periodic review of our knov 
vvis.j. uur com- edge of fundamental problems is desirat 

fl^ncieste^S^ra, losses Armmre BU Iron of Generals 
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in order to maintain a quantitative under¬ 
standing of these problems through the 
years of design improvements. 

We are in substantial agreement with Mr. 
Kilgore’s statement that a magnetic shield 
would seem to be the ideal answer to the 
problem of flange loss and temperature rise. 
However, a number of factors influence the 
choice of the type of shielding to be used. 
Among these are: 1. the co-ordinated me¬ 
chanical design of stator frame flange, flange 
shield, and armature end windings and 
winding supports; 2. the design of a mag¬ 
netic shield to minimize loss in the shield 
Itself; and 3. the effect of the flange shield 
on the magnetic field near the armature end 
ti^s and the resulting extra loss in the end 
winding copper. Either type of shield could 
be used, but the conducting shield appears 
to us to be the better solution. We will 
continue our evaluation of the problem as 
we gain more experience with large, direct- 
cooled generators. 

I have explored Mr. Kilgore’s calculations 
on shield current and loss. Using Mr. Kil¬ 


gore’s figure of 6,000 amperes’ shield cur¬ 
rent, we calculate a little less than one-third 
of the figure of 100 watts per cubic inch. 
Furthermore, if this loss is simply integrated 
to obtain total shield loss, adding in 50 per 
cent additional to account for return cur¬ 
rents on the outer periphery, the total is 
. found to be approximatdy 9 kw. This is 
quite low for the flange loss in a machine 
with a rating corresponding to Mr. Kilgore’s 
example.^ This loss, dissipated over the 
entire shield area, would result in a very 
moderate temperature rise. 

We have no recent operating experience 
with magnetic iron flanges in large, modem, 
hydrogen-cooled generators. Since about 
19^ all of our large machines have been 
built with nonmagnetic stator frame flanges. 
Since that time we have had very satis¬ 
factory opiating experience with regard 
to end heating in these machines. 

It is well known that the internal stator 
tooth temperatures must be higher than the 
surface temperatures, since tlie heat is gen¬ 
erated internally and a temperature gra¬ 


dient must exist in order for the heat to flow 
to the surface. We have examined the in¬ 
ternal end tooth temperatures in great de¬ 
tail and, in the cases which we have studied, 
have found that, although the internal tem¬ 
peratures are somewhat higher, the operat¬ 
ing margins are more than adequate for the 
expected service. 

Finally, I would like to thank Mr. Staats 
for his comments. Mr. Staats and his asso¬ 
ciates are to be congratulated for the com¬ 
pletion and successful operation of their 
supercharged generator. 

In closing, it should be' noted that a 
general solution to the end loss problem ap¬ 
plicable to the machines of several manu¬ 
facturers is simply not possible because of 
the close relationship with the details of de¬ 
sign and constmction. It is possible, how¬ 
ever, to obtain an understanding of the 
losses in a given design. Through the work 
described in this paper and continuing ef¬ 
forts, we have obtained a quantitative 
understanding of the magnitude ^and dis¬ 
tribution of end losses in our generators. 
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horsepower and speed rating for the 
motors involved are shown in Table I. 

Experimental Procedure 
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Synopsis: The significance of the usual 
temperature measurements made on d-c 
armatures is somewhat vague, and the 
amount of published data on the subject 
is limited. This paper presents the results 
of a^ large number of laboratory tests 
showing the correlation among several 
different methods used for measuring 
temperatures on d-c armatures. It is 
believed that temperature measurements 
made with embedded thermocouples, read 
through slip rings, greatly enhance the 
validity of the correlations reported in this 
paper. Based on the data presented, it 
is concluded that temperature measure¬ 
ments made by careful resistance methods 
are more reliable and more nearly ap¬ 
proximate the hot-spot values, than those 
made by thermometers. In the interest of 
brevity the scope is limited to the measure¬ 
ment of temperatures on the armature of 
d-c machines. 

I T WAS e-vident from the number of 
discussions of two previously pub¬ 
lished papers^'* that some of the points 
under consideration were controversial 
and that additional experimental data 
would be most helpful toward a better 
imderstanding of the problem involved. 
The purpose of these papers was as 
follows: 

1. To propose a revision of Table I of 
the American Standards Association Stand¬ 


ard for limiting observable temperature 
nse.* 

2. To. present test data correlating ther¬ 
mometer and resistance rise to hot spot 
temperature. 

3. To introduce the method of measuring 
temperature by resistance as a recognized 
standard. 

Shortly after the presentation of these 
papers, the authors were afforded the op¬ 
portunity to make a rather exhaustive 
study of temperature measurements on 
five experimental motors. The motors 
involved were classified as General In¬ 
dustrial Motors, drip-proof enclosed, 
continuous duty, 60 degrees centigrade 
rise using class-5 insulation. These 
motors were self-ventilated with the fan 
exhausting out the end opposite the com¬ 
mutator. With regard to temperature 
measurements, these motors were felt to 
be representative of the present day gen¬ 
eral-purpose d-c motors. The nominal 


55-106, recommended by tie AIEB Rotatim 
Machmery Committee and approved by the AIBl 
Comxmttee on Technical Operations for presents 
Winter General Meeting, Ne\ 
York, N. y., January 31-February 4,1966. Mann 
scnpt submitted October 20, 1964; made availabl 
for punting November 22, 1954. 

Gbrbbtz and J. S. Ewing are with thi 
Reltaime Electric & Engineering Company, Cleve 
landt Ohio. 


A trial setup was made in the labora¬ 
tory with thermocouples submerged in an 
oil bath and connected through a set of 
slip rings to an indicating instrument. 
After several modifications of the brush 
assembly and the junction location, it was 
found possible to read temperatures with 
a 1-per-cent (%) accuracy for a wide 
speed range of the slip ring assembly. 
With this experience as backgroimd, it 
was concluded to install embedded ther¬ 
mocouples along the armature conductor 
for all five sample motors. The location 
of these thermocouples are indicated in 
Fig, 1. The themiocouple leads were 
brought out through an axial hole in the 
end of the shaft to a slip ring assembly 
which could be directly connected to an 
indicating instrument. A photograph of 
the slip ring assembly connected to one of 
the sample motors is shown in Fig. 2. 

The technique of making armature re¬ 
sistance measurements for the purposes of 
obtaining temperature rise was completely 
reviewed. After a niimber of trial runs 
had been made, a procedure was evolved 


Table I. Ratings of Sample Motors 


Horsepower 

Rpm 

Volts 

40. 



60. 

.1,760. 


100. 



160. 

.1,760. 

990 

200. 
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Rg. 1 (left). 
Location of ai- 
mature tiiermo- 
couples and typi¬ 
cal temperature 
distiibution 



conductor length inches 


< 

Rg* 3 (ifght). I 20 
Resistance versus ui 
thermometer 


that measurements could be made 
qui^ty and, if necessary, repeated with a 
togh degree of accuracy. For a descrip- 
tion of the precautions and procedures 
used m making resistance measurements 
see tte Appendix. It should be pointed 
out that procedures and technique out- 
hned m the Appendix are not original 
with the authors, but are listed for\e 
purpose of emphasizing the necessity of 
following an organized, yet practical, pro¬ 
cedure when making resistance measure¬ 
ment on low-resistance armatm-es if ac¬ 
curate results are desired. 

With regard to tliermometer measure- 

^ employed is the one 

outlined m the AIEE test code for d-c 
machines standard.-* 

To accumulate a large mass of data the 
five motors listed in Table I were sub- 
jected to a series of heat runs. Besides 

rated load and speed, heat runs were made 

on these motors at four different speeds 
below base speed, and at each speed 

load setrings. It would be weU to em- 
phasize ^at on each heat run, armature 
temperatures were measured by 1 . A 
senes of thermocouples located along an 1 


PSHS 



armature conductor; 2 . Resistance meas¬ 
urements of the armature circuit between 

^^^and3.^enn„,oeatedon 


20 40 So 00 lOO IPO 

temperature rise by thermome?er 'c 


Presentation of Data 

Figs. 3 through 6 show graphically the 
correlation of the three different typ^ of 
temperature rises obtained from test 
data, namely: 

1. Resistance versus thermometer. Pig. 3 . 

2. Hot spot versus thermometer. Pig. 4 . 

3. Hot spot versus resistance. Pig. 5 . 

ttenno. 



Rg. 2. Slip ring assembly 


In conjunction with the plotting of test 
3 results. It was assumed that each type of 
: measurement bore a direct 

’ *^eiationship to the other method of meas¬ 
urement indicated on the graph. For 
example, a fixed ratio exists between the 

eter. These ratios were calculated for 
each test and averaged. The average 
Im^, or average ratios, are indicated on 
eaA graph. Also, the standard deviation 
factor cr, or rms error, was calculated for 
each set of data and the lines representing 
the ^o <r values are plotted on these 
These lines tend to bracket 
95.44% of the possible test points.. The 
average ratio and the rms error values 
coffesponding to Figs. 3 through 6 are 
tabulated in Table II. 

Results 

^ The correlation of rise by resistance to 
thermometer indicated in Fig. 3 has 
several significant aspects. First, the 
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ts- average line shows excellent agreement 
m published in Fig. 1 of reference 

2 . T^s IS indicated by the dotted line on 

t*ig. 2. It was upon that data that the 
recent revisions of Table I of reference 3 
w^e based The data of this paper 
therefore add additional support to the 
vahdity of this latest revision, whidi per- 
f mits nses to be evaluated from resistance 
measurements as an optional method. 
Secondly, it is rather obvious that the 

corrdation from individual measurements 

coul^d be m considerable error, as indicated 
by the dispersion of the test points and 

the vdues of the standard deviation factor 

O’. ^ he reason for this scattering of test 
pomts resuite, for the most part, from the 
errors associated with thennconeter meas- 
ur^ents. This point will be made more 
evident after the remaining figures are 
discussed. 

Fig. 4 shows the relationship between 
hot spot and thermometer. It is believed 
that this correlation is a better index than 
jny previously pubhshed of hot spot 
based on thermometers. The explanation 
lies in the method of measuring hot-spot 
temperatures. It was felt that the num¬ 
ber of thermocouples located in the arma¬ 
ture and the measurement of tempera¬ 
ture wMe the armature was rotating 
greatly improved the accuracy of meas- 
m-^ent. Again, the dispersion of test 
pomte is beUeved to be partly a result of 
the inaccuracies of thermometer meas¬ 
urements. 

The correlation between hot spot and 

resistance is shown in Fig, 5 . These data 

are also felt to represent better the corre¬ 
lation between hot spot and resistance 
than previously published data because of 
thermocouple measurements and also be- 
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Fig. 4 (left). 
Hot>spot versus 
thermometer 
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Fig. 5 (right). 
Hot-spot versus 
resistance 



cause of tlie pains required in taking the 
resistance measurements. It is evident 
also that the dispersion of the individual 
test point has been greatly reduced over 
those charts where tliemiometers were in¬ 
dicated. A further examination of Fig. 
5 substantiates tlie statement made by 
previous discussers that resistance meas¬ 
urements more nearly approximate the 
hot spot than do thermometers measure¬ 
ments, and that therefore more weight 
should be given to resistance measure¬ 
ments. 

In Fig. 6, the rise by resistance is shown 
plotted against the average rise of the con¬ 
ductor of calculated from the thenuo- 
couple measurements. The average rise 
was calctdated by plotting the thermo¬ 
couple temperatures against tlie developed 
length of tlie conductors, as was done in 
1> calculating the area underneath 
the temperature line, then dividing the 
area by the abscissa of the diagram. The 
correlation indicated in this figure is ex¬ 
cellent; the rise as measured by resist¬ 
ance equals the average rise of the con¬ 
ductors,’which is as it should be. The rel¬ 


atively small dispersion of the test points, 
as compared with previous test results, 
must be considered good. 

Conclusions 

1. Additional data correlating indirect 
temperature measurements with hot-spot 
temperatures and correlation of the various 
methods of indirect measurements among 
themselves have been presented in Figs. 
3 through 6. 

2. An indication of the range of possible 
errors for an individual measurement is 
indicated in Table 11. 

3. The correlation between resistance 
and thermometer shows excellent corre¬ 
spondence with that published in reference 
2 and also with the revised Table I of 
reference 3. 

4. The use of distributed thermocouples 
measured while the armature is rotating 
greatly enhance the validity of the data 
reported here over that previously 
published. 


20 40 60 80 100 120 

TEMPERATURE RISE BY RESISTANCE ®C 

s, 6. ^ Based on the data presented, rise by 
resistance measurements can be made 
which show considerable improvement over 
those made by thermometers for the follow¬ 
ing reasons: 

(a). ^ The rise by resistance more nearly 
t approximates the hot-spot temperatures as 
t indicated by a comparison of Figs. 4 and 6. 

3 (b). The accuracy of the measurement is 

f strongly in favor of the rise by resistance. 

. A comparison of Figs. 4, 5, and 6 will bear 
evidence to this fact. 

' 6. Fig. 6 confirms the obvious conclusion, 

that the rise by resistance is a measure 
of the average conductor temperature 
' throughout the machine. 


Appendix. Procedures and) 
Technique 

Associated with an over-all program of 
temp^ature evaluation of d-c motors, a 
technique was developed to measure arma- 


Table II. 


Correlation of Temperature 
Measurement 


Figure 

No. 

Average Ratio 

Rms 

Error, 

% 

3 

TR* by resistance 



' TR by thermometer “ ^ • 

TR by hot spot 

...±22.9 

5_ 

6.... 

"TR by thermometer”^’®^"" 
TR by hot spot 

TR by resistance 

TR by resistance 

... ±22.5 

..± 6.62 


Average TR based on ~ ^ ‘ 

thermocouples 

1..± 4.1 


* Temperature rise. 
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Fig. 6 (right). Resistance ver¬ 
sus average from thermocouples 
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resistance. Be- 
ueving that a Kelvin bridge with an 

o' V4% TOs satistoory 
tne type of measurements beina made 
program was set up to investieate re* 
SKtMce measurement technique, ^t was 

ri^of f desired accuracy of the 

brtwSrner^T^®”^^ relationship 

oetween percentage error and temoemtnre 

^ 0P=mC^^ 

it is Sen reference 2. 

60 L temperature rise range, 

1/4^ fn centigrade, an error^f 

^e. On this basis it was felt that l/4<5?; 
was an acceptable limit. 

During the test the accuracy of the 
me^urement is determined at the time cdd 
resistance is obtained by reoeatimr th<» 

dwTf “Muiacy 

obtamed only if the foBowhis 
cautions were taken: 


tn£,cs bars used for resistance 

clearly marked. 

e ■ of two or more operators at 

to down with the work distributed to 

^power efficiency will 
help get fast readings. 

5. Until testers are familiar with the 
pr^ed^ a few trial runs will help them, 
o. Data sheets, timer, bridge, and man- 

”00^0 


1. Armature maat be in the mme 

r “oasnrSLr 

. , ‘ '-torrent and potential Tp^d s of thp 
Wdge must always be placed on the same 
0<^uta^ b^ for hot and cold 

chiae^arJIf sufficient 

uL? ®^“tain maximum 
tmty of the bridge galvanometer. 

Immediately after a heat run is shut 
doTO timje. in addition to accoraeyf fa 

a ^nce*mer^ 

seconds measurement within 40 

if a nypii accomplished only 

m,St inoorpl^S 

most of the foUowmg steps is followed. ^ 
must be adjusted nrior 

^® ^one by dy. 
m^s. or oto 


calculating temperature rise by 
^istance it is very important to know 
temperature the cold 
omWp““ 11 measured. This becomes a 

Theit^^n cPartment whenever 

a neat run follows a chp^k test. 

It would be desirable to l,eave the motor 
Sfa“no?tL^“* "sistonca. 

An alternate method to determine cold 

*0 mstall three 
a^ometers on the coil surface. When 

? iJf^ometers are within 3 degrees 

degrees above room temperature the 
i, the value to beTs^ Sr 

^^l^ee. This limitation may^ 

according to the physical design and sho^ 
be toked for individual cS^ ^ 

The Mtup and procedure for measuring 
cold resistance are as follows: 

‘^llcd in the com- 

on^;h.^'7“**v'^^i» “ribs a line 
on the motor shaft and bracket 

r^t to S ISf’ “0 

5. Replace l^ds and measure resistance. 

3 ^thfa'lA^' b. step 


obtained as quickly as possible The 
procedure is as follows: 

1. Start timer as time power is removed 
with some consideration to method of 
^ regenerative brak- 

wWlP P ^ mature is still generating heat 
while commg to a stop. 

machine stops, line up 
armature to senbe line. 

fmm ifi*"® Potftial and current leads 
from bridge m the same bars as used for 
cold resistance. 

firi resistance immediately. The 

to five or six readings should be ticen at 
10-second mtervals. Subsequent readines 
tot^^ 20-second intervals to 6 mi? 

5. As to timing, a first reading is consid- 
sSids^ ^ ^ 45 

resistance rise back to zero 
to on semilog paper the hot or running 
resistance can be computed “ 

latoswr*''^*’^' “ 

^ -234.5 

“ obtained by subtracting 

toSi ‘®“- 
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Discussion 

E. H. Meyers (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): The 
problem of obtaining accurate readings of 
teniperatures on machine parts has received 
considerable study in the last 16 years. The 
authors have done a fine job of developing a 
correlation of the results obtained by dif¬ 
ferent methods of temperature measure¬ 
ment, and have justified the belief that con¬ 
sistent and accurate readings of tempera¬ 
ture rises by the resistance measurement 
method can be obtained, provided sufficient 
care is taken. 

However, it appears that the authors 
have also shown that, as desirable as the 
resistance measurement method is from 
the standpoint of accuracy, it is not very 
feasible for normal shop production testing. 
This is particularly true in the case of the 
manufacture of large machines where a 
given design might be built only once. For 
instance, it is doubtful that the production 
department would be receptive to the sug¬ 
gestion that the motor should sit for a day 
before taking a cold resistance or that holes 
should be drilled in certain commutator 
bars. 

It appears doubtful that the importance 
of temperature rises on most commercial 
machines is great enough to justify the 
special methods and precautions listed by 
the authors. Most customers would not be 
willing to bear the resulting extra expense. 
In the case of temperature tests using ther¬ 
mometers it must be admitted that some of 
the thermometers will not give accurate 
valuM of temperature on the shutdown 
reading, but when the Wghest value of these 
temperatures is used from a large number of 
thermometers in similar locations, it is prob¬ 
able that the error would not be more than a 
very few degrees at the most. Considering 
the margin provided in accepted standards 
and the possible additional margin between 
the guarantees and the actual values on the 
machine shipped, this error becomes rela¬ 
tively unimportant. This is particularly 
true in large machines for special applica¬ 
tions. For instance, rod mill drives may re¬ 
quire exceptionally low-impact speed drops, 
tandem cold mills for steel require special 
speed regulations for the driving motors, 
blooming mill drives must have abnormal 
overload capacity; such requirements nat¬ 
urally result in low-temperature machines. 

We hope that the authors’ conclusions 
will not be interpreted to mean that the re¬ 
sistance method described is recommended 
for normal machine production tests. The 
methods appear to be an excellent laboratory 
procedure where unusual accuracy is justi¬ 
fied, but should be limited to rather special 
tests. 


E. C. Watson (Westinghouse Electric 
Corporation, Buffalo, N. Y.): The paper is 
a valuable contribution to the art. The 
authors state that the scattering of the 
test points is due to the errors associated 
with thermometer measurements. Was a 
series of experiments run on the same ma¬ 
chine and under as near duplicate operating 
conditions as possible and, if so, what cor¬ 
respondence was obtained on these results? 
My experience has been that on such repet¬ 
itive tests the thermometer measurements 



Fig. 9. Class-A machines continuous-rated 


A—Maximum ratio from tests on 23 machines 
B—^Mean ratio from same tests 
C—Minimum ratio from same tests 
D—Proposed by AIEE Standards Co-ordinat¬ 
ing Committee No. 4. Also standard for 
traction machines^** 

E—Proposed by AIEE Subcommittee on D-C 
Machines (ref. 1 of the paper) 

Note 1. Limiting temperature rise by re¬ 
sistance proposed by AIEE Standards Co¬ 
ordinating Committee No. 4 
Note 2. Limiting temperature rise by re¬ 
sistance proposed by AIEE Subcommittee on 
D-C Machines (ref. 1 of the paper) 

can be duplicated within a 2-degree-centi¬ 
grade (C) rise when identical test proce¬ 
dures are followed. Does the rise by resist¬ 
ance follow a similar pattern? 


M. A. Baker (General Electric Company, 
Erie, Pa.): The authors are to be con¬ 
gratulated on their fine paper. Their 
average ratio of rise by resistance to rise 
by thermometer correlates very well with 
the experience of my company in tests made 
on medium- and large-sized d-c machines 
over a number of years. 

I should like to give some of the data pre¬ 
sented to the Rotating Machinery Com¬ 
mittee by my company in 1944. These data 
were originally presented to support the 
AIEE Committee No. 4 proposed addendum 
to ASA Standard C60 (ref. 3 of the paper) to 
increase the rise by resistance on both class- 
A and class-B insulated armatures and were 
again presented at the AIEE Summer 
General Meeting in 1949. While these data 
are not recorded in the Transactions, they 
will be found in the 1949 minutes of the D-C 
Machinery Subcommittee. 

Fig. 9 shows the results of armature¬ 
heating data taken on 23 machines ranging 
from 3-kw at 1,200 rpm to 300-kw at 900 
rpm with voltages ranging from 60 to 250. 
Both open machines with radial ventilation 
and axially ventilated dripproof machines 
were included. The ratio of rise by resist¬ 
ance to rise by thermometer varied over 
approximately the same range with both 
types of ventilation and enclosure. The 
maximum ratio of rise by resistance to rise 



Fig. 10. Class-B machines continuous-rated 

A—Maximum ratio from tests on 17 machines 
B—Mean ratio from same tests 
C—Minimum ratio from same tests 
D—Proposed by AIEE Standards Co-ordinat¬ 
ing Committee No. 4 
E—Standard for traction machines^'® 

F—Proposed by AIEE Subcommittee on D-C 
Machines (ref. 1 of the paper) 


by thermometer was 2.31 and the minim nTn 
ratio was 1.07. The amazing fact, however, 
is that the average of ratio of rise by re¬ 
sistance to rise by thermometer is 1.44, ex¬ 
actly the same as that determined by the 
authors. 

Similar data were taken on a number of 
class-B insulated d-c armatures, and on 17 
heat runs made on machines ranging from 
80 kw at 3,600 rpm to 5,000 horsepower at 
100-rpm with voltages ranging from 220 to 
600. Both the open and the enclosed types 
of machine were tested. These data were 
presented as Fig. 10. The maximum ratio 
of rise by resistance to rise by thermometer 
on these limited tests was 1.79 and the 
minimum 1.37. The average ratio of 1.67 
is very close to the new ASA Standard C50 
Table I (ref. 3 of the paper) and only slightly 
higher than that observed by the authors. 

Many of the data presented in 1944 were 
taken from production tests and rise by re¬ 
sistance test techniques were not as well 
established then as they are today. Fig. 11 
shows the rise by resistance to rise by ther¬ 
mometer ratio for d-c armatures from a 
number of tests made within the last year on 
dripproof motors and generators with axial 
ventilation ranging from 1 to 160 horse¬ 
power. To simplify the plotting on prob¬ 
ability paper, the data were limited to 60 
heat runs. Data which appeared erratic or 
’questionable in any way were discarded en¬ 
tirely, so these results must be considered 
as sdected data. 

The minimum ratio of rise by resistance 
to rise by thermometer is 1.29 and the maxi¬ 
mum is 1.79. The mean ratio of 1.48 is very 
close to the ratios in the new ASA C50 
Table I and to the data presented by the 
authors. The ratios at one sigma deviation 
are 1.32 and 1.64 which represent an ims 
error of ±10.8%. It must be remembered, 
however, that these were selected data and 
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is a little larger but quite comparable to the 
reported 1 % calibration accuracy. 

Although a comparison of rise by ther¬ 
mometer and rise by resistance was the pri¬ 
mary reason for this work, the equations just 
shown could not be used for the thermometer 
data. The variations proportional to tem¬ 
perature were so wide and the number of 
points so small that <rc* as calculated was 
negative, which is impossible. If we disre¬ 
gard the fact that thermometer rise must be 
zero when hot-spot rise is zero, and draw a 
line which best fits the points, it would in¬ 
dicate 19 degrees by thermometer when the 
hot spot is zero. This large apparent bias 
could occur because the low-temperature 
points were predominantly from one ma¬ 
chine while the high-temperature points were 
from another machine. I should like to ask 
the authors if this is the case. 


R. Lambora (General Electric Company, 
Erie, Pa.): The authors are to be con¬ 
gratulated on their findings, which prove 
once more the superiority of the rise-by-re¬ 
sistance method of temperature measure¬ 
ment. I believe in this method. The design 
group with which I work has used it for more 
than 25 years; not as an alternative method, 
but as the best method for determining tem¬ 
perature rise. Possibly some may not be 
aware that the AIEE standard covering 
railway and other transportation equip¬ 
ment,^ has specified the rise by resistance 
method since 1937. For the past 18 years 
the rise by thermometer method has had no 
official sanction in connection with the rat¬ 
ing of this class of electric rotating equip¬ 
ment. Others also have found that when 
proper care is exercised, the rise by resist¬ 
ance method gives the designer more honest 
and consistent information than he ever 
obtained from thermometers. 

I should like to enlarge upon one feature in 
the paper. The statement is made that by 
plotting resistance rise back to zero time on 
semilog paper the hot or running resistance 
can be computed. Since cooling curves are 
exponential in character, and since an ex¬ 
ponential curve plots as a straight line on 
semilog paper, the inference might be made 



Fig. 14. Armature cooling curve analysis. 
Note how secondary exponential replot 
spots bad test point X ■ and yields correct 
zero time rise C by adding intercepts A and B 


that in determining the so-called zero time 
temperature it is necessary only to lay a 
straight edge on the cooling curve points and 
read the intercept on the F-axis. 

Regrettably, the authors did not include 
a graph in their paper to show just how this 
worked out. In the case of transportation 
motors and generators, where the machines 
are forced somewhat harder than general 
purpose motors in terms of temperature rise 
and vtotilation, the t 3 T>ical cooling curve is 
actually quite far from being a simple ex¬ 
ponential. It seems to have two major com¬ 
ponents. The primary or longer time com¬ 
ponent has to do with the cooling rate of 
the armature core and windings as a unit, 
and upon this is superimposed the more 
rapid secondary exponential, probably in a 
large measure representing the equalization 
in temperature between the copper winding 
and the mass of the armature core. 

It is of interest to note the characteristic 
shape of such a compound exponential when 
plotted on semilog paper (see Fig. 14). It is 
neither a straight line nor a composite of 
two straight lines. However, the difference 
between the compound exponential curve 
and the straight line representing the pri¬ 
mary exponential will plot as a straight line 
on the same semilog paper. This fact and an 
appreciation of the basic concept of the rel¬ 
ative values involved will frequently permit 
the engineer to discriminate between good 
and poor test data, and to estimate more 
accurately the true zero time temperature 
rise even though only one or two test cooling 
curve points may have been taken during 
the critical first few minutes after shutdown. 

To some this will seem like a complicated 
procedure just to find the temperature of a 
motor winding. I believe, however, that to 
learn how to get the greatest possible per¬ 
formance from a given amount of material, 
designers will turn more and more toward 
this sort of approach to the problem. 

I should like to ask Mr. Ewing what pre¬ 
cautions were found necessary to obtain ac¬ 
curate running temperature readings from 
thermocouples operating through slip ringS? 

Rbfbrbncb 

1. Gbnbkal Fiunciplbs Upon Which Tbmpbra- 
TURB Limits Arb Basbd in thb Rattno op Elbc- 
TRIC MACBINBS and OTHBR EQXnPMBNT. AIEE 
Standard No. 1, Feb. 1964, par. 1-11. 


John Cybulski (Naval Resea^rch Laboratory, 
Washington, D. C,): The paper contains 
excellent procedures. It was not clear 
whether the temperature rise obtained by 
the thermometer method was gained by the 
subtraction of the ambient temperature 
from the reading or reflected some correction 
(in percentage or degree) by virtue of the 
fact that a thermometer was employed. It 
should be indicated in the paper that the 
hot-spot data were obtained by one of the 
thermocouples if this was the case. Was the 
thermocouple which provided the hot-spot 
data for the five machines located in a simi¬ 
lar position in each, and did it consistently 
indicate the highest temperature? 

Some statistical procedures were applied 
to experimental data obtained on five dif¬ 
ferent horsepower rated machines. How¬ 
ever, it is desirable to know the total number 
of heat tests taken and how many test 
points, identified for each machine, were used 
in the construction of Figs. 3, 4, 6, and 6. 


One would assume that the temperature rise 
data were selected equally from all the 
machines and employed for all the various 
temperature ratios taken. This does not 
appear to be the case if the number of points 
on Figs. 3, 4, 5, and 6 particularly are in¬ 
dicative of the number of tests used. 

It is stated in the paper that the experi¬ 
mental instrumentation employing thermo¬ 
couples enabled temperatures to be read 
with a 1% accuracy. What does this mean 
in relation to the accuracy of the heat test 
data obtained? What is the variance of this 
experimental error? Was a similar evalua¬ 
tion made under control conditions for the 
experimental error of resistance measure¬ 
ment employing a Kelvin bridge with an 
absolute accuracy of 1/4 %? Was a similar 
evaluation made using a thermometer? 

It is expects that a statistical analysis 
of the thermometer readings and tempera¬ 
ture ratios from each machine should firmly 
establish the contribution by the thermom¬ 
eter toward the scattering of test points. 
In particular, such factors as the absolute 
accuracy of the thermometer, the effects of 
the rounding off of thermometer readings, 
the "errors” in placement of the thermom¬ 
eter (thermometer is confined to the ver¬ 
tical position and the size of the machine 
determines aceessibility to some extent) and 
the time lag for a reading all contribute to 
the total "measurement” error. This as¬ 
sumes that the same personnel took part in 
each method. One suspects that placement 
error and the response time are the major 
factors. 

It appears that if placement could be im¬ 
proved and an analysis made of the inherent 
time lag of a thermometer some means may 
be developed for compensating the delayed 
thermometer reading. This would be anal¬ 
ogous to the extrapolation to zero time as 
now accepted for the primary and secondary 
exponentials evidenced by the present cool¬ 
ing curves. 

Unquestionably, the success of the ther¬ 
mocouple and average resistance measure¬ 
ments is attributed to the short time (after 
shutdown) necessary for good data to be 
obtained. If thermometers could be placed 
accurately and if they responded as quickly, 
they might be equally reliable. 


D. D. Gerbetz and J. S. Ewing: The authors 
appreciate the comments and contributions 
made by the discussers. Mr. Meyers has 
pointed out instances where temperature 
rise is not the prune concern in certain de¬ 
signs because of application, and where ob¬ 
jections might be raised to taking heat rims. 
Since some production departments already 
observe temperature rise by resistance, the 
added work would represent a minor modi¬ 
fication of their test procedure. We feel the 
greatest gain by measurement of tempera¬ 
ture rise by resistance is reflected in engi¬ 
neering information, since rise by resistance 
more nearly reflects the average thermal 
characteristics of the armature, and the 
value of temperature rise measured is nearer 
the hot spot, with the measurement more 
accurate. 

The ability to repeat temperature meas¬ 
urements on the same machine serves as a 
good check bn the accuracy of temperature 
measurements, as Mr. Watson suggests. 
We have made several repeat tests using the 
resistance measurement, and found that we 
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companies. The vibration frequencies 
and amplitudes were measured on switch¬ 
board panels, floors, and walls of power 
stations. The amplitude of vibration 
measured on steel panels by light beam 
t 3 rpe of indicators ranges from 0.2 to 2.2 
mils and the frequencies varied from 30 
to 190 cycles. At another location using 
the same type of measuring instrument, 
it was found that the walls were vibrat¬ 
ing at an amplitude which increased with 
the distance from the floor, and readings 
as much as 8 mils were taken. These 
vibrations were transmitted to the switch¬ 
board panels and were considerably re¬ 
duced when the panels were mounted on 
rubber. In these particular tests it was 
found that the steel panels had a natural 
frequency of less than 60 cycles and the 
amplitude of the vibration showed wide 
variations. 

Laboratory Tests 

Laboratory tests were conducted by 
one manufacturing company, one oper¬ 
ating utility company, and the dec- 
tiical engineering department of one 
university. The tests were mainly cen¬ 
tered on determining the effect of shock on 
relays. The controlled shock was ap¬ 
plied either by a hammer of varying 
weight released from different heights and 
hitting a fixed panel in pendulumKke 
fashion or by moving hinged panels 
through a given angle by various weights 
suspended on a cord from the panel 
through a series of pulleys. The accelera¬ 
tion of the panels and in some cases of the 
relay parts was measured or calculated 
and the contact bounce observed and 
graphically recorded. Because of the 
many factors influencing the tests, only 
general statements can be made when 
summarizing the results. It appears that 
the shock necessary to close the a contact 
of the relay cannot be defined by accelera¬ 
tion alone but rather by the product of 
acceleration and duration. It was also 
found that the magnitude of displacement 
caused by shock is proportional to the 
momentum and independent of the ki¬ 
netic energy. It also did not appear to 
make any difference whether the panel 
was hit by a wooden or rubber mallet. 

The construction of the relay has im¬ 
portant influence on shock resistance. 
The dapper-type relays are generally 
more sensitive to shock whereas the 
plung«r-type relays are relatively im¬ 
mune to shock caused by a horizontal 
blow. It was also observed that the shock 
sensitivity of the dapper-type rday 
varies with the position of the hinge pin 
with reference to the plane of the pand 


the relay is mounted on. For hinge-pin 
position perpendicular to the plane of 
pand, the clapper-type rday appeared to 
have the greatest shock resistance. The 
shock sensitivity of the rday with poten¬ 
tial restraint or polarizing coil is increased 
if the restraint coil is de-energized. 

Factors that reduce the false operation 
of rela 3 rs are: 

1. Increasing contact gap settings improves 
shock resistance in most cases. The 
amount of improvement varies with the 
other parameters such as a relay time which 
increases with gap setting. As stated be¬ 
fore, however, the shock sensitivity of 
auxiliary or seal-in contacts may nullify 
my benefit obtained from gap-spacing 
increases. 

2. Increased armature torques for a given 
relay setting improve shock resistance of all 
relays tested. Increased armature torque 
requires greater mechanical or electric re- 
straimng torque for a given relay setting. 
The increased restraining torque in turn 
improves shock resistance. Increasing re¬ 
straining torque without corresponding in¬ 
crease in the armature torque would also 
result in better shock resistance relay but 
would reduce relay sensitivity. 

3. Modification in backstop construction 
will result in reduced shock sensitivity. 
Solid backstop results in contact bounce but 
backstop arrangements such as ball and 
sleeve or other nonbounce combinations 
showed a consistent improvement in shock 
resistance over other backstop and arma-; 
ture variations, especially in the panel 
tests. 

4. In general it was found that felt washers 
between backstop and contacts did not in¬ 
crease permanently the shock resistance of 
the relay. However, in some other in¬ 
stances felt-tipped backstop increased the 
resistance. 

The changing of the natural frequency 
of the relay-moving dement or armature 
has considerable effect on the shock neces¬ 
sary to cause false operation of the con¬ 
tact. The addition of mass lowers the 
natural frequency and an increase of 
spring torque raises the natural frequency. 
Relays with lower natural frequency are 
more likely to respond to shock-produced 
vibrations which are predominantly in 
the range bdow 100 cydes per second. 
The rday case and the cradle absorb a 
major portion of the shock applied at the 
door or to the panel. 

Investigation of rday mountings on 
hinged panels reveals that harmful shock 
caused by slamming can be controlled by 
mechanically limiting the pand-dosing 
speed. It was also found that the so- 
called rubber shock mounts of relays 
where the rday frame was mounted on 
rubber and the rubber in tiun attached to 
the switchboard pand reduced the sensi¬ 
tivity of the rday to vibration by a ratio 
of 12 to 1 in the case tested, but tire shock 
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resistance was also reduced by a ratio of 
2 to 1 if the shodc was applied directly 
to the relay case. 

With the hinged pand, the energy 
stored in rotation and translation before 
the impact did cause false tripp ing . As¬ 
suming a dockwise rotation of the con¬ 
tact to close upon impact of the pand, 
the moving element of the relay can dther 
coast (pand hinged right-hand) or bounce 
on the backstop and coast (pand hinged 
left-hand). Thus, no condusive state¬ 
ment can be made that the door hinge on 
one particular side will be best for ^ re¬ 
lays which may be mounted on the door. 
The position of the contact arm with re¬ 
spect to the plane of the pand appears to 
influence tlie shock resistance of the relay. 

Instrunients Used 

There are a large number of instru¬ 
ments available in the industry to meas¬ 
ure shock and vibration but it was found 
that only a few were applicable to meet 
the restrictive conditions encountered. In 
other cases the investigators were limited 
in their budget allocated for the study 
and the more costly instrument could not 
be purchased. For vibration measure¬ 
ments it was found that instruments using 
a oystal pickup and electronic amplifier 
furnished the most satisfactory result. 
The light beam tjTpe of vibration indica¬ 
tor also appeared to be suitable. 

Different types of instruments were 
used for measurements of shock. The 
accderometer consisting of a crystal and 
an amplifier were used by one laboratrary. 
In another case a small slug-tuned coil 
was used as displacement pidcup. The 
variation of the coil inductance affected 
the signal output of an oscillator which 
was amplified to supply a graphic re¬ 
corder. A device consisting of a bank of 
leaf springs with graduated stiffness so 
mounted and connected that for each 
spring there is a certain acceleration and 
that is sufficient to open a contact and 
actuate a gas tube indicator has also been 
successfully used. In general it was 
found that the available measuring de¬ 
vices had to be modified to be suitable 
for measuring the effect of shock and 
vibration on relay parts under investiga¬ 
tion. 

Methods of Mitigation 

On tlie basis of field and laboratory stud¬ 
ies it appears that shockproof and vibra¬ 
tion-resistant relay installation is the 
joint responsibility of the panel and relay 
designers as well as to a certain extent of 
those who install switchboard panels. 
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is given to the shock and vibration which 
may be present when relay panels are in¬ 
stalled. Vibration and shock do not help 
the bearings and jewels in any relay. 
Choice of a better location for relay panels 
can do much to reduce incorrect operations. 

I have found that low restraining torque 
is the most troublesome and the most diffi¬ 
cult to overcome. These relays may not 
operate for normal conditions but will 
operate for transient conditions such as 
bringing a machine up to speed. By de¬ 
termining the setting before a relay is 
bought, a range can be chosen so that the 
maximum restraining spring torque can be 
used. By sacrificing some sensitivity we 
have also been able to overcome small 
amounts of vibration. 

The use of fast clearing and reclosing times 
makes it necessary to reduce rather than 
increase the contact gap spacing. For the 
last few years we have been reducing the 
gap spacing wherever possible. This makes 
the relays more sensitive to shock and vibra¬ 
tion, but if it is not done, the control scheme 
may not function properly. 


Bonn C. Achtenberg (The Detroit Edison 
Company, Detroit. Mich.): The Project 
Committee is to be congratulated for a much 
needed job well done. The need for more 
information ou the effects of shock and 
vibration is great. 

The Detroit Edison Company has de¬ 
veloped several shockproofing methods for 
various relays. These were developed 
partly from past experience and partly from 
remits of tests made for the purpose of ob¬ 
taining information for the Project Com¬ 
mittee work. 

On one clapper-type auxiliary relay 
another restraining spring is added to the 
one which is installed by the manufacturer. 
As manufactured, this relay usually has a 
pickup of about one-half its rated voltage. 
The addition of the shock-proofing spring 
raises the pickup to about rated voltage. 
For this reason, coil circuits are designed so 
that double-rated voltage is applied for 
pickup and then some kind of dropping cir¬ 
cuit is provided to drop the voltage to be 
rated. On this type of relay we feel that 
counterbalancing the armature would be 
very beneficial. 

One pilot-wire relay uses a polar-type 
element to which the contacts are attached. 
On this relay the contact spacing is very 
close. To help reduce false tripping caused 
by shock on this relay, the whole polar-tsqje 
element is suspended on a spring arrange¬ 
ment within the relay case. We believe 
that this type of shockproofing is very de¬ 
sirable because it helps absorb shock and 
vibration both on the panel and directly 
on the case of the relay. 

An overcurrent relay which works on the 
rotating disk principle is also shockproofed. 
On this relay, the moving contact is a beam 
which is unbalanced when the overcurrent 


element engages a gear to rise up and hit 
the beam. To prevent this beam from 
bouncing closed, a fixture is attached to the 
frame of the overcurrent element. The fix¬ 
ture is attached so that it projects directly 
over the beam and prevents it from operat¬ 
ing until the overcurrent element moves 
over to engage the gear. 

In general, we feel that if the proper meas¬ 
uring devices were available much valuable 
information could be obtained. We agree 
with the committee’s conclusions especially 
numbers 9 and 10. On number 9, it is felt 
that, in addition to balancing armatures 
on clapper-type relays, it should be desira¬ 
ble to mount the relays within the case so 
that the hinged pin is perpendicular to the 
plane of the panel. 


P. R. Bergseth (University of Washington, 
Seattle, Wash.): The committee has done 
an excellent job in preparing a report on 
this subject which has so many diverse 
ramifications and about which it is so diffi¬ 
cult to say anything general. As a result 
of field and laboratory tests and analysis 
it may be said that attention to certain 
rather minor details in design and amount¬ 
ing of relays may result in considerably im¬ 
proved performance from a viewpoint of 
witlistanding mechanical shock and vibra¬ 
tion, One or two points mentioned in the 
report might well be amplified in view of 
the experience obtained in the laboratory 
tests at the University of Washington. ^ 

The statement is made that the magni¬ 
tude of displacement of shock is propor¬ 
tional to momentum and independent of the 
kinetic energy. A casual mathematical 
analysis of greatly simplified mechanical 
systems will reveal that the closure of a 
pair of relay contacts will depend upon the 
momentum delivered by a blow rather than 
the kinetic energy contained in the striking 
object. A multitude of test blows applied 
to a sample panel on which typical trans¬ 
mission line and bus differential relays were 
mounted revealed the correlation expected 
between momentum and relay closure for 
these more complex electromechanical struc¬ 
tures just as predicted from the analysis of 
the simpler case^ In these days, shock is 
usually thought of in terms of military 
specification and such terms as 2,000-foot- 
pounds shock are common and it may be 
surprising to note the emphasis on momen¬ 
tum rather than energy. It should be 
pointed out, however, that the military 
specifications envision a test blow deliv¬ 
ered from a specific testing machine and, 
in this case, the momentum and kinetic 
energy of the blow are directly related—a 
specification of energy of the blow specifies 
the momentum equally well when the test 
is to be performed by a hammer blow from 
a given test machine. 

In testing relays by means of a falling 
hammer t 3 qje of blow, it was surprising to 
find that the relay performance was sub¬ 
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stantially independent of the t 3 q)e of cush¬ 
ioning surface used on the hammer—a rub¬ 
ber, wood, or steel surface resulted in ap¬ 
proximately the same relay performance. 
Study of displacement traces made by 
electromechanical recorders reveals that the 
principal difference in the blows of a given 
momentum administered with different 
hammer faces lies in the higher frequency 
components. The natural frequency of the 
relay contact structure is low compared to 
the higher frequency components of dis¬ 
placement resulting from the use of a hard- 
faced hammer and little difference is noted 
in relay performance with these different 
types of blows. 

A word of caution is in order here. The 
tests were performed at shock levels suffi¬ 
cient to cause false closures but not suffi¬ 
cient to cause relay damage such as shat¬ 
tered cover glasses or broken or displaced 
relay mechanisms. If shock intensities in 
these latter levels were used, it is quite 
probable that the nature of the striking 
hammer would be of considerable signifi¬ 
cance in determining the effect of a blow of 
given momentum. The same remarks 
might be made with regard to the subject 
of panel bracing. It was found that addi¬ 
tional stiffening of the panel surfaces was 
of great help in avoiding false relay opera¬ 
tions under shock. However, this might be 
just the wrong thing to do if shocks of de¬ 
structive magnitudes were involved. 

Rbpbkbncb 

1. A Study op this Charactbristics of Mb- 
CHANiCAL Shock Causing Palsb Opbration op 
POWBR Rblavs, Homer R. Forbes. Thesis, Uni¬ 
versity of Washington, Seattle, Wash., 1958. 


L. F. Ferri: The Project Committee ap¬ 
preciates tlie constructive contributions of 
the discussers to the subject of shock and 
vibration as they affect relay performance. 
The experience accumulated by Mr. Barnes, 
Mr. Bostwick, and Mr. Flink points in great 
detail and emphasis to the problems which, 
because of understandable limitations, could 
only be summarized in the paper. It is very 
appiurent from their discussions that the 
modern high-speed relays using electro¬ 
magnetic principles present in some applica¬ 
tions a real problem because of their shock 
sensitivity. This problem should be a chal¬ 
lenge to the manufacturer’s design engineers. 
Mr. Achtenberg’s solution indicates that in 
some specific cases modification of the re¬ 
lays will result in higher resistance to vibra¬ 
tion. The committee is indeed very grate¬ 
ful to the contribution of Prof. Bergseth 
and to the fundamental research done in the 
laboratory under his supervision. His com¬ 
ments with reference to the relays respond¬ 
ing to shock under controlled conditions are 
well taken and point out that some reap¬ 
praisal of the basic factors may be neces¬ 
sary. 
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Practical Application of Sag and Tension 
Calculations to Transmission- 
Line Design 


J. LUMMIS H n Picrupp m 

member aiee 

ASSOCIATE MEMBER AIEE 


Q^ERMINATION of sags and 
tenaons m tiaosmissioii lines can 

ctf calculation is given its proper weighT 

no >PP«^ted 

exaetTd^^ rnathematical equation 
^Uy toenbes a suspended transmis- 
““ conductor. Even if such an equa- 

l^T intro- 

tolerances and 
appreciable. 

sag and tension is not an hn- 
™ aag, upon 

ffwnd clearance depends, is the only 

togible and controllable factor. Go^ 

l^tice and regulatoiy bodies set a 
the conductora 
fhlf* 1 * '“®°rey dictates that 

must not be exceeded, 
tensions are likewise pre- 
but practical consideratLs 
generally make this a value that, while 
tt must not be exceeded, can oiuy be 
^“rthermore, maxteum 
t^on IS dependent upon the simul- 
^eous occurrence of specific values of 
temp^ture, wind, and ice which from 
eiqimence are known to produce sate 
^gns tat are neverthelL sL^! 

tae“^^ '•''“‘re of 

the vibration problem, it is selrfnm 
practi^ to design a line for the full 
^^ble ma^nm tension in any c^f 
JhM emphasis is placed on meth^ of 
desi^ and construction which will 
produce fixed clearances without exceed¬ 
ing safe values of tension. 

fc^ew of these limitations, methods 
will be shown which wifi produce a 
design within the practical limite of 
accuracy. The limitations of these ap- 
pro^mate methods will also be sho^ 

methods which 
must be used under certain circumstances. 

Inadequacy of Fundamental 
Assumptions 


the conductor is inelastic and 

toble. In the former it is assumed that 

^ong tile curve of the conductor, while 
the latter is assumed to have its weight 
nuiformly distributed along a horizontal 

projection of the curve. Lne o“ 
a^ptions is collect. A conductor's 
astic so ttat the distribution of weight 
hile closely following that of a caten^' 
dependent upon tension; furthermore’ 
the conductor is rigid and is supported 
^*®^t by beam action. The 
^thematics of an elastic and ririd 
have been approximated* afd, 
fw a given tension, this curve hes some¬ 
what above the classic catenary. 
penm^t seems to bear this out. How- 
ev» It should be noted that any cal¬ 
culation involving clearance requires a 

editions 

OT t^,on to maximum conditions for 
sag. Mai^um condition for tension 
occurs dunng a transverse wind which is 
^neously assumed to produce a tu" 
^ forw upon the suspended 

uctor, and if ice loading is present 

uiorm 

density throughout the span and from 
span to span. ™ 

^7*“' ««d«rtor does not rigidly 
follow Hooke's taw, and bimeSc 

flow. WWe prestretohing improves the 

^■o pro^'es of conductora, some 
OTor msmg from plastic flow is 
inevitable. ® 

m^e spans terminate on suspension 
m^ators each span is affected by Se 
action of spans adjacent Ideally^ this 
^uence be determined analytically 

error wih usually arise from this factor. 


IS ±1 per cent, both of which have 
toct bearing on the tension and whid 
since these variations may take plao 
withm a span, tend to invaUdate thi 
basis of design. Temperature of thi 

operations 

^ot be determined closer than 
degrees Fahrenheit (F), and this factor. 

Wind is 

tiom 9 during sagging opera¬ 

tions, and Its influence on the span being 

^g^,d is indeterminable. The wind, 
^^ore IS usuaUy not imifonn 
from span to span and the influence of 
adjac^t spans upon the span being 
likewise indeterminate^ 
mdt the influence of inelastic creep 
^ be controlled with reasonable ac¬ 
curacy mder laboratory conditions it 
is variable and its control in the field 
IS even more difficult as stringing opera¬ 
tions pnor to sagging frequently produce 
indeterminable amount of Lap a^ 

fn ^ final tension. Fric- 

fron of sag blocks can be determined and 
comp^ated for if they are of high 
q ahty and m perfect working order- 

ejntable during construction the best 
blocfe will vary ffi frictional charac- 
tmstics. FmaUy, the transfer of the 
co^nctor from sheave to suspension 

mechanics whose 
^elessness or lack of knowledge, par- 
tcularly where insulators must be offset 

int sloping spans, may 

mfroduce errors of consideraL iagm^ 

Fquations 


“ '^^w of the many sources of erra 
outimed m the preceding discussion ti« 
catenary is taken as the form assumed 
by a suspended conductor. With respect 

the 

side, and with proper modi¬ 
fication the equations will be as easy to 
m^pulate as any. The basic equation 
for the catenary,1 Fig. i, is 

y-Ccoslil 


The 0 ^ equations used to describe 
^^^ended^ductor are the cateiiaiyi.r 

andtheparabota.« la both it framed 
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Errors Bigrond Control of Design 

Regardless of bow accurately the design 
rfa span ra pouted there are eiiora thrt 

manufacturing 
mdfieM conditions. Conductor is manm 
f^ed with a weight tolerance of 
±2 per cent and the diameter tolerance 



Fischct-Applying Sag and Tmsion Calculations 


Note that the parameter C is directl’ 
^portionai to the horizontal componen' 
f the tension; a constant is the span 
winch trat be constant in all spam 
separated only by ve rtical suspensioi 

"BE ream. 

by the AIET? e'en. ^®®*iuttee and approved 
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Fig, 1 . The catenary 


insulators. In design, therefore, C is 
the criterion for all sag calculations. 

The variations of tension, and therefore 
C, for changes in temperature and loading 
may be determined by use of the Thomas 
charts,< Martin’s table,® or Aluminum 
Company of America graphic methods.® 

For a level span the sag is y—C, and 
using the expansion series for the hyper¬ 
bolic cosine it may be shown that the 
sag. Fig. 1, in form for easy slide-rule 
operation, is 


The third term of the series is never 
sigmhcant in the ordinary transmission 
span as may be seen in the following 
example where the span is 3,000 feet 
and C is 3,000 



3,000® 

*8X3,000 

375.0® 

‘6X3,000 

0.4X(375.0)» 

(6X3,000)* 


*376.0 

* 7.8 

* 0.1 


Sag =382.9 


It can be shown that the sag in. an 
inclined span is approximately equal to 
the sag of a level span of the same length 
multiplied by the secant of the inclination 
of the chord. Thus, if 0 is the angle 
of inclination of the chord, the generalized 
form of equation 2 becomes 


S 



sec0 (approximately) 


(3) 


or 


^=“7-(approximately) 

8 f^cos 0-1.33 

(4) 

The error arising from the approxima¬ 
tions in equation 3 can be seen from the 
following example; see Fig. 2 

Xi 2,400 xi 

yi-4,012.2 

Xa 600 Xs 

y2=3,060.3 


d = 961.9 

961 9 

tan ^“^^=0-3173, sec 0=1.04913 



Therefore, ^8=3,147.4, VC=0.3122, and 
af8 = 936.6, 

Elevation of chord at 

Xa = 3,060.3 -f (936.6 +600.0)0.3173 = 3547.9 

yj=3147.3 


Maximum sag= 400.6 


By Equation 3: 


3,000* 

8X3,000 

375* 

'^6X3,000 


=376.0 
= 7.8 


Maximum sag=382.8X1.0491 =401.6 


The approximate equations for cal¬ 
culating dearances are satisfactory for 
ordinary conditions. However, if the 
maximum sag error in a span is to be 
kept below 1 foot, the curves shown in 
Fig. 3 will determine the limiting tise of 
the approximate equations. For in¬ 
stance, in a 2,000-foot span with a 


Fig. 2. Example of sag calculation 


difference in elevation of 600 feet, C 
must be 4,000 or greater to enable the 
use of the approximate equations and 
still keep the maximum error on the 
order of 1 foot. The error at the center 
of the span will always be small, however, 
with die maximum error occurring near 
the quarter points of the span. The 
calculated ground dearances will be 
greater than the actual dearances in 
that half of the span near the hig1ii»r 
point of support, and they will be less 
than the actual dearances in the ha lf 
near the lower point of support. The 
curves shown in Fig. 3 were prepared 
from data obtained from calculations 
comparing the approximate method with 
the exact method for var 3 dng conditions 
of C, L, and d. 

Where the error between the cal¬ 
culated sags (when using approximate 
equations) and the actual sags exceeds 
a desirable limit, it will be necessary to 
use mcwe predse methods. Such a 
method. Fig. 4, is to determine the levd 
span of which the indined span is a part, 
and then use the approximate methods in 
the level span. 

Where I is the length of conductor in 
the indined span and xi and xa are the 
absdssas of the upper and lower supports 
respectively, it follows that 

from which it follows that 
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It then follows that 

»i+a:2 1 

2C 


rv(f^ 

-V(¥““A)’ 


H-tan* e+tan e 

\ 

+tan« d~tan 6 \ 


L C 

J+2 loff«X 


\/71c77TT- 

IXL 2C/ ^ 

- V (t tan ^ 

and the level span of which £ is a portion 

ie^i + Clog.X 

V( i" 2c) *+*an « 

J/2C . L\> - •- (S) 

-TV £ *“’‘ 2 C/ +‘“’*-fan« 

® ^“‘■tely too cumber- 
^tl.a'a!™^“' Howener, the 

or ““ “P ” ‘“bolat 

TI foregoing relatiodships, Table 
md i/i “f M2C) 


Rs* 4 (right). O 

Inclined spen as 
part of level span 

P°“to of critieal clearance and the 
to °“f may then be narrowed down 
to totoe demnces which are too close 
^nnnimmn to rely on template 

Doto^ titillating vertical clearances at 
pomto off-center of the span a curve 
shomng the factors K and K' tTZ 

tlM dlt*“ ‘''l“nter sag plotted versus 
the distance from the supports may be 


+tan* ^+tan e 



Vertical Clearance 

A set of templates representing the 
^OS of the catenary for ™rio«s^*" 

structed to S ^ ^ •>« oon- 

«>* 0Mte scale as the proffle, 
tte template, when used to locate the 

structures on the profile, win also 


■ MBHH 

Jhhb 

IibwH 

msn 


<20 .30 40 Kf\ 

“ST- from near support -I- SPAN 1£N6TH 

F'9. 5. Sag at Internicdlnte points in span, 
I where 
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._o,^ 
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‘yP' « ®hown in 
..X' ' Note that one curve is based on 
at tte parabolic value of sag and the other 
ire “the correction for catenarian sag. This 

>e curve may be used with suffleiL ac 

B whM conditions are such that 

* “y be used 

m other calculations. 

Swing Clearances 

for^irr'f be calculated 

£ “ "“S' °“t to 

,w tn^’i. ^ '“■ determin- 

mg the hormontal displacement and the 
Me of the conductor, due to a transverse 
Wind, IS shown in Fig. 6. 

conductor 

and s^cture must be determined. This 

may be accompHshed readily with satis- 

modT of scale 

models. A typical model is shown in 

only to calculate the swing of the insula- 
tor stnng and the slope of the conductor 
t the point of support. Then, placing 
tte yano^ templates in their proper 

be 

, men the slope of the chord is known, 

^ transverse swing of the insulator 

^““P^ted by assuming 
the vertical load imposed by the 
onductor is the same under wind action 
as ID stiU air and that the horizontal 
load IS equivalent to the wind force on 
on^half the^sum of the adjacent spans. 
However, when the action of the wind 
swmgs ^e conductor to the side, the 
m tile wind plane change* 
and this factor must be taken into con- 
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T.ble I. Value of U/(SC) foi V»Ioui V.loet of L/(2C) fram 0.0S to 0.50, and d/L Rauglns fram 0.01 to 0.50 

Example: Assume L=1,000 Feet, d.400 Feet, £-5 OOO. Then L/(2O-0.10, d/L-0.40, and from the Table L/(2O-0.4894, from 

Which It Is Found that 16*4/894 feet 


..0.0300. 
..0.0500. 
..0.0700. 
..0.0900. 
.. 0 . 1100 . 
..0.1300. 
..0.1500. 
. .0.1700. 
..0.1900. 
..0.2099. 

. .0.2299. 
..0.2499. 

. .0.2699. 

. .0.2899. 

. .0.3099. 
.0.3298. 
.0.3498. 
.0.3698. 
.0.3898. 
.0.4097. 
.0.4297. 
.0.4497. 
.0.4697., 
.0.4896.. 
.0.5096., 


.0.0400. 
.0.0600. 
.0.0800. 
. 0 . 1000 . 
. 0 . 1200 . 
.0.1400. 
.0.1599. 
.0.1799. 
.0.1999. 
.0.2199. 
.0.2398. 
.0.2508. 
.0.2798. 
.0.2997. 
.0.3197. 
.0.3397. 
.0.3596. 
.0.3790. 
.0.3095. 
.0.4195. 
.0.4894. 
.0.4594.. 
.0.4793., 
.0.4993., 
.0.5192., 


.0.0500. 
.0.0700. 
.0.0900. 
. 0 . 1100 . 
.0.1300. 
.0.1409. 
.0.1699. 
.0.1899. 
.0.2098. 
.0.2298. 
.0.2498. 
.0.2697. 
.0.2897. 
.0.3096. 
.0.3296. 
.0.3495. 
.0.3694. 
.0.3894. 
.0.4093. 
.0.4292. 
.0.4491. 
.0.4691. 
.0.4890. 
.0.5089.. 
0.5288.. 


.0.0600. 

.0.0800. 

. 0 . 1000 . 

.0.1199. 

.0.1399. 

.0.1599. 

.0.1799. 

.0.1998. 

.0.2198. 

.0.2397. 

.0.2597. 

.0.2796. 

.0.2995. 

.0.3195. 

.0.3394. 

.0.3593. 

.0.3792. 

.0.3991. 

.0.4190. 

.0.4389. 

.0.4588. 

.0.4787. 

.0.4086.. 

.0.5185.. 

.0.5384.. 


.0.0700. 

.0.0900. 

. 0 . 1100 . 

.0.1299. 

.0.1499. 

.0.1699. 

.0.1898. 

.0.2098. 

.0.2297. 

.0.2497. 

.0.2696. 

.0.2895. 

.0.3094. 

.0.3293. 

.0.3492. 

.0.3691. 

.0.3890. 

.0.4089. 

.0.4288. 

.0.4487. 

.0.4685. 

.0.4884. 

.0.5083.. 

.0.5281.. 

.0.5480.. 


.0.0800. 

.0.0999. 

.0.1199. 

.0.1399. 

.0.1599, 

.0.1798. 

.0.1998. 

.0.2197. 

.0.2396. 

.0.2596. 

.0.2796. 

.0.2994. 

.0.3193. 

.0.3392. 

.0.3591. 

.0.3790. 

.0.3988. 

.0,4187. 

.0.4386. 

.0.4584. 

.0.4782. 

.0.4981.. 

.0.5179., 

.0.6377., 

.0,6676.. 


..0.0899 

..0.1099. 

..0.1299. 

.0.1499. 

..0.1698. 

..0.1898. 

.0.2097. 

.0.2296. 

.0.2496. 

.0.2695. 

.0.2894. 

.0.3093. 

.0.3292. 

.0.3490. 

.0.3680. 

.0.3888. 

.0.4086. 

.0.4285. 

.0.4483. 

.0.4681. 

,0.4879, 

.0.6077. 

,0.6276, 

.0.6473. 

.0.5671. 


..0.0090. 

.0.1190. 

.0.1399. 

.0.1598. 

.0.1798, 

.0.1997. 

.0.2197. 

.0.2396. 

.0.2505. 

,0.2794. 

.0.2093. 

.0.3192. 

.0.3390. 

.0.3589. 

.0.3787. 

.0.3986. 

.0.4184. 

.0.4382. 

.0.4580. 

.0.4778. 

,0.4976. 

.0.6174.. 

.0.6372., 

.0.5560., 

.0.6767.. 


..0.1099 

..0.1290 

..0.1408 

..0.1698. 

,.0.1897. 

..0.2097. 

..0.2296. 

..0.2495, 

..0.2694. 

.0.2893. 

.0.3092. 

.0.3290. 

.0.3489. 

.0.3687. 

.0.3886. 

.0.4084. 

.0.4282. 

.0.4480. 

.0.4678. 

.0.4876. 

.0.6073. 

.0.5271. 

.0.5468. 

.0.6665. 

.0.5802. 


..0.1198. 

.0.1398. 

..0.1698. 

.0.1797. 

.0.1997. 

.0.2196. 

.GU2395. 

.0.2594. 

.0.2793. 

.0.2992. 

.0.3190. 

.0.3389. 

.0.3687. 

.0.3786. 

.0.3984. 

.0.4182. 

.0.4379. 

.0.4577. 

.0.4775. 

.0.4972. 

.0.6170. 

.0.5367. 

.0.5564. 

.0.6761. 

.0.5958. 


.0.1298. 

.0.1497. 

.0.1697. 

.0.1896. 

.0.2096. 

.0.2295. 

.0.2494. 

.0.2693. 

.0.2892. 

.0.3090. 

.0.3289. 

.0.3487. 

.0.3685. 

.0.3883. 

.0.4081. 

.0.4279. 

.0.4477. 

.0.4676. 

.0.4872. 

.0.5069. 

.0.6266. 

.0.6463. 

.0.5660. 

.0.5867., 

.0.6053.. 


.0.1397. 

.0.1697. 

.0.1796. 

.0.1996. 

.0.2195. 

.0.2394. 

.0.2593. 

.0.2792. 

.0.2991. 

.0.3189. 

.0.3388. 

.0.3686. 

.0.3784. 

.0.3982. 

.0.4179. 

.0.4377. 

,0.4674. 

.0.4772. 

.0.4969. 

.0.5166.. 

.0.5363. 

.0.5559.. 

.0.6756., 

.0.5963.. 

0.6149.. 


.0.1496. 
.0.1696. 
.0.1896. 
.0.2095. 
.0.2294. 
.0.2403. 
.0.2602. 
.0.2891. 
.0.3080. 
.0.3288. 
.0.3486. 
.0.3684. 
.0.3882. 
.0.4080. 
.0.4277. 
.0.4475. 
.0.4672. 
.0.4869. 
.0.5066. 
.0.5263.. 
.0.5459.. 
.0.5656.. 
.0.5852.. 
.0.6048.. 
.0.6244.. 


.0.1595. 

.0.1795. 

.0.1905. 

.0.2194. 

.0.2393. 

.0.2592. 

,0.2791. 

.0.2990. 

.0.3188. 

.0.3386. 

.0.3584. 

.0.3782. 

.0.3980. 

.0.4178. 

.0.4375. 

.0.4672. 

.0.4769. 

.0.4066. 

.0.5163. 

.0.5359. 

.0.6556. 

.0.6762. 

.0.5948. 

0.6144.. 

0.6339.. 


.0.1604. 
.0.1894. 
.0.2093. 
.0.2293. 
.0.2492. 
.0.2691. 
.0.2800. 
.0.3088. 
.0.3286. 
.0.3485. 
.0.3683. 
.0.3880. 
.0.4078, 
.0.4275. 
.0.4472. 
.0.4660. 
.0.4866. 
.0.5063. 
.0.5259. 
.0.6455. 
.0.6652. 
.0.6848. 
.0.6043.. 
.0.6239.. 
0.6434.. 


.0.1793. 

.0.1903. 

.0.2192. 

.0.2392. 

.0.2591. 

,0.2789. 

.0.2988. 

.0.3187. 

.0.3385. 

.0.3583. 

.0.3781, 

.0.3978. 

.0.4176. 

.0.4373. 

.0.4670. 

.0.4767. 

.0.4963. 

.0.5160. 

.0.5356. 

.0.5652. 

.0.6748. 

.0.6943.. 

.0.6139.. 

0.6334.. 

0.6529.. 


..0.1892 
. .0.2092 
..0.2291 
..0.2490 
. .0.2689 
. .0.2888 
.0.3087 
.0.3285 
.0.3483 
.0.3681 
.0.3879 
.0.4076 
.0.4273 
.0.4470 
.0.4667 
.0.4864 
.0.5060 
.0.5256 
.0.5452 
.0.5648 
.0.6844 
.0.6039 
.0.6234 
.0.6429 
.0.6624 


0 . 02 .. 
0.04.. 
0.06.. 
0.08.. 
0 . 10 .. 
0 . 12 .. 
0.14.., 
0.16... 
0.18... 
0 . 20 .., 
0 . 22 ... 
0.24... 
0.26... 
0.28... 
0.30... 
0.32... 
0.34... 
0.36... 
0.38.,, 
0.40.,, 
0,42... 
0.44... 
0.46... 
0.48... 
0.60... 


..0.1990. 
. .0.2190. 
. .0.2389. 
. .0.2589, 
. .0.2788, 
. .0.2986. 

. .0.3185. 

. .0.3383. 

. .0.3581. 

. .0.3779, 

. .0.3976. 
.0.4174. 
.0.4371. 
.0.4568. 
.0.4764, 
.0.4961. 
.0.5167, 
.0.5353.. 
.0.5548.. 
.0.6744., 
.0.5939,. 
.0.6134., 
.0.6329.. 
.0.6524.. 
.0.6719.. 


.0.2089. 

.0.2288. 

.0.2488. 

.0.2687. 

.0.2886. 

.0.3084. 

.0.3283. 

.0.3481. 

.0.3679. 

.0.3876. 

.0.4074. 

,0.4271. 

.0.4408. 

.0.4665. 

.0.4861. 

.0.6067, 

.0.5253. 

.0.5449.. 

.0.5645.. 

.0.5840.. 

.0.6035.. 

.0.6230.. 

.0.6425.. 

.0.6619.. 

,0.6813.. 


.0.2187. 

.0.2386. 

.0.2586. 

.0.2785. 

.0.2984. 

.0.3182. 

.0.3381. 

.0.3679. 

.0,3776. 

.0.3974. 

.0.4171, 

.0.4368. 

.0,4665. 

,0.4761, 

.0.4968. 

.0.5164, 

.0.5349. 

.0.5646. 

.0.6740., 

.0.6936.. 

.0.6130., 

.0.6325.. 

.0.6619.. 

,0.6713.. 

,0.6907.. 


.0.2285. 

.0.2484. 

.0.2684. 

.0.2883. 

.0.3081. 

.0.3280. 

.0.3478. 

,0.3676. 

.0.3874. 

.0,4071. 

.0.4268. 

.0.4465. 

.0.4662. 

.0.4868. 

.0.6064. 

.0.6260. 

.0.5446. 

.0.6641. 

.0.5836. 

.0.6031, 

.0.6226. 

.0.6420. 

.0.6614.. 

.0.6808.. 

,0.7002.. 


..0.2382. 
..0.2582. 
..0,2781. 
..0.2980. 
..0,3179. 
..0.3378. 
,.0,3676. 
,0.3774. 
,.0,3971. 
.0.4168. 
.0.4366. 
.0.4662. 
.0.4759. 
.0.4955. 
.0.6151, 
.0.5346. 
.0.6.542. 
,0.5737. 
.0.6932. 
.0.6126. 
.0.6321. 
.0.6616. 
,0.6709. 
.0.6902.. 
.0.7095.. 


.0.2480. 

.0.2679. 

.0.2879. 

.0.3078. 

.0.3276. 

.0.3476. 

.0.3673. 

.0.8871, 

.0.4068. 

.0.4265. 

.0.4402. 

.0.4659. 

.0.4855. 

.0.6051. 

.0,6247. 

.0.5442. 

.0.6038. 

.0.5833. 

.0.6027. 

.0.6221. 

.0.6416. 

.0.6609. 

.0.6803. 

.0.6996.. 

,0.7189.. 


.0.2577, 

,0.2777. 

.0.2976. 

.0.3176, 

.0.3374. 

.0.3672. 

,0.3770. 

.0.3968. 

,0.4166. 

.0.4362. 

.0.4659. 

.0.4766. 

.0.4951. 

.0.5147. 

.0.5343. 

.0.5538. 

.0.5733. 

.0.5928. 

.0.6122. 

.0.6317. 

.0.6510. 

.0.6704. 

.0.6897., 

.0.7090., 

0.7283.. 


.0,2676. 

.0.2874. 

.0.3073. 

.0.3272. 

.0.3471. 

.0.3669. 

.0,3887. 

.0.4064. 

.0.4262. 

.0.4469. 

.0.4665. 

.0.4862. 

.0.6048. 

.0.5243. 

.0.5439. 

.0.6634. 

.0.5829. 

.0.6023. 

.0.6217. 

.0.6411. 

,0.8606. 

.0.6798.. 

,0.6991., 

,0.7184.. 

0.7376.. 


..0.2771 
.,0.2971. 
..0.3170. 
..0.3369. 
. .0.3667. 
..0.3768, 
. .0.3963. 
..0,4161. 
. .0.4368. 
, .0.4666. 
.0.4751. 
.0.4948. 
.0.5143, 
.0.5339. 
.0.6534. 
.0.6729. 
.0.5024. 
.0.6118. 
.0.6312. 
.0.6606. 
.0.8699. 
.0.6892. 
.0.7085. 
.0.7277. 
.0,7470. 


.0.2868. 

.0.3068. 

.0.3267. 

.0.3466. 

.0.3664. 

.0.3862. 

.0.4060. 

.0.4267. 

.0.4464. 

,0,4651. 

.0.4847, 

.0.5043. 

.0.5239. 

.0.6434. 

.0.5630. 

.0.6824. 

.0.6019. 

.0.0213. 

.0.6407. 

.0.6600. 

.0.6793. 

.0.6986.. 

.0.7178.. 

.0.7371., 

.0.7663.. 


. .0.2964. 
. .0.3164. 
. .0.3363. 
.0.3562, 
.0.8760. 
.0.3958. 
.0.4166. 
.0.4.353. 
.0.4550. 
.0.4747. 
.0.4943. 
,0.6139. 
.0.5336. 
.0.5630. 
.0.6726. 
.0.6919. 
.0.6113, 
.0.6307. 
.0.6601. 
.0.6694. 
.0.6887. 
.0.7080. 
.0.7272, 
.0.7464. 
.0.7656. 


.0.3061. 

.0.3260. 

.0.3459. 

.0.1358. 

.0.3856. 

.0.4054. 

.0.4252. 

.0.4440. 

.0.4646. 

.0.4842. 

.0.6039. 

.0.5234. 

.0.5430. 

.0.5625. 

.0.5819. 

.0.6014. 

.0.6208. 

.0.6401. 

.0.6596. 

.0.6788. 

.0.6981. 

.0.7173. 

.0.7365. 

.0.7667. 

.0.7748., 


.0.3167. 

.0.3356. 

.0.3555. 

.0.3764. 

.0.3952. 

.0.4150. 

,0.4347. 

.0.4644. 

.0.4741. 

.0.4938. 

.0.5134. 

.0.6329. 

.0.6525, 

.0.6719. 

.0.5914. 

.0.6108. 

.0.6302. 

.0.6495. 

.0.6689. 

.0.6882. 

,0.7074. 

.0.7266. 

.0,7458. 

.0.7649. 

0.7840., 


.0.3252. 

.0.34{>1, 

.0.3651. 

.0.3849. 

.0.4047. 

.0.4246. 

.0.4443. 

.0.4640. 

.0.4830. 

.0.5033. 

.0.5229. 

.0.5424. 

.0..5619. 

.0.6814. 

.0.6008. 

.0.6202. 

.0.6396. 

.0.6689. 

.0.6782. 

.0.6975. 

.0.7167. 

,0.7369. 

,0.7650. 

.0.7741. 

0.7932., 


.0.3348. 

.0.3547. 

.0.3746. 

.0.3944. 

.0.4143. 

.0.4340. 

.0.4538. 

,0.4736. 

.0.4931. 

.0.5128. 

.0.5323. 

.0.5519. 

.0.6713. 

.0.5908. 

.0.6102. 

.0.6296. 

.0.6490. 

.0,6683. 

.0.6876. 

.0.7068. 

.0.7260. 

.0.7461. 

.0.7643. 

.0.7834. 

0.8024.. 


.0.3442. 

.0.3642. 

.0.3841. 

.0.4040. 

.0.4238. 

.0.4435. 

.0.4633. 

.0.4829. 

.0.5026. 

.0.6222, 

.0.5418. 

.0.6613. 

.0.5808. 

.0.6002. 

.0.6196. 

.0.6390. 

.0.6583. 

.0.6776. 

.0.6968. 

.0.7161. 

.0.7362. 

.0.7544., 

.0.7735. 

.0.7926., 

0.8116.. 


,.0.3537 

,,0.3737 

..0.3936 

..0.4134 

..0.4332 

..0.4530 

.0.4727 

.0.4924 

.0.6120 

.0.6316 

.0.5612 

.0.6707 

.0.5902 

.0.6096 

.0.6290 

.0.6483 

.0.6676 

.0.6869 

.0.7061 

.0.7263 

.0,7446 

.0.7636 

.0.7827 

.0.8017 

.0.8207 


d/L 

0.42 0.43 


..0.3632. 
..0.3831. 
. .0.4030. 
..0.4229. 

. .0.4427. 
..0.4624. 
.0.4821. 
.0.5018. 
.0.5214. 
.0.5410. 
.0.5606. 
.0.5801. 
.0.6996. 
.0.6189. 
.0.6383. 
,0.6576.. 
.0.6769, 
;0.6962.. 
.0.7164., 
.0.7346.. 
.0.7537.. 
.0.7728.. 
.0.7918.. 
.0.8108.. 
.0.8298.. 


..0.3726. 
.0.3925. 
.0.4124. 
.0.4323. 
.0.4521. 
.0.4718, 
.0.4916. 
.0.5112. 
.0.5308. 
.0.5504. 
.0.5699. 
.0.5894. 
.0.6089. 
.0.6283. 
.0,6476. 
.0.6669. 
.0.6862. 
.0.7054. 
.0.7246. 
.0.7438.. 
.0.7629., 
.0.7819.. 
.0.8010.. 
.0.8200.. 
.0.8389.. 


..0.3820, 
.0.4020. 
.0.4218. 
,0,4417. 
.0.4615. 
.0.4812. 
.0.5000. 
.0.5206. 
.0.5402. 
.0.5697. 
,0.5793, 
.0.6987. 
.0.6182. 
.0.6376. 
.0.6569. 
.0.6762, 
.0.6954. 
.0.7146. 
.0.7338. 
.0.7629., 
.0.7720., 
.0.7911., 
.0.8101.. 
.0.8200.. 
.0.8480.. 


..0.3914 

..0.4113. 

..0.4312, 

..0.4610. 

.0.4708. 

.0.4905. 

.0.6103. 

.0.5209. 

.0.5495. 

.0.5690. 

.0.5885. 

.0.6080. 

.0.6274. 

.0.6468. 

.0.6661. 

.0.6854. 

.0,7046. 

.0.7238. 

.0,7430. 

.0.7621, 

.0,7812, 

.0.8002. 

.0.8192. 

.0.8381. 

.0.8570. 


. .0.4007. 
.0.4206. 
.0.4405. 
.0.4603. 
.0.4801. 
.0.4909. 
.0.5196. 
.0.5392. 
.0.5588. 
.0,5783. 
.0.5978. 
,0.6173. 
.0.6366. 
.0.6560. 
.0.6753, 
.0.6946. 
.0.7138. 
.0.7330. 
.0.7521. 
.0.7712. 
.0.7902, 
.0.8092. 
.0.8282.. 
,0.8471., 
.0.8660.. 


,.0.4100. 

.0.4299. 

.0.4498. 

.0.4696. 

.0.4894. 

.0,5091. 

.0.5288. 

.0.5484. 

.0.6680. 

.0,5876. 

.0.6070. 

.0.6265. 

.0.6459. 

.0.6652. 

.0.6845. 

.0.7038, 

.0.7230. 

.0.7421, 

.0.7612, 

.0.7803, 

.0.7993. 

.0.8183.. 

.0,8372., 

.0.8561.. 

.0,8750.. 


..0.4192. 

.0.4392. 

.0.4690. 

.0.4789. 

.0.4986. 

.0.5184. 

.0.5380. 

.0.5577. 

.0.5772. 

.0.5968. 

.0.6162. 

.0.6357. 

.0.6550. 

.0.6744. 

.0.6937. 

.0.7129. 

.0.7321. 

.0.7512. 

.0,7703. 

.0.7898., 

.0.8083.. 

,0.8273., 

.0.8462.. 

,0.8851.. 

.0.8839.. 


.0.4285. 
.0.4484. 
.0.4683. 
.0.4881. 
.0.6079. 
.0.5276. 
.0.6473. 
.0.5669. 
.0.5864. 
.0.6060. 
.0.6264, 
.0.6449. 
.0.6642. 
,0,6835. 
.0.7028. 
.0.7220. 
,0.7411. 
.0.7603. 
.0.7793. 
.0.7984. 
.0.8173. 
.0.8363. 
.0.8552. 
.0.8740.. 
.0.8928.. 


.0.4377. 

.0.4576. 

.0.4775. 

.0.4973. 

.0.5171. 

.0.5368. 

.0.5564. 

.0.5760. 

.0.5956. 

.0.6151. 

.0.6846. 

.0.6639. 

.0.6783. 

.0.6926. 

.0.7119. 

.0.7311. 

.0.7502. 

.0.7693. 

,0.7884. 

.0.8074. 

.0.8263. 

.0.8452. 

.0.8641. 

.0.8829.. 

.0.9017., 


..0.4469 

..0.4668. 

..0.4866. 

..0.6065. 

.0.6262. 

.0.5459. 

.. 0 . 6666 . 

.0.6862. 

.0.6047. 

.0.6242. 

.0.6437. 

.0.6630. 

.0.6824. 

.0.7017. 

.0.7209. 

.0.7401. 

.0.7692. 

.0.7783. 

.0.7973. 

.0.8163. 

.0.8353. 

.0.8541. 

.0.8780. 

.0.8918. 

.0.9105. 


.0.4660. 

.0.4769. 

.0.4968. 

.0.6166. 

.0.5353. 

.0.5550. 

.0.6747. 

.0.5943. 

.0.6138. 

.0.6333. 

.0.6627. 

.0.6721. 

..0.0914. 

.0.7107. 

.0.7299. 

.0.7491. 

.0.7682. 

.0.7873. 

.0.8063. 

.0.8262. 

.0.8442. 

.0.8630. 

.0.8819. 

.0.9006.. 

.0.9194., 


..0.4651. 
..0.4850. 
..0.6049, 
. .0.5247. 
,0.5444. 
.0.5641. 
.0.5838. 
.0.6033. 
.0.6220. 
.0.6423. 
.0.6617. 
.0.6811. 
,0.7004. 
,0.7197. 
.0.7380. 
.0.7681. 
.0.7772. 
.0.7962. 
.0.8152. 
.0.8343. 
>0.8530. 
.0,8719. 
.0.8907. 
.0.0094. 
.0.0282. 


.0.4741. 

.0.4940. 

.0.5130. 

.0.6337. 

.0.6636. 

.0.5732. 

.0.5928. 

.0.6124. 

.0.6310. 

.0.6514. 

.0.6708. 

.0.6901. 

.0.7094. 

.0.7287. 

.0.7479. 

.0,7670. 

.0.7861. 

.0.8051. 

.0.8241. 

.0.8430. 

.0.8610. 

.0.8807. 

.0.8005. 

.0.0182.. 

.0.0369. 


..0.4832. 

.0.5031. 

.0.5230. 

.0.5428. 

.0.5625. 

.0.6822. 

.0.6018. 

.0.6214. 

.0.6409. 

.0.6604. 

.0.6798. 

.0.6091. 

,0.7184. 

.0.7376, 

.0.7668. 

,0.7769. 

.0.7960. 

.0.8140. 

.0.8330. 

.0.8510. 

.0.8707. 

.0.8895. 

.0.0082. 

.0.9270. 

.0.9456. 


.0.4921. 

.0.5120. 

.0.5310. 

.0.5617. 

,0.5714. 

.0.5911. 

.0.6108. 

.0.6303. 

.0.6498. 

.0.6693. 

.0.6887. 

,0.7080. 

.0.7273. 

.0.7465. 

.0,7657. 

.0.7848. 

,0.8039. 

.0.8229. 

,0.8418. 

,0.8607. 

.0.8796. 

.0.8083. 

.0.9170. 

,0.9357. 

.0.0543. 


,.0.5011 
.0.6210 
.0 5409 
.0.6607 
.0.5804 
.0.6001 
,0.6197 
.0.6392 
.0.6587 
.0.6782 
.0.6976 
.0.7169 
.0.7361 
.0.7664 
.0.7746 
.0.7936 
.0.8126 
.0.8316 
.0.8505 
.0.8694 
.0.8883 
.0.9070 
.0.9267 
.0.9444 
.0.9630 
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fin differences of eieva 

, respectively BS and 
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^G. The conductor in the wind plane 

2 ^^/" Pi¬ 
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ai’=>d COS B 

Cb) 

is the resultant force at A from 
In Fig. 8(B) 
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^d and anoaer, », Iyi„g along tte 
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v^vt cos B-P cos a 
The net cross-line horizontal force is 
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Wr, m^cher-Apptyin, Sa, and Tension CaloulaUons 



equivalent SftN- feet 



June 1955 






or temperature. Thus, where spans are 
supported on vertical suspension insula¬ 
tors, eadi span will have an influence on 
its neighbor such that no span can be 
considered independently of the re¬ 
mainder of spans in the same section 
between anchor structures. On the as¬ 
sumptions that the suspended conductor 
forms a parabola, that equalizing move¬ 
ments of insulators are so small that 
they introduce no horizontal force from 
the suspended weight, and that the 
movement of the insulators can be con¬ 
sidered axial to the conductor. Still» 
has developed an equivalent span. This 
span is the one which will have equivalent 
characteristics, in so far as tension 
variation with temperature and loading 
are concerned, as the series of spans from 
which it is derived. The equation is 



where 


equivalent span 

2/Zr*=summation of the cubes of the actual 
span 

'LL =distance between anchor structures 
of the section under consideration 

Using a table of cubes, confining the 
calculations to three significant figures, 
and using a slide rule for dividing and 
extracting the square root, the equivalent 
span can be determined quickly. How¬ 
ever, it is to be noted that generally, as 
the number of spans increases, the equiva¬ 
lent span approaches the average span, 
and a little experience will determine 
when the latter figure may be used. 
Once the equivalent span is determined 
for a section of line the value of C for 
that section can be found from the 
family of curves in Fig. 9. 

The equivalent span method must 
be used with caution as the error in the 
assumption made relative to the weight 
of the suspension-insulator string will 
cause the clearance to ground to be less 
than calculated in spans that are shorter 
than the equivalent, while spans longer 
than the equivalent will tend to have 
lessened clearance to lines crossing above. 
If a section of line contains spans of 
widely differing lengths heterogeneously 
distributed, this lade of S3anmetry will 
exaggerate the errors, as will be seen 
in Fig. 10 which compares the true 
conditions with the condition as cal¬ 
culated by the equivalent span method. 

In Fig. 10 the spans have been sagged 
to a constant value of 7,650 at 60 F 
and the true condition is compared with 
the assumed at 130 F. In Fig. 10(A) 
the error of the 2-span section is within 
practical limits of accuracy, and if these. 


two spans are repeated indefinitely in 
the order 2,000, 1,000, 1,000, 2,000, etc., 
the errors will remain the same. If 
these two spans are repeated in the order 
2,000, 1,000, 2,000, 1,000, etc., the errors 
will be reduced somewhat. Thus, where 
the unequal spans are well distributed, 
as is the usual case in practice, the errors 
will be minor. 

In Fig. 10(B) the case of unsymmetrical 


VERTICAL COMPONENT 

SPAN 

C 

INSULATOR MOVEMENT 
HORIZONTAL COMPONENT 
GROUND CLEAR.CORRECTION 


nommiformity is being approadied, al¬ 
though if this 4-span pattern is repeated 
in any whole multiple the errors will be 
substantially reduced in all but the end 
spans of the section. In Fig. 10(C) and 
(D) the errors are attaining considerable 
magnitude and where the spans are as 
unsymmetrically distributed as in the 
example and if closer determination of 
clearance is required for critical spans it 



2000 1000 

6790 6720 


-^0.35 
70— 

+ 0.1 - 0 £ 
(A) TWO SPAN SECTION 


VERTICAL COMPONENT 

SPAN 

C 

INSULATOR movement 
HORIZONTAL COMPONENT 
GROUND CLEAR. CORRECTION 



—024 —0.63 —021 


60— 120— 40— 
+06 0.0 -02 -04 
<B) POUR SPAN SECTION 


VERTICAL COMPONENT 

SPAN 

C 

INSULATOR MOVEMENT 
HORIZONTAL COMPONENT 
GROUND CLEAR. CORRECTION 



•0.15 —027 —0.83 —0.53 —0.26 

40— 90— 150— 70— 30— 


+1-1 +0.7 -0.3 -0.5 -0.7 -08 

(C> SIX SPAN SECTION 


VERTICAL COMPONENT 
SPAN 
C 

INSULATOR, MOVEMENT —0.08 

HORIZONTAL COMPONENT 20-^ 

GROUND CLEAR. CORRECTION H4 



- 0.21 

50— 


-0.46 

110 - 


+■••2 tO.7 -0,5 

,(D) EIGHT SRAN SECTION 


-096 —0.68 —0.43 —0.21 
180— 80— 50— 30— 

-0.6 -0.9 -1.0 -i.t 


Example showing limitations of equivalent span method. All spans tensioned to 
— / at 60 F. For Lb= 1,730, C =>6,780 at 130 degrees. Actual condition at 130 F 
will be as shown in the figure for an 8-foot insulator string 
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1,033,500.CircuW.MilACSR54V7 14 , , V rofe«, W,« Condition 


Tower and 
Ifumber 


Bifference of 
Elevation 


Conductor cut in this span 


14-Span Section, 
Redaction in C 


4-Spaa Section, 
Reduction in C 


139-3 

1.160.... 




139-2 

1.200. 




139-1 

1,196.... 




138-4 

1,664. 




I38*-3 

1,600. 




138-2 

1,180. 

.- 39. 



138—1 

1,670. 




137-4 

1,220.... 




137-3 

1,301. 




137-2 

1,579. 




137-1 

1,175. 




136-4 

1,309. 





1,390.... 




136-2 

1,651. 


.not measured 

.not measured 



ta <J«cribed 

m the secbon on broken wire dearance 

to this case rt wiu not be necessaiy to 
ade of the cntical span since more 

to Pif^K may be seen ■ 

1 toTCd 

'“™ assumed 
level spans and weightless instaators for 

Tt'f - ^ are^r^etd 

toe supported by the insulatois wiil 
be proportional to span length anH 

e weight of toe insulators and hardware 

wi^crease the dearance error slight 
When a long section between anchors 

a mountainous area and 

^ters a plain, it is likely that there will 

^ ^ spans. 

L. °«a»aty to grade 

to “■* *>'« a«ti<m 

to"*' 

■ ^ve to be computed and made. 

Calculation of Broken Wire Clearance ” 

At railroads and certain other mwri.- <; 

i^ade on suspension insulators it « ^ 

quently necessary to mam:^';',;,::;,*^ O' 

40S 


dearance with the conductor broken in 
a once-removed from the crossing. 

sotoioTnrcTSng'tre 

proidmations as derdoped j^'&oiw 

4000 


for determming the distribution of mo 
,, ments m rigid frame works. Others- 

^ m^e the solution from a sUghth 

- different approach. 

^ In theory there is no limit to the 

- n^ber of spans beyond the crossing 
which will influence the tension of the 

dfossi^span. However, Table II, which 

gtvto the results of a test on a 14^pan 
Kchon toows that the calculations can 

T ■ ? 

toe test r^ts^ calculation confirms 

Kg. U shows the value of C, bdow 
toe normd value, caused by swing of 
^ m^tor st^, it being assuLd 

T„ “ * reduction in spaa 

lengto. It also shows the rise of the 
P^t of support and the restoring com- 
po^tca^ by the swing. The system 
state of equilibrium when the 
dtf^ce m C across insulators is equal 
the restormg component. Fi?. 12 
demonstrates this process. 

Plastic Flow 

an?S*b-*a°T ““ ™«als“ 

able d^T^C a'™ 
conations the flow in aluSn^to^ 

sted°” The^?*7- “■ 

Itovtb pT*‘'f'<=‘>s a growth in stressed 
gth, Pig. 13 , and consequent increase 
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1/033,500 - CM 
ACSR 54 X 7, 
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break 


ASSUME THE CONDUCTOR BREAK OCCURS BETWEEN TOWERS 1 AND 2. 
BROKEN WIRE C IS TO BE DETERMINED BETWEEN TOWERS 2 AND 3 
LENGTH OF INSULATOR STRING IS 11.0'. 


FIRST approximation: 

\ 


\ 


1 


1 

INSULATOR SWING 

REDUCTION IN SPAN 

11.0 

6.0 

5.0 

5.0 

0.0 


0.0 

C 


2250 

(530) 

2780 




RESTORING COMPONENT 



530 





SECOND approximation: 

\ 


\ 


\ 


1 

INSULATOR SWING 

REDUCTION IN SPAN 

11.0 

6.0 

5.0 

3.2 

1.8 

. 1.8 

0.0 

C 


2250 

(660) 

3110 

(210) 

3320 


RESTORING COMPONENT 



530 


210 



THIRD approximation: 

\ 


\ 


\ 


1 

INSULATOR SWING 

reduction in span 

11.0 

5.3 

5.7 

3.9 

1.8 

1.8 

0.0 

C 


2350 

(620) 

2970 

(350) 

3320 


RESTORING COMPONENT 



630 


210 



FOURTH APPROXIMATION: 

\ 


\ 


\ 


1 

INSULATOR SWING 

REDUCTION IN SPAN 

11.0 

5.3 

5.7 

3.6 

2.1 

2.1 

0.0 

C 


2350 

(660) 

3030 

(200) 

3230 


RESTORING COMPONENT 



630 


230 



FIFTH APPROXIMATION 

\ 


\ 


\ 


1 

INSULATOR SWING 

REDUCTION IN SPAN 

11.0 

5.2 

5.6 

3.7 

2.1 

2.1 

0.0 

C 


2360 

(650) 

3010 

(220) 

3230 


RESTORING COMPONENT 



650 


230 



RISE 

11.0 


1.6 


0.2 


0.0 


THE SYSTEM IS IN A STATE OF EQUILIBRIUM ON THE FIFTH APPROXIMATION AND THE 
CLEARANCES MAY NOW BE CALCULATED IN SPAN 2-3 USING C=2360. 

. Fig. 12. Example of broken wire calculation 


of sag. The amount of flow in uni- 
metallic conductors will vary with the 
installed tension, the relative tightness of 
stranding between layers, and the size 
and number of strands; also service 
conditions of temperature, degree, and 
duration of loading. Flow in bimetallic 
conductors will depend upon the fore¬ 


going factors and, in addition, on the 
proportion between metals, the tempera¬ 
ture at time of stranding and the 
temperature at installation. 

The influence of any one of the pre¬ 
ceding factors, except tension, is usually 
small, but if their effect is cumulative the 
total may be appreciable. In any case 



Fig. 14. Typical creep-tension curve for 
795,000-CM ACSR. Total creep at 1,000 
hours sustained load on unprestretched cable. 
Nominal ultimate tension of 27,950 pounds 

it is indeterminate. The total amoimt of 
plastic flow in steel-reinforced aluminum 
cable (ACSR) may amount to 0.20 
per cent of the conductor’s stressed 
length; i.e., it may be equivalent to a 
temperature rise of about 200 F. Ob¬ 
viously this strains the assumptions 
basic to the equivalent-span principle, 
and it is equally obvious that a .tmifln 
percentage of error in the assumed total 
amount of creep can result in consider¬ 
able error in the magnitude of the fitinl 
sag. 

There are in general use three methods 
of providing for plastic flow in con¬ 
ductors, each with its advantages and 
handicaps: 

1. String the conductor at an initial ten¬ 
sion high enough to provide for all the 
plastic flow to follow. 

2. Prestress the conductor during the 
sagging operation at a tension high enough, 
and hold it at that tension long enough 
to cause all plastic flow to take place prior 
to final sagging. 

3. Combine the two methods; prestre^ 
at a moderately high tension for a reason¬ 
able length of time, and allow for a moderate * 
amount of plastic flow to follow, 

In the first method the initial tension 
will be high, frequently higher than the 
maximum design tension, and this •vrill 
impose imdue loads on the supporting 
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on. Fig. 14, and because of the large 

^o^ofo^piUsaffiouIttodS 

® «actitude; littje 
founts of creep may stretch equivalent- 

beyond .Lonnble 
Where aectioae of line enccee 
separated only by 
^pension insulators, an indetem^te 
r“nt of plastic flow win taS^ 
section before the sJLid 
Mctnm IS sagged, and the tensioning 
operations win thereby he 
J^ewise, on singie^Lt lint ^ 

*t IS necessary to level the three phases 
for appearance’s sake, delay betw^ 

• '“PosaWe. However, thfe 
mothod IS generany the simplest from 
tlK ccmstmction standpoint Md is fre 
quently used for that r«Lon 

oy2^“"1'“‘^'^ temporarily 
overload anchor structures, and thev 

may have to be supported. Tensioning 


o 

ei 

o 

Q 

o 


Stress-strain 
curve for ACSR 

-Stress-strain 

curve for alumi¬ 
num 

'burned: All 
strands snug at 
stranding tem¬ 
perature, 100 F. 
Conductor ten¬ 
sioned at 100 F. 
^ximum design 
tension at 25 F 


“ ’'“ches and cable 

SfcT^ T *° *baa noimd. 

^ “nductor win tend to rise above the 
s^ block at Ughtly loaded towers and 

M pr^t dam^e to the conductor, 
soakmg” time may unduly delay 

5Xr.rtr.od"rs 

wsste'^mrr”^'^ 

«tto«t unduly sacrific^g tte fc^‘ 

meS'r^n ®^-bat heavier 

^t may be required, the conducts 

^p^.:fts^sS:n:£rc::ep* 

^ aot generany be eircemive; s2 
Tfe amount of plastic flow for a given 

<fe‘enSned 

om test, but the prestretching tension 


«+„ a* « ^—' '’*'•'' 1 ' wiu oe SUE 

^My d^ted can be approri 
^^,,f^pb‘mny. although for carefi, 
this should be checked by test o 
fag '^**k duration. The fobow 

^amtly accurate to serve as a starting 
pc^t for a tune-elongation test. 

If. m Fig. 16, the conductor is pre¬ 
stressed along the curves 1-2 and to 
sagged at stringing tension 3, the drop 
m tempertoe to minimum design value 

m'in ‘^P°sed mari- 

loa^g. win cause the tension to 
nse to the maximum design value 5. 

, the stress m the aluminum wfll 
n«^ eaceed the value attained at C 

+ 1 a.» procedure fails 

hew’.!^ oonductor were to be 

held at tension 2 for a sufadent time the 
r^ts would be as predicted. “iT 
IS usuaUy costly, and, sinre 

^ts, the latter element is generally 

SkcTcI”!- I*” tte case show^ 
sfr«?h f' ^ <*™<wefaated that a pre- 
fm I? tenaon of 16,000 pounds £eld 

to 0 ng”^ ■ mbsequent creep 

per cent'T” '*"* “ compared to 0.05 
P« cent for unprestressed conductor 

the urn/* » Fig. 16 that 

tte unstressed length was the same for 

other loose stranding or pre- 
tretdung at temperatures above straud- 
>a« temperature win lessen the effect of 
^ prestretch on the aluminum, while 
e rev^ wdl be true when prestretch- 
“* “.done at temperatures below the 
strandmg temperature. 

Field Work . 


analysis the accuracy c 
the design is entirely dependent upo: 








field operations. It is therefore necessary 
for the designer to prescribe the tension¬ 
ing procedure. Dynamometers are ruled 
out wherever the section tensioned 
consists of more than a very few spans, 
because such an instrument can give the 
tension at only one end of the section. 
For longer sections the sighting method 
must be used, and this may be done 
in short spans with naked eye and sight 
boards, but long spans will require the 
use of a surveyor’s transit. 

So far as adjustment of tension is 
concerned there is no limit to the number 
of spans that can be sagged simul¬ 
taneously by the sight method, regardless 
of the nature of the terraiu or amount 
of friction in the sag blocks, provided 
that communication facilities are ade¬ 
quate and that the sag blocks are well 
constructed and have uniform frictional 
characteristics. The limitations on 
length of tension section will be de¬ 
termined by construction difficulties, 
and the optimum length will be reached 
when the cost of handling the excess 
conductor pulled from the section bal¬ 
ances the savings resulting from fewer 
temporary anchors. Tension sections 
5 miles long are common, and sections 
of 7 miles have been successfully sagged. 

The number of saggers to a section 
is dependent upon the number of spans 
to be sagged, the quality of the sag 
blocks and the tension. It has been 
found for spans averaging about 1,100 
feet, with roller-bearing sag blocks and 
C below 5,000, every fourth span should 
be sagged. Where spans average 1,400 
feet and C is above 6,000, a sagger in 
every fifth span is adequate. Best use 
can be made of the least number of 
saggers if each conductor of a circuit is 
put through on identical cycle of tensions. 
Commonly the last sagger of a section 
positions his conductor while slacking 
back from a previously overpulled posi¬ 
tion. The next sagger, because of sag 
block friction, will now find his con¬ 
ductor low, and he therefore positions 
it by tightening, which in turn makes 
the conductor of the succeeding sagger 
high, etc. If this order of procedure is 
reversed at any stage while tensioning 
the next conductor, the effects of un¬ 
compensated sag block friction will be 
reversed between saggers on the two 
conductors. 

For sagging purposes the conductor 
can be brought tangent to a line of sight 
which is parallel to the chord and bdow 
it hy the amount S. However, it is 
sometimes difficult and usually incon¬ 
venient to establish such a line of sight. 

A more flexible method of adequate 


accuracy is to use unequal intercepts at 
the conductor supports. Consider the 
level parabola of Fig. 17, where 



whence 


dy X 
dx C 


=tan «j> 


Combining these expressions 

^ A±2y/IA+I 
SS 2 tan* ^ 

Solving for S 


( 10 ) 


The ratio C/L is usually 3 to 1 or 
greater and where this is ^e case it is 
usually safe to assume that results will 
be accurate when the ratio between 
1 and ^ is as high as 4 to 1. However, 
the normal procedure is the reverse of 
the preceding example since it is usual 
to assume a value for 1 and from this 
and S compute a value of A which will 
determine the line of sight. Rearranging 
equation 11 

^«(2-n/5-V/)* (12) 

If the preceding values for 1 and S are 
used, then 4=333.8. These values for 
1 and A are tangent to a catenary for 
whicih C=3,012, with a true center sag 
of 247.2 feet. 


^ •v/I+V/ y 


(H) 


This equation may be applied to a 
catenary, see Fig. 18, with considerable 
accuracy where neitho: of the factors, 
1 or A, exceeds the other by more than 
two to one. 

The sag by equation 3 is 


2,400* 

8X3,000 


=240.0 


. 240* 

I" ' -.sax 3.2 

6X3,000 


From equation 11, there follow equa¬ 
tions which will facilitate sagging by 
use of an engineer's transit with me^ods 
familiar to cadastral surveyors. It is 
assumed that the point of observation, 
or transit, is at I and that the intercept 
A is at tlie distant support. The angle 
of the tangent 0, and the angle of cffiord 
5, are considered negative when they are 
downward from the point of observation; 
d is negative when the distant point 
of support is below the one occnipied. 
All other factors are always positive. 
Since 4=d+J—L tan then 


Sag =243.2X1.0212 -248.4 / V3+7-X tan»+V? y 

The true maximum sag for this cate- ' ® 

nary is 248.2, while the true center sag is d-|-4\/Zs—45 

248.1. If 7=175.6, the line of sight is - 1 - (14) 

tangent to the catenary at *8=810 and 



Rs* 19. Method of sagging from ground 
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SPAN length-feet 



or Sloping spans 


ne ^cedfflg methods and equations 
be used when the transit can be 

m^odt “r* This limits the 

mettod to steel-tower lines, or to wood- 
pole toes where sag is sufficient to make 

mounting a transit on 

Mto S “ “T case a man 

. . “ the operation of the instrument 

“ ™t apt to be sfciiled in climbing pd“ 
wood^ole toes where thefpLl’ 
00 tog for the use of sight bS^ 

of th^T”* mounted to the side 

^ at the center of the span is readily 
^puted. H the tmnsit is plac^^ 
tte apex of an equilateral triangle with 

be shZSaf^P’^-'Mtean- 


smto Srl' ^ “sJes will be 

oTio^ar^?,®*','^ than 

qmte ^ fr! “ ade- 

location of rh * '■aason, stadia 

WMtiOT of the aperr of the equilateral 

tri^e js sufficiently accurate.^ Neyer- 

’■agardless of its 
de^aation from true 60 degrees shouM 
be bisected to the nearest iSiute. 

Sagging Sloping Spans 


tan/3-0.677(tandi+ta,ifl,)_ 

Oi 


If the setup is made for the cenfpr 
conductor and P is the phase separata 

an oS^* “i**" difference to 

an oiiter ^dnetor of horizontal con- 
guration is approximately 
■P tan fi 

0.866L-hP (16) 


sTk-— vra avvrcT conauctor 
CO guration is approximately 

Oi^ (approximately) 


When the transmission line is in 

tension, across a supporting structure 
may be greater than the sag-block fticta 
-7 ^PPort, and the eonduetor may to™ 
to run downhill” Where ral . 
J^^iaed difference is the sag^ 

r aZS*‘r/"'*jPdgtSrt 

tight at htof *?* somewhat 

dSfc L ,’“*^“;f®™tions and somewhat 

s1^ tr: “ «=' “tural 

wrag of the insulator strings when the 

e^toetors are removed frSrT 1 

toor. However, where the slope of the 

*toce™^* considerable 

o^ce, mote enact methods must be 

;^Mcurate method is to tension 

^ SMtion m question in such a maimer 
^tte “’t^f'tot 

sag. The mdividtial spans are thra 


fpss when the sag biois are 

Fm another solution, see reference H, 
in the following discussion it wfll b( 

l^ed tat the sag blocks are friction 

s subsequent sag procedure to produce 

to Sdf “^tiP-ffcss sag blocks 
to eondihou durmg tensioning is as 
town m Fig. 20 . Afterthecmductor 

eter for all spans is to be constant at 
U, the design value. The two conditions 

S^of unstressed 

length of conductor in the section is the 

thT conditions. Let a be 

unstressed conductor 
gth per unit change in the value of C. 
^d assmne ta rate constant within the 
range reqmred. Then 

(Co- Q)ax+(Co-C,)a2+(Co-Q)a,+ 

(Co—C4)a4==0 

Let 

di^Aa, dx-j-ffetoACg, d4+di+ds = AC4 




c 

y o C5 CJ cS d ^ ® ® O 

_ evi 


2 2 ® o 

^ 10 eo 

^ <vl evj oJ 


Rs- SI (left). 

« . versus span 
length for 605,- 
.000-CM ACSR 
30 X 19, where 

a=Ai--i^2 

A,^_~ 

240 AE W/FT 


24CC-100)a 

W(C-100)L 


C,=rCo-^^9 

Sa 

Cjto Ci+iij, etc. 

^C values of d are found appron 

^es of a an best found from a char 
m^ for that purpose. See Fig. 21 

su^%T“”‘ itolators a. 

mppcrt H are to be offset from a vertica 
to town toough that support h 
^ ® Cj)fla, while the similar offset at 

mpportCis(a-a)a.+(a-c"reto 

to a “positive when 

A£ ^7°^ ‘**’'^* spec 

^ to Mgative otherwise, the positive 
values indicate offsets to to rito and 

the vertical 

inrough the support. 

to^to f *“ the section 

5 CV. etc. FHctional 

durinv L ^ ^ ” eliminated 

g the tensioning sequence. After 
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TyP'M* dead-end span 

Sag ana Tension 
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the sagging operations are completed 
and before the conductor is transferred 
from sag block to insulator at any sup¬ 
port, the proper insulator position is 
marked at all supports. It should 
be noted that great precision in the 
calculations or marking is not required 
as small inequalities in tension will be 
equalized by small movements, from 
theoretical vertical, of the suspension 
insulator strings. 

As an example of this process, in Fig. 
20 let span ^3=800, BC=700, CD=600, 
DE =800, and let dx =50, ^2 = 100, is=50, 
and Co=4,400. Then ACi=0, AC2=50, 
ACs=»150, AC4==200, and from the curve 
of Fig. 21 ai=0.590, 02=0.285, 03=0.079, 
and 04=0.590. Also oiACi=0, aiACi= 
14.25, a3AC3=11.85, 04 AC 4 = 118.00; 2a = 
1.544, SoAC’= 144.10; and 

144 10 

C:=4,400-:^^=4.307 

1.544 

It then follows that Ci=4,307, € 2 = 
4,357, Cs=4,457, C4=4,507; o,(a-Ci) = 
0.55, 02 (Co—C 2 ) ==0.12, 03 (^ 0 —Cs) = 
—0.04, 04 (Co— 64 ) = — 0.63; and the 
offset to the right at support B=0.55, 
at C=0.55+0.12=0.67, and at D = 
0.67-0.04 = 0.63. , 

Sag Adjustments After Installation 


w=weight of conductor, pounds per foot 
llif=modulus of conductor, pounds 

Therefore, the amount of wire to be 
“cut in” or “cut out” of the span for 
change of sag from Si to S 2 is 

h-k=~(Si+S2XSi-S2)+^ ( 1 - 1 ) 

^ SM \S2 Si/ 

( 18 ) 

or in terms of C 



Lw 

M 


(a-Cl) 


(19) 


Sag in Dead-End Spans 

In short dead-end spans, with low 
tensions, the effect of the weight of the 
dead-end insulator strings will be ap¬ 
preciable. In spans where this condition 
exists, such as rack spans at substations, 
clearances are generally kept to a mini¬ 
mum and the effect of the insulator strings 
should be accounted for. An approxi¬ 
mate solution follows, see Fig. 22, which 
has proved adequate for this condition. 

Taking the summation of moments 
about the point of support and solving 
for Si 


wl . 

5,=—(X-2/)4-~ 


Occasionally the sag in a span must be 
adjusted after installation has been 
completed. This adjustment can readily 
be made by calculating the difference in 
the unstressed length of wire in the span 
at Si and Si^ The unstressed length of 
wire in a span is 



where 


and since H=wC, it then follows that 

C ^ C _ ^ /r nn . {^- 21 ^ . Wl ^ 

A+S,-^{l-2!)+^^+— (20) 

Conclusion 

The design of transmission-line tensions 
by precise but time-consuming methods 
is justified in unusual cases, but ap¬ 
proximate and faster methods may be 
used to solve the problems encountered 


in the great majority of lines. However, 
these approximate methods are to be 
used with caution and only with a 
thorough knowledge of their limitations. 
Like a mechanic, the designer selects 
the tools that will most quickly produce 
satisfactory results. 
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Discussion 

L. T. Guess (Aluminum Company of 
America, Pittsburgh, Pa): I note the 
authors use the term “plarfic flow” for the 
phenomenon described later in the paper as 
creep. I believe the term “creep” is in 
more common usage, especially among 
metallurgists, and in this case it is more 
specific. The definition of creep as used by 
metallurgists may be helpful to electrical 
engineers: "Creep is the flow or plastic de¬ 
formation of material that occurs with time 
under load, after the initial deformation re- 
.suiting from the application of load.” Two 
references pertinent to the subject of creep 
are listed.^'* 
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H. H. Rodee (Aluminum Company of 
^erica, Pittsburgh, Pa.): This paper deals 
in a very practical manner with conductor 
sags and tensions and various associated 
problems. It should be of considerable in¬ 
terest to engineers concerned with the de¬ 
sign and construction of transmission lines 
and a valuable contribution to the litera¬ 
ture. 

One of the subjects discussed in consider¬ 
able detail is plastic flow or inelastic ex¬ 
tension and its effect bn sags and clearances. 
Of the three methods mentioned for string¬ 
ing conductors to provide for this, the third 


is probably in most general use as the field 
operations will usually be less costly and 
less hazardous. The authors have stated 
that when this method is used the initial 
tension will frequently be higher than the 
maximum design tension. This statement, 
I believe, should be qualified to apply only 
to light loading conditions. I doubt that it 
would be true when the maximum design 
tension is based on heavy loading. 

The inelastic extension that takes place 
following the installation of a conductor at 
initial tension without prestr^ing may de¬ 
velop gradually as a result of creep without 
any significant increase in loading, or it may 
occur quite rapidly as a result of loading with 
ice, snow, or wind. The customary proce¬ 
dure in computing sags and tensions is to 
provide for the inelastic extension and re¬ 
sulting increase in sag that will be pro¬ 
duced by the maximum design loading. 
Under some conditions however, the in- 


Lummis, Fischer—Applying Sag and Tension Calculations 


June 1955 


413 











t; provision bnwdt for 

‘' clearance wUl result. 

I 

i iate 

1 

thm in a loSTsiSn ^2“ * ?'?^ ^ 

ing equal, creep wffl thcSore'STO^”” *T 
erea.tf‘r Affa»«+ .. '^ereiore nave a much 

S^^ons^mhag spans than ta 
at extension resulting from creep 

ras »«3 

mating influence in li^u* i ° j.“® Predom- 
and should be ^en infn districts 

the design consideration in 

£?Sa~ 

*^s£SS?oW 

P-aceofpro^^^^ 


pSr'StU*' ^“-■>“!><«« of «»- 
pWgiv^xIbl^Sl S.a i'^sS 

-.^.^O^HACSKaO/randarpS ffiS‘'wt':lSefS'rSS5 


Rg. 23 (right). Nomograph 
for deteraiining control factor 
for conductor sagging 
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Table III 
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(T-t). 18.88’ 

S-40.0’ 

CONTROL FACTOR *0.99 (FROM NOMOGRAPH) 
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iCoading 


Maximum 
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..2S.3 
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maximum design 
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“^P* feet. 20 1 

Tension, pounds.;!%;;; 



* "llGHT^ horizontal LINE OF 
•75.00' 

S » 50.0' 

CONTROL FACTOR . 0.86 (FROM NOMOGRAPH) 
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scribed in reference 6 of the paper, with no 
consideration being given to creep. Ten 
years was chosen arbitrarily as the elapsed 
time for determining the increase in sag due 
to creep since any further increase should be 
very minor because of the reduction in ten¬ 
sion and the natural decrease in rate of creep 
with elapse of time. Also, it was assumed 
that during this time there was no increase 
in loading. 


Paul F. Winkelman (Bonneville Power 
Administration, Portland, Oreg.): Some of 
the approxii^tions where precise methods 
are not required in sag tension calculations 
are quite similar to our methods. How¬ 
ever, to allow for creep and inelastic stretch, 
our sagging charts are based on virtual ini¬ 
tial modulus of elasticity, whereas our 
maximum design templets for locating 
towers on the line profile are based on the 
final modulus of elasticity of the conductor. 
This virtual initial modulus curve goes 
through points of total elongation occurring 
during hold periods while increasing loads 
for the repeated stress-strain tests. Loads 
are successively held at 30, 40, 60, and 70 
per cent of the conductor rated strength for 
periods of 1/2,1,3, and 3 hours respectively. 


In other words, this virtual initial modulus 
curve effectively allows for all the stretch 
occui^g during these hold periods when 
used in determining stringing sags. 

To duplicate the conductor elongation rep¬ 
resented by this curve during sagging 
operations in the field, the sagger is required 
to hold the conductor 10 per cent above 
stringing tension for a minimum time of 15 
minutes. This elongates the conductor the 
s^e amount as indiaited by the virtual ini¬ 
tial modulus for stringing tensions and re¬ 
moves sufficient creep to stabilize the con¬ 
ductor for field sagging. Furthermore, it 
provides for the permanent conductor set or 
inelastic stretch that occurs during initial 
maximum design loading. It also provides 
for a liberal amount of the. additional creep 
that can be expected in that the final modu¬ 
lus of elasticity return curve is effectively 
offset by the creep occurring during test 
hold period at maximum design tension. 
A (ffieck of our repeated stress-strain curves 
indicates that this removes the amount of 
creep indicated by the 1,000-hour sustained 
load curve of Fig. 14 for 5,000 pounds or 
18 per cent of rated strength which approxi¬ 
mates our stringing tension. As the con¬ 
ductor will be stressed by loadings in the 
order of maximum design tension for only 


restively short periods, the creep will be 
priniarily controlled by bare conductor 
tension. These tensions would be consider¬ 
ably lower than the maximum design ten¬ 
sion, particularly in heavy loading districts. 

To prevent excessive errors in field sag¬ 
ging when the transit line of sight is tangent 
to the catenary too far from the point of 
true sag, we prepared a nomograph. Fig. 23, 
and a sample calculation. Fig. 24. The re¬ 
lation in conductor sagging error versus con¬ 
trol factor is shown in Fig. 26. The sagging 
errors shown by these curves were deter¬ 
mined by precise methods of sag calcula¬ 
tions. By means of this control factor nomo¬ 
graph, the sagger can check in a moment 
the adequacy of his transit setup as this 
control factor is determined by data already 
available to the sagger. 

In the short slack spans commonly used 
in substations, we determine insulator sag 
with the insulators installed on either one or 
both ends of the span for the convenience of 
the sagger. We determine insulator sag by 
a rather convenient method.^ 

Hbpbrbncb 

1. Strain In8ui.ator Bppbct in Substation 
Span Sags, J. R. Stover. Electrical World, New 
York, N. Y., vol, 126, July 6, 1946. 
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Span Increased by 
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Conductor sagr, feet <» en 
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Total deflection, feet "" a ' i r.1.25 

Tension, pounds... 

... .. .809 
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Some Utility Ground-Relay Problems 


H. C. BARNES 
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^THERE are many theoretical condi- 
■ tions which can result in false opera¬ 
tion of ground relays. These conditions 
have not been of great concern since 
ample margin in either pickup or time has 
been available, especially if sequential 
tripping could be tolerated. 

However, these margins are being 
diminished by the tremendous expansion 
of the utility system. The available 
ground-relay current is being reduced by 
the increased number of parallel lin os^ 
by heavier ground sources at each end of 
a line, by grounded primary transformers 
tapped solidly to lines, and by higher 
current-transformer ratios caused by 
higher line loadings. The time margin is 
disappearing because the added facilities 
make a more closely knit system with the 
result that faults affect much more of the 
system, making fast clearing more desir¬ 
able. The recognized value of high¬ 
speed reclosing becomes even more im¬ 
portant as the tapped loading increases, 
tliereby precluding sequential tripping 
which would interfere with high-speed 
redosing. 

It is the purpose of this paper to point 
out some of the conditions ^at lead to 
false relay operation and to present oscil¬ 
lographic records in verification. 

The causes of incorrect or undesired 
ground-relay operation can be classified in 
various ways, and are separated into two 
types: incorrect information supplied to 
the ground relay (false residual current), 
and correct information supplied to the 
ground relay, but with system conditions 
which cause the ground relay to make in¬ 
correct decisions (true residual current). 
Thus, “false residual current” is defined 
as a ground-relay current that has no 
system counterpart, and “true residual j 
current is defined as ground-relay cur- j 
rent having a true system counterpart. \ 
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False Residual Current 

False residual current can be the result 
of poor current-transformer performance, 
or can be caused by certain faults and 
load distribution even though the current 
transformers perform perfectly. 

Current-Transformer Performance 

False residual current attributable to 
c^ent-transformer performan<» is the 
direct result of the variance of the current 
tra.nsformer ratio-correction factor from 
unity or some other constant and can be 
caused by unbalanced burden, by differ¬ 
ences between individual phase current 
transformers, or by d-c saturation of the 
current transformers when the primary 
currents are offset. 


Unbalanced Burden and Differences 

Between Individtial Phase Current 

Transformers 

Unbalanced phase burden as a cause of 
false residual current can easily be illus¬ 
trated by the extreme example of the 
open-drcuited current transformer of 
Fig. 1 during a phase-to-phase fault. 
Current flows in the ground relay, al¬ 
though the fault does not involve ground. 

With all current-transfonner circuits 
intact, and with balanced burden, ground- 
relay current can still flow as a result of 
differences in current-transformer char¬ 
acteristics even though there is no pri¬ 
mary ground current. Although false 
residual-current difficulties from these 
causes are rather rare, the possibility 
nevertheless exists whenever high ground- 
relay sensitivity is used. 

D-C Saturation of Current Tranfformers 
While d-c saturation of current trans¬ 
formers caused by offset currents has 
received wide publicity in conjunc¬ 
tion with bus-differential relays,*"'^ there 
has been little attention paid to a similar 
phenomenon resulting in unexpected 


traiKient residual current in ground relays 
during phase faults or during other over¬ 
current conditions not involving ground. 
The basic reason for false transient resid¬ 
ual current is the unequal d-c saturation 
of current transformers caused by un¬ 
equal d-c offsets of 3-phase currents, or 
unequal residual magnetism.^ 

Regarding 3-phase faults, fault current 
must be zero at the inception of the fault 
and, since the instantaneous values of 
the 3-phase fault currents cannot be the 
same in all three phases, the d-c offsets 
of the three phases cannot be identical. 
For example, if a 3-phase fault occurs at 
the time of maximum offset of one phase, 
the current transformer in that phase will 
probably become d-c saturated causing its 
secondary current to be deficient. The 
other two current transformers being 
subjected to only half of the maximum 
d-c offset may not saturate at all; or if 
they saturate, they will do so later and 
less severely. The net result is a false 
residual current in the ground relay. 

Similarly, unequEil residual magnetism 
resulting from previous current-trans¬ 
former history can cause. false residual 
current. Without residual magnetism 
and with identical current-transformer 
characteristics, there should be no false 
residual current during a phase-to-phase 
fault, regardless of primary-current offset. 
Any deficiency in the output of one 
current transformer would be exactly 
balanced by the deficiency of the output 
of the second current transformer. How¬ 
ever, unbalanced residual magne tism pan 
cause d-c saturation of one current trans¬ 
former and, to a lesser degree, of the 
second current transformer. Again, the 
net result is a false residual current in the 
ground relay. 

Since this phenomenon is of a transient 
nature, the performance of high-speed 
relays is of principal concern. Slow-, 
speed relays are seldom affected, except 
possibly when there is a high d-c time con¬ 
stant. As an example, consider the line 
relaying of Fig. 2 in which an instantane- 
ous-ground-overcurrent relay is used to 
improve ground-fault protection. It is 
assumed that limitation of ground-fault 
current requires a high relay sensitivity 
relative to that of the phase relays. For 


. FALSE 
T RESIDUAL 
' CURRENT 


Fis. 1. False residual current 
caused by open-circuited current 
transformer 
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,NS/ 

_ GROUND 
OVERCURRENT 
relay 


. 3-PHASE FAULT ' 
AT F«500 AMP 

jr.*f*^ASE-TO-GROUND 
EAULT AT Fs 100 AMR 


ground relay used to improve 
ground-fault protection 


A = 4 square inches 


10 ^X 500 xo.oi yi vt 


magni¬ 
tude of 100 amperes at F near bus A^g, 

reasomble ground-relay setting might be 

fault 3-ph^e 

ccmnt t fl ^eoreticaUy cause no 
mnt to flow m the ground relay at B 
H^ever. d-c saturation of current W 
may easily cause a ground-relay 
lu excess of its pickup thus 

causing an incorrect tripout OveWeS 

becaira of this can be prevented by in- 
CT^ng the ground-relay piekup or by 
mtroducmg a short time delay in tl^ 
trip circuit, each of which 
sac^ces some protection. Also false 
residual cuirent can be reduced by 

T series with the ground 
relay. This method requires consider- 
application-engineering effort and is 
necessarily a complete solution A 
sure solution. , but seldom feasible “s to 
^ate the ground relay from a dirrent 
transformer with a magnetic circuit which 
swromds all three phase currents » 
jWthough the published information 
this subject indicates that the problem i 
IS vety complex, the following sS 
equation can be ured to indicate whSr 

or not trouble can be expected i 


-maximum flux density in lines per 
square inch “per 

/“symmetrical primary short-circuit cur- 
rent, amperes rms 

sec^ds^”^"”^ 

F -resistan^ of secondary circuit of current 
tr^ormtf and phase relays, ohms 
(not mcludmg ground relay) 
JVi-pn^y of current transformer 

^-secondary turns of current transformer 


A(ir,)‘ 


The forcing equation was derived 
on the basis of infinite permeability of the 
cureent-transfoimer iron. Spot analyti- 
^ ^ecks with the. variable permeability 

of the usual current-transfonner iron have 

ndicated that the results using infinite 
pemeabihty are pessimistic to a minor 

^er lumts output and, therefore, the 
^ts fr(» this method are optimistic. 
With the iron used in current trans¬ 
formers, saturation usually occurs at 
to d^tira over 100,000 lines per square 
mch, though appreciable error probably 
^urs ^y above 126,000 lines per squall 

lowing values are assumed: 


/—500 amperes 
/"“O.Ol second 


4(20)* 

442,000 lines per square incl 
Since 442,000 lines per square inch is 
■ iT to 126.000, ground-relay 

difficulty can be anticipated. 

’ t. ^ ^ oscillogram of a staged. 

^ ^ fault (not involving 

1 Sround) which was made to test an oil 
ar^it breaker. Trace 3 shows the false 
residual current in the ground relays of 
one of the lines. Only a slight amount 
of tme residual current appeared in the 
transformer neutral (trace 2). 

/>-C Saturation During Synchronizing 

. ^Josmg out of synchronism can result 
^ currents comparable with 
short-circuit currents. Accordingly, tran- 
sient residual current can appear in 
the ground relay because of d-c saturation 
of current feansformers. Fig. 4 shows 
^se residud currents appearing when a 
generator was reclosed 
about 60 degrees out of phase with the 

oscillogram of 
g* , the second trace from the bottom 
^ows r^dual current at one line ter- 
luai. In the lower oscillogram of Fig. 4 
second trace from the bottom shows 
remdual current at the opposite line ter- 
minal Both of these traces show con- 
sid^able residual 60-cycle currents (false 
residual current) unexpected because of 
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CURRENT 



Fig. 6. Example of false residual current during a 3-phase fault in- 

Flg. 5. False residual current during a fault involving two different *wo phases of one line and the third phase of a parallel line 

phases of parallel lines 


the balanced 3-phase conditions. The 
bottom traces of Fig. 4 (transfonner- 
neutral current) confkm that there is a 
negligible true 60-cycle current in each 
transformer neutral and, therefore, tliere 
should be a negligible true 60-cycle 
residual current. Inspection of Fig. 4 
will show that the false residual currents 
at opposite ends of the line differed con¬ 
siderably. This can probably be ex¬ 
plained on the basis of different residual 
fluxes (previous currents having been 
intemalrfault currents), though even 
presumably identical current transformers 
sometimes differ con.siderably because 
of differences in iron characteristics. 

Although the phase-comparison relays 
did not trip incorrectly during the test 
of Fig. 4, a previous test resulted in an 
incorrect tripout. After the previous 
test, it was found that the zero-sequence 
sensitivity was much greater than neces¬ 
sary. By reducing the sensitivity, suc¬ 
cessful redosing was obtained. How¬ 
ever, had not the reduction of ground- 
fault sensitivity been permissible, other 
measures would have been required 
such as introduction of time delay to the 
ground relays during closing. 

Multicircuit Faults 

False residual current resulting from 
system faults during normal system opera¬ 
tion and not caused by poor current-trans¬ 
former performance is the direct result of 
the inadequacy of the usual current- 
transformer connections to determine 
the actual ground current flowing. For 
example, Fig. 6 shows how false residual 
current can occur as a result of a fault 
between a phase of one line and a different 
phase of a parallel line, with ground not 
involved. Similarly, a 3-phase fault can 
result in false residual currents whether 


or not-ground is involved. 

Fig. 6 is an oscillogram of a 3-phase-to- 
ground fault as a result of different phases 
flashing over on the two circuits of a 132- 
kv double-circuit construction. Phase 
1 on circuit no. 2 and phases 2 and 3 on 
circuit no. 1 flashed over during a 
lightning storm. It is not uncommon 
that different phases flash over on this 
type of construction, since phasing top-to- 
bottom is usually 1-2-3 on one circuit and 
3-2-1 on the other to minimize system 
unbalance. 

Circxiit no. 2, on which only one phase 
was involved, tripped properly from 
carrier and high-speed redosed success¬ 
fully but, on circuit no. 1 having two 
phases involved, tripping was blocked 
imtil circuit no. 2 opened. 

It can be seen from voltage trace 1 that 
phase 1-N (from potential on the 88-kv 
side of an autobank) was restored at 6 
cycles when the Saltville circuit no. 2 
(trace 3) opened. At this point, phase 

2- N and 3-N voltages rose slightly but 
were not fully restored until the no. 1 
circuit cleared at about 30 cycles. 
Circuit no. 1 was not connected to -the 
oscillograph because of element limita¬ 
tions but clearing can be seen from the 
other traces. Note that very little 
current appeared in the bank neutral 
(trace 6) or the Baileysville circuit 
residual (trace 4) until circuit no. 2 
opened at 6 cycles to change the fault from 

3- phase to ground to 2-phase to ground. 
The residual current in circuit no. 2 
(trace 3) can be seen during this period. 
Also, when this circuit redosed success¬ 
fully at 20 cydes, its contribution to the 
fault remaining on circuit no. 1 can be 
seen. 

Analysis of the sequence components 
revealed that the torque to a carrier 


directional-ground rday on the double- 
faulted circuit no. 1 was in the nontrip 
direction. This carrier scheme utilized 
a separate carrier directional-ground re¬ 
lay which took preference over ^e 3-phase 
directional relay and, therefore, contin¬ 
ued carrier blocking until circuit no. 2 
opened. The time-delay reset of the 
blocking auxiliary rday further delayed 
tripping. A more modern scheme utiliz¬ 
ing distance-type phase relaying would 
probably have operated properly since 
ground preference is not used and, also, 
since better first-zone coverage is real¬ 
ized. 

The flow of false readual current, as 
shown in Figs. 5 or 6, might appear to 
be an advantage in that ground relays 
have an opportunity to operate as wdl 
as phase relays. However, there can be 
disadvantages sudi as the following: 

1. Relay selectivity can be affected, re¬ 
sulting in a tripout of a circuit breaker or an 
unfaulted line. 

2. Although the fault will be removed ulti¬ 
mately, sequential operation may re¬ 
sult. Such operation may present the 
successful highrspeed reclosing of both 
lines. 

This general subject is too complicated 
to be dealt witli in its entirety in this 
paper. 

Unequal Pole Closing and Opening 

OP Circuit Breakers and Air-Break 
Switches 

Unequal pole dosing of circuit breakers, 
a condition impossible to avoid, can cause 
false residual current (as well as true 
residual current which will be discussed 
later), as illustrated in Fig. 7 which shows 
one phase of one of two parallel lines still 
open. The system of Fig. 7 is shown un¬ 
grounded for easy understanding of this 
phenomenon. Similar false residual cur¬ 
rent can occur if the system is grounded. 
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Rs- 7 (left). 
False residual 
cuireni daring un¬ 
equal pole clos- 
ing of circuit 
breakers 




rig «(a;, while not an actual unequal- 

“'“'rates 

effect. This oscfflogram is the result 
of one conductor of one of a pair of 132-kv 

” raid-span because 
of a sphce feilure. Trace 4 is the resid- 
^ current of this Kne. When the con¬ 
ductor opened, and before it hit the 
^ound, the false residual equivalent 
of phase current appeared even though 
there was no fault, as shown by the volt¬ 
age traces 1,3, and 6. This false residual 
ci^nt started careier transnussion re 

“"'•'"'to'-hit the 
g ound about 29 qreles later. The line 

^yed from backup caused by the time- 

^ y opout feature of the carrier-block- 
ing auxiliary relay. 

...f'*■ the false resid¬ 

ing 

rag Md do^ when switching load on a 
pa^el line by means of a circolt breaker 

Ataraggoratedesampleofunequalpole 

cloang or opening is when operating^an 
^-bre_^ switch such as a line-LShV 

gsmtch. Also, when used as a by-pass 

tte air-break switch cm i 
particularly dangerous, especially on 
opening. For example, whM the fa" 

ouirent may cause the ground relays to i 


Uie cu^t breaker. The by-pass 
mb* would then tiy to interrupt'the 
Ime current and result in a bus short 

This is especially serioitS 

^es cutting out bus differenti^ 
aunug by-pass conditions. 


uwBguAL i'OLE Closing and Opening o 
Circuit Breakers and Air-Brea 
OWITCHES 


System Unbalance 

The previous example of an ooen 
pha^, Fig. 7, is simply an extreme ex- 

impedance 

y of transposition of line 
conductors. False residual cuirent can 
flow either during faults not involving 
gound or during nonnal load conditions 
Jig- 8(B) also shows false residual current 
during normal load conditions (trace 1 be¬ 
fore opening and after redosing). 

True Residual Current 

It IS easy to understand how ground 
relays can be fooled when there is no 
actual ground current. However it 
may not be so easily understood that 
ground relays can also.be fooled by actual 
currents. Such actual 
^rrents can be caused by unequal pole 
o^g, by normal system unbalance, by 

1^1 “agnetizing-current 

inrush into power transformers. 


* pole closing can cause a flow c 

abound c^ent in directional-ground re 
lays that is impossible to distinguish fron 
an internal ground fault on the basis o 
J^ative direction alone. This is illus 
tratedin Fig. 9 , which shows the circuil 
condibons witii one breaker pole at sta- 

AVa r apparent that a 

(toectional-ground relay at B would be¬ 
lieve that there is a line fault. Not so 
app^ent is the fact that a line relay at A 
wodd also believe that there is a line 
ault although the relaying conditions 
tgnninals are actually 
identical The line current relative to 
the teansfonner-neutral current at termi- 

T? ^ terminal B. 

rhus, both line relays “see” what appears 

“d a Mgh-specd 

directionally-relayed line might trip. It 
m^es no difference how the relays are 
polled, since zero-sequence voltage and 
neutrj ^rrent are proportional at the 
pounded transformer location. Fig 10 
shows^ a similar circulating ground 
mrent after the second circuit-brealcer 
pole at station B has closed. 
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Rs. 10 (left). 
True residual cur* 
rent caused by 
unequal pole 

closing of circuit 
breakers; two 

breaker poles 
closed 


Fig. 4 was used to illustrate the false unequal pole closing of circuit breakers 

residu^ current which was caused by d-c The two bottom traces of the oscillograms 

saturabon of cuwent transformers. It of Fig. 4 show transformer-neutral cur- 

residual and rents at opposite ends of a transmission 

transformer-neutral current caused by line. When the second circuit breaker 
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reclosed, a substantial circulating ground 
current flowed. Sensitive high-speed 
directional-ground relays would un¬ 
questionably have operated at both line 
terminals. A solution would have been 
the addition of a short time delay in the 
trip circuit during closing or redosing. 

Fig. 11 is an osdllogram taken to check 
transferred tripping. The system con¬ 
sisted of a 50-mile 330-kv line terminated 
in a 150-megavolt-ampere 330/132-kv 
autotransformer at each end and with 
breakers only on the 132-kv side. Where 
tlie circuit breaker at the local end opened, 
definite spikes can be seen in the trans¬ 
former tertiary current and in the line 
ground-relay current traces as well as in 
the 132-kv bus zero-sequence potential. 
Also of interest are the high-frequency 
osdllations between the transformer in¬ 
ductance and the line capacitance as 
reflected in the tertiary and in the out¬ 
put of the potential devices on the 330-kv 
line where the remote circuit breaker 
opened. 

These illustrations involve the clos¬ 
ing or opening of load current and are 
particularly concerned with directional- 
ground-relay operation. Unequal pole 
closing can also cause operation of ground 
rdays when energizing a line. 

As would be expected, line-charging 
current enters the picture only on the 
longer lines. As as extreme example, 
consider energizing the long line of Fig. 
12. Upon the closure of the first breaker 
pole at A, a ground current will flow 
which may be comparable with the ground 
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Rs. 13. Ex¬ 
ample of residual 
current when en¬ 
ergizing a long 
line. Note high- 
frequency cur- 
rent, trace 6 , 
whM Hot 
Springs reclosed 


270 AMPS 
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hne capacity and the aagnetST 

g. 13, trace 6 , illustrates such a Ime- 
ener^mg transient and shows that a 
considerable magnitude of high-fre¬ 
quency current is possible. In extreme 
"“cssaty to fflter™' 

.ttc “orfuntaental-frequency cuTOnts 
^otd undesired relay operation. An- 
ote solution would be the use ot a 
W^^trained rehty as a fLt 





NO NOJTRAL CURRENf* 



Normal System Unbalance 

do^g of breaker poles is an 
^eme case of system unbalance. To- 
^y, few systems are balanced under 
noxm f operating conditions as many 
new lines are being built without W 

ct^renT ^^ooductors. Ground 

be substantid even under 
fi, conditions, as iUustrated by 

u current and zero-sequence 

voltege of Fig. 11 . Under fault conc^! 

ons, such ground current can easily 
cause incorrect operation of sensitive 
ground relays. Cases are on record in 

transformer caused ground-relay opera- 


Fis.UOeft). Fault- 
euwent flow with 
balanced lystem 



H In’ll Ih. 

n • •">• by . jreond fniih on a pvallU 
5 line 


tion on the grounded-wye side of t 
toansformer Fig. 14 illustrates such 
fault. With balanced line impedanc 
ae current distribution would be , 
indicated, with no ground current floi 
mg. However, with unbalanced lir 

mpe^nces, ground current wiU Hoy 

^ again to illustrat 

such ground-current flow if the load a 

considered to be a phase-to 
Fiff Q -A-gain, the open circuit ji 
g. 9 represents an extreme unbalance 


I Rg- 16 (right). Example of 25-cycle 

current induced in e 60 -cycle line 
Boraw. McOmneU^s^me Umty Ground-Rday Pmms 
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Although ground current flows during 
normal system operation because of un¬ 
balanced line-charging current, calcula¬ 
tions have indicated that the inflnopce on 
ground relays is negligible compared to 
the other considerations described in this 
paper. 

Induction 

It has been shown that a circulating 
ground current, Fig. 9, can cause mis- 
operation of directional-ground relays. 
One of the most usual causes of circulating 
ground current is induction between 
parallel lines. Fig. 16 illustrates such 
a case in which a ground fault on one 
line causes a circulating ground current 
in the parallel line. Oscillographic evi¬ 
dence of induced ground current is most 
convincing when the power system in¬ 
volves more than one frequency. Fig. 16 
is an example of a 25-cycle fault indtiring ' 
26-cycle ground current in a 60-cycle 
system. The oscillograph was connected 
to observe only phenomena on the 60- 
cycle system. The appearance of a 26- 
cycle current is therefore conclusive. 

Sometimes, relay sensitivities can be 
such that incorrect operation by induced 
current can be avoided. Other solutions 
of this problem have consisted of zero- 
phase-sequence overvoltage relays or 
phase-to-neutral-connected undervoltage 
relays arranged to monitor the normal 
ground relays. Pilot-wire or phase-com¬ 
parison carrier relays eliminate the 
problem because they compare the 
currents entering and leaving the line, 
from whatever cause. 

Magnbtizing-Current Inrush 

Energizing a Transformer 

The effect of magnetizing-current in¬ 
rush into power transformers on trans¬ 
former-differential relays has long been 
known. However, its effect on ground 


Rs. 17 (left). Sys- 
tern conditions be¬ 
fore energizing a 
transformer 

Rg. 19 (right). 
Magnetizing - cur¬ 
rent inrush when 
energizing a power- 
transformer integral 
with a line. Ground 
relay polarized from 
bus transformer neu¬ 
tral 
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relays has not been given proper con¬ 
sideration. Fig. 17 shows a portion of 
a system before energizing a grounded- 
neutral tranafonner at A. Fig. 18 shows 
the magnetizing-current inrush into trans¬ 
former A, as well as the source of that 
current, transformer 5. Here again is 
the now familiar circulating current which 
can cause directional-ground relays to 
operate incorrectly. 

Little difficulty has . been reported of 
line-relay tripouts when energizing a 
power transformer external to the line, 
although in one instance such a tripout 
could be definitely predicted and a 
harmonic-restrained relay was used to 
monitor the ground-relay trip circuit. 
A-c pilot-wire relaying or phase-corn- 
parison relaying should not be subject 
to incorrect operation from tliis cause. 

If the transformer is integral witli the 
line, i.e., no line-side circuit breaker, the 
relays at the energizing terminal may or 
may not operate unnecessarily, depend¬ 
ing upon the location of the current trans¬ 
formers. For example, in Fig. 19 the 
direction of the residual current relative 
to the polarizing current is the same as 
for a single-phase-to-ground line fault. 
The directional-ground relay may there¬ 
fore operate to retrip the circuit breaker. 
Incidentally, a-c pilot wire or phase-com¬ 
parison rdaying are also subject to false 
tripping,if the protected zone includes a 
power transformer' 

It is apparent that magnetizing-current 
inrush could not operate the directional- 


OIRECTIONAL 
GROUND RELAY 


ground relay if residual current were 
obtained from current transformers in 
tlie high-tension bushings of the line 
power transfomier. Even with this ar¬ 
rangement, false tripping can occur if the 
transformer is energized from the line. 
This could occur during high-speed re¬ 
closing where the remote circuit breaker 
closed slightly aliead of the local circuit 
breaker because of air pressure or 
temperature difference, etc. The local 
circuit breaker would tlien receive a 
trip impulse from the preclosed relay 
contacts when it closed. Also, undesired 
tripping can be avoided by polarizing 
the ground relay from current in the 
neutrals of the line power transformer, 
as shown in Fig. 20. 

For proper operation during faults, 
the directional-ground relay of Fig. 20 
may be polarized from the power-tran.s- 
former delta. This is especially desirable 
if the power transfomier is an auto- 
transformer.” With delta-current polar¬ 
izing, it would appear that there should be 
no magnetizing-inrush difficulty because 
little delta current would be expected, 
and any delta current which flows would 
be 'expected to be in the nontripping 
direction, as with the polarizing means of 
Fig. 20. However, magnetizing-inrush 
phenomena can be very complicated, and 
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Rg. 18. Circulating ground current caused by magnetizing-current 
inrush when energizing a power transformer 
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Fig. 2<). Magitetizing-current inrush when energizings power transform 
integral with a line. Ground relay polarized from line transformer neutri 
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Fij. 24 (left). Example of magnetizing-current inrush upon the incep¬ 
tion of a phase-to-phase fault and when the fault involved the third phase 

Rg. 26 (above). Effect of charging current of unfaulted parallel line on 
directional-ground relay operation 


delta-current polarizing cannot be de¬ 
pended upon to prevent undesired relay 
operation. 

Fig. 21 is an oscillogram taken during 
the energizing of one of the 330/132-kv 
150 megavolt-ampere autotransformers of 
Fig. 11 from the 132-kv side with the 330- 
kv line disconnects open. The carrier 
ground relays tripped. They were con¬ 
nected in the residual circuit of bushing 
current transformers in the 132-kv 
circuit breaker, trace 6, and were polar¬ 
ized from the tertiary, trace 2. Note 


that the residual current, trace 5, changed 
direction after 2 cycles, whereas the 
tertiary, current, trace 2, did not. 

The complication of magnetizing-cur- 
rent-inrush phenomena is further ex¬ 
emplified by Fig. 22 showing the com¬ 
bined neutral current of two power trans¬ 
formers when the second transformer was 
energized.^® Ground backup overcurrent 
relays unnecessarily removed both power 
transformers from service. Fig. 22 is all 
the same trace cut into sections to show 
that magnetizing-current inrush can con¬ 


tinue long enough to operate even long 
time relays. 

Removal of a Fault 

Although the results of magnetizing- 
current inrush when energizing a trans¬ 
former have been common knowledge, 
the fact that removal of a nearby fault has 
a similar effect on a transformer^^ T 1 f ^ 5 
been somewhat overlooked. The only 
difference is that removal of a fault at 
current zero results in less than Tn a yiimiin 
magnetizing-current inrush because the 
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voltage increase occurs at a more favor¬ 
able angle. 

The removal of a ground fault external 
to the protected line section can result in 
a magnetizing-current ixirush similar to 
that illustrated in Fig. 18. The direc¬ 
tional-ground relays are thereby subject 
to false operation. Modern directional- 
comparison carrier relaying utilizes a 
safeguard (sometimes cdled “transient 
blocking”) which operates in the follow¬ 
ing manner: assume that line A-B of 
Fig. 18 is protected by directional-com¬ 
parison carrier relaying. Upon the oc¬ 
currence of a ground fault off the bus at 
station A and external to line A-B, a 
carrier-blocking signal is transmitted to 
terminal B to prevent tripping there. 
Shortly after the start of transmission of 
the blocking signal, an auxiliary relay 
operates to “seal in” the blocking signal. 
When the external fault is removed, 
the blocking signal continues for several 
cycles regardless of directional-relay 
operation and usually blankets the period 
during which magnetizing-current inrush 
might otherwise cause incorrect tripping 
of the line relays. In extreme cases, 
several cycles of transient blocking may 
not be sufficient, as indicated in Figs. 22 
and 23. 

Fig. 23 shows the magnetizing inrush 
following removal of a 3-phase bolted 
fault not involving ground. The inrush 
is reflected in all three phases, the bush- 
ing-current-transfoimer residual circuit 
common, and the tertiary. This condi¬ 
tion continued with diminishing values far 
in excess of 2 seconds. 

Fault Incidence 

PreAuous to Fig. 24, the authors know 
of no record of a fault causing magnetiz¬ 
ing-current inrush. This was a circuit- 
breaker failure at a generating station. 
At the beginning of Fig. 24, the oscillo¬ 
graph was still runmng from the original 
fault when the fault recurred as a phase- 



Fig. 27. Potential-transformer and potential- 
device responses during a 3-piiase fault not 
Involving ground 


to-phase fault, as shown at A on the 
voltage trace 1. The characteristic mag¬ 
netizing current is shown in line residual 
trace 3. 

Also of interest is the fact that mag¬ 
netizing-current inrush can occur when 
a fault changes character. At point B 
of Fig. 24, a further magnetizing-current 
inrush occurred when the phase-to-phase 
fault involved the third phase. The 
mechanism by which a magnetizing- 
current inrush can occur on the incidence 
of a fault may be of interest and is illus¬ 
trated in Fig. 25. 

Line-Charging Current With 

Parallel Lines 

Another manifestation of the effect of 
zero-sequence line-charging current ap¬ 
pears in par^lel lines. Fig. 26 shows the 
zero-sequence network with a fault near 
the middle of one line. If charging 
current is neglected, a fault location can 
be found which results in substantially 
no current in the unfaulted line. How¬ 
ever, with line, capacity considered, 
current will flow in the unfaulted line, as 
shown in Fig. 26. Comparison of the 
currents in the faulted and unfaulted lines 
would seem to indicate that, if relays were 
connected to trip the faulted line, 
similarly connected relays on the un¬ 
faulted line would not trip. However, 
the currents in the nonfaulted line are 
charging currents, whereas the currents 
in the faulted line are' largely induc¬ 
tive. Hence, although the currents 
in the unfaulted line appear to be in the 
nontripping direction, they are actually 
in the tripping direction. The only solu¬ 
tion of this problan appears td be based 
on current magnitude, which, in turn, 
appears to indicate that no solution is 
available if the charging current, imder 
the conditions of Fig. 26, is comparable 
with the minimum ground-fault current 
for which tripping is required. A possible 
solution would be reduced sensitivity 
plus 2-way transfer tripping. 

Combinations of False Residual 
Current and True Neutral Current 

The directional-ground relay appears 
to be the only type that can be 
by combinations of false residual current 
and true neutral current! In general, in¬ 
correct relay operation can occur if there 
is false residual current from any cause, 

Fig. 3, trace 3, simultaneously with 
transformer-neutral current from any 
cause e.g.. Fig. 3, trace 2. 

Pa^cularly prone to misoperation is 
the duectioual-ground relay when used on 
a resistance-grounded, or other poorly 


grounded, system. Such a system re¬ 
quires high ground-relay sensitivity. 
Tripping can result from an external 2- 
phase-to-ground fault which provides 
adequate neutial-polarizing current and 
a heavy phase-to-phasc component to 
produce false residual operating current. 
A potential-polarized directional-ground 
relay would be exposed to the same 
chance of misoperation. 

Combinations of False Residual 
Current and False Residual Voltage 

Again, the directional-ground relay is 
involved because of the two quantities re¬ 
quired for misoperation. In general, 
incorrect relay operation can occur if there 
is false residual cun-ent from any cause, 
e.g.. Fig. 3, trace 3, and false residual volt¬ 
age caused by the imperfect pcrfonnance 
of potential transformers or devices diirinj^ 
faults not involving ground. 

The authors have no examples of false 
residual voltage resulting from imperfect 
perfonnance of potential transfonners. 
The top three sinusoidal traces of Fig. 27 
show the responses of potential trans¬ 
formers during a 3-phase fault not in¬ 
volving ground. The clean-cut reduction 
of secondary voltage to zero indicates that 
any false residual voltage would be negli¬ 
gible. On the other hand, the bottcan 
three traces of Fig, 27 show the responses 
of potential devices. Fig. 28, trace 3, 
shows the false re.sidual voltage resulting^ 
from tlie .summation of the three potential- 
device voltages of Fig. 27. 

Other Reasons for Ground-Relay 
Misoperation 

It is recognized that there are other 
reasons, not covered in detail in the fore¬ 
going, for ground-relay nii.soperation. 
Such reasons have not been discussed 



Fig. 28. Example of false residual voltage 
of potential devices during the 3-phase fault 
of Fig. 27 
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Table I. False Residual Current 


Eind of Incorrect Possible 

Cause of Incorrect Operation Circumstances Relay Types Affected Operation* Solutions* 

Unbalanced current-transformer 
burden, Pig. 1 


D-c saturation of current trans¬ 
formers 


Multicircuit faults, Fig. 5 


Unequal pole closing or opening 
or system unbalance. Fig. 7 


I. Monitor with directional-ground relay. 

J. Trip unfaulted line. 

K. Use relay polarized from neutral current. 

L. Monitor ground relays from relay in neutral current transformer. 

M. Insert resistance in ground-relay circuit. 

N. Use current transformer surrounding all 3-phase conductors. 

O. Use phase comparison carrier or pilot wire. 

U. Phase relays on unfaulted circuit trip before ground relays on faulted 
circuit. 


Table 11. True Residual Current 


*A. Ground relay on unfaulted circuit trips before phase relays on faulted 
drcuit. 

B. Balance the burden. 

C; Reduce sensitivity of ground relay. 

D. Change time settings to obtain selectivity, 

K. Start carrier blocking incorrectly. 

F. Use directional-carrier start. 

G. Monitor with neutral current or Eo relay. 

H. Add time delay. 


faults not involving ground 


' faults not involving ground 


I synchtonizing or reclosing 
I starting a motor 


normal system or faults 


time overcurrent.A.B, C, D 

instantaneous overcurrent.A.B, C 

directional-comparison carrier.E..B, C, F 

phase-comparison carrier or a-c pilot wire.false trip.B, C, G 

time overcurrent..A.C, D 

instantaneous overcurrent.A.C, H 

directional-comparison carrier..B.C, F, H 

phase-comparison carriu or a-c pilot wire.false trip...C, G, H, I 

directional-comparison carrier.false trip. .C, H 

phase-comparison carrier or a-c pilot wire.false trip C, H 

instantaneous overcurrent.false trip.C, K, L, M, N 

phase relays on unfaulted line.U. .••••; .® 

directional-comparison carrier.sequential tripping.O 

Instantaneous overcurrent.false trip.C, H 

directional-comparison carrier.false trip.C. H 

phase-comparison carrier or pilot wire.false trip.C, H 


Cause of Incorrect Operation 


Circumstances 


Unequal pole closing or opening. 
Figs. 9, 10, and 12 


Normal system unbalance 
Induction, Fig. 15 


Magnetizing-current inrush, 
Figs. 17-20 


Charging current parallel lines. 
Fig. 20 


synchronizing or reclosing 

energizing long line 

opening under load 

faults not involving ground 

ground fault on another line 

energizing a transformer external to line 
energizing transformer integral with line 
(bus-side current ti'ansformers) 

removal of a ground fault 
fault incidence 

ground fault near middle of one line 


Kind of Incorrect Possible 

Relay Types Affected Operation Solutions* 


instantaneous overcurrent.false trip.C, H 

directional-comparison carrier.false trip.C, H, O 

instantaneous overcurrent 

directional-comparison carrier.false trip,..C, H, P, Q 

instantaneous overcurrent.false trip.C, H 

directional-comparison carrier.false trip.C, H, O 

instantaneous overcurrent. false trip.C 

directional-comparison carrier.false trip.C, O. 

instantaneous overcurrent.false trip.C, R, S 

directional-comparison carrier,,,,..,false trip.... C, R, S, O 

directional-comparison carrier.false trip.C, H, O, Q 

instantaneous overcurrent.false trip.C, H, X 

phase-comparison carrier..false trip.V, H, W 

directional-comparison carrier.false trip.C, H, Q, O with V 

directional-comparison carrier.false trip.C, H, Q, T 

directional-comparison carrier.false trip.C, H, O, Q 

directional-comparison carrier.false trip.C, C with-Y 


*C. Reduce ground sensitivity of relay. 

H. Add time delay. 

O. Use phase-comparison carrier or pilot wire. 

P. Add filter. 

Q. Monitor ground trip with harmonic-restrained relay. 

R. Monitor ground-trip circuit with zero-sequence overvoltage relay. 


S. Monitor ground-trip circuit with phase-to-neutral-connected undervoltage 
relays. 

T. Transient blocking. 

y. Use line-side current transformers. 

W. Monitor trip circuit with harmonic-restrained relays. 

X. Use harmonic-restrained relay, 

Y. Transferred tripping. 


because they have already been described 
in the literature. These include at least 
the following, 

1, Effect of steady-^ate current trans¬ 
former exciting current on ground-relay 
sensitivity,^^ 

2, Effect of unbalanced phase-to-neutral 
loading of distribution transformers on 
grotmd relays,^® 

3, Other problems involving polarizations 
of ground relays,^® 

4, “Neutral inversion" of potential trans- 
formers,“* ” 

6, Another incorrect response of potential 
devices.^* 

Sununary 

The foregoing causes of incorrect or 
undesired ground-relay operation are 


summarized in Tables I and II, Table I for 
false residual current and Table II for 
true residual current. Included in the 
tables are the relay types affected, the 
kind of incorrect operation which might be 
expected, and the possible remedial 
measures. 

Conclusions 

1, The number of true and false residual 
currents and their combinations which can 
adversely affect ground relaying are many. 

2, Unnecessary ground-relay sensitivity 
should be avpided. If a 2-ampere ground- 
relay pickup is sufficient, a lower one may 
not be better but rather may invite trouble. 

3, In planning system expansion, ground 
relaying must be given careful considera¬ 
tion- to avoid conditions where adequate 
ground relaying is wrtually impossible. 


4. If system expansion continues to 
demand further increases in ground-relay 
speed and sensitivity, it can be expected 
that false tripping by ground rela 3 dng will 
increase. 

5. It may be necessary to change some 
operating practices. Some helpful items 
would be: 

a. Reduction in the number of trans¬ 
formers operating with their neutrals 
g^rounded at a terminal to permit more 
uniform fault current distribution. Even 
this gain may not be too great since the 
positive- and negative-sequence components 
will remain. The problems of overvoltage 
and cost of providirig insulation for un¬ 
grounded neutral operation will also limit 
this practice. 

b. More extensive use of high-speed 
reclosing to minimize the effect of false 
tripping. 

c. Increased use of devices to prevent 
flashovi^ (counterpoise, static wires, etc.) 
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to reduce the number of occasions for false 
operation. An additional justification of 
this would be reduction of danger of equip¬ 
ment failture from the increasing fault- 
current magnitudes. 

d. More extensive application of a-c 
pilot wire or phase-comparison carrier each 
of winch is generally immune to the ground¬ 
relaying difficulties occasioned by the 
system itself. However, even these are 
subject to incorrect operation from false 
current-transformer output. Their use is 
also complicated by the multiple-tapped 
line. 
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Discussion 

M. Stephens Merritt (Tennessee Valley 
Authority, Chattanooga, Tenn.): The 
authors are to be commended for informa¬ 
tion on undesirable relay operations which 
are exceedingly difficult to isolate and 
eliminate. In most cases where such 
unwanted operations occur, such action 
accompanies other phenomena which, with¬ 
out the benefit of automatic oscillograph 
records of the necessary quantities, cannot 
be isolated as to their cause. This, among 
other things, points up the need for much# 
more oscillographic equipment than is 
available on most power systems. It is 
necessary that the oscillograph operation 
be initiated from a very sensitive ground- 
relay element. 

It is probable that all of these phenomena 
have been experienced on substantially all 
large electrical utility systems at one timi* 
or another even though they may not have 
been recognized. Except for the potential 
invasion listed as no, 4 in the section 
entitled "Other Reasons for Ground-Relay 
Misopera,tion” and the combination of 
false residual and true neutral current, 
they have all been recognized on the 
Tennessee Valley Authority system. Some 
of these spurious relay operations have 
been desirable, e.g,: a grounded-Wye/delta 
stepdown transformer on the end of a short 
high-voltage line supplying a large industrial 
load developed a turn-to-turn fault in the 
low-voltage delta winding of one phase. 
The circuit was protected by means of 
pilot-wire relaying from the source station 
to the load side of the stepdown transformer 
for phase faults and to stepdown trans¬ 
former neutral for ground faults. The un¬ 
balanced current in the phase conductor 
and neutral circuits as a result of the load 
or fault caused the pilot-wire ground relays 
to open the supply oil circuit breaker. 

The desirable tripping results have been 
very few, but the highly undesirable 
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tripping results have been many. This is 
especially true for the primary transmission 
system where most of the lines are pro¬ 
tected by terminal comparison-carrier relay. 
The conditions producing these effects in 
most cases probably would not have been 
recognized except for the availability of 
automatic oscillographs. The recognizance 
of the causes has permitted some remedial 
measures to be taken. These measures 
involve: 

1. Engineering design of system and 
stations to minimize system arrangement 
and operatiohs favorable to these spurious 
operations. 

2. Control of switching operation, es¬ 
pecially where operation of air-break 
switches is involved to minimize conditions 
favorable to undersirable tripping on un¬ 
balanced loading or lack of simultaneous 
pole operations. 

3. Closer adjustment of oil circuit- 
breaker poles in clearances than the toler¬ 
ances given by manufacturer’s instructions, 

4. Calibrating relays available to mini¬ 
mum sensitivity commensurate with ac¬ 
ceptable ground fault recognition. 

5. Closer attention to application of 
protective relay schemes. 

6. Improved characteristics effected by 
the manufactiuers of protective relay 
schemes. 

There yet remains much trouble on the 
primary transmission system from un- 
symmetrical oil circuit-breaker pole opera¬ 
tion and changes in magnetization. It has 
not been possible in many cases to separate 
these phenomena since the unsyrametrical 
brewer pole operation is present when a 
tie line is closed, either automatically or when 
s3mchronizing, transformers are energized, 
and a fault is removed. 

The methods employed by manufac¬ 
turers for improvement of the relays for 
these conditions have been limited to 
substitution of high-speed induction ground- 


relay elements for those operating on the 
solenoid principle and installing in the relay 
coil circuits some means of energy ab¬ 
sorption to prevent operation on short- 
time low-magnitude transients. The high¬ 
speed induction elements have proved 
effective in overriding these short-time 
transients with the sacrifice of about 3 
cycles on low-magnitude ground faults and 
about 1 cycle on high-magnitude ground 
faults. This sacrifice in time is preferable 
to the unwanted operations. 

The results obtained with the present 
relaying equipment are not satisfactory. 
Dissatisfaction results from continuing to 
get unwanted tripping where the slightly 
slower induction relay is not used and hav¬ 
ing greater clearing time for ground faults 
than should be necessary. The paper does 
not extend much hope of improvement 
without adding considerable complication 
by way of additional relay elements. 
Superpositioning of phase comparison on 
terminal comparison-carrier ground relay¬ 
ing is now being installed in a few severe 
cases of induction or mutual coupling but 
cannot feasibly be considered for general 
installation to remedy other difficulties. 
The fidd is still open for the manufacturers 
to arrive at some solution which with minor 
modifications to existing installations will 
eliminate the present deficiencies. 

A high percentage of failiues of high¬ 
speed automatic reclosing of oil circuit 
breakers on the primary transmission 
system has been experienced in the past. 
It may be that some of these which were 
ascribed to failure to latch, multiple 
lightning discharges, etc., may have been 
caused by the unsymmetrical circuit- 
breaker pole op^ation or transformer 
magnetization. 


G. D. Rockefeller and J. L. Blackburn 
(Westinghouse Electric Coipomtion, 
Newark, N, J.): This paper is a valuable 
contribution in cataloguing the various 
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troubles occasionally encountered in ground 
relaying and will be helpful to relay engineers 
in tracing these troubles. It should be 
noted that, generally speaking, these 
troubles occur relatively infrequently con¬ 
sidering the large number of ground relays 
in successful service. This is pointed out 
by the authors, but merits re-emphasis 
lest some become unduly concerned after 
reading the paper. 

Negative-sequence quantities are used 
very effectively in ground relaying to solve 
the difficult problem of induction. It is 
regretted that this was not mentioned in 
the paper. The amount of negative 
sequence induced even with untransposed 
lines is very small and generally neg¬ 
ligible.^ Thus, negative-sequence current 
and voltage are used to give correct direc¬ 
tional indication for both directional- 
comparison carrier and for time-overcurrent 
type of relays. 

The authors point out that saturation of 
current transformers usually occurs at 
flux densities over 100,000 lines per square 
inch. They suggest that the figure of 
126,000 lines per square inch be used as a 
criterion. While a figure of 100,000 lines 
per square inch may be satisfactory for 
modem current transformers, it may not 
be satisfactory for some of the older current 
transformers. About 10 to 15 years ago, 
a figure of 77,600 lines per square inch 
represented the saturation flux density of 
the iron then in use. 

The authors point out the value of 
automatic oscillographs on the power 
system. In fact, it would be impossible 
to analyze adequately the difficulties with¬ 
out them. This paper should encourage 
their more widespread use as a necessary 
and invaluable tool in analyzing difficult 
relay problems. 

Some of the oscillographs are difficult 
to follow because of limited explanation 
and nomenclature. It seems that the 
value of the paper could be increased in 
this respect. Along this line, more explana¬ 
tion would be desirable in connection with 
Fig. 25. 

Some of the examples presented produce 
transients of short duration. As relaying 
speed increases, examination of these 
transients becomes increasingly important. 
These cases again illustrate, we think, 
that there is a point of no return on in¬ 
creased relay speed. Perhaps there will 
be a trend away from demanding more 
speed from the relays and more emphasis 
on system design which tolerates faults of 
longer duration. 

RSFBItBNCB 

1, Dbtbrmination of Inductivb and CAPAcrrivB 
Unbalancb for Untransposbd Transmission 
Lines, R. F. Lawrence, D. J. PovejsiL AIEE 
Transactions, vol. 71, pt. Ill, Apr. 1952, pp. 547—56. 


W. E. Matter (Duquesne Light Company, 
Pittsburgh, Pa.): Mr. Barnes and Mr. 
McConnell have presented an excellent 
discussion of the various difficulties which 
can occur in the use of ground relays and, 
in most cases, have suggested corrective 
measures. 

Some recent relay operations on the 
Duquesne Light Company system indicate 
that all the problems are not yet solved. 
In the discussion of magnetizing inrush 


currents, the authors state that “Little 
difficulty has been reported of line relay 
tripouts when energizing a power trans¬ 
former external to the line.” I would like 
to add two cases to the difficulty already 
reported. 

A 138-kv line terminates in a 100-mega- 
volt-ampere autotransformer bank having 
a star-star connection and an unloaded 
delta tertiary winding. 'The bank has a 
circuit breaker on the 69-kv bus side, 
but not on the 138-kv side. The line 
protection is pilot wire and is fed from 
138-kv breaker bushing current trans¬ 
formers on the source end and from 138-kv 
transformer bushing current transformers 
on the load end. The transformer was 
not included in the pilot-wire circuit to 
avoid the magnetizing-inrush problems. 
Despite the precautions taken, an operation 
of the pilot-wire protection occurred when 
the bank was energized by closing the 138- 
kv breaker at the source end of the line. 

Some tests which have been run indicate 
that there are at least two factors involved 
in this problem. First, there is residual 
magnetism in the bank itself indicated by 
an oscillograph record in which the exciting 
current was well above the zero line for 
several cycles. This type of trouble is 
discussed in reference 1 and shows a similar 
condition. The second factor is current- 
transformer satmation and residual magne¬ 
tism. The current transformers, although 
they are both bushing current transformers, 
are not duplicates since one set is on circuit- 
breaker bushings and one on transformer 
bushings. 

The second case of pilot-wire relay 
trouble was very similar to the first, with 
the exception of the transformer bank 
connections. A 69- to 23-kv star-delta 
30,000-kva bank with only a 23-kv breaker 
at the bank end of the line, and the bank 
not included in the pilot-wire protection, 
was energized by closing the 69-kv breaker 
at the source end of the line and the pilot- 
wire relays operated. 

In both cases, pilot-wire circuit constants 
were well within the manufacturers limits 
and both pilot-wire protective equipments 
were equipped with phase and ground 
instantaneous-overcurrent interlock relays. 
Since one false operation occurred on a 
CPD installation and one occurred on an 
HCB operation, it can be seen that these 
undesirable currents do not play favorites. 

I would like to make one further comment 
dealing with equation 1. Since system 
economics will dictate the I and T values, 
the factors which the relay engineer niight 
improve are the R, Ni, Nt, and A quantities. 
Any help the current-transformer design 
engineers can give in increasing the A 
factor will be appreciated by the relay 
engineers. 

Rbferbncb 

1. The J & P Transformer Book. Darien 
Press, Edinburgh, Scotland. 


Bonn C. Achtenberg (Detroit Edison Com¬ 
pany, Detroit, Mich.): Mr. Barnes and 
Mr. McConnell are to be congratulated for 
bringing out some information which up 
to now may not have been considered in 
analyzing false tripouts by ground relays. 
This is a subject which needs much discus¬ 
sion. 


The Detroit Edison Company has ex¬ 
perienced two faults in recent years which 
may possibly be explained by some of the 
information from this paper. In one case 
a 24-kv cable fault caused two 120-kv 
cables to trip out even though the 24-kv 
circuit breaker cleared instantaneously. 
The neutral overcurrent relay on the 
primary of the 120/24-kv delta-grounded- 
wye transformer caused the incorrect 
operation. Also, this neutral relay sent 
a remote trip sigpnal via pilot wire to trip 
out the remote 120-kv breaker. The 24-kv 
fault involved three phases and ground and 
was in the substation basement. Another 
24-kv fault which occurred a short time 
later but farther “out" did not cause the 
incorrect operation. It therefore appears 
that current magnitude is a factor. All 
current-transformer polarities and sec¬ 
ondary wiring were checked and found 
to be all right. This may suggest, as the 
authors state in the section entitled “False 
Residual Current,” that false residual' 
current may have been present because of 
unequal performance by phase current 
transformers or unequal pole opening of an 
oil circuit breaker. The delta-connected 
primary is ungrounded. Two steps were 
taken to prevent a repetition of this false 
tripping. 

1. The neutral overcurrent relay was 
changed from an instantaneous type to a 
time-delay t3rpe. 

2. An extra step of time was put in to 
the coil circuit of the auxiliary tripping 
relays to give a few cycles delay in sending 
the remote-trip signal. 

In another case, false tripping was caused 
during switching operations to transfer 
the load of a generator from one bus to 
another. In tliis instance, an actual 
transient voltage was observed on an 
oscilloscope across the operating coil ^ of 
a pilot-wire relay. This relay is sensitive 
to both positive- and zero-sequence cur¬ 
rents. Various "pips” could be observed 
as switching operations were carried out. 
As the authors state, unequal pole closing 
or opening of a circuit breaker or disconnect 
switch could be the cause of such fa.lse 
residual voltages. The duration of the 
energy on the operating coil was just long 
enough to close the contacts of the relay. 
While the contacts thenaselves opened, the 
arc established was enough to pick up the 
auxiliary tripping relay string. The aux¬ 
iliary string was redesigned from one which 
normally drew 600 milliamperes d-c to one 
which draws about 64 milliamperes d-c. 
This allows the contacts to make mo¬ 
mentarily without establishing an axe to 
cause the auxiliary relay string to pi^up. 
Also, an extra step was put in the auxiliary 
string as in the foregoing case to delay 
pickup for a few cycles. 

In connection with conclusion 3, it is 
the practice with this company to order 
neutral fuse holders for transformers on 
the subtransmission system if they are to 
be used in an area where they may be 
grounded. It is then determined at a 
later date when the details of the problem 
are being worked out whether or not a 
fuse is installed. The factors involved in 
this determination are the ground-relay 
co-ordination problem and the voltage 
on the unfaulted phases for a phase-to- 
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ground fault. We are in agreement with 
the other conclusions drawn by the authors, 
especially no. 2. 

J. R. Linders (Cleveland Electric Illuminat¬ 
ing Company, Cleveland, Ohio): Mr. 
Barnes and Mr. McConnell are to be 
complimented for releasing this valuable 
information to the relaying profession. It 
will require many more hours of study to 
appreciate it fully. In spite of the merits 
of standardization of relay terminals and 
their calibrations, I fully support the. 
opinion expressed in this paper that ground- 
relay calibrations should be hand-tailored 
for each application. 

The basic conditions of Fig. 15 become 
quite complex if one or both circuits are 
fflnltiterminal. "With such a configuration, 
induced currents can sometimes exceed 
true fault currents for certain critical fault 
locations. The false residuals from two 
cucuit faults, as in Fig. 5, can be many 
times ^eater than true line-to-ground 
currents on lightly grounded systems. 

I am sure the authors could provide 
further interpretations to Fig. 21. The 
tertiary current is not as clean-cut as the 
text suggests, and it also shows a major 
alteration at 2 cycles at the same time as 
the residual-current reversal. Has anyone 
ever tested the actual performance of a 
high-speed directional element when sub¬ 
jected to harmonics in the polarizing wind¬ 
ing such as shown in trace 2 of Fig. 21? 

I appreciate the theoretical point that the 
harmonics result in no net torque on the 
relay, but has any one made a field test of 
the phenomenon? Fig. 22 would be con¬ 
siderably more valuable if a sketch of the 
system and currentrtransformer connections 
were provided. As described, the phe¬ 
nomenon completely eludes me. 

One other source of false re.sidual cmrents 
can be present in a 3-wire current-trans¬ 
former circuit which uses the station ground 
as the return circuit for the residxiaJ- 
current path. Voltage drops in the station 
ground network caused by the main fault- 
current flow can appear in the residual- 
relay circuit and cattse incorrect per¬ 
formance. Modem practice of 4-wire 
single-point grounding of current trans- 
foraer ^condary circuits does not have 
this hazard. 

The summaries in Tables I and II are 
valuable and impressive. Using separate 
commumcation channels for phase faults 
and ground faults can provide a degree of 
freedom which may. be necessary if some of 
these undesirable factors xmexpectedly 
materialize. 

ff I were confronted with the requirement 
for ground-relay sensitivities of the order 
considered in this paper, I would look fondly 
at a solution which would utilize electronic 
phase-comparison relays energized by air- 
core current transformers. 
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Fig. 29. Cloud discharges on 147-mile 
230-kv line with no evidence of actual fault 
current 

A recorded at Crawford Station 8/5/45. 
B-1 at Powerton Station 4/29/47. 6-2 at 
Crawford Station 4/29/47. Records are 
from the output of current transformers in 
the neutrals of the 230-lcv terminal transformers 
X indicates a deflection equivalent to 130 
amperes rms primary current 
y indicates fogged area of record 
Z Indicates opening of transformer LT. 
breakers, as tripped by plunger-type neutral 
relays, either directly or by carrier remote trip 


G. W. Hampe (Commonwealth Edison 
Company, Chicago, Ill.): This' class of 
problems is analyzed as a group, which is 
I ®Jso mentioned some 
problems in a general way^ and suggested 
potential polarization as a remedy. This, 
as Mr. Kennedy pointed out in his discus’ 
sion, was not always applicable. It was 
also suggested that we might protect the 


three phases, wire by wire, with separate 
(microwave?) channels, but we have not 
had to do that yet. 

I presented® a fault record, m 

May 1940, for line current transients. 
It is siimlar to the transformer neutral 
c^ent in Fig. 4 of this paper, but mu ch 
higher and longer. It oscUIated at a slow 
rate (4 or 6 cycles per second) and set up 
an incorrect carrier trip circuit rather 
late, apparently because, on decaying and 
oscillating through the values of carrier 
start and stop, the start and stop elements 
could not co-ordinate. 

I would appreciate an explanation of 
both the high-frequency oscillations and 
the slow flip-flops in the voltage traces in 
Fig. 11. Where line-connected potential 
transformers or potential devices are used, 
the slow transients are inevitable and the 
high-frequency ones quite common. Both 
occur when the opening of a circuit breaker 
de-energizes a line. 

The authors referred to induction only 
in terms of induced ground current. It 
seems possible to have induced residual 
current without ground current. Consider 
2 3-conductor cables on system no. 1 and 
system no. 2 in the same duct run, 
with its own sheath. The phase conductors 
of the two cables are on systems normally 
electrically independent, although in the 
same station at one end. System no. 2 
cable IS one of several parallel lines between 
two station busses in that system, with 
those other parallel lines of system no. 2 
geograplucally remote from the duct run 
in question. Cable no. 1 has a phase-tb- 
ground fault, with current returnmg -to 
system no. 1 neutral over the sheaths sur¬ 
rounding the conductors of both system 
no. 1 and no. 2. There would be induced 
voltages in the 3-phase conductors of system 
no. 2 cable. The resulting currents woxdd 
complete their circuits over the respective 
phase conductors of the more remote parallel 
lines. The induced currents would equal 
an in phase, but on system no. 2 there 
would be no chcuit for neutral or groimd 
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current. Since the three induced currents 
are additive with respect to a residual 
relay, their effect is appreciable. I used 
this example to explain some otherwise 
unaccounted-for relay operations. 

To bring in rare cases, the authors might 
have mentioned the earth currents asso¬ 
ciated with the aurora borealis, and I can 
cite two cases even more remarkable. In 
two cases, during thunderstorms, a 230-kv 
line apparently discharged tlirough the 
power transformer neutral at one end. 
This tripped the plunger-type neutral relay. 
The line, however, was not faulted. The 
line discharges as reproduced by the neutral 
current transformer and transmitted to 
the relay are shown in Fig. 29, The 
phenomenon, though rare, bars the use 
of high-speed ground relaying on that 
230-kv line. 

All this indicates that applying ground 
relays is a difficult problem, and when 
applying fast, sensitive, polarized ground 
relays, there are considerable uncertainties. 
At the same time, because of the relative 
prevrience of ground faults, good ground 
relaying is very desirable. Perhaps the 
relative popularity of rather complicated 
phase-fault relays is that polarizing them 
and computing their settings is relatively 
simple. 

For 2-tenninal pilot-wire protected lines, 
insurance against the vagaries of system 
phenomena and current-transformer per- 
foimances is available,® provided one is 
willing to pay the price, which is that of a 
sound pilot channel. If carrier pilots are 
to be used (and this probably includes 
microwave carrier also), phase comparison 
seems to be more advantageous. In my 
experience, some installations of directional- 
as well as phase-comparison carrier relaying 
have had a perfect record. On the other 
installations, after much toil and trouble, 
both types of relaying (as of the present 
date) seem to have become quite immune 
to tripping on external faults. Several 
directional-comparison applications have a 
low efficiency on internal faults, and one 
directional-comparison scheme has had 
a completely zero efficiency up to now. 

On internal line faults it is not easy to 
shut off a blocking carrier signal and keep 
it off. ^ After the local circuit breaker 
opens, it often returns. From this paper 
some possible reasons for this behavior 
may be inferred, e.g., when the local trip 
circuit is energized from any line relay, 
backups included, an auxiliary relay will 
turn off the local carrier transmission anrf 
hold it off while the local breaker opens 
and about 16 cycles thereafter. At the end 
of this period, control would then be re¬ 
turned to the basic carrier controls. This 
could be applied to both phase- and direc¬ 
tional-comparison schemes. 

With multiterminal lines becoming more 
common, if not predominant, the relay 
engine^’s troubles have only started. In 
discussing a companion paper® I make some 
suggestions of a general nature. 

Ebfbrbkcbs 

1. Powbr-Linb Cakxibr for Rblayino ani> 
Joint Usaob—Part II. A Survey or MIodbrn 
PO' jraR-LiNB Carrier Systems, G. W. Hampe. 

* AIEE Transactions, vol. 71, 

pt III, Aug, 1062, pp. 661-70, 

by G. W . Hampe of System Short- 
CiRCuiT Currents, H. A Travers, C. P. Wagner. 
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Fig. 30 (leff). 
Fhase-1 to phase- 
2 staged fault on 
an open-wire 
132-kv line 

Fig. 31 (right)* 
Pha$e-1 to phase- 
2 staged fault on 
remote terminals 
of an under¬ 
ground pipe- 
type 132-l<v line 



C. A. Woodrow, W. F. Skeats. AIEE Trans¬ 
actions, vol. 60, 1941, pp. 1351—62. 

3. A Pilot-Wire Rblayihq Scheme XJtilizimg 
THE Product Dipeerential Relay,. R. I. Ward, 

D. W. Gilman. AIEE Transactions, vol. 72, pt. 
Ill, Oct. 1963, pp. 911-17. 

4. Discussion by G. W. Hampe of Line and 
Transformer Bank Relaying Systems, J. L. 
Blackburn, G. D. Rockefeller. AIEE Transactions 
vol. 74. pt. Ill, June 1955, pp. 334-43. 


Herbert G. Erdman, Jr. (Public Service 
Electric and Gas Company, Newark, N. J.): 
Mr. Barnes and Mr. McConnell are to be 
congratulated for their excellent presenta¬ 
tion of one of the least understood phases 
of power-line relaying. We have had 
several cases during recent staged and 
actual faults on our 132-kv transmission 
system which involved residual current 
during phase faults, residual current caused 
by one open conductor, and incorrect 
tripping by carrier ground relays during a 
ground fault. 

Fig. 30 is an oscillogram of a phase-1 to 
phase-2 staged fault on an open-wire 
132-kv line. No ground was involved in 
the fault but the bottom trace indicates 
160 amperes in the transformer neutral. 
After 6 cycles there is a rise in neutral 
ground current for 1/2 cycle to 1,000 
amperes because of unequal circuit-breaker 
pole opening. The 160 amperes probably 
result from a combination of unequal charg¬ 
ing current and load current in the unfaulted 
phase 3 and, in this case, are too small to 
affect relay operation. 

Fig. 31 shows a phase-1 to phase-2 staged 
fault on the remote terminals of an under¬ 
ground pipe-type 132-kv cable. This is an 
11 -mile circuit having a reactive capacity 
of 40,000 kva; the 132-kv charging current 
is approximately 200 amperes. The cable 
is directly coimected to a wye-delta-wye 
transformer bank and through a 132-kv 
tie breaker to the 132-kv system at the 
station where the oscillogram was taken. 

After 6Vr cycles the 132-kv circuit 
breaker at the remote end of the line and 
132-kv local tie breaker had opened. At 
this time the phase-to-phase fault was 
being fed only from the low-voltage (26 kv) 
side of the local bank. The trace of 132-kv 
neutral ground current shows an increase 
here from a very low value to approxi¬ 
mately 1,600 amp^es. An examination of 
the phase currents in the faulted phases 
discloses a phase shift at this time from 
almost 180 degrees out of phase to about 
146 degrees. In Fig. 32 these currents 
are added graphically, including the current 
in the unfaulted phase 3, producing ah 
indicated residual current of 1,160 amperes. 
Difficulty in measuring phase angle from 


the oscillogram makes this result approxi¬ 
mate at best; however, the presence of 
such a' high residual current is difficult to 
explain. 

If the foregoing fault were moved beyond 
the remote terminal of the line and no 
grotmd polarizing current appeared at 
this terminal, directional-comparison carrier 
relaying would probably not cause incorrect 
tripping since the phase, carrier-starting 
relays at the remote terminal would send 
a blocking signal; however if the carrier 
ground sensitivity were too high or if high¬ 
speed backup ground relays were used, 
false tripping could occur. In any case 
the co-ordination of phase carrier-starting 
with ground carrier-tripping elements when 
the magnitude of ground current is un¬ 
predictable is all but impossible. 

Previous single-phase-to-ground staged 
faults on the same cable circuit resulted in 
three incorrect tripouts of other adjacent 
line sections. All of these lines are pro¬ 
tected with directional-comparison carrier 
relaying and all tripped at their remote 
terminals by the operation of canto ground 
rdays in the absence of blocking. One 
case was directly traceable to a relay 
setting which did not cover the operating 
conditions at the time of the fault. At 
all of our stations there is only one ground 
source for all of the 132-kv transformer 
neutrals and the neutral current transformer 
thus measures the total neutral ground 
current of all the banks. Some of these 
stations are normally operated with the 
132-kv bus split in two or more sections but 
have tie breakers that can be closed at any 
time. The remote station at which this 
line was terminated is normally operated 
with the 132-kv bus split into four sections. 
The carrier-starting relay is a current- 
polarized product-type ground relay. At 
the time of the fault the bus section 
to which the line was connected was tied 
to another bus section and the carrier 
ground relay received much more than 
normal toergy and closed its trip contacts; 
the ground carrier-starting relay at the 
local end of the line (also a product type) 
did not receive enough energy to close 
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Fig. 32. Graphical addition of phase cur¬ 
rents for the phase-to-phase cable fault 


its contacts; hence no blocking was trans¬ 
mitted. The co-ordination of elements 
satisfactory for normal bus operation was 
upset by emergency operating conditions. 

The product-type ground relay has be¬ 
come increasingly difficult to set because 
of the split bus condition described in the 
foregoing. It is sometimes difficult to 
forsee all possible operating combinations. 
We are now investigating the possibility of 
controlling carrier with reactance ground 
relays which require no neutral current or 
zero-sequence potential for polarization. 

The other two lines that tripped in¬ 
correctly during a ground fault on the cable 
apparently received no carrier blocking or 
received it too late. The carrier-starting 
elements on these lines are current-polar¬ 
ized directional-overcurrent units. These 
relays were thoroughly checked and sub¬ 
jected to further staged fault tests but no 
trouble could be found nor could the trouble 
be made to repeat itself. Sufficient oscillo¬ 
graphic data were not obtained at the time 
of the initial trouble to discover any condi¬ 
tion which might have fooled the ground 
relays. The fault on the cable circuit was 
a bolted one and was established by closing 
the line circuit breaker; therefore the 
initial suTge of Current was a combination 
of fault current and cable-charging inrush. 
The station bus voltage during this period 
showed high harmonic disturbances. It 
appears that high-voltage cable circuits 
with their high charging capacities will add 
to the already difficult problem of high¬ 
speed ground relaying. 


H. C. Barnes and A. J. McConnell: We 
particularly appreciate the corroborative 
evidence supplied by all of the discussers. 
Also, we agree with the comments on the 
following subjects: 

1. Value of oscillographs. Merritt, 
Rockefelto-Blackbuni. 

2. Current-transformer performance. 
Marter, Rockefeller-Blackbum. 

3. Value of time delay. Merritt, 
Achtenberg, Rockefeller-Blackbum. 



Rg. 33. Cable fault following opening of 
the 132-kv circuit breakers 
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Fig. 34. System and current transformer connections associated with Fig. 22 
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from a ground-faulted second line / h 


4. Insufficiency of explanation of figures 
^ickefdler-Blackburn. (Fig. 25), Linders 
(Figs. 21 and 22), Hampe (Fig. 11). 

With respect to Mr. Erdman’s Fig. 31 
we believe that the staged phase-to-phas^ 
lault became a 2-phase-to-ground fault at 
tte end of 6.6 cycles. At that time, all 
lcl2-kv cu-cmt breakers were open, the fault 
bemg supphed only through the transformer 
from 26 kv. The measured ground current 
was 1,600 amperes, and yet the only outlet 
(other than a ground fault) was the capacity 
of the 11-mile cable, the normal ch arcrma 
cmrent of which is only 200 amperes. It 
IS believed that Mr. Erdman’s Fig 32 is 
mcoirect. It will be noted that, beginning 
at 6.6 cycles, the current in phase 2, Fig. 31, 
riches a maximum before the current of 
phase 1. In Fig. 32, the current in phase 


2 reaches a maximum after the current of 
ph^e 1. If the phase relationships Im 
and 708 of Fig. 32 were interchanged, the 
rMultmg phasor diagram would be about 
the same as would be obtained for a 2- 
phase-to-ground fault. 

With respect to Mr. Erdman’s Fig. 30, 
we believe that the neutral current 'is 
simply a result of unbalanced system im- 
ped^ce.^ If the symmetrical-component 
method is sound, there can be no neutral 
current when all impedances are sym¬ 
metrical. 

Mr. Erdman makes a very valuable 
contribution by suggesting the use of 
ground-distance relays as a means of carrier 
control. Ground-distance relays of the 
current-compensated type require neither 
neutr^-current nor zero-sequence voltage 
polarization and, consequently, are sub- 
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stanti^ly imaffected by the various ground- 
. relay ills discussed in the paper. 

Rockefeller and Mr. Blackburn con¬ 
tributed the following additional pertinent 
comments: 

1. The use of negative-phase-sequence 
quantities are effective in the solution of 
induction problems. 

2. Older current transformers should 
be looked upon with suspicion. Their 
capabilities are about two-thirds those of 
modern current transformers. 

Regarding Fig. 25, it is first necessary 
to consider that when the phase-to-phase 
fault occurs, Ej-jv (see phasor difl.grflTn of 
Fig. 25), which is the phase 6-to-neutral 
voltage, changes in the lagging direction 
by 60 degrees with a reduction of magnitude 
to one-half. By the same token, exciting 
current (during fault without offset) 
lags exciting client h (prefault) by 60 
degrees and with magnitude reduced to 
one-half. When the phase-to-phase fault 
occurs, the prefault exciting current has a 
negative value as shown by the solid line. 
Its ultimate value must be in accordance 
with the dotted line (during fault, 
without offset). Since the exciting current 
cannot change instantaneously, there must 
be a d-c component called “d-c offset.” 
Thus, for the exciting current to start in 
accordance with the solid line at the inci¬ 
dence of the phase-to-phase fault and end 
m accordance with the dotted line It, 
(during fault, without offset), there must 
be the d-c offset as shown. The net result 
is^the dotted line denoted It, (during fault, 
with offset). When this exciting current 
causes the flux to reach the saturating 
point of the iron, the exciting current will 
increase while trying to mamtain the 
proper flux,* as shown on the curve labelled 
"magnetizing-current inrush.” 

Mr. Linders desires further interpreta¬ 
tion of Fig. 21. He suggests that something 
happened to the tertiary current at the end 
of 2 cycles. We believe that nothing 
occurred abruptly to the tertiary current 
at that time. The tertiary current was 
offset initiaUy and, at the end of 2 cycles, 
practically all of the d-c component ha.d 
disappeared. Something did occur abruptly 
to the phase-1 current after 2 cycles. 
Calculations have indicated that after 2 
cycles, the phase-1 current transformer was 
residually magnetized so that it could not 
properly reproduce subsequent half-cycles 
of current. The current transformers in 
phases 2 and 3 were still able to reproduce 
primary current (because of lower current 
magnitude). Thus, the deficiency in phase 1 
caused a reversal in the zero-sequence trace 
(Musk ground). 

With furthtf reference to Mr. Linder’s 
- .^isQUSsion, high-speed directional units 
have been tested (in the laboratory) to 
show that ho net torque is produced by 
fundammtal current in one circuit and 
harmonic current in the other circuit. 

■On the^othw hand, the same harmonic in 
both circuits will produce torque. We 
believe that Mr. Linders is suggesting the 
possibility of harmonic torques bting 
produced by the combination of the tertiary 
current and the residual current. He is 
entirely correct in that certain harmonics 
appear in both currents. Like harmonics 
will produce a net torque, but the direction 
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of that torque may be either in the tripping 
or the nontripping direction. 

As requested by Mr. Linders, Fig. 34 
shows the system and current-transformer 
connections associated with Fig. 22. 

Mr. Linders points out another ground- 
relay hazard, namely, multiple grounding 
of the lead connecting the current-trans¬ 
former neutr^ and the ground relay or the 
use of the station ground network as the 
fourth wire. We believe that such practices 
are not engaged in today, but it certainly 
does no harm to warn the younger men 
against them. 

Mr. Hampe requests an explanation of 
the high-frequency oscillations and the 
slow flip-flops in the voltage traces of 
Fig. 11. We would guess that high fre¬ 
quency is a resonant oscillation between 
the zero-sequence line capacity and the 
zero-sequence short-circuit inductance of 
the transformer. This explanation is 
supported by the fact that current of the 
same frequency appears in the transformer 
tertiary. Slow flip-flops might be an 
oscillation between the line capacity and 
the magnetizing inductance of the trans¬ 
former. The peculiar wave shape is 
explained by the nonlinearity of the magne¬ 
tizing reactance, the tendency toward a 
flat top being caused by saturation of the 
transformer iron. A similarly shaped wave 
is shown in oscillogram 189-11, Fig. 8 ;* 
there the phenomenon is called a "ferro- 
nonlinear oscillation.” 

Mr, Hampe makes a real contribution in 
his discussion of induction with respect to 
cables in the same duct run. H, R. Pax- 



Fig. 36. Example of d-c neutral current 
caused by unequal pole closing of a circuit 
breaker 


son of the Philadelphia Electric Company, 
in an oral comment to the authors, noted a 
phenomenon akin to induction, but actu¬ 
ally conduction. Fig. 35 illustrates the con¬ 
dition. A and B are nonparallel lines at dif¬ 
ferent voltages. A ground fault occurred on 
line B as shown. Some of the ground current 
returned to transformer T in the normal 
manner. However, the remainder of the 
ground current found it easier to return 
over the phase conductors of line A, thereby 
operating the ground relays on line A 
incorrectly. 

Mr. Hampe’s suggestion that carrier 
transmission be prevented upon tripping 
a breaker has been used. One operating 
company had such a difficulty with respect 
to high-speed reclosing. With a fault near 
one line terminal, operation at the other 


line terminal was slow because of low 
ground-fault current. Carrier transmission 
from the fast terminal delayed tripping at 
the slow terminal, thereby reducing the 
de-energized time sufficiently to preclude 
successful reclosure. The solution was to 
prevent the "fast” line terminal ftom 
sending a carrier-blocking signal for a short 
period after tripping. 

Fig. 36 is presented to bring the paper 
up-to-date. In this example, a high-tension 
breaker was inadvertently closed on a 
grounded neutral transformer, on the low 
side of which was a motionless generator. 
The transformer neutral current (bottom 
trace) shows an apparent d-c component 
lasting for at least 1 cycle. This was re¬ 
produced on the transient analyzer and 
was shown to result from unequal breaker 
pole closing. Ground relays refrained 
from operating incorrectly, but inadvertent 
ground-relay operation might have occurred. 

We neglected to mention that a sometimes 
effective method of avoiding false residual 
current caused by d-c saturation of bushing 
current transformers is to increase the 
secondary turns. This method may be 
particularly effective because the maximum 
current-transformer flux varies inversely 
as the square of the secondary turns. 
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H ydrogen-cooled turbine gen¬ 
erators constitute the major portion 
of the nation’s present generating capac¬ 
ity. Their proper operation is necessary 
to assure continuity of service to the 
country and to protect the large capital 
investment involved in generating equip¬ 
ment. Continuous advances in the design 
of generators have made it necessary for 
manufacturers and operators to re¬ 
examine operating practices regularly. 

In the late 1930’s, hydrogen-cooled 
turbine generators were first put in opera¬ 
tion. These imits were generally based on 
load machines operated at 0.5 pound per 
square inch gauge (psig) hydrogen pres¬ 
sure. They were operated according to 
the same practices that had been de¬ 
veloped over the years for large air¬ 
cooled generators. Successful operation 
was achieved in this manner for these 
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early, relatively small units. To meet 
the subsequent demand for individual 
units of higher ratings, manufacturers 
gradually increased the generator physical 
size and utilized higher hydrogen pres- 
siues. As these larger and more efficient 
units were placed in service, they were 
generally utilized for base load operation. 
The older units were Ihen often assigned 
to peak load operation, which subjected 
them to more frequent load cycling. 
Present operating methods must be re¬ 
viewed, giving careful consideration to 
these additional factors, thereby pro¬ 
viding increased assurance of continuous 
service, long life, and minimum main¬ 
tenance. 

This paper is presented to stimulate 
discussion which will lead to a clearer 
imderstanding of the problems involved, 
and to the development of acceptable 


operating procedures. A practical 
method of operating hydrogen-cooled 
turbine generators is described so as to 
satisfy present-day operating require¬ 
ments. A description of the ventilation 
systems of hydrogen-cooled machines and 
a discussion of the requirements for suc¬ 
cessful operation are included. This 
paper appliesspedficallytoconventionally 
cooled machines and not to the recently 
developed machines which embody coil¬ 
cooling systems wherein the coolant is 
brought into more direct contact with the 
conductors. 

Description of Generator Ventilation 

Figs. 1(A), (B), (C), and (D) illustrate 
the arrangonent of a typical ventilation 
system for a hydrogen-cooled turbine 
generator. The ventilation system is 
symmetrical about the center of the ma- 
diine. Hydrogen is circulated by means 
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Fig. 1. Ventilation of typical hydrogen-cooled turbine generator 


of blowers mounted at each end of the 
generator shaft. The hydrogen venti¬ 
lates the rotor and the stator. The 
entire volume of warm hydrogen is passed 
through coolers mounted in the generator. 
The cooled hydrogen is then returned to 
the blowers. The hydrogen pressure 
usually can be increased above 0.5 psig to 
suit the generator loading requirements. 

Temperature detectors are embedded 
in the stator winding to obtain a conven¬ 
tional indication of the temperature of the 
winding. The rotor temperature is deter¬ 
mined from the average resistance of the 
winding. The cold hydrogen tempera¬ 
ture is measured by means of tempera¬ 
ture detectors located in the cooler dis¬ 
charge. 

Requirements for Successful 
Operation 

The successful operation of a turbine 
generator requires a consideration of 


several different factors, a discussion of 
which follows. 

Stator Winding Temperature 

The capability of the stator winding is 
limited by the maximum allowable tem¬ 
perature of the stator insulation. Tliis 
temperature is maximum at points 
adjacent to the copper of the winding. 
The conventional temperature detectors 
inherently indicate temperatures lower 
than the copper temperature because of 
the necessary physical separation of the 
detector from the stator winding copper. 
It is a characteristic of hydrogen-cooled 
machines that the difference in tempera¬ 
ture between the detector and the copper 
is a variable which increases at higVipr 
hy<^ogen pressures. Because of this 
variation, operation by means of detec¬ 
tor indications is undesirable. A means 
of operating must be provided which 
effectively supervises the actual stator 
winding temperature. 


Rotor Winding Temperature 

Operation at power factors less than 
the nominal rated value in the over¬ 
excited region is limited by the rotor 
winding temperature. In this region the 
full rated kilovolt-amperes (kva) of the 
generator cannot be realized because of 
this limitation. An operating method 
must recognize this limitation. The rotor 
winding temperature does not limit the 
capability of the generator in other regions 
of operation. 

Stator Core Temperature 

Operation in the entire underexcited 
region is limited by extra heating in the 
extreme ends of the stator core where 
temperatures are not detected by the 
usual stator winding temperature detec¬ 
tors. Due consideration must be given 
to this effect. 

Stator Difrerentiau Expansion 

The capability of tlie stator winding is 
limited not only by total temperature 
but also by the effects of cyclic differential 
expansion between the stator coils and 
the stator core. Differential expansion is 
a function of the temperature rise of the 
winding. This requires tliat the maxi¬ 
mum load of tlie machine be limited so as 
to limit differential expansion, and that 
changes in load be made so as to mini¬ 
mize cyclic variations in differential ex¬ 
pansion. 

The effects of high total winding tem¬ 
perature and frequent variations in differ¬ 
ential expansion may result, in some cases, 
in separations in the stator coil insulation. 
The stator-coil insulation-separation 
problem is discussed in detail in a com¬ 
panion paper. ^ 

Shaft Alignment 

The generator and turbine shafts are 
solidly connected by means of a bolted 
flanged coupling. During operation, 
these shafts must be closely aligned. 
Misalignment may cause shaft stresses 
and a redisitribution of the bearing load¬ 
ing, both of which may be excessive and 
lead to a mechanical failure. 

The variation in elevation of the genera¬ 
tor diaft is a function of the temperature 
of its supporting members. The tem¬ 
perature of the bracket and the frame 
which support it varies directly with the 
cold hydrogen temperature. Conse¬ 
quently, the generator diaft elevation 
varies directly with the cold hydrogen 
tmperature. The generator should be 
operated so as to minimize the possibility 
of misalignment between the generator 
and turbine shafts during load changes. 
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Fig. 3. Typical hydrogen-presiure regulation curve 

Frame Distortion 

Changes in the cold hydrogen tempera¬ 
ture cause distortion of the frame ends, 
with consequent working of the mechan¬ 
ical joints and gaskets. This may result 
in increased hydrogen leakage and main¬ 
tenance. The performance of the gaskets 
is also adversely affected by high tem¬ 
peratures. The generator should be 
operated so as to hmit frame and gasket 
distortion. 

Condensation on Water Pipes and 
Frame 

Operation of the hydrogen coolers 
with water colder than the dew point of 
the room air will cause objectionable con¬ 
densation on the water pipes and frame. 

Operation by Capability Curves 

A typical generator capability curve is 
shown in Fig. 2. This curve should 
be used to control the operation of the 
generator under all load conditions, as 
explained in the following. 

Control op Stator Winding 
Temperature 

Since the stator winding temperature 
detectors do not give a true indication of 
the winding temperatures, the machine 
should be loaded in accordance with the 
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manufacturer’s capability curve. The 
capability curve controls operation in the 
overexcited range from rated power factor 
to unity power factor by limiting the kva 
output, thus limiting heating in the stator 
winding. Temperature readings should 
be taken and recorded by the user, but 
their primary purpose should be to in¬ 
dicate incorrect operation or changes 
in the generator. Therefore, temperature 
readings are recommended as a backup 
protection for the hydrogen-cooling 
system and capability curves. 

It is now standard practice to embed 
12 stator temperature detectors in the 
armature winding. They consist of 
10-ohm resistance coils located in slots 
between the two armature coils, and dis¬ 
tributed around the periphery mid along 
the length of the stator. Usually five of 
these resistance temperature detectors are 
connected to a continuous recorder which 
gives an indication of the stator winding 
temperatures. The five highest reading 
detectors are selected for recording. 
There are also two cold-gas temperature 
detectors, one at each end of the generator 
located in the cold-gas. stream entering 
the blowers. These are generally con¬ 
nected to the same recorder as the stator 
temperature detectors. 


Control OF Rotor Wending 

Temperature 

The capability curve ^ould be used 
to control operation in the overexcited 
range below rated power factor. It limits 
the rotor current to a constant value as 
determined by heating occurring in the 
rotor winding. 

Rotor temperature is usually indicated 
by a recorder which measures the resist¬ 
ance of the rotor field at a given time 
and compares it with a known resistance 
at a definite temperature. Calibration 
of the rotor temperature recorder may 
be obtained periodically by determining 
the rotor resistance from the collector 
ring voltage and field current with pcxrt- 
able instruments. 

Control of Stator Core Temperature 

The usefulness of the capability curve 
as a control device is further exemplified 
in the underexcited region where the 
underexcited capability shown limits the 
heating in the stator-core end zones to 
acceptable temperatures. 

Use op Capability Curve 

The control of the generator according 
to. capability curves in terms of kilowatts 
and kilovars may be accomplidied by 
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Fig. 4(D) (right). Con* 
stent cooler-water flow 
method 


Fig, 4(E) (left). Typical 
method utilixing non¬ 
recirculating condensate 
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meters meastiring terminal voltage, line 
amperes, power factor, and field amperes. 
Hydrogen-cooled generators are usually 
operated between rated power factor 
and unity power factor. In this range, 
the generator can be controlled by the 
terminal voltage and line amperes since the 
stator winding heating limits the load. 
Standard a-c generators will operate suc¬ 
cessfully at rated kva load within ± 5 
per cent of rated terminal voltage at safe 
temperatures. Thus, if the voltage is 
increased to a value of 105 per cent, the 
armature current should be reduced to a 
value of 95 per cent of its rated value to 
stay within safe operating limits, and 
vice versa. 

In Fig. 2 the portion of the curve be¬ 
tween 0 and rated power factor over¬ 
excited can be thought of as constant field 
ampere limits at the ratings correspond¬ 
ing to the various hydrogen pressures. 
Thus, these limits may be marked on the 
field ammeter to serve as operating guides. 
Likewise, the portion of the curve between 
rated and unity power factor can be 
thought of as constant line ampere limits 
at the corresponding ratings for rated 
voltage. Therefore, these limits may 
be marked on the ammeter to serve as 
operating guides. Since the tenninal 
voltage may vary 5 per cent at rated kva 
at safe temperatures, it follows that the 
line ampere limits must be compensated 
for operation at other than rated voltage. 
This can be accomplished by using color 
bands on the meter extending ± 5 per 
cent of the rated line amperes. Corre¬ 
sponding bands may be placed on the 
terminal voltmeter. For example, the 
ammeter would have a 95-per-cent limit 
when the voltmeter is being held at 105 
per cent of rated voltage. 

Use of Hydrogen-Pressure 

Regulation Curve 

A hydrogen-pressure regulation curve 
is shown in Fig. 3. This becomes of 
interest for operation at higher hydrogen 
pressures. This curve shows the relation 
between maximum load, maximum per¬ 
missible cold-gas temperature, water 
temperature, and hydrogen pressure. 
The rated quantity and the rated tem¬ 
perature of water required by the genera¬ 
tor gas coolers are such as to absorb full 
load generator losses and maintain the 
cold-gas temperature at 40 degrees 
centigrade (C) at 0.5 psig. It will be 
noted that, as the hydrogen pressure is 
increased along the 90-degree-Fahrenheit 
cooler-water temp^ature ordinate, the 
permissible load increases and these 
increments corr^pond to the capabilities 
indicated in Fig. 2. Also, this curve 


shows that the genemtor cold-gas tem¬ 
perature will increase above 40 C at the 
higher hydrogen pressures at rated water 
flow and temperature. It has been 
determined that operation with the cold- 
gas temperature at 48 C will not cause 
sufficient change in the bearing elevation, 
due to generator frame heating, to result 
in undesirable misalignment of the genera¬ 
tor and turbine ^afts. 

The loading demonstrated by this curve 
is based on the total stator copper tem- 
peratme being maintained essentially 
constant. When the cooler-water tem¬ 
perature exceeds the rated value, the 
machine may be derated or the hydrogen 
pressure may be increased, as indicated 
on the curve, to maintain constant stator 
copper total temperature. When the 
cooler-water temperature is less than the 
rated value, the water flow to the coolers 
may be reduced until the cold-gas tem¬ 
perature is as indicated by the curve for 
the particular load and hydrogen pressure. 
In the latter manner the curve becomes 
useful for water conservation. When tlie 
hydrogen cooler-water is above the rated 
temperature, the water rate may not be 
increased without incurring the possibility 
of cutting the cooler tubes. 

Operation of Hydrogen Coolers 

The control of the water flow to the 
hydrogen coolers provides a means of 
regulating the cold hydrogen temperature 
at partial loads. The water flow is 
maintained constant at the rated value 
for loads above the 0.5 psig rating. The 
control of the cold hydrogen temperature 
at partial loads involves a consideration 
of the requirements of stator differential 
expansion, shaft alignment, frame dis¬ 
tortion, and condensation. Such a con¬ 
sideration indicates that operation at a 
constant cold hydrogen temperatme 
should be recommended as providing the 
most satisfactory operating results. The 
basis for this recommendation is discussed 
in the following. 

Stator Differential Expansion 

The differential expansion between the 
stator winding and the stator core can 
be controlled to a certain extent by reg¬ 
ulating the cold hydrogen temperature. 
Figs. 4(A), (B), (C), (D), and (E) illus¬ 
trate the calculated generator tempera¬ 
tures and cooler-water flows at partial 
loads corresponding to several methods of 
control. Differential expansion is a mini¬ 
mum with constant stator winding tem¬ 
perature control, but requires prohibitive 
temperatures in the generator components 
at partial loads, and is, therefore, un¬ 


acceptable. The other methods of con¬ 
trol shown on Fig. 5 fall in a group within 
which the variation of differential ex¬ 
pansion between one method and an¬ 
other is minor. Therefore, practically 
equal results will be secured by any 
of the methods in this group. It should 
be noted that the constant cooler-water 
flow method. Fig. 4(D), requires excessive 
water at partial loads. Also, note that 
many variations in the use of condensate 
are possible in addition to that shown in 
Fig. 4(E). 

Shaft Alignment 

A consideration of the relative eleva¬ 
tions of the generator and turbine shafts 
resulting from the effect of variations in 
the cold hydrogen temperature indicates 
that the cold hydrogen must not exceed 
48 C if shaft misalignment problems are 
to be avoided. On this basis the methods 
of control shown in Figs. 4(B) and (C) are 
not acceptable. The methods diown in 
Figs. 4(A), (D), and (E) are satisfactory. 

Frame Distortion 

Frame distortion is minimized when 
the temperatures at the ends of the frame 
are maintained nearly constant at a low 
level. The frame temperature varies 
approximately with the cold hydrogen 
temperatmre. Operation in accordance 
with methods shown in Figs. 4(B) and (C) 
is undesirable. The other methods are 
considered to be acceptable. 

Condensation on Water Pipes and 

Frame 

It is desirable to avoid operation with 
the generator cold hydrogen temperature 
below 25 C to prevent condensation. 

Recommended Method of Operating 

Hydrogen Coolers 

It is evident that no simple method of 
operating the hydrogen coolers will 
satisfy all of the preceding considerations. 
However, constant cold hydrogen tem¬ 
perature operation or any method which 
approximates this, such as shown in 
Figs. 4(A), (D) and (E), provides a means 
of control for partial load, which is a 
practical compromise and is, therefore, 
recommended. 

A General Consideration of 

Generator Operation 

As load is assumed by a generator, the 
cooling water should be gradually ad¬ 
mitted to the hydrogen coolers so as to 
obtain a cold hyffi'ogen temperature in the 
order of 35 to 40 C. As load is increased, 
additional water should be admitted so 
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Fig. 6 (left). 
Typical tempera¬ 
tures and cooler- 
water flow for 
hydrogen- 
cooled turbine 
generator 


0 *020304050 60 7080 

% LOAD 

as to maintain the cold hydrogen tempera¬ 
ture approximately constant. 

At partial generator loads, the genera¬ 
tor losses are reduced, permitting the 
cooltts to be operated at less tTian rated 
conditions. A constant cold hydrogen 
t^perature may be maintained with 
either a reduced water flow at the rated 
temperature, or an increased water 
temperature at the rated flow. Where 
the water supply temperature is consider¬ 
ably below the rated water temperature of 
the cooler, the water flow should be re¬ 
duced below rated flow to maintain the 
recommended cold hydrogen temperature. 
As the cold hydrogen temperature pf a 
generator responds slowly to changes in 
load, manual control of the generator 
temperature will be satisfactoiy; how¬ 
ever, automatic control may be installed 
if desired. In either case, the cold hydro¬ 
gen temperature shoidd be used as the 
basis for regulation. 

Constant cold hydrogen temperature 
control should be maintained up to and 
including the rating for 0.6 psig hydrogen 
pressure. For loads greater than the 
0.5 psig rating, the hydrogen pressure 
must be increased according to the 
capabflity curve. The genemtor and 
cooler are designed so that no further 
increase in water flow is required for 
operation above the 0.5 psig rating. 

Fig. 6 shows typical temperatures and 
cooler-water flow at various loads and 
hydrogen pr^ures. It will be noted that 
the stator winding copper temperatxne is 
coiwtant for loading about the 0.5 psig 
rating. It will also be noted that the 
stator winding temperature detectors in¬ 
dicate imusually low temperature rises at 
^ lugher hydrogen pressures. The j 
difference of temperature between the 
stator winding temperature detectors and ] 
the stator copper temperature is of the i 
order of 26 C at 0.6 psig; and difference l 
increases at higher hydrogen pressures, 



Fig. 7 (rIghO. 
Variation of cold 
hydrogen tem¬ 
perature with 
hydrogen pres¬ 
sure 
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- being approximately a function of the 
square of the current. This curve also 
shows that the cold hydrogen tanpera- 
i ture increases above 40 C when the ma- 
I chine is operated at hydrogen pressures 
L and corresponding loads higher than the 
basic rating at 0.5 psig. This behavior 
may be explained as follows: 

When a machine is operated at hydro¬ 
gen pressures above 0.5 psig with corre¬ 
spondingly higher loads, the increase in 
losses in the machine is approximately 
balanced by the increase in heat-transfer 
capabflity of the hydrogen coolers. 
Therefore, the difference between the 
average cooler-water temperature and the 
average hydrogen remains approximately 
constant. However, the ability of the 
to absorb heat increases much 
faster than the losses in the machine 
for any given increase in hydrogen pres¬ 
sure, with the result that the temperature 
rise of the hydrogen decreases with in¬ 
creasing hydrogen pressure. Since the 
av^age temperature of the hydrogen re¬ 
mains approximately constant, the re¬ 
duction in the hydrogen temperature 
rise results in an increase in cold hydrogen 
temperature, and a decrease in hot hydro¬ 
gen temperature at highm: hydrogen pres¬ 
sures. Fig. 7 shows the general nature of 
this phenomenon. The conventional in¬ 
creases in rating at higher hydrogen pres¬ 
sures were establidied by including this 
effect. It would require coolers of nearly 
double the usual size to maint niti a 40 C 
cold hydrogen temperature at the 30 
psig rating. This would increase the 
diameter of large machines unreasonably, 
with no extra advantage to the operator’ 
since present temperatures are satis¬ 
factory. 

When a generator is expected to carry 
loads in excess of the 0.5 psig rating 
repilarly, it is common practice to main¬ 
tain the hydrogen pressure constant at a 
value corresponding to this peak load. 2 


It is uneconomical to reduce this pressure 
for short-duration reductions in load. 
Under these circumstances, temperatures 
corresponding to the dotted lines in 
Fig. 6 indicate the trend of temperatures 
which will be obtained. 

When load is being dropped from a imit 
prior to shut down, the water flow should 
be gradually reduced so as to main taiii a 
substantiaUy constant cold hydrogen 
temperature. 

It should be noted that the diggra-mje 
included in this paper have been drawn 
so that the temperatures correspond to 
the proposed revision of the ASA C50 
standards® for hydrogen-cooled machines. 
Commercial machines will operate at 
temperature within these limits. 

Summary of Operating Instructions 

The generator should be operated in 
accordance with the generator capability 
curve with rated flow in the hydrogen 
coolers except that, for loads up to and 
including the 0.6 psig rating, the cooler- 
water flow shotdd be regulated so as to 
maintain the cold hydrogen temperature 
at a substantially constant value in the 
order of 35 to 40 C. 

Keferences 


Gbnbrator Stator-Winding Tbm- 

PBI^TT^S AT V^OOS HyDROGBN PrBSSORBS. 

^bourne, D. S. SneU. 

Machinbry. ASA 

Operation op Steak Turbinb- 
gENTOATOT Units O.N. Bryant, C. C. Sterrett, 

nt TTT A Transactions, vol. 78, 

pt, Peb. .1954, pp. 79‘-88. 

HTOROOBN-COOtBD GENERATORS 
AT Elbvatbd Gas Eressurbs, D, S. Snell. AIEE 
Transaettons, voL 69, pt 1,1960, pp. 186-204. 

iNSPBCnON EROGRAiC POR 

Machinbs, J. S; Jolmson, 
AIEE Transaettons, vol. 70, pt 1,1961, pp. 749-66. 

«• Gbnbrai, FRiNciPtBs Upon Which Tbmpera- 
IN THE ILaTIHO op Bi.B<>. 
2^5 ^^b°lW4 ^ -^^TOS. AIEE Standard 


Sterrett, Towne—Operation of Hydrogen-Cooled TurUne Generators 


JtJNB 1965 




Discussion 

M. S. Schneider (Cincinnati Gas and 
Electric Company, Cincinnati, Ohio): This 
is a timely paper and should be of great 
help to all operators of hydrogen-cooled 
generators. The authors apparently intend 
that the field loading limits should be 
determined by field temperature as meas¬ 
ured by field resistance as the prime guide 
and the field ammeter as a check guide. 
The ammeter scale is to have the limits of 
operation indicated on it by colored marks. 
The capability curves in the paper are 
drawn for only three hydrogen pressures so 
I am assuming that only three marks would 
be required on the ammeter. 

Since actual gas pressure rarely ever 
corresponds to the three pressures given 
in the paper, for the machines on our 
system, the operators will be required to 
use loading curves, which are being pre¬ 
pared by our Operating Engineering Sec¬ 
tion. The use of marks on the ammeter 
scales would result in so many points that 
it would be confusing. 

Just last week I checked the hydrogen 
pressures and the resultant usage of the 
gas for the three units at the Walter C. 
Beckjord Station. The results are shown 
in Table I. 

The quantities of gas required for higher 
pressures would be considerably greater- 
and that is why the operating pressures are 
kept down. The system megavar require¬ 
ments are such as to permit carrying 
field currents below rated values^ 

For us it would be highly desirable if 
cutyes of maximum field current versus 
hydrogen pressure would be provided by 
the suppliers of the equipment so as to 
give a separate field capability curve for 
operating over the entire overexcited region. 
Field temperature data should also be given 
for specified machines. I also wish to 
point out the desire for embedded tempera-' 
ture detectors for the clamping fingers 
and end iron in the stator for low excitation 
operation. 

It is our opinion that a transmitter send¬ 
ing the hydrogen pressure to the control 
room from where the loadings of the ma¬ 
chines are handled would be a definite 
aid to the operators. This intelligence 
should be transmitted electrically as dis¬ 
tances are too great for satisfactory use of 
the pneumatic devices we now have. 

I now have two questions with respect 
to the field temperature recorder: 

1. Why do the authors suggest periodic 
calibration of the field temperature re¬ 
corder witli portable instruments and what 
length of period is recommended? 

2. What is the recommendation for 
connection of the leads for the field voltage, 
i.e., main brushes or pilot brushes? Which 


Table I. Hydrosen Pressures at Beckjord 
Station 

Rating Loading Hydrogen 

-Used, 

Hi Hi Cubic 

Unit Mega- Pressure, Mega- Pressure, Feet 


Ho. 

watt 

Psig 

watt 

Psig 

per Day 

1... 

. .100.. 

...16... 

..100.. 

... 8.. 

.. .200± 

2... 

..100.. 

...30... 

..100.. 

...10.. 

...200± 

3... 

. .125.. 

...30... 

..126.. 

...26.. 

...400± 


gives the least trouble and has the least 
possibility of error? 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): In the section 
entitled “Operation of Hydrogen Coolers” 
in this interesting paper, the authors give 
reasons for not operating armatures with 
constant detector temperatures nor con¬ 
stant outlet-hydrogen temperatures. Have 
there been some unsatisfactory operating 
experiences or factory test observations 
with such practices? 

The authors recommend operation with 
practically constant inlet-hydrogen tem¬ 
peratures such as 35 to 40 C at 1/2 psig 
pressure. We have controlled the water 
flow to produce inlet-hydrogen tempera¬ 
tures of 30 to 32 degrees throughout the 
load range for some of our large units. 
This has been done for hydrogen pressures 
of 10 to 16 psig as well as for operation at 
1/2 psig. Comments on these practices 
would be of interest. 


C. C. Sterrett and R. A. Towne: We wish 
to express our appreciation for the interest¬ 
ing and constructive discussions. Mr. 
Schneider states that we apparently intend 
that the field loading limits should be de- 
tennined by field temperature as measured 
by field resistance as the prime guide, 
and the field ammeter as a check guide. 
We recommend that the capability curve 
be the prime guide in conjunction with the 
use of the field ammeter, and that the field 
temperature be used as a check guide. 
With respect to Mr, Schneider’s suggestion 
that curves be provided showing the 
maximum field current versus hydrogen 
pressure, we agree that such curves would 
be a convenience to the operators when 
they do not •wish to interpolate between 
the rated pressure values. 

Thermocouples for supervising the tem¬ 
perature of the stator core end zones are 
available if desired. The capability curve 
provides a means of controfiing the tem¬ 
peratures in the stator core end zones so 
that the thermocouples would serve as a 
check guide. 

With respect to question 1, we believe 


that all instruments should have periodic 
checks made to assure their proper working 
order. The time interval between these 
checks should be in line with the operators 
practice with regard to other instrumenta¬ 
tion in the plant. 

With respect to question 2, the measure¬ 
ment of field temperature involves the 
accurate determination of the voltage across 
the collector rings. This can be measured 
either from the current-carrying brushes 
or from pilot brushes which carry no current 
and are used only to determine the collector 
ring voltage. 

Pilot brushes, when properly maintained, 
give the most accurate indication of the 
ring voltage. However, these rings, be- 
cau-se they are not carrying current, often 
in the coiu^e of time develop a glaze on 
their surface. This glaze has a high and 
variable electrical resistance. It, therefore, 
can cause an appreciable error in the 
voltage. This difficulty can be overcome 
by proper maintenance wherein the glaze 
is removed either by sanding the brush 
surface or exerting pressure on the brush, 
causing the glaze to be worn off by the ring 
itself. 

Voltage determination from the current- 
carrying brushes is subject to an error 
resulting from the brush drop. This error 
is fairly constant and does not vary much 
from 3 volts. It can be compensated for 
at full load, and the error at light loads 
will be small and is also of less importance. 
In this case, no glaze will develop on the 
brush and the brush requires no main¬ 
tenance to obtain constant results. We 
recommend the latter method of determin¬ 
ing ring voltages because no maintenance 
is required and the brush-drop error can 
be compensated for. We feel that this is 
a more desirable method than the use of 
pilot brushes wherein lack of proper main¬ 
tenance can lead to erroneous field tempera¬ 
ture readings. 

Mr. Halperin asked if there has been 
any unsatisfactory experience because of 
operation with a constant stator detector 
temperature or with a constant warm 
hydrogen temperature. We believe that 
the principal disadvantage of these methods 
is that excessive misaligpiment will exist 
between the turbine and generator shafts. 
This is a very real problem. Several In¬ 
stances of mechanical difficulties in the 
field due to operation in this manner have 
been corrected by following the recom¬ 
mended operating procedure. 

Operation with cold hydrogen tempera¬ 
tures as low as 25 C are generally acceptable. 
Shaft misalignment can be a problem 
because of low as well as high temperatures. 
Therefore extremes in dther direction should 
be avoided. The initial shaft alignment of 
the turbine-generator unit should involve 
a consideration of the expected temperature 
level of the cold hydrogen. 
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A Circuit Approach to the Analysis of 
® S-Stage Dyhamoelectric Amplifier 


R. W. BURTNESS 

ASSOCIATE MEMBER AIEE 


*||PHE d-c dynamo is now used in many 
a>pplications as an amplifier, subject 
to input signals which vaiy as a step func¬ 
tion, a sinusoid, or as a random-time func¬ 
tion which is difficult to describe by a 
mathematical function. For this reason, 
its transient and frequency response has 
been increasingly important as the d-c 
dynamo has become an integral part of 
control systems. Dynamos with higher 
amplification and improved frequency re¬ 
sponse such as the amplidyne, regulex, 
and rototrol have been developed and are 
now found in many of these automatic 
control systems. The regulex and roto¬ 
trol may be thought of as special cases of 
a standard d-c d 3 mamo. An amplidyne, 
however, is a type of 2 -stage dynamo- 
electnc amplifier as are Rosenberg gen¬ 
erators and certain metadynes. To im¬ 
prove the operation and increase the ap¬ 
plications of the 2 -stage dynamoelectric 
amplifier, a study of the machine from a 

fresh viewpoint is justified. 

For many years the study of machines 
and of circuits was not sufficiently inte¬ 
grated to produce maximum usefulness 
and darity in studying networks involving 
rotating machinery. As matrix algebra 
was applied to circuit problems, it be¬ 
came possible to study extremely com¬ 
plicated circuits with minimum error and 
maximum darity. In 1951 W. J. Gibbs 
made use of the matrix method. ^ H. E. 
Koenig*-^ used matrix algebra to extend 
the coupled-circuit viewpoint to induc¬ 
tion motors and to d-c dynamos. In this 
thesis* he also indicated how to evaluate 
the parameters of the machines so that 
the equations could be studied with the 
aid of a computer. 

At the present time, there are several 
artides that consider the amplidyne from 
a viewpoint of network S3mthesis but con- 
^n very little analysis of the amplidyne 
itsdf. The amplidyne is considered as a 
2 -time constant system, one time con¬ 
stant being that of the armature and the 
other being that of the fidd. An accurate 
determination. of these time constants 
from the design of the machine is not in¬ 
dicated. The usual approach neglects 
coupling between the direct axis and the 
control fidds, and neglects the short-cir¬ 
cuited turns caused by commutation. 


The latter is an inaccurate assumption be¬ 
cause these turns are physically situated 
so that the change in flux density over the 
area of the coil is quite large under tran¬ 
sient conditions, and this situation exists 
in both quadrature and direct axes. 

In the following analysis; a system of 
matrix algebra, largely devdoped by Pro¬ 
fessor M. B. Reed,* is used to fadlitate 
writing equations and to give order 
to complex mathematical mampulation. 
Thus, not only the main armature cir¬ 
cuits but also the short-circuited turns 
can be considered in the analysis. This 
paper is then an extension of the coupled- 
circuit approach into the area of the 2 - 
stage dynamoelectric amplifier. The 
differential equations developed are gen¬ 
eral for any type of load impedance or in¬ 
put voltage. These variable coefficient 
linear differential equations are then 
transformed into linear differential equa¬ 
tions with constant coefficients which 
can be solved by standard methods. The 
equations presented determine the com¬ 
plete transient and steady-state response 
for any condition of load, or any input- 
voltage function. With the aid of a com¬ 
puter, a complete study of the operation 
of the machine can be made. 

The details of the equations of the 
following analysis become exceedingly 
complex and are not of general interest; 
therefore, - only the outline or general 
method of attacking tlie problem and the 
results obtained are presented. Com¬ 
plete details of the succeeding equations 
can be found in the author’s doctoral 

thesis. The analysis presented points out 

not only the two primary time constants 
of the machine but three others as well. 
Experimental verification of the analysis 
is included. 

Definitions, Assumptions, and 
Reference System 


Any commutating dynamo may be 
ffiought of as an amplifier, with a given 
input function impressed on the field 
terminals and the output taken from the 
brushes on the quadrature axis. If these 
quadrature axis brushes are short-dr- 
mted directly or through a series field 
in the quadrature axis, a strong quadra¬ 


ture-armature reaction flux is produced. 
If brushes are then placed in the direct 
axis, a second stage of amplification from 
the quadrature-axis brushes to the direct- 
axis brushes is produced. There may or 
may not be a compensating winding in 
this circuit to compensate for the arma¬ 
ture reaction in the direct axis. The 
term, 2 -stage dynamoelectric amplifier, 
referred to subsequently as a dynamo- 
amplifier, applies to this type of dynamo. 
The Rosenberg generator, metadyne, and 
amplidyne could then come under this 
definition. The dynamo amplifier chosen 
for analysis is essentially a simple am- 
plid 3 me but, with the compensating terms 
set equal to zero, it would become a 
Rosenberg generator. 

To develop the differential equations 
of a dynamo amplifier from a coupled- 
circuit point of view, the following is as¬ 
sumed to keep the mathematics rigorous. 
These assumptions may be modified later 
in the paper to conform to practice. 

1. Saturation and hysteresis in the iron are 
negligible. 

2. The machine is completely laminated. 

3* ^ The number of commutator segments is 
divisible by four and all armature turns are 
similar and ssunmetrically spaced. 

4. The brush has the same thickness as one 
commutator segment plus twice the thick¬ 
ness of the insulation bkween segments, 

5. The macliine stator is symmetrical with 
respect to the direct axis and also with re¬ 
spect to the quadrature axis. 

6 . The rotor is assumed to be round and 
symmetrically located. 

The following should also be noted: 

1. An equivalent control field is used 
which causes the same magnetomotive 
force to exist as does the total of the various 
control^ fields which may be incorporated in 
the design of the dynamo amplifier. 

2. The stator poles and stator fields axe 
shown concentrated in Fig. 1 , but in prac¬ 
tice ffiese poles are usually split and the 
winding distributed. This, however, makes 
no difference in the analysis when the 
coupled-circuit approach is used. 

3. In practice, the dynamo amplifier may 
contain commutating windings and series 


Pap» 55-107, recommended by the AIEE Rotating 
Machinery Committee and approved by the AIEE 
Committee on Technical Operations for presenta- 
AIEE Winter General Meeting, New 
vort, N. y„ January 31-February 4,1966. Manu¬ 
script submitted October 18, 1964; made available 
for pnnting December 16,1954. 

R. W. Burtnbss is with the Electro-Motive Division 
of General Motors, La Grange, Ill. 

A more complete version of this paper was presented 
M a uesis in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Electrical 
En^neenng, June 1963, to the Graduate College 
of the University of Illinois. 

Adcnowledgment is made to Dr. G, H. Pett of the 
Electocal Engineering Department of the Uni- 
veisity of lUinois for his encouragement and 
assistance in this study. 


440 


BuHness—Analysis of a 2-Stage Dynamoelectric Amplifier 


June 1955 





Fig. 1. Partial view of the dynamo amplifier 


windings. A basic dynamo amplifier is de¬ 
scribed which leads to the study of a more 
complex one. 

Fig. 1 represents the physical picture 
from which a schematic diagram is drawn 
and which ultimately helps to keep 
straight the sign of the inductances which 
vary with time. Fig. 2 shows the width 
of the brushes and also the lap winding 
common in a dynamo amplifier. Fig. 3 
shows the schematic diagram at time 
= 0 . 

The reference system used is as fol¬ 
lows: In any element of a network there 
may be current, impedance, generated 
voltages, and impedance voltages. These 
quantities are represented by De, Ee, 
and Ve respectivdy. The impedance D, 
represents the derivative function which 
relates le and F« such that Fe=£>«/«. As 
illustrated in Fig. 4, an arrow is used to 
indicate the positive direction of current. 
The plus sign on the various voltages in¬ 
dicates the actual polarity when the volt¬ 
age is a positive number. 

A branch is defined as the circuit be¬ 
tween two nodes, as indicated by large 
dots in Fig. 3. The same reference sys¬ 
tem applies to the branch level as to the 
element level. In writing the equations, 



lift 


the sign of the mutual inductance is in¬ 
cluded in the M term. Polarity marks are 
used on each inductance to facilitate the 
Writing of signs induded in the M terms 
when these terms are evaluated. The 
symbol p is used to represent d/dt. 

Nomenclature 

Letters denoting matrixes are written in 
script 

Letters other than script refer to terms 
within a matrix 

Subscript e refers to the element level 
Subscript & refers to the branch level 
Subscript 0 refers to the branch level after 
variable coefficients have been trans¬ 
formed into constant coefficients 
The subscript k refers to the K level 
Subscripts following subscripts e, i, 0, and k 
in script terms refer to the elements 
and branches described immediately 
following equation 16 

i and j refer to armature elements where fi 
and/a refer to fields 

JRt represents the brush and contact resist¬ 
ance in the director of the quadrature 
axis 

Rc represents the brush and contact resist¬ 
ance in the short-circuited turns 
» voltage transfer function 
current transfer function 





0 =angul ar displacement of rotor 
d=time rate of change of angular displace¬ 
ment of rotor 

CD=angular frequency, radians per second 
T=time constant 
A=determinant of Dk matrix 

Development of Differential 
Equations 

Whenever a commutating machine is 
operating, there is a small, high-frequency 
ripple caused by the switching effect as 
the commutator segments pass under the 
brushes. Thus, any transient would con¬ 
sist of the over-all transient response with 
a very high-frequency oscillation super¬ 
posed on it. To get a workable solution 
to the problem, the small ripple effect is 
neglected while the effect of the short- 
circuited coils on the over-all transient 
response is taken into account. In the 
analysis of a dynamoamplifier it is ex- 


? 
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tremely convenient that, because of the 
extra brushes around the commutator, the 
brushes are commonly made to short-cir¬ 
cuit only one annature turn, and the 
width of the brushes is commonly just one 
commutator segment plus twice the thick¬ 
ness of the insulation. The switching 
consists of moving the annature coils 1, 2, 
3, etc., in Fig. 3 to the left to occupy the 
next position. This means that the sche¬ 
matic diagram will always look the sairiA 
except for annature coil numbers, and one 
turn will always be short-circuited by the 
brush. Therefore, the over-all transient 
behavior of the dynamo amplifier can be 
determined from Fig. 3. There is no need 
for another schematic at a time when two 
commutator segments, or none, are short- 
circuited because the time when this 
could occur is negligible. 

Part of the small, high-frequency rip¬ 
ple in the transient response is caused by 
the slight change in inductance and speed 
voltage components while each commuta¬ 
tor segment traverses the distance be¬ 
tween switching points. By taking /=0 
as the time when the machine is half way 
between switching points and considering 
the inductances and speed voltage com¬ 
ponents to be constant over the tttnf> be¬ 
tween switching instants, and of the same 
value as when i=0, a true representation 
of the over-all transient is obtained. Thus 
it is possible to solve the circuit for one 
position of the armature, at ^*=0, and 
this linear differential equation with the 
resulting constant coefficients will rep¬ 
resent the over-all transient response 
of the machine at any time. 

The equations of the system are writ¬ 
ten first on the element level, then trans¬ 
formed to the branch level, and then 
to a level containing just the currents in 
the direct and quadrature axes, currents 
in the short-circuited tmns, and current 
in the control field. This last level is 
called the K level because it is the K 
transformation which transforms the 
branch equations to the K level. The 
element level includes the individual 
annature coils 1, 2, 3, etc., the brush and 
contact resistances kt, and J?«, the field 
coils, and the two external circuits. The 
branch level includes the foiu: annature 
branches between nodes, the four short- 
circuited coils, the quadrature-axis short- 
circuited branch between nodes, the 
direct-axis branch between nodes, the 
control field, and the external driving 
circuit. Fig. 4 shows the reference sys¬ 
tem for voltages and currents on the 
element level. It is advisable to go 
through the development of the differen¬ 
tial equations by means of matrix algebra 
to indicate the general method. 


The equations of the circuit on the ele¬ 
ment level are: 

( 1 ) 

If the element currents are expressed in 
terms of the branch currents, and the 
branch impedance voltages are expressed 
in terms of the element impedance volt¬ 
ages 

( 2 ) 

Vb=>(S>Ve ( 3 ) 

(4) 

It can be shown that (B »= a'. Thus 

. (s) 

Then if the designation is made that 

(6) 

equation 6 becomes 

(7) 

By a method to be described later the 
time-varying terms in SD> are transformed 
to constant terms and the resulting ma¬ 
trix is called Dq. Thus 

( 8 ) 

Since it has been assumed that the 
machine is perfectly symmetrical and im- 
saturated, it can be shown that the 
quadrature component of current will 
divide equally in the two armatiu’e paths 
in which it flows. The direct axis cur¬ 
rent will also divide equally in tlie two 
armature paths in which it flows, Also, 
because of Uiese assumptions, the over-all 
transient current in the two direct-axis 
short-circuited coils will have the same 
magnitude, and the over-all transient 
current in the two quadrature-axis short- 
circuited coils will have the same magni¬ 
tude. Because of the references chosen, 
the sign of the current in the opposite 
short-circuited coils is reversed. These 
considerations make it possible to express 
tlie 12 branch currents in terms of 6 iT 
level currents. Thus 


Equation 8 then becomes 


(9) 


( 10 ) 

Premultiplying both sides of equation 
lObyOC' 

(n) 

Now define 

( 12 ) 

Also define 

Sx^SZ'Sb ( 13 ) 

In the particular case of the dynamo 


amplifier as defined here, and 

under the 

assumptions previously listed. 

it can be 

shown that "O/css S^. 


Thus 


Sif=(fC'a)o0C^ic 

(14) 

Then taking 



(15) 


(1<5) 


is obtained. Equation 16 is the matrix 
equation which represents the five simul¬ 
taneous differential equations of the 
dynamo amplifier. 

Equations 1 through 16 involve an in¬ 
definite number of armature coils and the 
matrixes are large and difficult to handle. 
To facilitate manipulation, the matrixes 
on the element level were partitioned into 
five groups, the numbers of which will be 
used subsequently as subscripts to ele¬ 
ment matrixes: 

1. Rotor elements. 

2 . Field elements. 

3. Brush resistance and contact drop in 
short-circuited rotor elements. 

4. Brush resistance and contact drop in 
main rotor elements. 

6 . External elements. 

On the branch level, the matrixes were 
partitioned into four groups, the numbers 
of which will be used subsequently as sub¬ 
scripts to branch matrixes: 

1, Rotor branches, 

2 , Short-circuited branches, 

3, Stator brandies, 

4, Main fidd branches,. 

Since the machine is assumed to be 
symmetrical 

=i?w=Efts=R m=E j 
E(jl =*i2c2 “RcS 
El = = i?5 =B as 22 

The mutual inductances of the arma¬ 
ture coils vary with time aS the coils ro¬ 
tate. It can be shown from Fig. 1, and the 
assumption of symmet^, that the mutual 
inductances between the armature coils 
consist of a Fourier series fimde up of 
only cosine terms of every other even 
number; 0,4, 8,12, etc. If it is assumed 
that all armature coils are full pitch coils, 
the angle between armature coils is v/2g. 
Thus the mutual coupling between ele¬ 
ments is 

CO 

cos k[0-(i+j)T/4g] (17) 

*■0,4,8... 

It can also be shown from Fig. 1, and 
assumption of S3mmetry, that the mutual 
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inductance between armature coils and a 
stator field coil consists of a Fourier series 
made up of only odd cosine terms. Thus, 
the mutual coupling between any arma¬ 
ture coil and a field coil is given by 

CO 

k(6—iTr/2i) ( 18) 

00 

Mi/i - Mikft cos k{6 (19) 

A;sl,3,6.,. 

Since S)j, contains both resistance and 
mutual inductance terms, it can be writ¬ 
ten as 

5)b=<5^+P^i> ( 20 ) 

where (Rt and STls are partitioned in the 
same manner as 3 l> 6. Thus equation 7 may 
be written as 

*06 = ((Rj+/>9frc6)^fl=•+• 

(pMb)di,+^bp^b (21) 

since SOfls contains terms which vary with 
time. Thus, (Rj^s becomes a resistive 
voltage tenn, (pfffCb)^b becomes a speed 
voltage term, and fflCbp^b becomes an in¬ 
ductive voltage term. 

Each element of SfTCftn, SfEsn and of each 
transpose involves the coupling of arma¬ 
ture coils with armature coils, thus follow¬ 
ing the pattern 
00 

Mijk cos —(4-l“ 

Jm Ai=0,4,8,u... 

i)T/4g] (22) 

Then, if the derivative of Mb is taken 
00 

A;sO,4,8,U... 

sin (23) 

Each element of Mbn, Mbu, Mbit, 
Mbu, and of each transpose involves the 
coupling of armature coils with a field 
coil, thus following the pattern 

_ ” 

Mb cos k{d —iir/2g) (24) 

ia A;al,8,6... 

Then, if the derivative of Mb is taken 
pMb =232 k{fi-iv/2ii 

ia kal8,S... 

(2S) 

Each element of Mm, Mbit, Mm, 

Mbit is not a function of time so the pMb 
term is zero. 

From the examination of Fig. 3, it 
should be recalled that the armature coils 
move to the left and occupy the adjacent 
position in the schematic diagram each 
time the commutator traverses the dis¬ 
tance between switching points. Thus, 
the mutual inductance between the coils 
and mutual inductance between each 
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coil ahd the field coils will change over a 
complete cycle, in accordance with equa¬ 
tions 17, 18, and 19, as 6 increases from 0 
to 2 t. However, as tliis happens, the 
coils involved in each branch change in 
such a way that the coils making up each 
branch at any time are in relatively the 
same position. Thus, when looking at 
the circuit from a branch level, each 
switch of a commutator segment brings 
the circuit bade to the same location. 

Since t=0 has been chosen as the time 
when the machine is midway between 
switching points, the inductances will be 
of a value approximately midway between 
the narrow limits of variation between 
switching points. If the brush and con¬ 
tact resistance changes over this interval, 
Rb and Rc will be mean value resistances. 
Then, if the assumption is made that the 
speed is kept constant during the time of 
the transient, ^ becomes a constant. 
Thus, by talring the value of M, pM, L, 
and R which occur at ^=0, considering 6 
as a constant, and using the coeffidents 
derived at this time as constant coefii- 
dents of the differential equations, the 
commutator ripple effect is neglected and 
the variable co^dent differential equa¬ 
tions are reduced to linear differential 
equations with constant coeffidents ex¬ 
pressing the over-all electrical conditions 
in the machine. 

Therefore, at 0, equation 22 becomes 
cos Ki-\-j)T/4g^Mo (26) 

iZ ix^ *«.0,4,8,I8... 

Equation 23 becomes 

oa 

sin kii+j) v/^g-6So 

iZjZ *=0,4,8,18... 

(27) 

Equation 24 becomes 

22 Hir/2g = Mo (28) 

(= *= 1 , 8 , 6 ... 

Equation 26 becomes 

<o 

d Y^^Y^. kMifk sin kiirj2g—^So (29) 

i= *=1,8,6... 

and (R 6 becomes (Ro. 

Thus, (Ro, 9Ito, and ^So represent the ma¬ 
trixes containing the branch constants 
used in further development of the dif¬ 
ferential equations. The change from 
pMb to 6So is made to separate the term 
So, which represents a constant of the 
machine, from which represents the 
presumably constant speed at which the 
machine is operating. 

It should be noted at this point that 
unilateral coupling is introduced between 
the field and the armature. Since the 


armature conductors are continually 
moving through the field set up by the 
fidd poles, a speed voltage is produced in 
each conductor and thus between arma¬ 
ture nodes on the branch level. How¬ 
ever, when considering armature current 
between armature nodes, it is found that 
the field set up by this current is essen¬ 
tially stationary with respect to the field 
poles. The only motion is caused by 
commutation and is at a very high fre¬ 
quency. This component of magneto¬ 
motive force does not produce much flux 
because of eddy currents. The voltage 
produced in the fidd windings by this 
small amount of flux is at such a high 
frequency that very little change in cur¬ 
rent results because of the high imped¬ 
ance. Thus it is possible to neglect the 
speed voltages produced in the fidd wind¬ 
ings by armature current, while speed 
voltages produced in the armature wind¬ 
ings by field current must be considered. 
This indicates that each speed voltage 
term d5o which gives fidd voltage in 
terms 6i armature current will be zero. 
The inductive voltage term Mop will still 
remain bilateral because the inductive 
coupling between the armature branches 
and the field will not be affected. 

The shape of the poles and magnetic 
path as well as the mataial of the ma¬ 
chine will determine If «* and Afy*. These 
constants can be determined from the 
design as indicated by H. E. Koenig.* 
In addition to the previoudy mentioned 
positions, there are several positions in 
the various matrixes that will be zero 
because of the symmetry of the machine. 
In equations 26 and 27, Afo is zero when 
the short-dreuited coils are perpendicular. 
6So is zero when the short-dreuited coils 
are perpendicular to one another and also 
when they are in the same axis. This is 
true because the derivative of the mutual 
inductance is not changing at this point 
because of the symmetry of the'd 3 mamo. 
In equations 28 and 29, Mo is zero when 
the axis of the coil is parallel to the axis 
of the field. 6So is zero when the axis of 
the coil is parallel to the axis of the field. 
Thus equation 21 becomes 


’Ob “ CRo^6"l"flSoil6 

(30) 

or 


D6 = SDo^6 

(31) 

where 


cDo=(Ro"t"(^So"l~3n4^ 

(32) 


Equation 9 expresses the branch cur¬ 
rents in terms of the K level currents. 
The 3C matrix is written in accordance 
with the discussion preceding equation 7. 
Combining equations 4 and 13, the ex¬ 
pression for Sk becomes 
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(33) 


By equation 15 
^jc"5£^oDo3C 

If the foregoing matrix multiplication is 
carried out, equation 16 becomes 


”0 ■ 


"Dku Dga Dgis Dgu DgiC 


/sff 

0 


Bg21 Dgxt Dgtn Dg24 Dg2S 


0 

Bx2 


Dgzi Dgi2 Dgii Dgu Dga 
Dku Dg42 Dga Dgu Dgu 


h 

Id 

-•Em- 


-BkSX Dgs2 Dgu Dgu i?jC65_ 


lifxA 


The currents of djg are the currents in 
the quadrature-axis short-circuited turns, 
the current in the direct-axis short-cir¬ 
cuited turns, the quadrature- avis current, 
the direct-axis current, and the main 
field current, as illustrated in Fig. 3 and 
described preceding equation 9. The 
terms are made up of hundreds of terms 
which contain resistances, inductances, 
mutual inductances, and speed voltage 
coefScients, i.e., represents all the 
terms by which is multiplied to obtain 
the voltage generated in the quadrature- 
axis circuit. 

Equation 35 gives the five linear dif¬ 
ferential equations with constant coef¬ 
ficients which state the over-all response 
of the dynamo amplifier. These equations 
cannot be solved in general terms because 
a^ general formula does not exist which 
gives the roots of a fifth or higher degree 
polynomial. However, once numerical 
values for the coefficients are obtained, 
the roots of the fifth or higher degree 
polynomi^ can be located. The solution 
to the simultaneous linear differential 
equations with constant coefficients is a 
standard procedure and either classical 
methods or Laplace transform be 
conveniently used. 

If A represents the determinant of 
Djc, and Ag represents the cofactor of 
then . 


in the denominators of some of the terms 
in the cofactor matrix of equation 36, 
These terms in the denominators will then 
enter into the diaracteristic equation and 
raise the order of the equation higher 
than the fifth-order equation A/=0. 


(35) 


The correct cofactors properly multi¬ 
plied by the impressed voltages will give 
the forcing function which, in conjunction 
with the characteristic equation, will 
yield the particular integral. The tran¬ 
sient and steady-state responses are 
readily obtainable if the forcing function 
is a step function, a sine function, or an¬ 
other function which lends itself to stand¬ 
ard methods of solution. If the forcing 
function is more complicated, the solution 
may have to be obtained in a series form. 

Although these equations are valid for 
^y load impedance, two common load 
impedances are mentioned in particular, 
i.e., d)mamo field and dynamo armature. 
In the case of a dynamo field as load, E^i 
= 0 , and Dxi^Rf{-pLf. The equation of 
output current then becomes 

A/<j ^AguExi 


when Z >*2 is inserted in the Dgn term, 4 
beccanes a sixth-degree polynomial in # 
because of the second-degree term in the 
numerator of Dx 2 . The den om inator of 
15*2 will then become a multiplier of the 
right-hand side of equation 37 . Ag^ will 
not change because Dgn is not contained 
in AgM. Thus, the forcing function be¬ 
comes Ag64(l-{-pT2)Exi and thereby in¬ 
volves a fifth-degree polynomid in p. 
Therefore, the determination of the com¬ 
plementary function of equation 37 with a 
dynamo armature load involves the solu¬ 
tion of a sixth-degree polynomial, whereas 
the determination of the complementary 
function of equation 37 with a dynamo 
field involves the solution of a fifth-degree 
polynomial. The degree of the polyno¬ 
mial on the right-hand side of equation 
37 necessary to determine the particular 
integral would be determined by the 
function Exi. 

I^en a dynamo amplifier is used in 
various systems, the transfer function is 
often desirable. To obtain the transfer 
function, Efi is set equal to zero and equa¬ 
tion 36 yields equation 37. Since 

Vxi=‘DxaJi 

equation 37 becomes 


(39: 


ik*. 

Exi 


•Tff 


(4o; 


(37) 

where Agn is a fourth-degree expression 
in ^ ^ indicated in equation 35. This 
equation can be solved as previously in¬ 
dicated. 

In the case of a dynamo armature as 
load, Ext— 0 , and Dxi can be approximated 
by a parallel combination of R 2 and Ct 
which is placed in series with Ri and Li. 


Since the output impedance of th< 
dynamo amplifier is usually either i 
dynamo field or a dynamo armature, the 
output current becomes very important, 
In a dynamo field, the flux is approxi* 
mately proportional to current, and in a 
dynamo armature the torque is propor¬ 
tional to current. Therefore, a more use¬ 
ful transfer function relates output cur¬ 
rent to input voltage. This transfer func¬ 
tion is obtained from equation 37 



7gff“ 

p 


Isd 


A 

In 



Id 



-JnJ 

L 


Aku 

Axi2 

Ajcit 

Ixu 

Ixis 


fd _Axu 
Exi A 


(41 


Ajcn 

Agtt 

Ag23 

Ajcii 

Agte 


Ajcu 

Aj!C32 

Agss 

Ag3i 

Ag3S 


Ajcu 

AjC42 

Agit 

Agu 

Agis 


Ag31 

AgS2 

AgS3 

Agsi 

AgS3. 


"0 

0 

0 

Ex2 

.ExxA 


(36) 


Equation 36 then gives the differential 
equations ofand 7 / 1 . It can 

be seen that, if all values oi Dg are induc¬ 
tive, the denominator of any Dg tenn will 
be one, and the characteristic equation of 
^1 the currents will be a fifth-order equa- 
tion given by A7= 0. From this equation 
the complementary function is found. 
There must be a negative real part to 
every root of the characteristic equation 
to insure stability. If and contain 
capacitance, p terms will be introduced 


In this circuit, Li and Ri represent tlie 
armature inductance and resistance. The 
voltage across R 2 and Ct represents the 
armature generated voltage. C 2 would be 
proportional to the moment of inertia and 
Rt would be inversely proportional to vis¬ 
cous friction in the system. If Li/Ri=> 
TidindC2Ri=T2 


'l~l^l( 1 ~l~/>Tl) (1 H~^T2) 
1 +/'T2 


(38) 
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The voltage transfer function, equa 
tion 40, presents a convenient way to de 
termine the gain and phase shift as a func 
tion of frequency. The solution of th( 
equations is not necessaiy. If > is sub 
stituted for p in equation 40, a polar plo 1 
of gain* and phase shift can readily ht 
plotted as a function of frequency. 

The foregoing is a general analysis fbi 
the type of dynamo amplifier selected foi 
study. The load is completely general 
snd, thus, the analysis is good for any type 
of load which is put on the dynamo am¬ 
plifier. With this analysis, it is possible 
to determine the complete transient and 
steady-state response as well as the trans¬ 
fer function and frequency response for 
the dynamo amplifier under any condi- 
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tions of load and any input-voltage func¬ 
tion. This includes the determination of 
all the currents in the various windings of 
the machine. The differential equations 
can be solved by standard methods and it 
only becomes necessary to resort to smes 
solutions for the particular integral when 
the input-voltage function is of a rather 
complicated nature. 

The foregoing analysis neglects the 
ripple caused by commutator action. 
However, if the branch equations were 
used directly as in equation 7, and the 
time-var 3 dng parameters were substituted 
in this equation, a standard mesh trans¬ 
formation could be applied. This would 
lead to simultaneous linear differential 
equations with time-varying coefficients. 
These equations could be solved by a 
point-by-point process with the aid of a 
computer. In this manner, the instan¬ 
taneous ciurents could be obtained and 
commutation could be studied. This, of 
course, would be an extremely difficult 
problem because the instantaneous values 
of brush resistance and contact drop would 
be quite critical, and accurate methods 
of determining these values are not avail¬ 
able. 

Experimental Verification of Analysis 

When any difficult physical problem is 
approached from an analytical viewpoint 
it is usually necessary to make simplif 3 dng 
assumptions to make the mathematics 
rigorous and to simplify the analytical 
solution. The basic assumptions must be 
judiciously chosen so that the final solu¬ 
tion will still be reasonably correct. 
Many electrical problems involve satura¬ 


tion, hysteresis, and variable parameters. 
Consideration of saturation in a dynamo 
amplifier becomes impractical from an 
analytical viewpoint. This is also true of 
hysteresis and certain types of variations 
in parameters such as brush resistance and 
contact drop. It is, therefore, necessary 
to make simplifying assumptions and then 
proceed to a rigorous solution of the 
mathematics involved. The mathemat¬ 
ical solution is then used as a basis to 
study the problem and the effect of vari¬ 
ous changes in parameters. 

After the mathematical solution is 
thoroughly studied, a machine can be 
built which has certain parameters in it 
that can be varied with a slight adjust¬ 
ment. Operating characteristics of the 


machine are experimentally taken and, 
with the use of knowledge gained from the 
mathematical solution, proper adjustment 
of the parameters is made and the desired 
operating characteristics are achieved. 
In any anal)rtical development, it is de¬ 
sirable to know how accurate the basic 
assumptions are and what values are 
critical and should be closely watched. 
Of general interest is the knowledge of 
how much labor is involved in predicting 
operating characteristics and how ac¬ 
curate these results are. 

Taking the forgoing requirements into 
consideration, the dynamo amplifier se¬ 
lected for experimental work was a General 
Electric aircraft amplidyne motor-gen¬ 
erator 5AM61NJIC. The motor-genera- 
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tor set is a 2-bearing set, the motor of 
which is rated at 27 volts, 88 amperes, 
6,000 rpm, for 10 minutes. The ampli¬ 
dyne is rated at 60 volts, 1,300 watts, and 
21.7 amperes. Because of the high cur¬ 
rent rating of the motor, it was not used. 
Instead, a 2-horsepower 3-phase 220- 
volt 3,480-rpm induction motor was used 
to drive the amplidyne. By using a 
motor of this capadty and considering a 
maximum of 30 volts, 10 amperes at the 
output terminals of the amplidyne, less 
than 1-per-cent variation in speed was 
expected from no load to the rtiayimifm 
load considered on the amplidyne. A 
speed check later showed about 3,648 
rpm at no load and about 3,626 rpm at 30 
volts, 10 amperes, or a variation of about 
two-thirds of 1 per cent. The amplidyne 
was modified so that it no longer con¬ 
tained a series field in the quadrature axis 
or a shunt across the compensating wind¬ 
ing. The commutator contained 48 bars 
and the armature was lap-wound. The 
brush thickness was that of a commutator 
bar plus two thicknesses of insulation. 
This amplidyne, therefore, appeared to be 
very well suited for experimental veri¬ 
fication of this article. Preliminary 
curv^ were taken on the amplidyne to de¬ 
termine its stability with a resistance load, 
and to determine the extent of hysteresis 
in the amplidyne, as indicated in Fig. 6. 
At this point it could be seen that the 
machine had a vety wide hysteresis loop 
and that this would be a probable source 
of error. 

Resistances, speed voltages, and induct¬ 


ances were all measured. It was found 
that obtaining measurements on the ele¬ 
ment level was impractical because of the 
influence of the magnetic fields of arma¬ 
ture windings. The current in the com¬ 
pensating winding produces a compo¬ 
nent of flux which directly opposes the 
armature direct-axis flux and in the K 
level matrix, the net flux becomes im¬ 
portant. This amoimts to only about 
2 per cent of the component of flux in 
either direction. Therefore, a few per¬ 
cent error in the element level would com¬ 
pletely destroy the accuracy of the K 
level matrix. Thus, whenever possible, 
measurements were made on the K level 
and values were substituted directly into 
3)jc. Even with this method, a sh’ght 
error is introduced because of the slight 
variation in speed during the transient. 
The resistances, with the exception of 
^tush resistance and contact drop, were 
easy to measure. The armature-circuit 
resistances were obtained with the arma¬ 
ture rotating, first in one direction and 
then in the otlier direction. The mean 
resistance was taken to compensate for 
any generated voltages in the circuit. 
It was found that the brush resistance 
and contact drop in the quadrature aids 
varied substantially from that in the 
direct axis, aS i n di c ated in Fig. 6. It was 
noted that, when reached about "4 am¬ 
peres, the amplidyne started to whine. 
When reached about 10 amperes, 
sparks were visible at the quadrature-axis 
brushes. This energy loss caused by poor 
commutation is probably partially re¬ 


flected in the high apparent value of 
brush resistance and contact drop. The 
inductance of the quadrature axis is very 
much higher than the inductance of the 
direct axis because of the opposition and 
close coupling of the armature winding 
and the compensating winding in the 
direct axis. Therefore, it is expected that 
higher voltages would be generated in the 
conductors undergoing commutation at 
the quadrature brushes, and that this 
would lead to poor commutation. Values 
of brush and contact resistance repre¬ 
sentative of the steady state current 
flowing in the particular circuit were taken 
from Fig. 6. 

For determining the speed voltages 
present. Fig. 7 was drawn and the speed 
voltages were given the same polarity as 
impedance voltages and, thus, considered 
as such. The armature was rotated at 
about 3,648 rpm and the various speed 
voltages were measured with a high-re¬ 
sistance voltmeter and carbon brush 
probes on the commutator. By dividing 
the induced voltage by the current pro¬ 
ducing the field, 6S is obtained. Where 
there was appreciable hysteresis, as there 
was when tlie main field was excited, a 
curve was taken of induced voltage versus 
exciting current after demagnetizing tiie 
field. Then the linear portion of the 
curve was used to determine dS. The 
range of values of self-inductance meas¬ 
urements was from about 100 micro- 
henrys to 600 henrys, so one method of 
measurement could not be consistently 
used to obtain all values. To measure the 
self-inductances of the armature short- 
circuited paths, the lap-wound armature 
was opened at a riser and an inductance, 
bridge was used. In this measurement 
as wdl as in all others, the value of self- 
inductance or mutual inductance did not 
vary appreciably with frequency below ■ 
60 cycles because of the laminated struc¬ 
ture of the machine. To determine the 
mutual inductance between armature 
short-circuited paths, a calibrated vari¬ 
able mutual inductance was used. One 
coil was put in series with each of the coils 
of the unknown mutual inductance. A 
small alternating voltage was put on one 
series connection and a cathode-ray os¬ 
cillograph was used across the other series 
connection as a detector. By varying the 
cahbrated variable mutual induct^ce, 
a null point was obtained and the un¬ 
known mutual was determined. A very 
small third-harmonic component was dis¬ 
regarded. ’ 

For the other measurements, it was 
found most convenient to use the volt¬ 
meter-ammeter method of detennining 
self-inductance and mutual inductance. 
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Fig. 9 (left). Frequency response of amplidyne with resistance load 

A—cycle per second C—5 cycles per second 

B—2 cycles per second 

Fig. 10 (above). Gain of amplidyne with resistance load versus 

frequency 


The most critical inductance measure¬ 
ment was that of the main exciting field. 
It can be seen from the curve in Fig. 8 
that a bow exists at the lower portion of 
the ascending saturation curve. Thus, at 
low values of alternating current, the in¬ 
ductance would appear unreasonably low 
because of the slope of the curve near the 
origin, By using a 60-cycle voltage of 400 
volts and no biasing circuit, the current 
was approximately of the same peak mag¬ 
nitude as the current was when the field 
had rated direct voltage on it. A trace of 
the current wave shape was put on a cath¬ 
ode-ray oscillograph and it did not seem 
to differ from the trace of a sinusoidal 
voltage wave. The resistance was neg¬ 
ligible, and the impedance was considered 
practically all reactance. In this way, a 
value of inductance was obtained which is 
considered representative of the operating 
current range of the exciting field, or at 
least it represents a kind of average over 
the full range of values. 

The response of the amplidyne to an in¬ 
put step-function voltage of 9.9 volts, 
with a resistance load of 2.3 ohms, was 
chosen for prediction so that the currents 
involved would not cause the iron to ap¬ 
proach the saturation point. The ma¬ 
chine constants were then substituted into 
equation 36 as follows 


where Equation 42 was then 

used to determine A. 

Thus 

A= -0,04X10-V-13.7X10-y+ 
675X10-*/-4-409X10-^ + 

21.1^+143 (43) 

The and terms involve accumu¬ 
lated errors from each inductance meas¬ 
urement and are somewhat inaccurate. 
They do not affect the response except at 
high frequency, so to calculate a pre¬ 
dicted response, these termswere dropped. 
The remaining expression then has roots 
of -7.6, -60, and -648'. An ap¬ 
proximate solution to the characteristic 
equatibn AJ= 0 is then 

(44) 

Upon inspection of the right-hand side 
of equation 37 and considering that Ex\ is 
a step function that is constant after 1=^ 
O-f, the only term of A tliat enters the 
equation is the constant terra. The con¬ 
stant term of .4x64=—142. Then, by 
equating the constant terms of equation 
37, the particular integral beccxmes 

Jtf=-9.84 ^ (45) 

The complete solution for Jtf is 


Ji=>4i6^-»*+Bi6-»'>‘-Fa6-*«‘-9.84 (46) 

From equation 39 

F**=»46-^*»*+B6-»®»-|-C4-®«‘-22.8 (47) 

Before the step-function voltage is ap¬ 
plied, all the currents in the amplidyne 
are considered to be zero, and thus the 
various derivatives of the input current 
are zero at/=0+. Substitution of these 
conditions into equation 47, and solution 
for .4, B, and C shows that C is extremely 
small, and the term is negligible. 

Thus equation 47 becomes 

F,»=26.8«-T-»*-4.03e-®»®-22.8 (48) 

This equation is plotted in Fig. 8. In 
the foregoing manner Jj is also determined 
to be 

-6.61e^-®*+0.98e-®®‘4-5.55 (49) 

This equation is also plotted in Fig. 8. 

Equation 40 shows the voltage transfer 
function of the amplidyne. With the re¬ 
sistance load previously under considera¬ 
tion, Tfv becomes approximatdy 

_ 582X10.~®j>4-328 

675X10-»p»-|-409X10-®^*4-21.1p-|-143 

(50) 

(^4-664) _ 

*®®V+7.5)(^4-50) (/>4-648) 


0.3564-0.1282 

0 

- 1.212 

0 

0 


•0 

0.0964-0.362 

0 

-0.372 


-r-1.212 

0 

.4364-11;62 

4.68 

0 


0 

-0.372 

-0.061 

2.584-12 

0 


-26 

622 

-910 

0 

29704-393X10*2 
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Since the (^+564) term and the (^-f- 
6^) term are so nearly alike, practically 
all the effect of these terms on phase shift 
and amplitude will cancel in the range be¬ 
low 60 cycles. Thus for this frequency 
range 


r 862 
(P+7.5 )(p+50) 

Ma.gnitude and phase of the transfer 
function are plotted against frequency in 
the polar plot in Figs. 9,10, and 11. 

Experimental data were also taken on 
the amplidyne with a step-function volt¬ 
age of 9.9 volts applied, and a resistance 
load of 2.3 ohms. A Hathaway recording 
^Uograph S-J4a was used to record 
^ 1 , J’t, and Vg 2 , The results are shown in 
Fig. 8. A frequency response was taken 
with the aid of a Hewlett Packard low- 
frequency oscillator 202 B to generate 
a cathode-ray oscillograph to measure 
voltap, and the recording oscillograph 
mentioned in the foregoing to record 
chsplacement. This frequency response 
IS plotted in Figs. 9, 10, and 11. 

Analysis of Hesults 

Usually the amplidyne is considered as 
a 2-time constant system. The preceding 
experimental work verifies this fact when 
low frequencies are involved. The ex¬ 
perimental work does not show the pres¬ 
ent of the other three time constants 
which are noted in the analysis. The 
for this is that these time constants 
do not become effective either in phase or 
amplitude in the amplidyne under con¬ 
sideration until the frequency is above 
60 cycles per second. Experimental 


data above 40 cydes per second became 
Y impossible to determine accurately be- 
t cause of noise present in the output of the 
nia<toe. It is interesting to note that 
r the inv^e-time constants of each circuit, 
as indicated on the main diagonal of 
equation 42, are 2,780, 706, 37.9, 2,680, 

I and 7.67. The inverse-time constants 
considered in the solution of A were the 
primary root 7.6 and the secondary root 
60. It is evident that the main field is 
the major contributing factor to the pri- 
maiy root. It is also evident that the 
quadrature-axis inverse-time constant is 
the major contributing factor to the sec¬ 
ondary root. However, it should be noted 
that the secondary root, which could be 
termed the armature inverse-time con¬ 
stant in a 2-time coiKtant systm, does 
not come directly from a specific .circuit 
time constant, but is contributed to by 
several circuits and the coupling between 
these circuits. The ^condary root is be¬ 
tween the quadrature-axis inverse-time 
constant and the inverse-time constant of 
the short-circuited turns in the direct 
axis. It can, therefore, be concluded that 
the short-circuited turns in the direct axis 
have a definite bearing on the magnitude 
of the secondary root, and disregarding 
^ese turns can lead to considerable error 
in the armature time constant. 

Some engineers have found that the 
armature quadrature-axis time constant 
does not give sufficiently accurate results 
in conjunction with the field time con¬ 
stant when considering the transfer func¬ 
tion. An experimental factor has been 
used as a multiplying factor by which the 
quadrature-axis inverse-time constant is 
multiplied to obtain a value which is ex- \ 


perimentally accurate. This factor is in 
the vicinity of 1.3 to 1.6, depending on 
the type of amplidyne. It is interesting 
to note that, if the quadrature-axis in¬ 
verse-time constant of 37.9 is multiplied 
by 1.32, the inverse-time constant of 60 is 
obtained. This empirical correction 
agrees with the preceding analytical and 
experimental results. 

This method is not recommended as a 
quick, easy way to predict characteristics. 
It IS believed that these equations could 
be used in conjunction with a computer to 
study &e dy^o amplifier and thus im¬ 
prove its design and increase the knowl¬ 
edge of how the machine would operate 
with various loads and input functions. 
The equations are very adaptable to sys¬ 
tem synthesis and thus can be used in the 
design and synthesis of servo systems and 
any other control systems which are sub¬ 
ject to transient behavior. The transient 
currents in the short-dreuited windings 
can also be found, as indicated in equa¬ 
tion 36. 

The magnitude of speed voltage in the 
quadrature axis produced by direct-axis 
current is v^ critical, as in the magni¬ 
tude of the inductance of the main field 
and the magnitude of the coupling be¬ 
tween the main field and the direct axis. 
The magnitude of this coupling should be 
small to give good stability. This cou¬ 
pling was negligible in the amplidyne under 
consideration. The armature resistance 
must be carefully measured as it varies 
widely over a common range of currents, 
as shown in Fig. 6. Inaccuracies in arma¬ 
ture resistance affect both steady-state 
and transient results. The speed is in¬ 
volved in the speed voltages mentioned 
in the foregoing and is very important. 

The wide range of inductance measure¬ 
ments lead to measurement difficulties, 
but a reasonable error in quantities other 
than those previously mentioned does not 
lead to considerable error in the final 
results. 

Conclusion 
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In the preceding analysis, the 2-stage 
dynamoelectric amplifier has b^n ap¬ 
proached from a coupled-drcuit point of 
view. Differential equations, taking into 
account currents in the coils undergoing 
commutation, have been written which 
are general for any type of load imped¬ 
ance or input-voltage function. The 
equations were then transformed to linA^ t 
diff^ential equations with constant co¬ 
efficients. The currents in the various 
windings are then obtainable. The ex¬ 
pressions for transient and steady-state 
response are developed along with the 


June 1955 





transfer function which gives the fre¬ 
quency response. 

Experimental data to determine the 
transient and frequency response of an 
amplidyne were taken. Calculated and 
experimental curves are shown to agree 
within the limits of experimental accu¬ 
racy. It is concluded that neglecting the 
armature short-circuited turns caused by 
commutation leads to considerable error 


in the value of the armature time con¬ 
stant. It is hoped that this analysis will 
serve to deepen the understanding of a 2- 
stage dynamodectric amplifier as well as 
extend the applications of the coupled- 
circuit viewpoint in machine analysis. 
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bined if the co-ordinates used are log ampli¬ 
tude and phase shift in degrees. Has the 
author considered this extension of his at¬ 
tack? 

References 

1. Sinusoidal Analysis op Feedback-Control 
Systems Containing Nonlinear Elements, 
E. C. Johnson. AIEE Transactions, vol. 71, pt. II, 
July 1962, pp. 169-81. 

2. Prediction of Transient Response op Non¬ 
linear Servombchanisms by Sinusoidal Analy¬ 
sis, H. C. Brearley, Jr. Thesis, University of 
Illinois, Urbana, III., 1954. 


H. E. Koenig (University of Illinois, Ur¬ 
bana, I'll.): There are a few significant 
points brought out by Dr. Burtness that 
are worth elaborating upon. While the 
starting point he has chosen may appear to 
be a rather complex and involved one, it does 
give a certain sense of continuity, elegance, 
and completeness. In most cases, the 
equations can be written for the machine 
and its associated network in terms of the 
mesh-circuit variables from inspection of tlie 
graph or connection diagram. However, 
when encountering an unfamiliar problem, 
it is sometimes necessary or desirable to 
write the equations in terms of the branch- 
circuit variables and then arrive at the 
mesh-circuit or node system of equations by 
way of the transformation of variable. By 
following this technique one can always 
proceed with complete assurance. Dr. 
Burtness has demonstrated how .this tech¬ 
nique is applied to the analysis of the rather 
complex amplidyne problem. 

The author has demonstrated how by 
means of a change in variable it is possible 
to take advantage of symmetry in tlie co¬ 
efficient matrixes in reducing the complexity 
of the problem. Again it is important to 
point out that, once the simplified set of 
equations have been established, it is pos¬ 
sible to attach certain physical significance 
to the terms in the equations. Thus, the 
simplified equations can be written from in¬ 
spection and it is not necessary to go through 
the transformations as long as the problem 
under consideration is similar to those of 
past experience. However, we are interested 
in developing and teaching methods of 
analysis which will handle the unfamiliar as 
well as the familiar problem. In this sense 
I feel the work of Dr. Burtness is quite 
significant. 

The author has considered the commutat¬ 
ing machine as a problem in network switch¬ 
ing. In his analysis he pointed out the im¬ 
portant role the commutating coils play in 
transient operation of the machine. In the 
usual treatment of this problem, the machine 
is assumed to have an infinite number of 


Discussion 

Robert M. Saunders (University of Cali¬ 
fornia, Berkeley, Calif.): The author has 
undertaken a difficult but essential work in 
any control system component synthesis. 
In the inexorable demand for a transfer 
function for the 2-stage dynamodectric am¬ 
plifier, the systems engineer has turned to 
network or “black-box'* synthesis as the 
most readily available means at hand. In 
his own mind the doubt always remains that 
his transfer function thus determined is 
valid only for the particular component he 
dealt with. Thus, it is essential that the 
transfer function be developed from the 
“inside out,” so to speak, rather than from 
the "outside in." 

Yet I am left with a definite feeling of un¬ 
certainty as to the validity of the author’s 
results. Many of the assumptions he has 
made are suspect and some have even been 
shown to be untenable by the end of the 
paper, e.g., hysteresis. Others regarding 
eccentricity, absence of direct-axis inter- 
poles are known at the outset to be shaky. 
The fact that the author was able to check 
his own experimental results validates his 
assumptions for his case only and does not 
provide the designer with the necessary uni¬ 
versal means of extending himself into the 
tmknown. On the positive side, by means 
of coupled-circuit theory, the author has 
validated the network synthesis transfer 
function within the assumption structure 
he has imposed. 


G. H. Fett (University of Illinois, Ur¬ 
bana, Ill.): Dr. Burtness has shown that 
even the complicated 2-stage dynamo am¬ 
plifier can be analyzed as a type of coupled 
electric circuit. His paper points out again 
how the problem of including speed voltage, 
mutual inductance, and load impedance 
voltage drops can be solved when the matrix 
metliod is adopted. 

One caution must be interjected. The 
problem of measuring the constants re¬ 
quired is a very difficult one to solve and 
the values obtained may be quite in error. 
The phase-shift curves obtained in Fig. 11 
are more sensitive to errors in time constants 
than the amplitude curve of Fig. 10 and, 
hence, can be used to determine sources of 
errors. It indicates that the values of cor¬ 
ner frequencies assumed, i.e^, 7.5 and 50 
radians per second, are probably too low. 
This is particularly true for the higher 
comer for which, at a frequency of about 8 
cycles per second, the phase shift should be 
45 degrees if the network is minimum phase; 
if it were nbnminimum phase shift, the 


phase shift would be even greater. A total 
phase shift at this frequency would then be 
expected to be about 130 degrees rather 
than the 115 degrees actually observed. Had 
the high-frequency corner been found at a 
frequency of about 15 cycles per second, the 
agreement would have been excellent. 

This would suggest that the higher corner 
frequency was caused by smaller equivalent 
inductance in the armature circuit, i.e., the 
coupling of the short-circuited winding and 
the remainder of the armature was actually 
better than the indicated measurements. 
Further, the uncertainties in the other meas¬ 
urements of inductances accumulate in 
this time constant, as may be noted from the 
form of the coefficients. 

Fig. 5 shows clearly that the system is es¬ 
sentially nonlinear because of hsisteretic ef¬ 
fects. The comments on the measurement 
of the field circuit time constant also show 
that the system is nonlinear. Hence the 
answers obtained must be considered ap¬ 
proximate not only because of the uncer¬ 
tainty in measurement of certain time con¬ 
stants but also because the time constants 
are not,actually constants. 

This does not mean that the method of 
attack given by Dr. Burtness is unsatisfac¬ 
tory. Quite the contrary. At the present 
state, the assumption of a linear differential 
equation with constant coefficients is the 
only feasible one in a problem so compli¬ 
cated. However, the desirability of con¬ 
sideration of the effects of the nonlinearity, 
especially that of the main field circuit, is 
apparent. Suppose that this main field cir¬ 
cuit is expressed in terms of a describing 
function 1 to take into account the non¬ 
linearity. Thus, using the notation of the 
paper (see equation 52) 

^ 862 ^ 

where (?Ar_£ is a describing function which 
takes into account the saturation or hyster- 
etic effect in the main field winding but does 
not include the effect of harmonics. 

Now Gff-L will be a function of both 
frequency and the amplitude of the signal 
impressed on this field. Hence, it will be 
describable by a family of curves, with these 
quantities as parameters, for a given fidd 
and magnetic circuit. So the complete 
transfer function which takes into account 
some of the nonlinear effects can be obtained 
by combining linear and nonlinear terms. 

The form of the describing function Gjv_i 
has been determined* for systems similar to 
that of the amplidyne, since the combination 
of hy^eresis and saturation approximates 
backlash and saturation. The linear and 
nonlinear functions can then be easily com¬ 
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commutator segments and zero brush width. 
It is clear from Dr. Burtness’ paper that 
the true nature of the problem does not 
appear under these assumptions. 

This paper emphasized once more the 
value of matrix algebra as a tool in the study 
of systems of linear equations. This simple 
tool can ajid should be given to the sopho¬ 
more student in electrical engineering when 
he is first introduced to systems of linear 
equations in the study of network theory. 


M 3 rril B. Reed (University of Illinois, Ur- 
bana. Ill.): The problem of designing ro¬ 
tating machines which have certain speci¬ 
fied properties, when incorporated into an 
electric network, is an important one today. 
In the past, machines have been built to fit 
traditional forms, with the electrical proper¬ 
ties of these machines secondary, and to a 
considerable extent unalterable, character¬ 
istics. Now the electrical properties are the 
primary specifications and the machine 
must be built to exhibit these properties. 
In other words, the problem of machine 
synthesis is here. 

The concepts o|i rotating fluxes, armature 
reactions, etc., ca.nnot by any at present 
known means be designed as an integral part 
of a linear-lumped network, as control S 3 rs- 
tem design requires. However, the scheme 
described by Dr. Burtness presents a major 
step on the way toward an effective elimina¬ 
tion of this difficulty. 

The scheme of viewing rotating machin¬ 
ery as electric networks with mutually 
coupled conductors in relative motion per¬ 
mits inclusion of these machines into a net¬ 
work as an integral part rather than as an 
intruder. The whole of the vast amount of 


network analysis and sjmthesis is thus 
placed at the hand of the machine designer. 
Furthermore, this method of Dr. Burtness 
permits the effective use of one of the major 
design tools coming into the engineer’s 
hands, namely, the computer. 


R. W. Burtness: I am grateful for the 
various discussions submitted and for the 
interest which has been shown in this study. 
It might be well at this point to re-emphasize 
the nature of this paper. It is rather com¬ 
prehensive in its approach in that it not only 
is an analysis of the machine itself but also 
leads to the synthesis of networks involving 
rotating machinery. It shows what can be 
done to enhance the understanding of com¬ 
plicated electric machinery by using the 
coupled-circuit approach and matrix alge¬ 
bra. Armature short-circuited tiuns can be 
considered, various impedance loads and 
input voltage functions can be imposed, and 
machine currents and voltages can be ob¬ 
tained. Transient response, frequency re- 
^once, and transfer Unctions can be ob¬ 
tained also. The emphasis of the paper is on 
the approach to the problem of electric 
machine analysis and system sjmthesis, and 
not on the intricacies of measurements of 
the constants involved. 

The purpose of this paper is certainly not 
to list amplidyne constants. The universal 
means of extending into tlie unknown that 
Mr, Saunders is looking for is the method 
of approach itself. It is self-evident that 
any experimental verification is good only 
for the case in question. It is, therefore, 
necessary to concentrate on the method of 
approach when making an attempt to ex¬ 
tend into the unknown, because experimen¬ 


tal verification for every possible case be¬ 
comes a physical impossibility. 

It is to be expected that the age-olci 
problems, of nonlinearity and eccentricities 
are present. It is encouraging to note that 
the experimental results check as closely as 
they do in spite of the nonlinearity present 
in the saturation curve. It is certainly ex¬ 
pected that the results would check even 
more closely were the amplidyne of a more 
recent design involving a more linear satura¬ 
tion curve. 

Consideration of the nonlinear compo¬ 
nents in the system is possible if the variable 
coefficients are not transformed to constant 
coefficients and a point-by-point solution to 
the variable coefficient differential equations 
is attempted. This process, however, is ex¬ 
tremely complicated and a more feasible 
solution to the nonlinearity of the saturation 
curve is that referred to by Dr. Fett. In 
this way, the linear and nonlinear functions 
can be combined and the problem is greatly 
simplified over the point-by-point solution- 

Dr. Koenig has pointed out that it is 
often possible to write the mesh or, in this 
case, K level equations from inspection. 
This is certainly true. To evaluate them in 
terms of the individual elements, however, 
becomes impossible without having de¬ 
veloped the equations originally from the 
element level. Thus, starting with the de¬ 
velopment on the element level produces n 
more complete, accurate, and workable set 
of equations. 

As Dr. Reed has pointed out, this method 
of approach is the only method at present 
which presents a firm step in the direction 
of electric machine design from the stand¬ 
point of fitting a machine to a definite net¬ 
work problem. 
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T he number of electric utility substa¬ 
tions which are remotely operated has 
been rapidly increasing since 1945. Eco¬ 
nomic and system performance considera¬ 
tions have been responsible for the trend 
to centralized control and normally un¬ 
attended substations,^”^ Except where 
very short distances are involved, super¬ 
visory control is employed for the remote 
operation of electric utility substations. 
Supervisory control is now being used to 
provide centralized control for large 
transmission and distribution substa¬ 
tions. Fig. 1 shows the dispatching office 
of the City PubUc Service Board of San 
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Antom’o from which more than 76 sub¬ 
stations are controlled over privately 
owned line wires, circuits leased from the 
Telephone Company, power-line carrier 
channels, or microwave channels.®”® 
When remote control is applied to a 
substation it is customary to have a full 
complement of local control equipment 
such as would be employed if it was to be 
normally attended, so that it can be 
operated locally for test purposes and in 
emergency situations when the remote- 
control equipment is inoperative for any 
r^on. In the simple type .of substa¬ 
tion involving the control of nonautomatic 


circuit breakers or motor-operated 
switches, there are no problems in apply¬ 
ing remote control, since the local and 
remote control can be directly paralleled. 
However, when automatic reclosing dr- 
cuit breakers are to be remotely operated 
or when circuit breakers must be auto¬ 
matically synchronized or tap-changingf- 
under-load equipment operated, prob¬ 
lems are encountered in applying remote- 
control equipment. The problems basi¬ 
cally result from the fact that two points 
of control are involved. These problems 
exist if the control can be effected fronx 
two separate sets of control devices right 
at the substation or if the control can be 
effected by local control devices as well as 
by supervisory control or any type of 
direct operating remote-control system. 

In this paper schemes are presented for 
applying remote control to drcuit break- 

Paper 55-127, recommended by the AIGK Sub¬ 
stations Committee and approved by the AIEE} 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Winter General Meeting, New 
York, N. Y., January 31-February 4,1955. Manu¬ 
script submitted October 21, 1964; made available 

for printing November 24, 1964. 

W. A. Pbrr and W. L. Mbtz are with the Westing- 
house Electric Corporation, East Pittsburgh, P<u 
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Fis. 1. Supervisory control <h‘spatching office of City Public Service Board of San Antonio. 
The operation of more than 70 substations is centralized at this location 


ers having various types of commercially 
available automatic redosers. The prob¬ 
lems involved when the use of automatic 
S3nichronizing or synchronism check 
equipment is required are discussed and 
typical circuit arrangements presented. 
Manual and automatic operation of tap¬ 
changing-under-load transformers is also 
discussed. Consideration is given to 
remote-control cutoff or transfer means. 
Remote lamp indications of the position 
of circuit breakers and disconnecting 
switches and telemetered indications of 
the quantities usually considered essen¬ 
tial are briefly discussed. 

All of the schematic diagrams pre¬ 
sented are based on the remote-control 
equipment actuating relays at the sub¬ 
station, contacts of these relays then af¬ 
fecting the required operations. These 
actuating relays may be considered to be 
operated by means of supervisory control 
or by direct connections to remotely 
located control switches. 

Devices Desigpaated in Figures 

IL Circuit-breaker local control switch 
C Contact closed in close position 
T Contact closed in trip position 
0 Contact closed in off position 
SC Contact closed during and after 
close operation and remains closed 
until trip operation 

IL Tap-changer local control switch 

L Contact closed in lower position 
R Contact closed in raise position 
IR Circuit-breaker remote control relays 

C Remote close relay 
T Remote trip relay 
IR Tap-changer remote control relays 

L Remote lower relay 
R Remote raise relay 


25 Automatic synchronizer or synchro¬ 
nism check devices 

25X Auxiliary relay to energize device 25 
and prepare circuit-breaker closing 
circuit 

25 Y Synchronizing auxiliary relay 

25Z Synchronizing auxiliary relay 

27L Undervoltage relay to permit closing 
in the event of dead line 

27B Undervoltage relay to permit closing 

in the event of dead bus 

43 Transfer switch (“stayput” type) 

A Contact closed in automatic 

position 

M Contact closed in manual posi¬ 
tion 

43L Transfer switch (spring return type) 
A Contact closed in automatic 

position 

M Contact closed in manual posi¬ 
tion 

43R Remote control transfer relay 
A Automatic control 
M Manual control 

43X Auxiliary transfer toggle- or latch- 
type relay 

A Automatic position 
M Manual position 

52 Circuit breaker 

a Auxiliary switch closed when 

circuit breaker is closed 
aa Electric interlock closed when 
circuit-breaker mechanism is in 
closed position 

b Auxiliary switch closed when 

circuit breaker is open 
hb Electric interlock closed when 
circuit-breaker mechanism is in the 
open position 

LC Latch-checking switch, closed 
when circuit breaker mechanism 
linkage is relatched 
CC Circuit-breaker closing coil 
TC Circuit-breaker trip coil 
X Circuit-breaker auxiliary closing 
relay 

Y Circuit-breaker closing cutoff 
relay 

57 Primary voltage adjusting element 


L Closed to lower tap position 
R Closed to raise tap position 
69 Permissive control latch-type relay 

for automatic recloser 
A Automatic position 
L Lockout position. 

69R Permissive control relay for auto¬ 

matic recloser 

69S Synchronizing switch 

79 Automatic recloser (capacitor type) 

H Automatic recloser holding coil 
P Automatic recloser operate coil 
79 Automatic recloser (motor-driven 

type) 

M Automatic recloser motor 
L Automatic recloser lockout 
R Automatic recloser reset 
84 Tap clianger 

CS Tap-changer cam switch closed 
on tap 

HL Time-delay heater-type relay 
for automatic lower operation 
HR Time-delay heater-type relay 
for automatic raise operation 
LLS Lower limit switch 
RLS Raise limit switch 
TL Auxiliary lower relay 
TR Auxiliary raise relay . 

XL Lower contrSl relay 
XR Raise control relay 
C Capacitor 

PR Protective relay 
R Resistor 

TMl Telemetering selection relay for 
circuit no. 1 

TM2 Telemetering selection relay for 
circuit no. 2 


Circuit-Breaker Control 

Without Reclosing 

Except for the use of cutoff or transfer 
switch contacts, as will be discussed later, 
remote-control trip and close contacts can 
be directly paralleled with local-control 
trip and close contacts as shown in Fig. 2, 
when no automatic features of any kind 
are involved. Control of such breakers 
can be readily effected from more than 
one location because the basic trip and 
dose functions on drcuit breakers are per¬ 
formed by momentary contacts. Any 
number of momentary contacts can be 
paraUded to effect control. Therefore, 
the application of remote control to non¬ 
automatic breakers in new or existing sub¬ 
stations presents no problems. 

With Multishot Reclosing 

Fig. 3 shows local control only for a 
drcuit breaker operated by a typical 
motor-driven multishot recloser. The de¬ 
tailed internal circuitry of the automatic 
recloser is not shown since the operation, 
while different in detail for the multishot 
reclosers available, is similar in basic 
prindple. 

Multishot redosers are designed to 
make it possible to have a predetermined 
number of redosures at predetermined 
time settings result if a circuit breaker is 
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Fig. S. Typical circuit-breaker schematic diagram involving 
local and remote control 


Fig. 3. Schematic diagram lor a circuit breaker operated by a typical motor- 
driven multishot recloser with only local control 


tripped by protective relay operation. 
They are arranged to reset to the start 
position if the circuit breaker remains 
closed on any of the automatic reclosing 
attempts and to travel to the lockout 
position if all automatic redosures are 
unsuccessful. Reset can be effected after 
lockout if the breaker remains closed for a 
predetermined time interval when closed 
by a control switch. With reference to 
Fig. 3, reclosing contact 79 will close a 
predetermined number of times as a result 
of the recloser motor 79M being ener¬ 
gized through the complete cycle from 
the start to the lockout position. 

Automatic recloser operation is based 
on circuits for its functioning being im¬ 
mediately established when a circuit 
brealcer is tripped by a protective relay. 
When such tripping occurs the circuit- 
breaker control switch contacts and 
lU) shown in Fig. 3 remain closed and 
the recloser is allowed to function. The 
circuit breaker will be reclosed when con¬ 
tact 79 closes and the recloser motor 79M 
will be energized through a breaker 
auxiliary switch contact 52h until the 
lockout position is reached if no re¬ 
closures are successful. If the circuit 
breaker remains closed after any of the 
reclosures, motor 79M is energized 
through breaker auxiliary switch contact 
52a until it has reset to the start position. 

It is apparent from Fig. 3 that con¬ 
tacts ILSC oi the circuit-breaker control 
switch are connected in the circuit of re¬ 
closer contact 79 as well as in the circuit 
of the recloser motor 79M to remove the 
redoser effectively from service when the 
circuit breaker is tripped by the control 
switch and to place the redoser back into 
service when the breaker is subsequently 
do^d by means of the control switch. 

It is universal pr^tice to employ such 
stayput control switch contacts in the 
application of all types of redosers which 
are applied with only one point of manual 
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control. It is the necessity of employing 
such stayput contacts to provide for 
proper functioning of most commerdally 
available reclosers which makes the ap¬ 
plication of remote-control equipment to 
automatic redosing drcuit breakers con¬ 
siderably more involved than for non¬ 
automatic drcuit breakers. Tliis is be¬ 
cause, in general, stayput control con¬ 
tacts can not be parallded and they can 
only be connected in series if certain op¬ 
erating limitations are acceptable. 

When a sta 3 rput element is required in 


the functioning of any apparatus which 
can be controlled from more than one 
location, the control should be arranged 
such that a single stayput element can be 
controlled by momentary contacts from 
all control locations. All of the diagrams 
for remote-control operation presented 
are based on this fact. It is apparent that 
this type of operation predudes the use of 
stayput control switch contacts such as 
ILSC when remote control is involved. 

Fig. 4 shows local and remote control 
applied to a circuit breaker operated by a 



Fig. 4 (fop) and Fig. 5 (bottom). Schematic diagrams for a circuit breaker operated by a typical 
motor-driven multishot redoser showing methods of combining local and remote control 
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multishot recloser. The arrangenient 
shown provides for relay 69R placing the 
recloser in and out of service at the 
proper time. When the circuit breaker is 
closed, relay 69R is energized. If the 
breaker is tripped by a protective relay 
operation, relay 69R remains energized 
to allow reclosure to be effected. If the 
breaker is manually tripped either locally 
or remotely, relay 69R is de-energized and 
reclosing is prevented. Regardless of 
how or from where the breaker is then 
closed, relay 69R is re-energized to re¬ 
establish the reclosing circuits properly. 
The arrangement shown in Fig. 4 is com¬ 
pletely flexible and can readily be pro¬ 
vided at existing as well as new substa¬ 
tions since no control switch elements are 
required in addition to those employed in 
the customary conventional scheme where 
only local control is involved as shown in 
Fig. 3. 

Fig. 6 shows a slightly different ar¬ 
rangement which can be employed. In 
this case, relay dP is a toggle- or latch-type 
relay whose contacts remain in one of two 
positions depending on whether the A or 
the Z, coil was last energized. With refer¬ 
ence to Fig. 6, coil A of relay 69 is ener¬ 
gized when the circuit breaker is closed. 

If the breaker then trips from a protective 
relay operation, the redoser remains in 
service. If tripping is effected manually 
eitlier by local or remote control, the L 
coil of relay 69 is energized to open the A 
contacts and close the L contacts. This 
takes the redoser out of service until 
the breaker is again dosed. No local 
control switch contacts are required 
other than those normally needed when 
only local control is involved. 

With Single-Shot Reclosing 

The basic drcuit arrangements shown 
in Figs. 4 and 5, involving the use of 
relay 69 or 69R, are applicable to any 
type of redoser. However, other ar¬ 
rangements not requiring the use of rday 
69 or 69R can be applied when some 
types of commercially available single¬ 
shot reclosers are involved. 

Fig. 6(A) illustrates local control only 
of a breaker operated by a single-shot re¬ 
closer as shown in its entirety. This re¬ 
doser indudes a toggle-type rday with 
two coils 79R and 79L and a motor 79M. 
When coil 79R is energized, contact 79R 
doses and remains dosed until coil 79L 
is energized. Likewise, when coil 79L 
is energized, contact 79L doses and re¬ 
mains dosed until coil 79R is enorgized. 
Contact 79M is closed after motor 79M 
has been endgized for an adjustable time 
interval. 

In Fig. 6(A) a stayput contact of the 
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Fis< 6. Schematic clia 3 rams for a circuit breaker operated by a motor-driven single-shot redoser 

A—^With only local-control 
B—^With local and remote control 


control switch ILSC is normally employed 
in the reclosing circuit where only local 
control is involved as previously discussed. 
When the breaker is closedi, a contact of 
dosing rday 52X momentarily energizes 
coil 7PZ. This opens contact 79R in the 
redosing circuit and doses contact 79L 
in the motor drcuit of the redoser. If 
the breaker remains dosed, motor- 
operated contact 79M completes a drcuit 
to coil 79R. This results in contact 79R 
closing and contact 79L opening. The 
motor is thus de-energized and contact 
79ilf opens. If the breaker is tripped, by 
protective relay operation subsequent to 
the operation just described, the breaker 
is immediatdy redosed since contact 79R 
is dosed. When the redosure is thus 
effected, cod 79L is again momentarily 
energized by a contact of dosing relay 
52X. Therefore, if the breaker im- 
mediatdy trips out no second redosure 
can result since contact 79R is open. 
If the breaker remains dosed long enough 
for motor 79M to dose contact 79M, the 
redosing drcuit is again established and 
subsequent automatic tripout will be 
followed by a single redosure. 

Fig. 6(B) is a modification of Fig. 6(A) 


which provides for both local and remote 
control of a breaker operated with the 
same type of single-shot redoser. Since 
this type of redoser contains a stayput 
toggle-type rday dement, it is possible 
to eliminate any stayput contacts in the 
external dreuitry and to employ all 
momentary contacts. With, the arrange¬ 
ment shown, a drcuit is completed to 
energize coil 79L momentarily when the 
brealcer is tripped locally or remotdy. 
This results in contact 79R bdng opened 
to prevent redosing. The redoser other¬ 
wise functions as previously described. 
The arrangement shown eliminates the 
necessity of using rday 69 or 69R when 
more than one point of control is in¬ 
volved. However, two separate trip 
contacts are required on the local control 
switch. 

Fig. 7(A) shows local control only of a 
breaker operated by a single-shot redoser 
of the capadtor discharge type. This 
type of recloser contains a relay having an 
operating coil 79P and a holding coil 
79H. When the breaker is dosed, capac¬ 
itor Cis fuUy charged through resistor R. 
If the breaker is tripped by the local con¬ 
trol switch, reclosing is prevented by the 
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Fig* 7. Schematic diagramt^for a circuit breaker operated by a capacitor discharge type of 

single«thot recloser 

A—^Wlth only local control 
B—With local and remote control 


opening of stayput contact 1LSC. If the 
breaker is tripped by a protective relay 
operation, relay 79 is operated as a result 
of capacitor C discharging through coil 
79P, Rday 79 is then held energized by 
its own contact completing a circuit to 
its holding cod 7Pfl' through breaJeer 
auxiliary switch contact 52b and control 
switch contact ILSC. Another contact 
of rday 79 completes a circuit to breaker 
closing relay 52X to cause the breaker to 
redose. If the breaker unmediatd.y 
trips, no second redosure results since 
capacitor C cannot obtain sufficient 
charge to energize coil 79P through the 
high resistance R unless the breaker re¬ 
mains dosed for an appredable length of 
time as governed by the value of resist¬ 
ance R. If the breaker remains dosed 
long enough to charge capacitor CfuUy, a 
subsequent tripout will be followed by a 
redosure. 

Fig. 7(B) diows a modification of Fig. 
7(A) which provides for both local and 
remote control of a breaker operated with 
this type of single-diot redoser. It is 
pospttble to operate this type of redoser 
withoiit the use of stayput contacts on 


the lo<?al- or remote-control devices as 
shown in Fig, 7(B). Momentary con¬ 
tacts are used to discharge capadtor C 
when the breaker is tripped loc^y or re- 
motdy. This prevents redosure when 
the breaker is so tripped, sincie relay 79 
is not operated. The arrangement shown 
in Fig. 7(B) require no extra relay, it 
being necessary only to provide two sepa¬ 
rate trip contacts on the local-control 
switch instead of the usual one. 

With Synchronizing 

Ciremit breakers requiring synchroniz¬ 
ing in normally attmided stations are 
usually synchronized by manual means 
involving a S 3 mchronidng switch, syn¬ 
chroscope, and voltmeters. However, 
the dosure of remotdy controlled circuit 
breakers is frequency performed by 
means of an automatic synchronizer or a 
synchronism check device. The chreuit 
of Fig. 8 shows a method of combining 
local manual S 3 mchronizing and remote 
automatic synchronizing where only one 
breaker in the station requires synchroniz¬ 
ing prior to dosing. Induded in the 
scheme is a complete complement of auto¬ 


matic S3mchronizing equipment induding 
the automatic synchronizer or S 3 m- 
chronism check relay, device 25, and the 
dead line and dead bus detecting relays, 
devices 27L and 27B, for closing in the 
event that either the line or bus is dead. 
The latter two devices are optional de¬ 
pending upon whether it is desired to 
have the breaker dose with either the 
line or bus dead. 

Fig. 8 shows the usual local closing cir- 
cruit through the control switch ILC and 
the synchronizing switch 69S. Remote 
S 3 mchronizing is initiated by rday 25X 
which is energized by the remote close 
device IRC. Rday 25X seals itself in, 
connects the S3mchronizing potentials to 
the synchronizer, and prepares a closing 
dreuit to 52X so that the synchronizing 
equipment can dose the breaker when a 
condition of S 3 Tichronism exists. Relay 
25X will eventually be released by the 
breaker auxiliary switch 52b if the breaker 
doses. It can also be rdeased by opera¬ 
tion of the remote trip relay IRT. When 
rday 25X rdeases all equipment is re¬ 
stored to normal. 

In locally controlled substations, a 
common synchroscope and assodated 
voltmeters are used regardless of the num¬ 
ber of breakers which must be syn¬ 
chronized. Adequate mechanictal inter¬ 
locking to prevent connecting more than 
one set of potentials to the common S 3 m- 
chroscope is obtained by the use of 3301 - 
chronizing switches with a single key for 
all switches. Similarly, economic con¬ 
siderations dictate the use of common 
automatic synchronizing equipment for 
any number of breakers in a remotely 
controlled substation. When more than 
one circuit breaker must be dosed with 
common automatic synchronizing or syn¬ 
chronism check equipment, electric inter¬ 
locking must be provided to insure 
against connecting two sets of S 3 mchroniz- 
ing potentials together. 

Fig. 9 shows a dosing scheme for com¬ 
bining local manual S3mchronizing with 
remote automatic S3mchronizing for an 
unlimited number of circuit breakers in a 
substation. One set of synchronizing 
equipment consisting of an automatic 
synchronizer or synchronism check device 
and dead bus and dead line voltage relays 
are employed for the remote closing func¬ 
tion. The local control follows the es¬ 
tablished practice of using separate con¬ 
trol switches and synchronizing switches 
for each breaker. 

In Fig. 9 rday 25Z is normally ener¬ 
gized through the break contact of rday 
25 F. A remote dosing function for cir¬ 
cuit breaker no. 1 is initiated by the dos¬ 
ing of remote dose contact IRCl. This 
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results in energizing rday 25X1 through 
a make contact of relay 25Z, a make con¬ 
tact oi IRCl, and a break contact of 
IRTl. Contacts of 25X1 connect the 
syncbronizing potentials to the dead line 
and dead bus voltage relays and to the 
synchronizing device. Another contact 
of relay 25X1 energizes relay 25 Y and re¬ 
lay 25X1 seals itself in through a make 
contact of relay 25 Y. The opening of 
the break contact of relay 25 Y in the coil 
circuit of relay 25Z results in relay 25Z re¬ 
leasing after a short time delay. The re¬ 
lease time of relay 25Z is governed by the 
values of capacitance and resistance con¬ 
nected across its coil. Release of relay 
25Z de-energizes the synchronizing start 
bus and prevents any other 25X relays 
from being energized until relay 25X1 has 
released. This provides the necessary 


electric interlocking to prevent connect¬ 
ing more than one set of synchroniang 
potentials to the common sjnchronizing 
equipment. 

Since voltage relays 27L and 27B are 
normally de-energized the breaker closing 
circuit must not be prepared until these 
relays have had time to operate. The 
delayed release of relay 25Z gives these 
two relays time to operate if neither the 
bus or the line is dead by momentarily 
holding die breaker closing circuit open. 
If there is no voltage present on either the 
line or the bus, the breaker is closed when 
relay 25Z releases. If relays 27L and 
27B are both energized, the breaker is 
not closed until contact 25 of the auto¬ 
matic synchronizer or S3mchronism check 
device closes. When the breaker closes, 
the opening of breaker auxiliary switch 


52b releases relay 25 F which in turn de¬ 
energizes relay 25X1 and restores all 
equipment to normal. 

While the arrangement in Fig. 9 shows 
Tn flTiiial local s)mchronizing, the auto¬ 
matic synchronizing equipment can 
readily be employed for local operation 
by paralleling iJie ILC local control 
switch close, contacts -mth the remote 
dose contacts IRC for each circuit 
breaker. 

Disconnecting Switch Control 

Disconnecting switches for isolating 
transformers or for switching various bus 
sections in a substation are frequently 
motor-pperated. There are remote-con¬ 
trol installations in which it is desirable 
to control these switches. Remote con¬ 
trol of such disconnecting switches is no 
problem since no automatic features are 
involved and the switch completes an 
operation after momentary dosure of the 
open or dose control contacts. There¬ 
fore, any niunber of contacts can be 
paralleled to effect the control similar to 
the arrangement shown in Fig. 2 for simple 
circuit-breaker control. 

Remote-Control Cutoff or Transfer 

The contacts of control relays which are 
remotely actuated can be connected 
directly in parallel with the contacts of 
local control switches as is indicated in 
Figs. 2 through 9. However, it is cus¬ 
tomary to provide a means of readily dis- 
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Fig. 8 (above). 
Schematic dia¬ 
gram showing a 
method of com¬ 
bining local man¬ 
ual synchroniz¬ 
ing and remote 
automatic syn¬ 
chronizing for a 
single circuit 
breaker 


Fig. . 9 (left). 
Schematic dia¬ 
gram combining 
local manual 
synchroniz¬ 
ing and remote 
automatic syn¬ 
chronizing for an 
unlimited num¬ 
ber of circuit 
breakers 
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Fig. 10. Schematic 
diagram of tap-changer 
control showing local 
and remote manual con¬ 
trol as well as automatic 
control. Arrangement 
shown provides for 
transfer between auto¬ 
matic and manual con¬ 
trol being performed 
locally or remotely 


connecting the remote-control equipment 
or for providing a means of transferring 
between remote and local control so that 
operations can be performed from only 
one or the other location. A number of 
different arrangements of providing such 
cutoff or transfer will be discussed in the 
following paragraphs. 

Remote-Control Cutoff 

An individual cutoff switch can be 
provided for each circuit breaker or dis¬ 
connecting switch remotely controlled. 
Tlie contacts of such cutoff switches can 
be connected in series with the contacts 
of the remotely actuated relays (contacts 
IRC and IRT of Fig. 2) or they may be 
connected in series with the coils of the re- 
motdy actuated relays. Connecting the 
cutoff switch contacts in series with the 
remotely operated relay contacts is 
usually preferred since inadvertent 
manual closure of the relay contacts can¬ 
not result in the operation of a circuit 
breaker or disconnecting switch. The use 
of individual cutoff switches makes it pos¬ 
sible to do maintenance work on any cir¬ 
cuit breaker or disconnecting switch with¬ 
out interfering with the remote opera¬ 
tion of the rest of the substation. 

A single switch can be used for the re¬ 
mote control cutoff of an entire station 
by using a single contact to open the coil 
circuits of all remotely operated control 
relays. If a single cutoff switch is em¬ 
ployed to open the contact circuits of the 
remotely operated control relays, a large 
number of cutoff switch contacts are re¬ 
quired for the average substation or a 
common remote-control bus must be in¬ 
volved in the remote operation of all 
circuit breakers or discormecting switches. 
This is because it is customary to fuse, 
each circuit-breaker control circuit in¬ 
dividually. 

When no cutoff switches are employed, 
local control switch contacts are some- 
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times used to prevent the possibility of 
remote closing of a circuit breaker which 
has been opened for maintenance pur¬ 
poses. This can be accomplished by 
connecting a ILSC contact of tlie local 
control switch in series with the IRC and 
IRT remote control contacts, as shown 
in Fig. 2. 

Control Transfer 

An individual transfer switch for each 
circuit breaker or disconnecting switch 
can be used to transfer the control be¬ 
tween local and remote operation by 
connecting contacts of the transfer switch 
in both the local- and remote-control cir¬ 
cuits in series with the control contacts. 
This method of local-remote transfer is 
most frequently employed. 

Individual transfer can also be effected 
by the use of special control switches 
which can be operated to a “pullout” 
position from the “off” position. With 
this arrangement remote-control circuits 
are established through contacts of the 
local control switch which are closed only 
in the pullout position. 

If a single switch is employed to trans¬ 
fer the entire station between local and 
remote control, then both a common 
remote-control bus and a common local- 
control bus should be established. If 
common control busses are not em¬ 
ployed, then a large and usually imprac¬ 
tical number of contacts on the transfer 
switch are required for connecting in 
series with the control elements of the 
individual devices being controlled. 

Transformer Tap-Changing Control 

When manual operation only is in¬ 
volved in changing transformer taps 
under load, the remote-control contacts 
can be directly paralleled with the local- 
control contacts except for the use of cut¬ 
off or control transfo: means. There are 


no special problems in the remote opera¬ 
tion of such manually controlled tap 
changers. However, automatic control 
by means of a primary relay which is 
responsive to a change in voltage at the 
point where it is desired that the voltage 
be held constant is often involved. When 
a substation with such an automatic tap 
changer can be controlled either locally 
or remotely, it is desirable to arrange for 
transferring between automatic and 
manual operation both locally and re¬ 
motely. It is also desirable to be able to 
control the tap changer manually either 
locally or remotely when conditions war¬ 
rant manual operation. The simplest 
method of providing these features for a 
typical automatic tap changer is shown 
in Fig. 10. 

In Fig. 10 device 43X is a toggle- or 
latch-type relay which can be positioned 
to an automatic or manual position by 
momentary energization of coils 43XA 
and 43XM. As shown, these coils can 
be energized by spring return contacts of 
a local transfer switch as well as by mo¬ 
mentary contacts of a remotely operated 
transfer rday. When toggle or latching 
relay 43X is in the manual position, the 
tap changer can be controlled by either 
the local control switch or remotely 
actuated “raise” or “lower” contacts as 
shown in Fig. 10. These contacts can 
be directly paralleled since they are of the 
momentary type. When relay 43X is in 
the automatic position, the tap changer is 
under the control of the automatic relays. 
This automatic control of the tap changer 
involves the operation of primary relay 
57 and relays 84HR, 84HL, 84TR, and 
84TL. When contact 57R closes to 
initiate the raising of the voltage, heater- 
type relay 84HR is energized. After a 
time delay, relay 842IR doses a contact 
to energize relay 84TR. Relay 84TR 
seals itself in and opens the circuit to 
rday 84IIR. Rday 84TR also doses a 
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contact in the coil circuit of relay 84XR. 
After a time delay, the contacts of relay 
84HR change position and this completes 
a circuit for energizing relay 84XR. By 
means of circuits not shown the closing of 
the make contacts of relay 84XR results 
in operation of the tap-changer mech¬ 
anism to the nesct higher tap. The con¬ 
trol circuits are arranged so that relay 
84XR must be energized only momen¬ 
tarily to have the mechanism complete 
a tap change. Opening of cam switch 
84CS while the tap-changing equipment 
is between taps results in relay 84TR be¬ 
ing de-energized. This restores all equip¬ 
ment to normal. An automatic lowering 
function is performed in a similar manner 
by closing primary relay contact 57L. 

If it is desired to have means provided 
to locally cutoff remote control and 
transfer functions, an arrangement as 
shown in Fig. 11 can be employed. This 
scheme is based on the use of a 3-position 
local transfer switch. With this switch 
in the manual position, the tap changer 
can be raised or lowered locally by means 
of the local-control switch contacts ILR 
and ILL. With this switch in the auto¬ 
matic position, the tap changer is under 
the control of the primary relay as pre¬ 
viously described. With this switch in 
the remote position, the type of operation 
effected is dependent on the position of 
toggle- or latching-type transfer relay 
43X. Witli relay 43X in the manual 
position, the tap-changer position can 
only be changed by the remotely ac¬ 
tuated contacts IRR and IRL. With 
relay 43X in the automatic position, the 
tap changer is under the control of the 
primary relay. 

E.^ote Lamp Indication 

Witli any remote-control system em¬ 
ployed for the operation of circuit break¬ 
ers and disconnecting switches, provisions 


must be made for lamp indications of the 
position of these devices at the remote¬ 
controlling location. When direct wire 
control is employed for short distances, 
the remote lamp indications are usually 
provided by direct connection to auxiliary 
switch contacts on the circuit breakers or 
disconnecting switches. In the case of 
supervisory control, the auxiliary switch 
contacts are connected to relays which 
are an integral part of the supervisory 
control system. 

The use of only an a or a & auxiliary 
switch on a circuit breaker to provide 
both the red and the green lamp indica¬ 
tions tlirough supervisory control equip¬ 
ment is usually considered adequate. It 
is apparent that such an arrangement 
gives entirely accurate information except 
for the possibility of a broken wire to the 
auxiliary switch or failure of the auxiliary 
switch to malce contact. For either of 
these conditions, an incorrect indication 
results. When the possibility of such a 
failure cannot be tolerated, both a and b 
breaker auxiliary switches can be used to 
provide the remote indications. When 
this is done, the remote indications can 
be made to function exactly the same as 
local lamp indications. If there is a 
broken wire to the auxiliary switches or 
if an auxiliary switch fails to make con¬ 
tact, both the remote red and green lamps 
are simultaneously extinguished or 
lighted. This latter arrangement requires 
somewhat more equipment than the 
simple arrangement based on the use of 
eitlier an a or a 6 auxiliary switch contact. 

It is customary always to use both an a 
and a & auxiliary switch for tlie remote 
indication of the position of a disconnect¬ 
ing switch. This is because a motor- 
operated switch can stop in an inter¬ 
mediate position and the use of only an a 
or a 6 auxiliary switch contact would 
give incorrect information if the dis¬ 
connecting switch stopped in other than 


the extreme open or closed position. The 
breaker and disconnecting switch aux¬ 
iliary switch contacts which are used 
for ranote indications are usually entirely 
separate from those which are used for 
local switchboard lamp indications. 

In addition to lamp indications of the 
position of the devices remotely con¬ 
trolled, it is customary to provide lamp 
indications of remote-control cutoff or 
transfer switches and various alarm con¬ 
ditions necessary for most efficient opera¬ 
tion of the station. If a single remote- 
control cutoff or transfer switch is em¬ 
ployed for the entire station, a single con¬ 
tact of the switch can be used to provide 
a remote lamp indication. If individual 
cutoff or transfer switches are provided 
for each, device controlled, it is customary 
to furnish a single remote indication for 
reasons of economy. The intelligence for 
the indication is obtained by the use of a 
series cirj^uit involving a contact of each 
cutoff or transfer switch. The contacts 
used in the series circuit must all be of 
the same type and should be closed in 
the “remote” position of the cutoff or 
transfer switch. This makes it possible 
to provide indication that all switches are 
in the remote position or that one or 
more switches are not in the remote posi¬ 
tion. 

Following is a list of some alarm condi¬ 
tions which it is sometimes desirable to 
have reported to the controlling location. 

1. High transformer temperature. 

2. Low transformer oil level. 

3. Low air pressure for pneumatically- 
operated circuit breakers. 

4. Tap-changer off-tap indication. 

6. Low station battery voltage. 

6. Faulty pilot wires for pilot-wire relay¬ 
ing. 

7. Bus differential-relay operation. . 

8. Transformer . differential-relay opera¬ 
tion. 
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A single alarm contact must be used 
for tie remote indication of each such 
condition which it is deemed desirable to 
have reported to the controlling station. 
It is often acceptable to group alarm con¬ 
tacts for a common remote indication for 
reasons of economy. 

Telemetering 

Some quantitative indications are de¬ 
sirable for the operation of most re¬ 
motely operated substations! When di-, 
rect wire control is employed over short 
distances, the necessary quantitative in¬ 
formation can sometimes be obtained by 
connecting the necessary potential and 
current circuits to the remote location by 
means of auxiliaty potential’transfonners 
and step-down current transformers. 
However, when supervisory control is 
used, all quantitative indications must be 
provided Twth telemetering equipment. 
Telemetered indications of some or all of 
the following quantities may be provided 
from a typical substation operated by 
supervisory control; 

1. A-c amperes. 

2. A-c volts. 

3. Watts. 

4. Vars. 

6. Station battery voltage. 

6. Tap-changer position. 

In addition to these, a synchronism indi¬ 


cation must be provided if remote manual 
synchronizing is employed rather than 
automatic synchronizing as previously 
discussed. 

To provide continuous indications of 
all desired quantities from a remotdy 
operated substation requires individual 
channels and individual telemetering sys¬ 
tems for each indication. Economic 
considerations usually preclude the fur¬ 
nishing of continuous telemetered indica¬ 
tions from a remotely operated substa¬ 
tion. Instead, it is customary to provide 
for selective or “on-call” telemetered in¬ 
dications, with tlie selective function 
being performed by the supervisory con¬ 
trol and the telemetering being accom¬ 
plished over the supervisory control 
channel. With such an arrangement t he 
number of telemetering transmitters and 
receivers can be kept to a minimum since 
the same transmitter and receiver can be 
iwed to telemeter any number of quanti¬ 
ties of the same type. For example, a 
angle transmitter can be used to tde- 
meter watts from any number of circuits 
if the ^ent and potential coils of the 
tyansmitter can be selectivdy connected to 
the various potential and current trans¬ 
former circuits. Such switching of po¬ 
tential transformer circuits constitutes no 
problem, but the switching of current 
transformer circuits requires special pre¬ 
cautions. 


Relays with reliable make-before- 
break contact adjustments must be em¬ 
ployed for the switching of current trans¬ 
former secondary circuits. Additional 
safeguards against the possible opening of 
a current transformer circuit are some¬ 
times provided. One such additional 
safeguard consists of the use of auxiliary 
transformers in each circuit which sat¬ 
urate at a relatively low ohmic burden 
and prevent excessive voltages from ap¬ 
pearing even if there is a failure in the 
make-before-break adjustment of the 
selective relays. Film cutouts are some¬ 
times connected across the contacts of the 
switching relay. These film cutouts are 
chosen so that they will break down and 
permanently short-circuit the cxurrent 
transformer circuit if an open circuit re¬ 
sults for any re^on. Resistors are some¬ 
times coimected across the selective relay 
contacts as shown in Fig. 12 to limit the 
voltage which can result if there is a fail¬ 
ure of the make-brfore-break relay con¬ 
tacts. It is apparent from Fig. 12 that 
this arrangement does not allow all of the 
transformer current to pass through the 
telemetering transmitter since the resis¬ 
tors are effectively in parallel with the 
transmitter. When this arrangement is 
employed, the design and calibration of 
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me teiemetermg equipment must tak 
this fact into consideration. 

The type of telemetering equipmen 
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employed for selective telemetering from 
a remotely controlled substation is 
governed primarily by the type of channel 
provided for the supervisory control. 
When a metallic circuit is employed, tele¬ 
metering equipment whose operation is 
based on the circulation of a small value of 
direct current over the interconnecting 
circuit can be used. Economies in the 
cost of telemetering equipment can be 
realized when such d-c systems are used. 
When the supervisory control operates 
over a leased or privately owned tele¬ 
graphic-type channel as can be obtained 
with telephone-line carrier, power-line 
carrier, or microwave equipment, the tele¬ 
metering equipment must be of the pulse 
rate or pulse duration type.®“^^ Most of 
the commercially available telemetering 
equipment of the pulse or frequency type 
can usually be employed for operation 
over such channels. 

Conclusions 

The control and position indication of 
circuit breakers is usually the primary 
function of any system for the remote 
operation of electric utility substations. 
When no automatic equipment of any 
kind is involved in the operation of the 
circuit breakers, the application of re¬ 
mote-control equipment is simple. When 
automatic redosers of any type are in¬ 
volved, the application becomes some¬ 


what more complex. This is primarily 
because the design of conunerdally 
available redosers is based on the use of 
stayput contacts in the redosing circuit. 
Since stayput contacts cannot be con¬ 
nected in series or in parallel if a satis¬ 
factory control circuit is to result, the 
usual reclosing circuits must be modified 
when a substation is remotely operated. 

Typical schematic diagrams have been 
presented diagrams involving the use of 
a number of different types of automatic 
redosers. All of the schemes presented 
have no operational limitations since a 
circuit breaker can be tripped from either 
location and dosed from the other loca¬ 
tion. The principles of operation in¬ 
dicated in the diagrams are applicable to 
automatic redosing arrangements other 
than those shown. 

The drcuitry for circuit-breaker control 
becomes more involved when dosing can 
only be effected* through automatic- 
synchronizing or synchronism check 
equipment, since economics dictate the 
use of a common set of such equipment 
regardless of the number of circmt 
breakers involved. 

While circuit-breaker operation and 
indication is the primary function which 
must be performed in a remotely operated 
substation, individual applications may 
involve disconnecting switch operation 
and tap-changer control. In addition, 
various alarm functions are often provided 


for and telemetered indications of im¬ 
portant electrical quantities are fre¬ 
quently desirable. 
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Discussion 

S. S. Watkins (Gibbs & Hill, Inc., New 
York, N. Y.): The paper is a valuable 
contribution to the literature of electric con¬ 
trol, because of its clear presentation of the 
fundamental principles that affect control 
problems. It will be especially useful to the 
engineer who must design the control of sub¬ 


stations to satisfy operating and mainte¬ 
nance requirements, using commercially 
available equipment with a minimum of 
special features. 

While the circuits for local and remote 
control of automatic reclosing are valuable 
in themselves as circuits for specific equip¬ 
ment, they have an additional value in the 
fundamental treatment of momentary and 
stayput contacts and the problems presented 


when more than one point of control is used. 
Similar methods of analysis should apply to 
local and remote control of the automatic 
starting equipment for rectifiers, motor 
generator sets, and hydroelectric gener¬ 
ators. 

Under "Remote Control Cutoff or Trans¬ 
fer” the paper mentions that it is possible to 
use a contact that closes in the pullout por¬ 
tion of the local control switch, in series 




Fig. 13 (left) and Fig. i 4 (right). Supervisory control circuits 


June 1956 Derr, Metz—Control Circuitry for Remotely Operated Substations 


459 













with the contacts of the remotely operated 
control relays so that the switch must be in 
the pullout position, before remote control 
can be effected. Since the control switch 
can be placed in the pullout position only by 
going through the trip position, we would 
not usually consider this a satisfactory 
operating arrangement. However, tTn> sec¬ 
tion is valuable for reviewing the different 
possible arrangements. Since the type of 
control transfer is closely related to the 
methods of system operation and mainte¬ 
nance, this subject deserves early discussion 
with the engineer who will operate the sys¬ 
tem. 

^ In the discussion of supervisory control 
circuits under “Remote Lamp Indication,” 
it is Ratifying to note that the authors 
recognize a weakness in the practice of using 
only a single a or b auxiliary switch for both 
the red and the green lamp indications of 
circuit-breaker position. In my own organ¬ 
ization we specify that each change of indi¬ 
cation of a red or green indicating lamp on 
the control-station panel shall be initiated 
only by an energized circuit through an 
auxiliary contact of the supervised appa¬ 
ratus, and that loss of supervision current 
from any piece of supervised apparatus < 5 Tia| | 
cause both lamps to be dark and shall 
the usual alarm signals to sound in the con¬ 
trol station. 

This specification for reliable indication of 
cncuit-breaker position can be satisfied by 
either of the circuits shown in Figs. 13 and 
14. Each circuit is in actual use and 
uses three wires from the circuit breaker to 
the supervisory control panel. In Fig. 13 a 
single supervision wire is energized positive 
or negative for the two positions. In Fig. 14 
separate red-lamp and green-lamp wires are 
energized positive for the respective posi¬ 
tions. I suggest the use of Fig. 14 as a 
desirable standard circuit for the following 
reasons: 


, The standard circuit has some similar¬ 
ity to lamp circuits that are commonly used 
in local control. 

2. It avoids the permanent connection 
of any coil to positive polarity, which, under 
some conditions, has caused deterioration of 
insulation. 

3. It avoids the possibility of short- 
circuiting positive and negative busses in 
case of faulty adjustment of auxiliary 
switches. 


W. M. Moody (Gibbs & Hill, Inc., New 
York, N. Y.): The authors are to be con¬ 
gratulated for their extensive coverage of the 
circuitry of remote control. My comments 
apply to the application problems of remote 
synchronizing. The authors cover quite 
adequately a system of interlocks to prevent 
connecting two sets of ssmchronizing poten¬ 
tial together. Interlocks are obviously de¬ 
sirable, but they do not solve all the prob- 
lems of remote sjmchronizing. 

Automatic synchronizers are surprisingly 
accmate when they are adjusted to perform 
one function under a given set of conditions; 


but when they are required to perform two 
or niore widely different functions, special 
provisions are required to obtain a compa¬ 
rable degree of accuracy, or careful con¬ 
sideration is needed to determine that the 
eiTor introduced is acceptable. One of the 
most obvious problems is encountered where 
breakers of different voltage, vintage, or 
manufacture have appreciably different 
closing tunes. Accurate synchronizing re¬ 
quires that breaker closing be initiated 
several degrees ahead of synchronism so that 
by the time the breaker contacts close the 
voltages will be in phase. The error intro¬ 
duced by different closing times is usually 
tolerable and can be minimized by setting 
midway between the two closing times and 
by holding the allowable frequency differ¬ 
ence to a low value; in extreme cases an 
auxiliary timing relay may be used to add 
delay to the fast-closing breaker. 

More serious error is introduced when 
common equipment is used for different 
functions such as synchronizing and syn¬ 
chronism check. Automatic synchronizers 
are not S3rnchronism check relays and will 
not initiate closing unless a frequency 
difference exists across the breaker. How¬ 
ever, synchronizers are frequently supple¬ 
mented with a time-delay voltage relay so 
that the two operating together will function 
as a synchronism check relay. The objec¬ 
tion to this arrangement is that the setting 
of the sjmchronizer must usually be modified 
to accept a static phase angle and the error 
introduced may not be tolerable. As an 
example, consider the two following simpli¬ 
fied conditions: 

A transmission loop open at one end will 
have a static phase angle across the open 
breaker due to reactive drops around the 
loop. This angle may be as much as 30 
degrees or even more, but a study of the 
system will usually show that the breaker 
can be closed without serious shock to the 
system or damage to equipment. If, how¬ 
ever, closing is to be initiated by the syn- 
chronizer and voltage relay, it will be neces¬ 
sary to set the synchronizer to accept the 
static angle of, say, 30 degrees. 

If now this same synchronizer is to be used 
for synchronizing two machines or two sys¬ 
tems, the setting used to accept the static 
angle ^11 cause an equal synchronizing 
error, i.e., will cause the machines to be 
paralleled when they are 30 degrees out of 
synchronism. An error this large may be 
sufficient to stress the generator shaft or the 
stator windings beyond their design limits 
if the system impedance is low enough or 
it may be sufficient to cause system insta¬ 
bility. 

To avoid situations of this nature, it is 
standard practice of my company to specify 
a synchronism check relay if the system is 
such that synchronism can be established 
over two or more circuits. The separate 
devices are then adjusted without com¬ 
promise to perform the function for which 
they are interided. 

Automatic synchronizers will not initiate 
closing if the voltage magnitudes are vastly 
different, but tliey will accept a greater 


difference than is generally desirable. The 
angular error introduced in synchronizing is 
usually tolerable, but large reactive surges 
may result. For this reason some type of 
voltage telemetering is usuaUy desirable so 
that the dispatcher may determine that 
voltages are within limits before initiating 
synchronizing. Some type of slip-fre¬ 
quency telemetering is also a common 
requirement so that the dispatcher can de¬ 
termine whether the incoming macTiin p or 
station is fast or slow and approximately 
how much. 

Although remote synchronizing has sev¬ 
eral problems, the solutions to the problems 
are straightforward and the end result is 
more accurate synchronizing than is usually 
obtained by manual mesns. Experience 
h^ shown that automatic synchronizing 
within 1 or 2 degrees can be obtained within 
a reasonable test time. I should like to 
make two suggestions for testing automatic 
synchronizers: 

1. A phase shifter with slip rings can be 
rotated at low speed to operate as a fre¬ 
quency changer and thereby give a constant 
slip frequency. Such a source is more 
easUy manipulated, is faster, and is more 
accurate ^an using a large generator, and 
does not interfere with normal operation. 

2. A 2-pen high-speed recorder is more 
accurate ttan a synchroscope for testing the 
synchronizer settings and gives a permanent 
record of the performances. One pen 
should be connected across the breaker con¬ 
tacts to show the instant of closure; the 
o&er should be connected to receive the 
difference voltage (equivalent to voltage 
across the breaker). The two pens together 
show the voltage across the breaker at the 
instant the conti^ts close, and by proper 
adjustment of the synchronizer the breaker 
will close when the voltage is zero. 


W. A. Derr and W. L. Metz; We are ex¬ 
tremely grateful for the excellent dis¬ 
cussions of Mr. Watkins and Mr. Moody. 
Each of these discussions has amplified im¬ 
portant considerations involved in the de¬ 
sign of remotely operated electric utility 
substations, and are therefore valuable ad¬ 
ditions to our presentation. 

Comments on the remote control cutoff 
arrangement employing contacts of the local 
control switches are given in the third para- 
paph of Mr. Watkins’ discussion. He has 
i^erred that the local control switch men¬ 
tioned in our paper could only be placed 
m the puUout position by going through the 
Wp position as must be done with standard 
breaker control switches. The control 
switch which we briefly described would be 
arranged so that it could only be placed in 
the pullout position from .the off position. 
Therefore, the remote control could be cut¬ 
off or placed back in service regardless of 
the position of the breaker. 

We are in complete accord with the other 
comments and description given by Mr. 
Watkins as well as with Mr. Moody’s 
discussion of remote synchronizing. 
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Operation of Turbine Generators During 
Off-Peak High Power-Factor Periods— 
Practices of One Utility in a 
Metropolitan Area 

W. J. ROBERTS 
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B efore the beginning of World 
War II, the Consolidated Edison 60- 
cycle system operated with the load dis¬ 
tributed mainly from the generating sta¬ 
tion busses with relatively low-capacity 
intermediate-voltage tie feeders inter¬ 
connecting the major stations from north 
to south. The largest of the several in¬ 
terstation ties was rated about 40 mega¬ 
volt-amperes (mva). Some operated at 
13 kv and some at 27 kv. 

In general, the load power factors of 
that time, measured at the generating 
station bus, varied from 0.83 to 0.86 dur¬ 
ing the day load and dropped to 0.78 to 
0.80 during the early morning hours of 
off-peak load operation. These loads 
were carried with generator terminal 
power factors (pf) varying from 0.80 
minimum during the day to 0.75 during 
off-peak operation. Capacitive loading 
consisted of the 13-kv and 27-kv distribu¬ 
tion feeder cables plus a small amount of 
4-kv distribution feeder capacitors. 

Since the beginning of World War II, 
the 60-cycle system has experienced a 
peak load increase of 61 per cent with a 
corresponding increase of 65 per cent 
in generating capacity and has been 
equipped with a double-circuit high-volt¬ 
age (138-kv) tie-feeder system between the 
north and south ends of the area served. 
In addition, one new generating station 
has been built to supply power directly 
into this tie-feeder network. Area sub¬ 
stations supplied from the high-voltage 
circuits have been constructed to supply 
medimn-voltage distribution systems di¬ 
rect from the 138-kv circuits. 

The new 138-kv system circuits are 
made up of pressure-pipe type and oil- 
filled cable feeders. These, including the 
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older 138-kv cables between Westchester 
County and the Hell Gate Generating 
Station, have added a total of approxi¬ 
mately 295 capacitive megavars (mvar) to 
the system load at normal voltage. Also, 
the installation of unswitdied capacitors 
on the 4-kv distribution part of the system 
have added an additional 85 mvar. 

All of this increase in capacitive load has 
been very helpful in assisting to supply the 
load and system equipment demand for 
mvar during the high-load period of the 
day but it has caused the early morning 
light load pf of the system to increase to 
approximately 0.97 lagging. As the sys¬ 
tem develops, it is anticipated that the 
early morning load pf will soon be slightly 
leading. 

To complicate finrther this over-all 
problem of light load operation, the gen¬ 
erators installed during the early 1930’s 
were 1,800 rpm units having short-circuit 
ratios of approximately 1.0, while since 
World War II, the new units have gener¬ 
ally been 3,600 rpm machines with short- 
circuit ratios varying from 0.9 to 0.7, and 
the outlook to the future is for even lower 
short-circuit ratios at maximum turbine 
capabilities. 

It is the object of this paper to review 
the nature of the problems associated 
with the foregoing trends, system loads, 
and generator characteristics from an 
operating engineer’s viewpoint. The 
method of approaching a solution to the 
situation on this particular system is de¬ 
scribed herein. 

System and Loads 

A simplified diagram of the present 60- 
cycle S 5 rstem is shown in Fig. 1. It gives 
the connected generating capacity at each 
station and indicates the major distribut¬ 
ing points, wherever they may be, at the 
generator bus or at the area substation. 
It shows also the day-load operating con¬ 
ditions and associated bus pf. In this 
case, the summer load conditions are 


given since load pf are lower at this time 
of the year because of the effects of rather 
heavy air-conditioning demands in the 
city. The diagram shows the medium- 
voltage tie circuits between the generat¬ 
ing stations which remain unchanged, 
while the high-voltage circuits form a 
new low-impedance tie from one end of 
the system to the other. Voltage and 
angle regulators are used in the medium- 
voltage tie feeders to control reactive and 
power flow respectively between the 
generating stations. 

Fig. 2 shows the same simplified dia¬ 
gram, giving typical connected genera¬ 
tion, station loads, and bus power fac¬ 
tors for system conditions experienced 
during the early morning hours when the 
light load of the 60-cycle system is ap¬ 
proximately 700 megawatts (mw). In 
this case, a day in April was chosen since 
air-conditioning loading is small at that 
time of the year. 

As already pointed out, Figs. 1 and 2 
show that the 138-kv cable circuits, whose 
one-way distance between Hudson 
Avenue Station and Dunwoodie Substa¬ 
tion is approximately 34 miles plus the 8 
miles of single-citcuit cable to Sherman 
Creek, add approximately 295 capacitive 
mvars to the system. Though this is 
quite acceptable and, in fact, beneficial 
during the day-load period shown in Fig. 

1, it increases the average pf of the sys¬ 
tem during the off-peak morning hours 
to approximately 97 per cent lagging. 
Since it is impracticable to keep all gen¬ 
erators operating at the system average 
pf, some machines operate at unity, or 
slightly leading, while others operate at 
a pf somewhat below the average, depend¬ 
ing upon bus voltage requirements. 

Considering that system development 
plans now in progress call for the addi¬ 
tion of approximately 18 miles, 70 mvar 
of 138-kv cable circuits and that the un¬ 
switched capacitor additions to the system 
during the next 5 years could be ap¬ 
proximately 75 to 100 mvar, it is expected, • 
with the normal load increase during that 
same period, that the early morning hour 
average generator pf will become leading. 

Limits of Generator Operation 

Since about 4 years ago w:hen the last 
large complement of high-voltage cable 
was added to the system, there has been 
some concern about the possibility that 
unstable operation of the system genera¬ 
tors during the early morning may result 
in case certain contingencies should occur 
which require relatively large load pickups 
by the machines then in service. Since 
the transient stability of generators is 
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little affected by operating pf, the steady- 
state stability of the machines was deter¬ 
mined for the most severe type of system 
disturbance which could reasonably be 
expected, with a sizable factor of safety 
added to it. It has been concluded, after 
a study of the various possibilities, that 
the greatest probable loss of capacity 
which may be expected at that hour of the 
morning would interrupt approximately 
200-mw flow into the system. This 
would occur if one generator at Astoria 
Station is tripped automatically or if the 
Niagara-Mohawk tie feeders are inter¬ 
rupted while suppl 3 dng their rated capac¬ 
ity into the northern end of the system. 
The possibility of additional capacity dis¬ 
connections which might conceivably 
occur at the time of trouble in one ele¬ 
ment of the system, should there be an 
incorrect operation by one of the protec¬ 
tive relays, is not considered in these as¬ 
sumed losses. 

The minimum spinning capacity on the 
system in the early morning hours is ap¬ 
proximately 1,000 mw. Since the maxi¬ 
mum generator loss is estimated to be ap¬ 
proximately 200 mw, with some possible 
additional loss being a possibility, this 
figure was increased by an arbitraiy 50 
per cent to allow for this additional 


contingency plus the differences in tur¬ 
bine governor performance which will re¬ 
sult in some variation in the percentage 
of the load pickup by the different ma¬ 
chines. The resulting. 300-mw load 
change is approximately 30 per cent of the 
mva rating of the remaining generators 
on the system, or about 35 per cent of the 
mw rating of the same units. 

In view of the aforementioned operat¬ 
ing condition and to understand the ap¬ 
proach made in the calculations described 
in the Appendix, it should be mentioned 
at this point that none of the generators 
on this closely knit system are at present 
supplied with high-speed excitation re¬ 
sponse equipment. A few of the recently 
installed units and one of the older ma¬ 
chines are equipped with automatic volt- 
age regulation of the motor-operated rheo¬ 
stat type to provide operating conven¬ 
ience or to improve machine stability 
where the short-circuit ratio of the unit is 
below 0.75 at maximum turbine rating. 
Accordingly, the stability calculations 
have been based upon the steady-state 
operating conditions only. 

Since the objective of this investigation 
was to provide curves which would show 
limits of permissible operation for the sys¬ 
tem generators, it was desired to provide 


characteristics covering the entire range 
of operation from early morning light load 
conditions to the normal day peak load 
machine capability. The several genera¬ 
tor operating limits which came under 
close study in this investigation are: 

1. Field excitation. The excitation limits 
are determined by exciter capability, 
temperature rise in the main generator 
field winding at the operating hydrogen 
pressure, and mechanical stresses imposed 
on the field winding resulting from expan¬ 
sion and contraction forces caused by 
temp^ature variations with changes in 
machine loading. 

2. ^ Stator thermal capability. The stator 
winding temperature limit was taken as 
that specified by the manufacturer for the 
different hydrogen pressures at which the 
machine may be operated. The latest 
recommendations for resistance temperature 
detector indications, at all permissible 
hydrogen pressures, were used. 

3. End-turn area heating. Heating of 
tlie metal structures in the end-turn area 
of the machine because of high-leakage 
flux which occurs when operating at high 
or leading pf was discussed with the re¬ 
spective manufacturers, and their recom¬ 
mendations were worked into over-all 
machine capability curves to avoid exceed¬ 
ing maximum recommended temperatures 
in the structural and support members at 
this point.. 

4. Steady-state pullout. The steadv-state 
pullout loading in mw for the initial operat¬ 
ing condition of each generator, with the 
imposition of the system contingency 
assumed, was determined by calculation 
over the entire operating range of the 
machine. A sample calculation of the type 
used is presented in the Appendix. 

6. Loss-of-field relays. It is the practice 
of the authors’ company to use reverse 
reactive current relays for generator loss- 
of-field protection. It becomes necessary, 
therrfore, to limit the amount of reverse 
reactive kilovolt-amperes which the gen¬ 
erators may carry, particularly at light 
and heavy mw loadings. 

Results of Stability Cialculations—■ 
Machine Thermal Limits 

Curve A-A of Fig. 3 shows the calcu¬ 
lated initial loading of a generator which 
would allow the assumed incranent of 
load to be picked up by that machine, im¬ 
mediately following the assumed system 
contingency, without the generator be¬ 
coming unstable electrically even though 
no change was made in the operating field 
current. As the initial load on the gen¬ 
erator is increased, a point is reached be¬ 
yond which the turbine cannot pick up 
an additional 30 per cent of its mva rating. 
From this point on, the new stability cri¬ 
terion, namely, field strength or internal 
voltage sufficient to. carry full turbine 
output stably gives a new curve shown in 
Fig. 3 as F-F. Since the stability limit 
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Fig. 1. System tie connections and generation, day load conditions. 
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GENERATOR LOAD DURING OFF-PEAK PERIOD 
4 AM ON TYPICAL WEEK DAY IN APRIL 1954 
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for the winding to be held stationary be¬ 
cause of high centrifugal forces. The 
stator winding current limit is specified 
by the manufacturer. He may find this 
limit to be determined for long machines 
by expansion and contraction effects 
rather than by actual temperature, when 
operating at the higher hydrogen pres¬ 
sures. The end-turn metal temperatures 
caused by leakage flux are best deter¬ 
mined and recommended by the machine 
manufacturer. 
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Fig. 2. System tie connections and generation/ early morning load condition, spring period 


of most generators determined in this 
way allows considerably more leading 
kilovolt-amperes to be carried than is 
practically necessary with present-day 
system loads, an additional safety margin 
was applied which amounts to approxi¬ 
mately 20 per cent of the generator mva 
rating. This results-in a new curve shown 
in Fig. 3 as C-C; see the Appendix. 

It win be noted that the lower end of 
this curve is cut off at approximately 44 
mvar leading. This is done to prevent 
the reverse reactive current loss-of-field 
relays from closing their contacts. 
Though the operation of this relay alone 
would not cause tripping of the generator, 
the development of a bus voltage dip 
causing an undervoltage relay to operate 
would disconnect the machine from the 
system. This loss-of-fidd relay limita¬ 
tion allows the generator to carry ap¬ 
proximately 67 per cent of the loss-of- 
field relay setting, which is usually 35 to 
40 per cent of generator mva rating. 
Data of these types were determined for 
all system generators and have been 
issued to the operating department for 
guidance in operating each machine. 

Fig. 4 shows a t 3 pical characteristic 
giving the generator thermal limits as 
determined by maximum field current, 


stator or ampere capabilities, and per¬ 
missible mvar as limited by leakage flux 
in the end-turn area, when operating 
underexcited. Care should be taken to 
find out whether the field current limits 
are determined by winding temperature 
or by mechanical stresses in the winding 
created by the forces of expansion and 
contraction working against the tendency 


Operating Experience 

Curves of the type described herein 
have been in use as a guide to the sta¬ 
tion operators for about 5 years. They 
are Itill being used on this basis. The 
curves of Fig. 5 duplicate the stability 
limit curves of Fig. 3 for a number of 
generators on the system which cus¬ 
tomarily operate through the early morn¬ 
ing hours of the day. The operating 
points for these machines taken during 
the early hours of the day are plotted be¬ 
side the recommended operating charac¬ 
teristic. It will be noted that, in some 
cases, the operating experience with the 
system as it is today indicates that the 
normal operation of the machines is com¬ 
ing dose to the characteristic determined 
and described in this paper. 

It is anticipated, therefore, that some 
of the safety margin which was taken in 
the construction of curve C-C in Fig. 3 
must soon be given up as the cable system 
is increased and the installed unswitched 
capacitors are increased in total mvar 
during the next few years. It will, of 
comrse, be possible to move curve C- C even 
farther into the leading direction should 
a decision be reached to install fast-acting 
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Fig. 3. Curves showing results of generator mvar capability calculations 
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regulators on those machines which 
usually operate during the early hours of 
the day. These machines would, of 
course, be those which form the most eflS- 
cient combination in the several stations. 

Operating Curves 

Fig. 6 presents an actual set of curves 
used for one of the larger machines to 
maintain stable operating conditions dic¬ 
ing the early part of the day. The dif¬ 
ferent sections of each curve may be 
identified to show how the limits deter¬ 
mined and plotted in Fig. 3 are applied 
in the operating instructions for that par¬ 
ticular machine, as a guide to the control 
room operator in loading that unit. 

Conclusio ns 

1. Turbogenerators can be successfully 
operated at high or slightly leading pf if 
op^ting personnel are provided with guides 
pointing out limits which should properly 
be observed. One means of doing this is 
described in this paper. 

2. The limits of permissible minimum 
generator field currents can be lowered 
with the installation of fast-response excita¬ 
tion-control equipment. 

3. With the application of reasonable 
^ factors, suitable generator steady- 
stabihty limits can easily be established for 
a wide range of operating conditions, 

4. The use of reverse reactive current 
loss-of-field relays provides a means for 
automatically disconnecting a generator 
from the system, before loss of synchronism 
in CMC minimum field current limits should 
not be maintained in the machine. 
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Appendix. Calculation of /=pu generator current 
Reactive Limits for Steady-State ^“angle by which i lags Ei, 

Stabilitv .STd—generator reactance (1/short-circuit 

' rating nine qih. __ 


Nomenclature 

P=real power, per unit (pu) 

Q=reactive power, pu 

-Pot = pullout power, pu 

.Ed=pu voltage behind generator reactance 

jEd=pu bus voltage 

£j=pu voltage behind equivalent system 
generator reactance 



/=pu generator current 
<?=» angle by which I lags Eb 
.^< 1 =generator reactance (1/short-circuit 
ratio) plus any additional reactance 
between generator and bus, pu 
external reactance measured from bus, 
pu 

Zi=load impedance 

All pu values must be on same arbitrarily 
selected base 

The pu system is used, with either the 
generator rating or 100 mva arbitrarily 
chosen as the base. 

from the simplified diagram of Fig, 
7, the pullout power 
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Xa + Xe (APPROX.) 



Fig. 7. Equiva¬ 
lent system dia¬ 
gram 

A — Schematic 
diagram 

B — Simplified 
diagram 


or 

Also 

Ea^^Eit-^jlXa-Ei+I (cos B-j sin d)jXa 
[(Eft+JZtf sin ey+ilXa cos 

but 

P=BbI cos 6, and Q^Ei,! sin B 
Substituting 

Ed = [(Ej,+QXd/Et)^+(EXd/E„y] ( 2 ) 

Solving for Q 

[Ed^-(PXd/Ei,)^V^*-Et, 

Xd/E„ 

or 

Substituting for Ed its value in equation 1 

E,yXd 

When JSs®*! pu 

1/Xd (4) 


Curve B-B shown in Fig. 3 may be ob¬ 
tained from the foregoing equation either 
by graphical consiauction or by substituting 
values of P and solving for Q since all other 
quantities are known. In either case, 
curve B-B gives the limiting initial mvar 
for a given initial mw load, based on picking 
up full turbine Output Pm- 

When the recognized maximum con¬ 
tingency will result in a load pickup of 
0.3 pu, the pull out power Pm should equal 
the initial load P plus the expected pickup 
of 0.3 (of generator rating). 


P«'=(P- 1 -AP) 


EdEg 

Xd+Xg 


or 

£d = ( '^*'^ - — )(P+AP) (S) 

where 


_ gaierator mva 

AP«=0.3 -- 

base mva 

Substituting this value for Ed in equa¬ 
tion 3 


IV. 

p*V -E^yXd 

When Eft = 1 pu 

l/Xd (6) 


It will be found more convenient to work 
with equation 6 in the form given than to 
reduce it further. The reduction in bus 
voltage which takes place when load is 
picked up will reduce the initial load. To 
avoid further complication, and since the 
0.3 load pickup is a rough estimate, this 
reduction in initial load was considered an 
added safety margin. 

When values of P are substituted in 
equation 6, values of Q are obtained for 
plotting curve A-A. This curve gives the 
limiting initial mvar which can be carried 
by the generator with an initial mw load 
and safely picfe up an increment of load 
equal to 0.3 of its mva rating. 

To apply the foregoing to a practical 
case, this example will use generator 7 at 
Hudson Avenue Station. This is an air¬ 
cooled single-shaft 200-mva 0.8-pf 16.5-kv 
generator connected to a 27.6-kv bus 
through a 16.5/27.6-kv autotransformer. 
The short-circuit ratio on 200 mva, 16.5-kv 
is 1.00. The autotransfonner reactance is 
2.5 per cent on a 100-mva base. The 
reactance from the bus to the equivalent 
system generator based on calculating 
board studies is 18 per cent on the same 
base. Expressing all reactances in pu on 
a common 100-mva base 

Xd f ^ J -1-0.025=0.525 

1 . 00\200 / 

^■^=0.18 


Substituting in equation 4, for a bus 
voltage of 27.6 kv (1 pu) and a maximum 
turbine capability of 165 mw 




1 

0.525 


= [3.37-P2l’/*-1.90 


The value of 1.21 for Eg is the calculated 
voltage behind synchronous reactance for 
the offrpeak load on the equivalent system 
generator. For a loosely connected system, 
the determination of Eg will require ex¬ 
perience and judgment. By calculating 
Q for P = 1.0, 1.2, 1.4, and 1.6, curve B-B 
is obtained. 

Similarly, when known values are sub¬ 
stituted, equation 6 becomes 

Q = [1.24(P +0.6)* -P*] '/* -1.90 


By calculating Q for P=0, 0.4, 0.8, and 1.2 
curve A-A of Fig. 3 is obtained. 

The intersection of curves A-A and B-B 
is a point whose mw value is equal to the 
maximum turbine capability less the 
assumed load pickup of 30 per cent of the 
generator mva rating. Above this mw 
value, the turbine can no longer pick up 
a load equal to 30 per cent of rating and 
the criterion of stability becomes full 
turbine output. 

Also shown in Fig. 3 are the manu¬ 
facturer’s end-turn heating limits, modified 
for the autotransformer reactive losses. 
The loss-of-field relay setting for this 
generator is 66 mvar. This setting is a 
function of transient stability, breaker 
tripping time, and available taps on the 
relay. ^ To prevent reaching the relay 
setting value, 67 per cent of the setting has 
been selected as the limit for operation. 

To the calculated stability limits has 
been added an arbitrary safety factor 
equal to 20 per cent of the generator mva 
rating, to be plotted along the mvar scale 
so as to move the curve in the overexcited 
direction. No safety margins were added 
to the end-turn heating limits supplied by 
the manufacturers. For this generator, 
the end-turn heating does not constitute 
a limit in the underexcited region. The 
composite curve C-C is shown in Fig. 3 in 
heavy lines’. It is composed of portions of 
the two stability limit curves referred to 
in the foregoing and the loss-of-field relay 
limit. 

The schematic circuit shown in Fig. 7 
may be reduced to the simplified circuit. 
Because of normal variations in load dis¬ 
tribution and pf, it was considered suffi¬ 
ciently accurate to use (A’^+Xe) for the 
transfer impedance and to neglect the effect 
of the nearly unity pf loads. 

Using the simpler criterion of an infinite 
bus,* the calculated stability limits will be 
somewhat on the underexcited, or opti¬ 
mistic, side of curves A-A and B-B of Fig. 3 
for the example given. To avoid confusion, 
the infinite bus limits are not shown. 
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Discussion 


J^ymond S. Watts (Commonwealth Edison 
Company. Chicago, lU.): As with, other 
^mpames, the Commonwealth Edison 
Company finds the highest pf at night and 
on week ends when the load is at a mini- 
mum. Week ends when there is a 3-day 
holiday such as the Fourth of July and 
Cabpr Day of the past year are particularly 
troublesome. 


1 ^^®se long week ends, the total systen 

load reached a minimum of 800,000 kw 
approximately one-quarter of the systen 
^ total capacity running ol 
1,800,000 kw of large efficient units which 
It IS not desirable to shut down. 

Previous to last year it was the practice 
at mese periods to switch out several large 
mgh-voltage cables, set the timing device on 
the switched capacitors so that they would 
be disconnected, and operate rotary-type 
cwdensors absorbing the maximum of vars. 
This enabled us to keep generators at 
shghtly lagging pf. Even when these 
steps wwe taken, the voltage remained 
igher than normal. In recent years, 17 
large generators have been equipped with 
modern volta^ regulators and, for the 
first time, switched capacitors were left 
on their normal cycle over these holiday 
week^ ends. Generators were allowed to 
go slightly leading in pf, absorbing vars 
from the system. 


For instance, a unit at Crawford Station 
absorbed 10 mvar with an output of 10 
mw. A unit at Fisk and one at Calumet 
with 78 and 40 mw respectively, absorbed 
as much as 5 to 10 mvar and several other 
units running at the time had 0 vars or 
unity pf. No trouble of any kind was 
experienced. 

Safe limits of leading pf with varying 
loads have been determined and the ma¬ 
chines are always operated well within 
these^ values. At such times it is the 
practice and the intent to have all the 
volta,ge relators in service that system 
conditions will permit. 


H. O. Sumnons, Jr., and C. A. Woodrow 
(General Electric Company, Schenectady. 
N. Y.): For a specific system, Mr. Roberts 
and Mr. Webb have clearly evaluated an 
important concept: the determination of 
generator kilowatt-kilovar loading guides 
designed to give successful system per¬ 
formance under planned emergency condi¬ 
tions. As they indicate, for a metropolitan 
system with relatively short electrical 
distance between generator and load and 
with a number of ties between stations, 
the use of generator voltage regulators 
can be avoided by the adoption of suitable 
generator loading guides based solely on 
steady-state stability considerations. How¬ 
ever,^ as the authors also indicate, tbits 
solution becomes more and more difficult 
as the system growth includes more kilovar 
generation out in the system and less and 
less kilovar output from the generating 
station itself. 

The authors conclude: “The limits of 
permissible minimum generator field cur- 
rmts cm be lowered with the installation 
of fast-response excitation control equip¬ 
ment.” The principal purpose of this 
discussion IS to further evaluate this con¬ 


clusion, taking into consideration two addi¬ 
tional important trends in metropolitan 
system growth. 

These trends are: 

1. New generating stations are neces¬ 
sarily more remote from the load area and 
the average electrical distance from gen¬ 
erator to load is continually increasing. 

2. Power flows to the load area through 
a limited number of heavily loaded channels 
and the loss of any one channel can create 
a sudden increase in the electrical distance 
between generator and load. 

Fig. 8 illustrates conditions which may 
be more severe than any of those evaluated 
by the authors but which are readily pos¬ 
sible, i.e., an external system having 30- 
P®*’*^®ut system reactance (based on maxi¬ 
mum turbine rating) as viewed from the 
generator t^inals. Fig. 8(A) shows initial 
operating limits without voltage reg^ulators, 
with zero kilovar safety margin, and on the 
somewhat dangerous assumption that the 
generator terminal voltage will never be 
less than rated voltage. Curves A-A and 
B-B are based essentially on the quite 
logical assumptions used by Mr. Roberts 
and Mr. Webb. No turbine will be called 
upon to increase suddenly its output by 
more than 30 per cent of rating (curve 
A-A); above 70 per cent of initial turbine 
output, the maximum turbine incremental 
demand is the difference between turbine 
rating and the initial turbine output 
(curve B-B ). As indicated, the most critical 
condition develops at around 70-per-cent 
turbine output. Here kilovar output can¬ 
not safely be reduced below 0.3 pu. This, 
we fed, would be unduly restrictive for 
many systems. 

Fig. 8(A) also illustmtes another limit, 
curve C-C, which becomes significant when 
the loss of a channd of power flow increases 
the external system reactance—in this 
illustration, from an initial value of 30 
per cent to a final value of 60 per cent. At 
constant exdtation (no regulators), this 
change in reactance causes a drop in genera¬ 
tor voltage and introduces a significant 
steady-state stability limitation, even 


though there is no increase in turbine 
output. As indicated, the initial limit 
required to prepare for this emergency is 
exactly the same as curve B-B at 0.87 pu 
power. At higher loads, this new reactance 
change limit, curve C-C, becomes limiting 
and supersedes the dotted portion of the 
B-B curve. Of course, if the system 
design is such that the change in reactance 
is 10 per cent rather than 20 per cent, 
then this operating limit slides appreciably 
to the left, perhaps slightly into the under¬ 
excited region at maximum turbine rating 
rather than 0.26 pu overexcited. 

Most users would find it highly unde¬ 
sirable to accept such operating restrictions 
as are indicated by Fig. 8(A), and Fig. 
®(®) is included to indicate the influence 
of adding voltage regulators to tliis system. 
The reactance change limit, curve C-C, dis¬ 
appears and curves A-A and B-B become 
essentially one straight line with acceptable 
undmexcited kilovars of 0.6 pu at maximum 
turbine rating and considerably more under¬ 
excited kilovars at lower turbine output. 
Such drastic underexcitation is seldom 
required and, therefore, ample margin 
normally exists for reducing the generator 
voltage by 5 per cent under system light 
load conditions. To all intents and pur¬ 
poses, steady-state stability limits have 
disappeared. Other considerations such 
as generator end-turn heating and the 
selection of suitable loss-of-excitation pro¬ 
tection become governing. 

On the system of Fig. 8, 30-per-cent' 
initial reactance and a maximum of 50- 
per-cent final reactance, transient stability 
problems'should not develop if modem 
high-speed relaying and circuit breakers 
are used. However, installations have 
been made and others are contemplated 
where this final reactance is considerably 
Sweater than 50 per cent. In these cases, 
transient stability can become a limitation 
even with the most modem generator 
voltage regulations and switchgear. Kilo¬ 
watt-kilovar generator operating guides 
can become necessary, particularly where 
the planned schedule includes some re¬ 
duction in generator terminal voltage 
during system light load conditions. 
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W. J. Roberts and R. L. Webb: It is 
interesting to note that the experiences in 
Chicago, as described by Mr. Watts, are 
essentially the same as those in the New 
York City area. In fact, his early morning 
load level has about the same percentage 
characteristic with respect to the peak 
load level, as experienced in New York. 


There is little doubt that the generators 
which operate during the off-peak periods 
on the New York system will also require 
the addition of fast-acting voltage regula¬ 
tors as is now the case in Chicago. 

Mr. Simmons and Mr. Woodrow have 
done a good job of showing the actual 
benefits of fast-acting voltage regulators 


applied to the operating characteristics of the 
generator referred to in the paper. We are, 
of course, pleased to know that they agree 
with the approach and assuniptions used 
by us and we agree with them in regard to 
the future possibilities of voltage regulating 
equipment as the capacitance loading on 
the system increases. 


I 




Detection of Grounds in Generator 
Field Windings 

J. E. BARKLE CC.STERREn L. L FOUNTAIN 

MEMBER AIEE MEMBER AIEE FELLOW AIEE 


T he tremendous increase in the 
size of individual generating units in 
recent years has spurred the interest of 
operating engineers in at least two re¬ 
spects; first, because it means knowing 
more about the limitations and capa¬ 
bilities of the generator itself and, second, 
because of the available protective relays 
that will prevent the machine from ex¬ 
ceeding its capabilities and incurring the 
risk of damage. There has been in the 
past a division of opinion among opera¬ 
tors in their philosophy concerning keep¬ 
ing generators in service when some risk- 
is involved. There are a number of dif¬ 
ferent types of abnormal conditions that 
can occur‘in a generator without aJBfect- 
ing its ability to generate kilowatts, but 
that do involve some risk of severe 
damage if the machine is kept in service. 
This risk is usually contingent on the slow 
development of the abnormal condition 
into a .serious one or the occurrence of a 
second abnormality. Many operators 
have followed the philosophy that a 
generator should be kept in service to sup; 
ply power to -the -ultimate consumer until 
an outage can be scheduled-even though 
some weakness which might eventually 
lead to severe damage is kno-wn to exist 
in -the machine. This practice has been 
influenced by shortages in reserve ca¬ 
pacity to the extent that loss of a unit 
meant iuEidequate capacity to supply the 
load. 

The diversification of reserve capacity 
by interconnections among sev»al sys¬ 
tems and a general increase in -the amo-unt 
of reserve capacity have altered -this situa¬ 
tion substantially, and it is now possible 
to remove a unit from service without 
jeopardizing -the syst^* This reduces 
the necessity of assuming risks of damage 
to a machine to maintain service. The 
capital investment in a large modern gen¬ 


erating unit is also a deciding factor. As 
a result, there is a greater tendency to 
operate generators without exceeding 
their capabilities, and to repair minor ab¬ 
normalities as soon as they are discovered, 
even though a forced outage is necessary 
to do so. To accomplish this, the maxi¬ 
mum capabilities must be known, and 
suitable instruments and protective de- 
-vices must be available to detect abnor¬ 
malities. 

An excellent example of the recognition 
of a limitation of generating units is the 
development of a standEird stating the 
ability of a unit to withstand an un¬ 
balanced external short circuit and the 
development of the generator negative- 
sequence current relay. ^ “® It was known 
that negative-sequence current in the 
armature of a generator would cause 
localized heating in the rotor structure, 
which if allowed to continue would cause 
a severe rotor failure. However, it was 
not until recently that the industry was 
able to establish a standard that relates 
the magnitude of armature negative- 
sequence current to the permissible time 
it can flow -without causing damage. 
Relay engineers were then able to design 
a relay that permits the generator to 
carry its full capability in terms of nega¬ 
tive-sequence current and then removes 
the generator from service to prevent 
damage. While this new relay is not yet 
widdy applied, operators who are instal¬ 
ling it are planning to connect it to trip 
the unit when the capability point is 
reached. 

General Considerations of Generator 
Protection 

Pro-tective-rda 3 dng schemes have been 
developed to detect substantially all types 
of faults and abnormalities that might 


exist in generators. Schemes to detect in¬ 
ternal faults usually take the form of 
some type of differential protection with 
parallel winding, or split-phase protection 
is used in some cases. Separate ground- 
fault relays are used where the minimum 
gi*ound-fault curren-t is below the sensi¬ 
tivity of the differential protection, and 
these relays may also operate for external 
faults. Some form of backup protection 
can be used to protect the machine against 
prolonged system faults. 

Many specialized relays are available to 
detect specific abnormalities such as nega¬ 
tive-sequence current, loss of field, motor¬ 
ing, out-of-step operation, single-phase 
operation, overspeed, overvoltage, exces¬ 
sive -vibration, bearing insulation failure, 
etc. Application principles for all of 
these de-vices are discussed in -the technical 
literature in more or less detail. In 1951, 
the Committee on Relays published a 
report^ which included -the results of a 
questionnaire on practices in the protec¬ 
tion of a-c generators, and specific rec¬ 
ommendations for modem protective 
schemes. 


Generator Field Ground Detector 


One facet of a-c generator protection 
that has not received sufficient study con¬ 
cerns detecting grounds in the field -wind¬ 
ings. There are many schemes available 
and in use for this purpose, and all of than 
have some weakness or shortcoming. 
The folio-wing discussion directs attention 
to die difficulties of detecting grounds in 
the field -windings, and recommendations 
for effective protective measures are de¬ 
veloped. The cyHndrical-rotor type of 
generator is given primary consideration 
in the following, but the same statements 
Eind condusioiK apply in some degree to 
salient-pole machines. _^ 


Paper 5S-12S, recommended by the AIEE Rdays 
Committee and approved by the AIEE Committee 
on Technical Operations for presentation at we 
AIEE -VWnter General Meeting, New York, N. Y., 
January 31-February 4, 1955. Manuscript 

submitted October 21, 1954; made available 
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Unfortunately, no factual data are availa¬ 
ble to indicate the magnitude of voltage 
^at must be applied to an actual bear¬ 
ing-oil film to cause positive bre^down or 
to indicate the range of conductivities 
that might be encountered in practice. 
Both of these characteristics are highly 
variable and depend on many factors, 
including the tliickness of the oil film, 
the area of the bearing surfaces, and the 
condition of the oil. Data on new clean 
oil are available however. 


Sr e jj'T—1"’'“'. on • niodMi M 3 <na.lor and tiiri>ine tosetl>« wM 

111. Held aicud .quipped wM, limp. . m„„. pf 
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The Relay Committee report* makes 
the following statements concerning 
grounds on the field circuit of machines 
and groimd detectors: “A ground on the 
field circuit is not serious in itself, but it 
indicates the presence of weakened insula¬ 
tion or mechanical failure, and serious 
damage may result if a second ground 
sho^d occur. A simple form of ground 
indication consists of two lamps in series 
connected across the rotor winding with 
their mid-point grounded. This scheme 
of ground detection gives positive indica¬ 
tion only for faults near the terminals of 
^e field winding. More sensitive ground 
indication can be obtained by replacing 
the lamps with resistors and connecting 
the mid-point to ground through a sensi¬ 
tive relay. Complete coverage be 
obtained in all cases by the use of a sepa¬ 
rate a-c supply with a low-voltage trans¬ 
former. One terminal of the transformer 
secondary winding is connected to the 
field winding, whUe the other terminal is 
cormected to ground through a sensitive 
relay.” See Figs. 1 and 2. 

Actually, as is developed later, none of 
these forms of ground indication f> an be 
considered as giving positive indication 
of a ground at any location in the field 
winding, and the use of a separate a-c 
supply involves some risk of further 
damage to the generating unit. 

In the summary of replies to the ques¬ 
tionnaire, the Relay Committee reported 
the following: “Thirty-five per cent pro¬ 
vide no means for detecting a grounded 
field winding; 25 per cent depend on d-c 
ground lamps for indicating a grounded 
field [Fig. 1]; 16 per cent use some form 
of d-c voltmeter scheme; 13 per cent use 
both ground lamps and voltmeter; 12 
per cent use an a-c relay with a trans¬ 
former^ source [Fig. 2].” While this 
analy^ shows considerable variation in 
practice, apparently 65 per cent of the 
operators are using some form of genera¬ 
tor fidd ground detection. 


The Problem 

There are two factors that make the 
detection of generator field grounds diffi¬ 
cult. First, the fidd circuit is normally 
isolated from groimd, and even with con¬ 
stant voltage applied, the potential be¬ 
tween the conductor and the rotor iron 
is variable, depending on the spedfic 
location in the winding. Under normal 
conditions, the capadtance to ground of 
the field winding forces a distribution of 
voltage so that the potential between 
each slip ring and the rotor iron is one- 
half of the applied voltage, and the poten¬ 
tial to iron at the dectrical center of the 
field winding is zero. 

The second factor is found in the bear¬ 
ings of the machine. The generator de¬ 
signer provides insulation in both bearing 
pedestals so that a path for the flow of 
shaft current through the bearing pedes¬ 
tals and the bedplate does not exist. The 
reason for this is to prevent the damaging 
effect that current, even though very 
small, can have on the bearing surfaces. 
The turbine bedplate is generally a part 
of the station ground, and its bearing 
pedestals are available to connect the bed¬ 
plate to the shaft electrically. Unfor¬ 
tunately, this connection is a poor one, 
because the bearing contains an oil film 
that can be an insulating barrier for low 
voltages and provides a path of low and 
variable conductivity at higher voltages. 
The conducting qualities of the bearing- 
oil film depend greatly on the quality and 
purity of the oil, clean oil being a poorer 
conductor than oil containing dirt or 
moisture. 

Thus, one can conclude that the shaft 
and rotor of a turbine generator may be 
electrically isolated from the bedplate 
and station ground by the insulating 
properties of the bearing-oil film At 
best, the path available to connect these 
parts electrically is one of questionable 
but probably poor conducting ability. 


The lamps, voltmeters, or relays used 
to detect field-winding grounds are nor¬ 
mally connected between the slip-ring 
brushes and the station ground. Even 
witli the field winding solidly connected 
to the rotor iron, operation of the ground 
detector is dependent on the circuit be¬ 
tween the shaft and the station ground, 
which includes the bearing-oil film. It is 
for this reason that the ability of these 
ground-indicating schemes to detect field¬ 
winding grounds is open to question. 

Ground Detection Schemes 

To show more specifically how these 
factors affect the operation of different 
schemes used to detect rotor grounds, a 
brief (fiscussion is given of the principles 
on which the schemes are based. 

Lamp and Voltmeter Schemes 

The lamp and voltmeter schemes, which 
are the most widely used, are simple and 
easily understood, A typical example of 
each is illustrated in Fig. 1, but there are 
a number of variations that have been 
used. 

The lamp scheme of Fig. 1(A) operates 
on the principle that the voltage to ground 
of each field lead is the same, and the 
voltages applied to the two lamps are 
equal. Under these circumstances, the 
lamps glow with equal brightness, but 
the brightness is a function of the excita¬ 
tion voltage applied to the generator field. 
With modern generator voltage regula- 
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with a-c ground relay and showing capacitance 
of field winding to shaft. Bearing arrange¬ 
ment the same as shown in Fig. 1(A) 
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tors, there can be considerable aperiodic! 
variation in excitation voltage and conse¬ 
quently in the lamp brightness. 

If the conductivity of the bearing-oil 
film is assumed to be excellent, and to 
form a good connection between the shaft 
and station ground, a ground at either 
terminal of the field winding will cause 
one lamp to be short-circuited and ex¬ 
tinguished while the other lamp glows 
with greater brightness. It is then pos¬ 
sible for the operator to determine that a 
ground has occurred and which terminal 
is grounded. A ground at the center of 
the field winding will not disturb the volt¬ 
ages to ground at the lamp location, and 
the ground is not indicated. For grounds 
at other locations in the winding, the 
degree of voltage disturbance and the 
probability of ground indication is be¬ 
tween these two extremes. 

On the other hand, if the oil film is as¬ 
sumed to be a poor conductor, insulating 
the shaft and rotor from the station 


lamps. The lamps in series across the 
excitation voltage divide the voltage 
equally and continue glowing with the 
same intensity. 

The voltmeter scheme of Fig. 1(B) 
operates on the same principle as the 
lamp scheme. Under normal conditions, 
the voltage between the mid-point of the 
two resistors and ground is zero and is so 
indicated by the voltmeter. A ground at 
either terminal of the field winding causes 
the voltmeter to indicate a voltage equal 
to one-half of the excitation voltage, sub¬ 
ject, of course, to the conductivity of the 
bearing-oil film. Like the lamp scheme, 
no indication is given of a ground at the 
center of the'field winding. 

From this brief and elementary discus¬ 
sion it is obvious that the lamp and volt¬ 
meter schemes are subject to ground loca¬ 
tion and bearing-oil fihn conductivity, 
and when all of the probabilities are com¬ 
bined, the effectiveness of the schemes is 
seriously in doubt. 

Alternating-Voltage Method 

The alternating-voltage method, one 
variation of which is shown in Fig. 2, was 
devdoped severd. years ago and is based 
on the principle of raising the entire field 
circuit to some potential above ground so 
that a grotmd at any point in the field 
winding can be detected. Alternating 
current was chosen because it is con¬ 
veniently available and can be trans¬ 
formed to the proper magnitude. The 
alternating voltage is applied to one ter¬ 
minal of the field winding. The voltage 
to ground at the opposite fidd terminal is 
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the sum of the alternating voltage and the 
d-c excitation voltage, so that part of the 
ground insulation is stressed at a higher 
crest potential than normal. A sensitive 
a-c rday in series with the alternating- 
voltage source is rdied upon to indicate 
the ground fault. 

This scheme overcomes the problem of 
detecting a ground at the center of the 
field winding, but it is still subject to fail¬ 
ure to indicate because of poor conduc¬ 
tivity in the bearing-oil film. In addi¬ 
tion, the alternating-voltage method in¬ 
troduces a serious operating hazard that 
cannot be ignored. The field winding of 
a turbine generator has considerable 
capacitance to ground. The capacitance 
to ground of the fidd winding of a typical 
average-sized turbine generator is of the 
order of 0.3 to 0.7 microfarads. Again, 
if the bearing-oil film is assumed to be a 
good conductor, an alternating voltage 
applied to the winding-to-ground capaci¬ 
tance will establish a capacitive current to 
ground that must flow through the bear- 


the danger of pitting and subsequent 
failure. 

At this point, two conflicting require¬ 
ments become apparent. First, if no 
current is to be permitted in the bearing, 
the magnitude of the applied alternating 
voltage must be small enough that the 
bearing-oil film remains an insulator and 
prevents the flow of current. Second, if 
the ground detector is to operate at all, the 
alternating voltage must be high enough 
to cause conduction through the oil film 
when a rotor ground occurs. The varia¬ 
tions encountered in the conducting 
properties of the oil film are too great to 
permit the choice of a voltage that meets 
both of these conditions. In view of the 
possibility of damage to the generator 
bearings, the alternating voltage method 
should be avoided as a ground detector. 

Direct-Voltage Method 

A scheme similar to the alternating 
voltage scheme in Fig. 2 except for the 
use of a direct voltage has also been em¬ 
ployed. The relay, of course, is then a 
sensitive d-c relay. This scheme elimi¬ 
nates the danger of bearing damage, 
because the direct voltage does not es¬ 
tablish the flow of any cmrent. There is 
an improvement over the lamp and volt¬ 
meter schemes of Fig. 1 as the entire field 
winding is at an elevated potential with 
respect to ground, and a fault at any 
point will cause a change in voltage to 
ground. 

The detector relay stiU depends on con¬ 
ductivity in the bearing-oil film to pass 



Fig. 3. Generator field circuit equipped with 
a nonlinear resistance bridge and a sensitive 
d-c relay for detecting grounds. Uiis scheme 
has no null points as long as exciter voltage 
varies over a small range due to regulator 
action. Bearing arrangement the same as 
shown in Fig. 1(A) 

sufficient current to cause operation. The 
principle objection is in the fact that one 
side of the field winding operates at a 
higher-than-normal voltage to ground, 
overstressing the ground insulation. 

Nonlinear Resistor Scheme 

A variation of the voltmeter scheme of 
Fig. 1(B) is the d-c relay scheme shown in 
Fig. 3. Two resistors, one of which has 
constant resistance while the other is a 
nonlinear resistance that varies with ap¬ 
plied voltage, are connected in series 
across the field winding. A sensitive d-c 
relay of the galvanometer type is con¬ 
nected from the mid-point of the resistors 
to ground and is the ground-detecting 
element. 

The use of one nonlinear resistor pro¬ 
vides a means of detecting a ground at 
any location in the field winding. As the 
resistance of the nonlinear resistor changes 
the location of the point in the field wind¬ 
ing where the voltage to ground is zero 
also changes. Thus, the voltage to 
ground at all points in the winding is 
variable, depending on the applied excita¬ 
tion voltage, and a ground at any point 
will eventually disturb the voltages and 
circulate a current. 

The nonlinear resistor can be replaced 
by a rheostat or a’ series of fixed resistors 
with pushbuttons to vary the resistance 
between the field leads and the rday tap. 
The operator must periodically move the 
rheostat or depress the pushbutton to 
move the point of zero voltage to ground 
in the field winding. A nonlinear resistor 
makes it unnec^sary for the operator to 
take any action. 

As is true with the other schemes dis¬ 
cussed, this scheme is also dependent on 
the conductivity of the bearing-oil film. 
It does provide a means of detecting 
. grounds at any location in the winding 
without applying additional voltage to 
overstress the ground insulation. This 
scheme therefore has advantages over 
those previously discussed. 
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grotmd, a ground at any point in the field 
winding will not be indicated by the ing. The bearing designer will not per¬ 
mit any current in the bearing because of 
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bHAjT Slip Rings 

Some operators who have become aware 
of the. problem of conduction through the 
bearing-oil film have insisted that the 
manufacturer provide a slip ring grounded 
to the shaft to provide a by-pass around 
the bearing, but this device is not an 
answer to the problem. The only time 
the brush riding on this slip ring is called 
upon to carry current is when a ground 
occurs in the field winding. Even at this 
time, the voltage applied to the brush is 
small. 

The performance of brushes that nor¬ 
mally carry no current is notoriously un¬ 
predictable. A film having good insulat¬ 
ing properties is apt to develop on the 
slip ring, so that no current will flow from 
the slip ring to the brush unless sufl^dent 
voltage is applied to cause breakdown of 
the and conduction. Thus, the slip 
ling in parallel with the bearing-oil film 
is a poor by-pass device, and it is possible 
that the beanng-oil film may have higher 

conductivity than the slip ring. If this is 
the existing condition, the slip ring is in¬ 
effective and by-passes none of, or only 
part of, the current from the bearing. 

In addition to the conduction problem, 
the generator designer has a serious prob¬ 
lem in finding a location to place the shaft 
slip-ring and brush assembly. Space on 
a turbine generator shaft is at a premium 
and considerable additional expense may 
be involved in adding the slip ring. For 
these reasons, the ability of a shaft slip ring 
to perform its intended function is ques¬ 
tionable, and the expense is apt to be far 
greater than warranted by the advantage 
gained. The shaft slip ring is not a rec¬ 
ommended solution to the problem. 

Summary 

AU of the ground detector schemes now 
in use have a common shortcoming in 
that they depend on conductivity through 
the bearing-oil film to start operation. 

No scheme offers a positive solution to 
the problem. The lamp and voltmeter 
schemes will not operate for grounds at 
or near the center of the field winding be¬ 
cause the voltage distribution is not sufil- 
ciently disturbed. The alternating-volt¬ 
age me^od introduces a hazard because 
capacitive current may flow through the 


bearing and cause damage. The direct- 
voltage method eliminates this hazard 
but retains the objectionable feature of 
overstressing some of the ground insula¬ 
tion at a higher-than-normaJ voltage. 
The nonlinear resistor scheme enables 
detection of a ground at any point in the 
winding, but depends on the bearing-oil 
film conductivity for operation. The 
use of a shaft slip ring is not a solution to 
the problem, because the film on the ring 
surface can prevent conduction and, at 
best, only a portion of the current is re¬ 
moved from the bearing. 

Experience with these schemes has been 
varied. Some operations have been re¬ 
ported, but whether the detector indicated 
a ground at the instant it occurred is al¬ 
ways debatable. It is conceivable that a 
field-winding ground might exist for days 
or weeks before the bearing-oil film con¬ 
ductivity becomes high enough to permit 
operation of the ground detector. It is 
also conceivable that the detector might 
never operate. In any event, it is ex¬ 
tremely important that operators realize 
that the lack of a ground detector indica¬ 
tion does not necessarily mean that there 
is no ground on the winding. The ground 
detector must be treated as a device that 
may indicate a ground, but some more 
positive means must be used to detect 
grounds. 

Periodic testing of the insulation with 
the machine at rest is one test that is fre¬ 
quently carried out but this is not neces¬ 
sarily conclusive. It is possible that a 
ground in the field winding will disappear 
as the centrifugal forces due to rotation 
get less and less. Therefore, some posi¬ 
tive check should be made while the ma¬ 
chine is still running near normal speed. 
This can be accomplished by momentarily 
by-passing the bearing-oil film and pedes¬ 
tal insulation with a jumper from the shaft 
to ground. A portable instrument or the 
normal ground relay prot^tive equipment 
can be used to indicate whether a ground 
exists. 


aepending ou the quality and cleanliness 
of the oil, and in many cases it may prevent 
the detector from performing its function. 

2* The use of a shaft slip ring to by-pass 
me bearing-oil film is not recommended. 
Because of the glaze or film that will de¬ 
velop on the surface of the sUp ring, the 
bearing-oil film is apt to be more con- 
ductmg, in which case, the purpose of the 
shaft slip ring is defeated. In addition, the 
expense and difiiculty of finding a location 
on the shaft for the slip ring and brush 
a^mbly are not justified by the question¬ 
able advantage gained. 

3. The alternating-voltage method is not 
recommended because of the danger of 
establishing capacitive leakage current 
through the generator bearings. This cur¬ 
rent can be established even though no 
field ground exists. Also, part of the 
ground insulation is overstressed because 
of the a-c component of voltage added to 
the normal exciter voltage. 

4. Even when the alternating voltage is 
rectified into a direct voltage, the condition 
of overstressing the field insulation con¬ 
tinues to exist. 

5. The scheme, shown in Fig. 3, which 
^ems to offer the best over-all protection 
IS that using a voltage divider bridge with 
one leg of the bridge a non-linear resistor 
which will shift the zero point of ground 
measurement as the exciter voltage varies 
tmder regulator control. 

6. In the final analysis the insulation 
resistance of the winding should be deter¬ 
mined or some overvoltage means should 
be used to determine the insulation condi¬ 
tion at every shutdown period of the 
{^erating equipment, in order to insure 
that no undetected grounds in the field 
winding exist. 

7. Movement of the rotor coUs due to 
rotational forces may contribute to estab¬ 
lishing a field-winding ground. Therefore, 
an msulation check with the machine run- 
nmg at normal speed is desirable. The 
tearing-oil film and pedestal insulation 
should be by-passed with a jumper during 
this test. 
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Discussion 


H. C. B^es (American Gas and Electric 
toeryice Corporation, New York, N. Y.): 
In pre^^l this summation of the meth- 
ods of field ground detection and the 
problems associated with each, the. authors 
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have rendered a valuable service to utility 
engineering and operating personnel. 

At the start of the paper, the case is 
ar^ed in favor of more protection to 
trip a unit. This is based on the increased 
reserve capacity making it more permissible 
and the incre^d cost making it more 
desirable. This is generally true but it 
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should be remembered that, while the sys¬ 
tem is growing rapidly, the individual unit 
IS taking tremendous jumps in size. A 
260-megavolt-ampere unit, now a common 
item, or a 360-megavolt-ampere unit, now 
m actual production, could represent a 
good percentage of an area’s generation 
even though the over-all system was large 
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enough to justify such units. Its loss 
could create serious local problems. The 
huge shafts, shells, and other parts of these 
large machines may present stress problems 
from unequal cooling or heating after a 
tripout, particularly with temperatures of 
1,200 degrees now a reality, and higher 
ones no doubt on the way. Aside from 
these factors, there is no return on the 
investment when a machine is not pro¬ 
ducing, having been unnecessarily removed 
from service. 

These comments are of no value if it 
is assumed that these devices trip only 
when there is actual trouble. However, 
it is irrefutable that tripping devices and 
associated wiring can fail or be wrong 
because of mechanical or electrical surges and 
that test men make mistakes. Therefore, 
false tripping is bound to occur. If an 
infinite niunber of. trip devices were ap¬ 
plied, a trip signal would conceivably be 
constantly present. Therefore, the need 
should be carefully weighed before con¬ 
necting additional devices to trip. Where 
tripping is necessary, such as for an elec¬ 
trical. short circuit, fast tripping should 
certainly occur. If a time delay is per¬ 
missible, even though slight, it may elimi¬ 
nate trips from surges or transients even 
though still subject to its own or the test 
man’s failure. If there is enough time for 
the operator to analyze the difficulty, then 
ah alarm should be sufficient, particularly 
if supervisory personnel is readily available 
for consultation. Even the addition of 
alarms should be carefully considered since 
they can become so multitudinous that 
they are confusing. 

As for field protection, generators in¬ 
stalled on the A. G. & E. system since 
about 1946 have been provided with the 
a-c rectifier-type relay connected to alarm. 
These have been supplemented to d-o 
voltmeters writh suitable test transfer 
switch^. So far, no grounds have been 
experienced. There have been a few false 
alarms. Also, several maintenance men 
have discovered that the ground detector 
relays should have been removed from 
service before starting to work on the 
brushes. Field temperature recorders are 
standard, as they have been since even 
before the ground detectors. These indicate 
short-circuited turns, since they become 
erratic under this condition, especially if 
the short circuit is intermittent, as it often 
is on a rotating field. There have been 
two cases of short-circuited turns. 

The most recent case of false indication 
was not from the relay contacts but from 
the indicating lamp which is part of the 
relay. It was noted that the lamp bril¬ 
liancy was varying. Test voltmeters 
between the slip ring and ground indicated 
a voltage varying in magnitude and polarity. 
A voltmeter reading between the shaft at 
an exposed point at the turbine end of 
the generator gave voltages of —56, —25, 
+30, and +28 for the low- and high- 
pressure generators of two, 200-megavolt- 
ampere cross-Cpmpound units. They per¬ 
sisted even with the relay removed from 
service. When the shafts were grounded 
through a low resistance, this voltage dis¬ 
appeared and the lamp on the rday be¬ 
came normal. Apparently a capacitance 
charge was building up on the shaft until 
it was high enough to break down the oil 
film. This was remedied by completion 
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of installation of shaft grounding which was 
provided for bearing and gear protection. 
Whether the glaze due to no current as 
mentioned in the paper will nullify this is 
yet to be determined. Such glaze has 
caused difficulty with the field temperature 
recorders. 

Despite our rather negative experience, 
the field ground problem is considered 
serious enough to justify continued use of 
detection equipment supplemented by in- 
and out-of-service testing. The relay will 
continue to be connected to alarm. 


H. T. Seeley and E. J. Burdick (General 
Electric Company, Schenectady, N. Y.): 
Throughout this paper the au^ors haye 
discussed the subject of detection of gen¬ 
erator field-winding ground faults with an 
overly pessimistic viewpoint, leaving the 
impression that the generator rotors are 
not and cannot be effectively grounded; 
that all detector schemes must therefore 
operate through the bearing-oil film; and 
that the a-c and d-c ground detection 
schemes overstress the field-winding ground 
insulation. We do not share these views 
but believe that automatic detection of 
field circuit ground faults should be used 
and that effective detection of these faults 
is available with present-day equipments. 

In conclusion 1 the authors state that 
all ground detector schemes now available 
and in use rely on the conduction of current 
through the bearing-oil film for effective 
detection of grounds. No mention is made 
of hydro turbine-generators whose rotors 
are effectively grounded by the turbine 
without depending upon conduction of cur¬ 
rent through the bearing-oil film; nor was 
mention made of various resistance ground¬ 
ing paths located in the turbine on steam 
turbine units. These paths do not depend 
upon conduction of current through the 
bearing-oil film. We have found, by 
calculation and measurements of units in 
service, that water-sealing glands or carbon¬ 
packing glands effectively ground the 
turbine and generator rotors. If these 
grounding paths do not exist, the rotor 
can be grounded by other means. 

We agree wholeheartedly with the 
authors’ recommendation that users should 
measure the sensitivity of their protection 
rather than simply taking for granted the 
grounding of the generator rotors, as other¬ 
wise disappointments may occur. Such 
a measurement is easily made in connection 
with the d-c field ground detector relay 
and should be made a routine periodic test 
wherever there is any doubt as to the 
effectiveness of the rotor grounding path. 

In the discussion of the alternating- and 
direct-voltage schemes of detection, the 
authors mention the objection that one side 
of the field winding operates at higher- 
than-normal voltage to ground, over¬ 
stressing the ground insulation. It should 
be pointed out that the American Standards 
Association standards require that the 
field wdnding be given a high-potential test 
at 10 times, rated voltage.^ The field¬ 
winding insulation is also capable of 
operating continuoudy at a ceiling voltage 
of 120 per cent of rated. This higher 
insulation margin available in the field 
winding has made it possible to design a 
ground detection scheme that does not 
overstress the ground insulation. 


The authors have concluded that the 
voltage divider bridge with one leg of the 
bridge being a nonlinear resistor, offers 
the best over-all protection. Yet this 
scheme relies on changes in the exciter 
voltage to give complete protection to the 
field winding. With this system, a ground 
fault conceivably could exist for a long 
period without being detected if the gen¬ 
erator were base-loaded. 

The direct-voltage scheme does not suffer 
the disadvantage of relying on changes 
in exciter voltage, since it has its own 
power supply and can detect field ground 
farilts -without depending on the excitation 
voltage. The d-c field grotmd detector 
relay, with which there have been years 
of successful experience, offers the best 
solution available today. 

Rbpbrbncb 

1. Rotating Electrical Machinery. ASA 
CS0-JM3, American Standards Association, New 
York, N. Y., Mar. 29, 1943. 


J. E. Barkle, C. C. Sterrett, and L. L. 
Fountain: Mr. Barnes’ description of the 
experience of the American Gas and Electric 
Service Corporation is of considerable 
interest to the authors. There was no 
intention in the paper itself to imply a 
recommendation that generator-rotor 
ground detectors be used to trip the machine 
off the line in the event of operation. In 
fact, the authors would agree that this is a 
form of relay protection that can and 
probably should be installed to sound an 
alann and pro-vide an opportunity for the 
station operator to analyze the trouble. 

The philosophy Mr. Barnes proposes is 
a, wise one to follow in any relay situation. 

A relay should not be connected to trip 
unless it is used to detect trouble that 
requires immediate removal of the equip¬ 
ment from service, and there is reasonable 
assurance that incorrect operations of the 
relay are a remote possibility. A generator- 
rotor ground in itself is not serious, but is 
undesirable. The danger lies in the occur¬ 
rence of a second ground in the field wind¬ 
ing which could cause serious damage. 

Mr. Barnes also describes sporadic opera¬ 
tion of an indicating lamp in a ground 
detector scheme on one of the American 
Gas and Electric units. This was even¬ 
tually traced to the fact that the genemtor 
shaft was not grounded. When provision 
was made to ground the generator shaft, 
the shaft voltages disappeared and the 
lamp operation was normal. 

Mr. Seeley and Mr. Burdick express 
favoritism for the direct-voltage method 
of detecting field grounds. There is no 
question in the authors’ mmds -that this 
y>ii Pin<» offers a workable solution to the 
problem, but it is our opinion that the 
objections to it are sufficient to make its 
use undesirable. The discussers point out 
that the American Standards Assocktion 
standards require -that the field -wining of 
a generator be given a high potentkl test 
at 10 times rated voltage and that the 
fidd-winding insulation is capable of 
operating continuously at a ceiling voltage 
of 120 per cent of rated voltage (see re¬ 
ference 1 of Mr. Seeley’s discussion). 
Obviously, these requirenients are designed 
to produce considerable insulation margin 
in the generator rotor. 
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Under normal conditions, with 250 volts 
applied to a 250-volt field winding, the 
capacitance to the rotor iron will force a 
distribution of voltage such that the po¬ 
tential at each field terminal is one-half the 
applied voltage. Therefore, the voltage 
between each slip ring and the shaft would 
be 125 volts. On the assumption that 
the d-c pound detector voltage is 125 
volts, a distribution of voltage is forced so 
that the potential between one of the slip 
rinp and the shaft is raised to 375 volts. 
This^ means that the insulation at thta 
terminal of the field winding is stressed at 
approximately three times the normal value. 
While this is not sufficient to cause break¬ 
down of the insulation, it appreciably 
reduces the insulation margin. 

It should also be pointed out that on 
machine field windings rated at 375 volts, 
the American Standards Association stand¬ 
ards require an overpotential test of 3,750 
volts. Using the direct-voltage method 
of rotor-ground detection can apply a 
voltage to the winding insulation in a 250- 


volt machine that is equal to, or higher 
than, that normally existing in a 375-volt 
machine. 

These discussers do not agree that the 
generator-rotor can be insulated from 
ground by the bearing-oil film but Mr. 
Barnes appears to substantiate the fact 
that this can occur by describing an actual 
case. There is no question that the rotor 
can be grounded by various auxiliary de¬ 
vices, but the value and desirability of 
these is questioned. The use of shaft slip 
rings was discussed in the paper and the 
authors do not feel that this is a reliable 
method of grounding. Design and manu¬ 
facturing difficulties are usudly encountered 
in attempting to provide a means for 
grounding the shaft. 

The voltage divider bridge method de¬ 
scribed in the paper has been designed to 
provide ground detection equal to that of 
the direct-voltage method, and it does not 
have the disadvantage of applying higher- 
than-normal voltage to the rotor insula¬ 
tion. It seems logical to take the stand 


that higher-than-normal voltage should 
not be applied to insulation when it is not 
necessary to do so. In the case of a base- 
loaded machine whei-e the field voltage 
remains constant for a considerable length 
of time, an artificial change in the resistance 
of the nonlinear resisstor can be produced 
by having a pushbutton connected to short- 
circuit a portion of this resistance. 

In summary, a general conclusion of the 
paper is that all ground-detector schemes 
now in use have shortcomings of one form 
or another. Some arc erratic in operation 
and cannot be relied upon to detect part 
or all of the possible grounds. Others are 
objectionable from the standpoint of the 
effect that they might have on the generator 
bearings or insulation. If by some means 
a shaft ground is provided, the voltage 
divider bridge method become.s equal to 
any scheme which is now in u.se, including 
the direct-voltage method, and becomes 
superior in that it does not apply higher- 
than-normal voltage to the field insula¬ 
tion. 
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^HE Shawinigan Water and Power 
■ Company has an installed capacity of 
1,500,000 horsepower in six hydroelectric 
plants all located on the St. Maurice 
River in the province of Quebec. The 
company maintains its own electrical 
repair department and rewinds all its own 
generators. During the last 10 years 
nine machines totaUing 240,000 kva have 
been rewound. 

Two years ago the company had the 
problem of rewinding the first of a group 
of five generators that had originally been 
overrated with a temperature rise of 110 
degrees centigrade (C). The problem 
was to reduce the rise to a more normal 
• value without reducing the output. 
Some fundamental design changes were 
made to reduce the operating losses and a 
new insulation structure developed with 
greater thermal conductivity. Test re- 
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suits indicated that the new insulation 
had an appreciable effect on temperature 
reduction. Subsequently the same type 
of insulation was applied to another gen- 
^ator with different output, voltage rat¬ 
ing, and original insulation. Again an 
appreciable decrease in temperature rise 
occurred. 

This insulation is now standard in tbis 
company for all rewind jobs and the re¬ 
sults of better heat conductivity are used 
to reduce temperature rise where required 
but more generally to increase the kilo¬ 
watt output when adequate capacity is 
available from the turbine or the kilovar 
output where sufficient field and exciter 
capacities exist. This paper describes the 
operating history pf the machines, their 
original insulation components, the new 
insulation and the results of rewinding on 
the temperature-rise-versus-oulput char- 
actenstic. 

18,500-Kya Generators 

These units are rated 18,500 kva, 6,600 
volts, 0.85 power factor (pf), 120 rpm, 60 
^des, and are hydraulic-turbine-driven. 
They were installed in 1914 and had been 
^^anteed to deUver rated output with a 
110 C temperature rise with no unduly 


harmful effects to the insulation. The 
exact reason for this unusual rating has 
been obscured by lack of records. They 
have the following operating history. 
After 10 years the end-turn cambric in.su- 
lation was dry and brittle and was re¬ 
placed by mica tape. There were few 
breakdowns over the ensuing 15 years. 
Subsequently, however, the fretiuency of 
failures increased to such an extent that 
all stator coils were reinsulatcd as a tem¬ 
porary expedient during the war. The 
majority of faults on these machines were 
tum-to-turn short circuits caused by 
vibrating strands. The bonding varnish 
on the conductor had deteriorated by heat 
aging and allowed the strands to vibrate 
and wear away the turn insulation. 
These characteristics are common to most 
failures in older machines in tliis com¬ 
pany. The reinsulation process was 
good for 8 to 10 years, then strand vibra¬ 
tion again caused failure. 

When the decision was reached to re¬ 
wind completely these units, a study was 
made to determine means to reduce the 
temperature rise but to maintain the 
output and to provide more heat-resist¬ 
ant insulation components on the con¬ 
ductor to eliminate the vibrating strands. 

Kilowatts at 

18,500 Kva, 6,600 Volts, 0.85 Pf 
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WEDGE 
F11_LER STRIP 
KRAFT PAPER WRAPPER 
MOULDING MICA SLOT CELL 
ASBESTOS TAPE BINDER 
MOULDING MICA CHANNELS 

ALTERNATELY BARE 
AND ASBESTOS COVERED 
STRANDS ORGANIC 
VARNISH BOND. 

SLOT LINER 
IH-FILLER 

COIL ENOS INSULATED 
WITH CAMBRIC TAPE 


L 


A 


ORIGINAL COILS 


Fig. 1 (left). Section 
of original stator coil 
for the 18,500-kva 
generator 


Fig. 2 (right). Section 
of new stator coil for 
the 18,500-kva gener* 
ator 
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WEDGE 
II^FIBERGLAS BINDER 

-GLASS BACKED ASPHALT 
BONDED MICA TAPE 
GROUND INSULATION. 

-GLASS BACKED SILICONE 
BONDED MICA TAPE TURN 
INSULATION. 

ALTERNATELY BARE AND 
GLASS COVERED STRANDS 
SlUCONE VARNISH BOND 

ENTIRE COIL VACUUM - 
PRESSURE IMPREGNATED 
WITH ASPHALT COMPOUND. 


NEW COILS 


In the absence of inanufactureTs test 
data, retardation tests were made to es¬ 
tablish and segregate the machine losses. 
These are shown in Table I. Analysis of 
these losses and the machine construction 
showed that the following design changes 
could be made to reduce losses: 

1. With a more efficient insulation struc¬ 
ture the stator conductor section could be 
increased to reduce the stator copper loss. 

2. By increasing the stator coil pitch by 


one slot, the core loss could be reduced. 
The effect of this change on the short- 
circuit ratio and wave form were found 
acceptable. 

3. As a result of change 2 the field current 
and losses would be reduced. 

4. By more efficient stranding and trans¬ 
positions, tlie stray losses could be reduced. 

The results of these changes as established 
by retardation tests after rewind are also 
shown in Table I. 


It was found however from the tem- 
perature-rise-versus-loss cliaracteristics 
that these loss reductions were not suffi¬ 
cient to reduce the rise to a value near the 
60 C standard. Hence a program of ex¬ 
periment and research was conducted to 
find an insulation structure with better 
thermal conductivity. 

Fig. 1 shows a section of the original 
stator coil of the 18,500-kva generator. 
Numerous tests were made witli various 
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Fig. 3 (left). Tempera¬ 
ture rise-loss curves for 
the 18,500-kva gen¬ 
erator 

Curve A—O r i g i n a I 
winding 

Curve B—New wind¬ 
ing 


Fig. 4 (right). Tem¬ 
perature rise-output 
curves for the 18,500- 
kva generator 
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-ASBESTOS TAPE BINDER 

-PAPER BACKED ASPHALT BONDED 
-MICA TAPE GROUND AND TURN 
INSULATION. 

-DOUBLE COTTON COVERED STRANDS 

ENTIRE COIL VACUUM -PRESSURE 
IMPREGNATED WITH ASPHALT 
COMPOUND 


Fig. 5 (left). Section 
of original stator coil 
for the 40,000-l(va 
generator 


combinations of insulating materials and 
the final structure selected was as shown 
in Fig. 2. For greater heat stability 
class-^f silicone bonded components were 
used at the core of the coils where hottest- 

spot temperatures were attained and the ^ (•‘•sI'O- Temperature rise- 
previous troubles had started. Experi- for the 40,000-kva 

ments indicated that glass-backed mica as senerafor 



compared to formerly used paper-backed 
mica had better thermal conductivity. 
The ground and end-turn insulations were 
made with glass-backed asphalt bonded 
mica tape, vacuum-pressure impregnated 
vnth asphalt compound. 

Eunng installation all means were 
taken to improve the cooling characteris¬ 
tics of the coils. They were hot-pressed 
into the slots with hydraulic rams to en- 
siue intimate contact of the insulation 
with the slot walls and to eliminate in- 
^ating air films. Special end-turn block¬ 
ing and spacing of the coils exposed a 
maximum of coil surface to the cooling 
air. 

^ The effects of the winding and insula¬ 
tion changes on temperature rise are 
shown in Fig. 3. Curve .4 is the charac¬ 
teristic before rewinding and curve B 
after rewinding. Analysis of these shows 
that, had the losses alone been reduced 
from 673 kw to 557 kw, the temperature 
rise would have been reduced 24 C. But 
combined with the improved insulation, a 
total reduction of 58 C was realized. The 
tmperature-rise-versus-output curves of 
Fig. 4 show the increase in output with 


the machine considered on the basis of 
60 C rise, 

40,000-Kva Generator 

Following the successful application of 
this insulation on the foregoing Tngr»liinA 
an opportunity arrived to use the 
components on a larger, higher voltage 
generator whose original insulation was 
different. This unit was rated 40,000 
kva, 11,000 volts, 0.75 pf, 138.5 rpm, 60 
cydes, and was installed in 1928. The 
original stator insulation is shown in Fig. ■ 
5. This unit had no failures until 1952. 
At that time inspection showed local 
overheating of the top end turns to the 
extent that the strand insulation had com¬ 
pletely disintegrated on . many coils. 
This heating was diagnosed as having 
been caused by lack of spacing between 
Md turns, resulting in poor ventilation 
m this area. In this case there was no 
problem of general excessive temperature 
rise. It was planned to reduce the local 
fr^ting of the top end turns by spacing 
the coils in tliis region. The rewinding 
procedure and insulation components were 


the same as used on the 18,500-kva gen¬ 
erator but adequate for the higher volt¬ 
age. 

The results of this rewind on the tem¬ 
perature rise characteri.stic are shown in 
Fig. 6. vSince the original temperature 
rise of this machine was normal, the bene¬ 
fits of the new insulation were taken in 
increased output. Thisamounted to9,0()0 
kva or 24 per cent over the original rating 
of 40,000 kva. This was mo.stly reactive 
power, as the output of the turbine was 
limited. 

Conclusions 

Excluding the obvious effects of loss 
reduction in the case of the 18,6()0-kva 
generator, the lower temperature rises of 
these machines are attributed to the 
better thermal conductivity of the glass- 
backed and silicone-impregnated imsula- 
tion components, and the added radiating 
surface of the spaced end turns. It is 
hoped that the application of cla.ss-i? 
components at the hottest parts of the 
winding will deter the paist troubles 
caused by vibrating strands. 


Disc 


ussion 


g^e^nghouse Electric Corporation, East 

discusses 

Mnprov^ents resulting from 
winding and 
the machinl It 
reports tirat the pitch of the winding was 

loss, short-drcuit 
’ reduced. From 

nspection of the illustrations, it would 
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coS Z ^ original 
con was poor and numerous short circuits 
etween bare strands would be expected • 
n the^ construction was as pictured. Al- 
^ough not stated in the paper, it may be 
mat an improved transposition was used 
on the new coil in addition to the increase 
m conductor cross section described. 
^Elimmation of the slot cell will usually 
winding temperature from 6 
oLr r detector because of better 
^ rile detector. 
Improved ventilation from other causes 


could also have contributed to the loi 
^ndmg t^perature, although these i 
®*ample, wedge ci 
^ction can be modified to permit bet 
^tilation. Furthermore, a new cle 
expected to be cooler th 
^ old dirty winding. The inforraati 
on wmdage and friction loss might 
mterpreted to indicate that there was 

WaTnot^h riife blower design, although tl 
was not brought out in the paper. 

describe how t 
temperature was measured and no deteci 
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is shown in the illustration. It would be 
interesting to know whether the coil tem¬ 
perature was measured in the slot part or 
in the end winding. Thermal conductivity 
of the insulation wall is an important factor, 
but our experience does not indicate that 
the temperature by the standard AIEE 
detector would be affected as much as has 
been reported in this paper. On the other 
hand, the hot-spot temperature is much 
more affected by the thermal conductivity 
of the insulation, than is the temperature 
as observed by standard detectors. 


H. R. Sills (Canadian General Electric 
Company Ltd., Peterborough, Ont., 
Canada): Mr. ^line has, by the direct 
approach of rewinding his own machines, 
rather forcibly presented the user’s point 
of view in respect to machine design and 
the characteristics desired. In this respect 
the approach is unique and the data given 
will be of considerable value to designers in 
formulating their design concepts. 

However, in 1914 the majority of genera¬ 
tors were de.signed primarily about their 
self-regulating characteristics and many 
machines of that- period have since been 
rewound, using modem insulations and 
winding practices, for twice their original 
rating, but at sacrifice of their self-regulat¬ 
ing characteristics. 

The material which Mr. Seline has at his 
disposal for rewinding these generators was 
not available when the machines were 
built- This, of course, is the problem in 
evaluating insulation practices. Those 
that fail are already obsolete. 

It is of interest to observe that in both 
instances the failures originated in the 
strands and turn insulation. The failure 
on the 40,000-kva generator windings was 
caused by carbonization of the cotton 
strand insulation lying in a section of the 
core overheated because of oil contamina¬ 
tion. In the line terminal coils, this 
carbonized strand insulation was com¬ 
pletely destroyed by internal ionization 
which was progressively attacking the turn 
and slot insulation. These coils were 
overheating because of circulating current 
losses as a result of the loss of the strand 
insulation. 

However, the condition of the turn and 
slot insulation in the neutral coils where 
there was not ionization was such as .to 
make it appear iJiat, had the strands been 
class-jB insulated, as is now done,- they 
would have withstood the temperatiues 
and there would have been no interstices 
for internal ionization to hs deadly 
work. 

In Fig. 6, the curves replotted against the 
square of the load, and extrapolated as 
straight lines to no load, indicate that 
there has been a reduction of no load 
temperatures of 6 C. Is this caused by a 
change in pitch of the coils? If so, this 
leaves an improvement of 4 degrees at 
rated load due to improved conductivity 
of the insulation. It would be of interest 
to know how much of this should be at¬ 
tributed to the improved thermal con¬ 
ductivity obtained by pressing the coils 
into the slots. 

The author has made a valuable con¬ 
tribution and I am sure it will be of much 
interest to machine designers. The in¬ 
creased loadings will produce higher thermal 
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gradients in the insulation and it will be 
interesting to know how well this composite 
class-jff and class-iB insulation will sustain 
the test of operation. 


A. W. W. Cameron and K. R. Knights 
(The Hydro-Electric Power Commission 
of Ontario, Toronto, Ont., Canada): The 
Shawinigan Water and Power Company is 
to be congratulated in taking this trial 
step forward in a field where too few such 
steps have been taken over the past 30 
or 40 years. It would appear, in view of 
the relatively high cost and reported sus¬ 
ceptibility of silicone insulations to de¬ 
terioration in air at the higher voltages, 
that the company was wise in limiting the 
silicone application to the inner insulation 
of the coils where temperature and rate 
of deterioration are possibly the highest. 

We would like to enquire whether some 
credit for reduced temperatures could be 
given to the cleaning action that resulted 
from replacing the windings, and whether 
the reduced temperatures will cause any 
difficulty in heating of the generator room 
during winter months. 

It is of interest to note that glass-backed 
miVfl. tape was used for the ground insula¬ 
tion. The author’s opinion would be 
appreciated on whether the lower mica 
content obtainable with glass-backed as 
compared to paper-backed mica tape would 
limit its applicability to new generators. 

We are very interested in this application 
of silicone-insulated compound to water¬ 
wheel generator insulation, and are hoping 
that the company will carry out and make 
available the results of a testing program 
to provide information on the relative rate 
of deterioration of these windings. 


W. Hindle (Canadian Westinghouse Com¬ 
pany Ltd., Hamilton, Orit., Canada): 
We would like to compliment Mr. Seline 
for providing some very important in¬ 
formation on the subject of rewinding a-c 
generators. He has shown how it is 
possible to incorporate most of the unprove- 
ments which have evolved since 1913 in 
generator design into the rewinding of 
some of the oldest generators in Canada. 

It would be interesting to review briefly 
the history of the Grand Mere generating 
station involved in the first part of the 
paper. The six original machines reported 
by Mr. Seline, according to our records 
were rated 14,700-kva, 80 C rise, with a 
short-circuit ratio of 1.30, and the 18,500- 
kva 110 C rating was likely an overload 
rating. 

In 1923, we supplied two generators of 
the same physical dimensions, rated 18,500- 
kva 75 C rise by thermometer, which 
tested 65 C by detector. This rating was 
obtained by a change in the number of 
slots and by increasing- the amount of iron 
by approximately 3 per cent while still 
maintaining a short-circuit ratio of over 
1,00. In 1940, we rebuilt one stator, 
supiplied new field coils, modified the 
ventilation, and rated the rebuild 20,000- 
kva 60 C rise, with a short-circuit ratio of 

1.00. We have no record of temperature 
test on this rebuild, but are of the opinion, 
based on design calculations and tests on 
sinlilar machines, that the rise would be 
approximately 45 C. 


The stray load loss in the author’s design 
has been reduced, in line with mod^ 
current practices, by designing coils with 
thinner strands including transpositions. 
Mr. Seline, in a very clever way, has ar¬ 
ranged the individual strands of the coil 
so that each, strand is completely insulated 
from each other. 

We note that in this rewind the coil 
pitch has been increased with a consequent 
reduction in the field current but at the 
expense of the short-circuit ratio. On 
previous designs, the limiting factor on 
rewinding for increased rating has been 
the-short-circuit ratio of 1.00, and we feel 
that some considerable part of the improve¬ 
ment in rating is because of the reduction 
of the short-circuit ratio. 

A present-day generator built on the 
same size frame would be rated 27,000 kva, 
60 C, with a short-circuit ratio of 1.00. 
This generator would incorporate therma- 
lastic insulation and the latest improvements 
in ventilation. 

In conclusion, we feel that Mr. Seline 
is placing undue stress on the thermal 
properties of silicon varnish and that other 
factors have contributed such as changes 
in ventilation of the generators. It would 
be interesting to compare the rewind 
performance of a succeeding generator 
using another type of modem insulation. 


J. A. Langford (Canadian-Brazilian Services, 
Toronto, Ont., Canada): The subject of 
this paper is of considerable importance to 
all those responsible for the operation of 
generators. The author has presented 
a very interesting account of the work of 
his company and he and his company ^e 
to be commended for their pioneering with 
silicone insulation. 

Table I contains information on the losses 
of the 18,500-kva generators before and 
after rewinding. It is noted that, after 
rewinding, the windage and friction loss^ 
increased by about 14 per cent. Does this 
indicate that the quantity of air circulating 
through the generators was greater after 
rewinding? 

In d ifrussi ng the composition of the tape 
used for ground insulation, the statement 
is made that experiments indicated that 
glass-backed mica as compared to formerly 
used paper-backed mica had better thermal 
conductivity. The results obtained -^th 
the new insulation bear out the conclusions 
derived from experiments. From the stand¬ 
point of thermal conductivity, the only 
difference between glass-backed and paper¬ 
backed tape would appear to be that, for 
a given thickness of insulation, there wptdd 
be a greater proportion of backing materi^ 
in the glass-backed tape. However, this 
difference would not, seem to account for 
the improved performance of gflass-backed 
tape. Could the fact that glass-backed 
tape can be wound on with more tension 
and can, therefore, produce tighter insula¬ 
tion be part of the answer? 


W. G-. Seline: I appreciate the intere^ 
shown by the various discussers in this 
paper. Mr. Wliitney and Mr. Moses are 
correct in their observation that the 
original coil stranding was very inefficient. 
The large strand sizes caused excessive 
eddy currents within the strands, the 
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Table II 


Output, 

Kilovolt-Amperes 

Guaranteed 

Approximate 

Temperature 

Rise, C 

14.700... ■ „ 

16,000........ . It 

18.600. 



construction of the turn section did not 
pve adequate protection against strand- 
to-strand short circuits, and no transposi- 
toons were made to reduce eddy currents 
between strands. As stated in the paper, 
tr^spositions were used on the new coils. 

With regard to temperature reduction 
to be expected from elimination of slot 
cdls, modified wedge design, and new clean 
windings, our past experience has been 

rewound four 

35,000-kva and two 16,000-kva 6.900-volt 
generators where the original insulation 
was mica folium with a slot cell. The 
rewinds were made with continuous paper¬ 
backed mica-taped asphalt-impregnated 
coils with no slot cell. Wedges were 
modified by fluting for more efficient air 
passage. The machines were thoroughly 

case of the 

16,000-kva generators, the stator copper 
section was increased 6 per cent and the 
transpositions were employed. In all these 
cas^ the temperature rise before and after 
rewmd remained ^bstantially the same. 

* It IS on the basis of this experience with 
nuca folium and paper-backed mica tape 
versus the new glass-backed mica insulation 
structure that we conclude that the major 
portion of the temperature reduction 
comes from ^e better heat conductivity 
of the new insulation components. The 
increa^d windage and friction loss may 
have been the result of increased bearing 
friction as these underwent extensive over¬ 


hauling. No alterations were madp to the 
blowers. 


Temperature measurements were made 
by resistance temperature detectors be¬ 
tween coil sides at the center of the slots. 
The decreased temperature at this point 
may have resulted from the dissipation of 
a greater proportion of the heat from 
stator copper losses through the winding 
end turns. From experiments which ap¬ 
proximated operating conditions, we found 
that the difference between the hot-spot 
copper and detector temperatures was of 
the order of 1 to 2 degrees for the new coils 
and 6 to 8 degrees for paper-backed mica 
taped coils. These experiments were made 
on 6,900-volt insulation. 


- - * -- ' WCIC 

made to the pitch of the stator coils on 
the 40,000-kva generator. 

Regarding the discussion of Mr. Cameron 
^^^^• .^*i*Shts, it is to be expected that 
the heating of the generator room will be 
reduced as a result of the reduction of 
operating losses. However, with only two 
of five machines presently rewound, this 
has not yet been noticeable. 

The glass-backed asphalt bonded miV a 
tape IS approximately 0.002 inch thicker 
toan the fonnerly used paper-backed tape. 
However, the space factor is approximately 
the ^me considering the tighter application 
possible and the omission of binders pre¬ 
viously used. Compared with mica folium 
It ehminates the use of slot cells and bulky 
spacer strips between coil sides. We can 
see no reason why this insulation cannot 
be used on new machines. It is anticipated 
mat a co-ordinated testing program will 
e instituted to evaluate the comparative 
rate of deterioration of these windings. 

Referring to Mr. Hindle's review of the 
history of the IS.SOO-kva generators, our 
knowledge of this and the basis upon 
which the machines have been operated 
over the past 40 years is as follows* 


1. The original contract stated tliq t 
the coils could withstand a temperature of 
150 C continuously without deterioration. 

2. The original contract specified tem¬ 
perature rise not to exceed 66 C (above 
25 C ambient) at 14,700 kva. 

3. Under test the machines failed to 
meet the temperature rise clause and a 
supplemental agreement was drawn up 
to provide new temperature specifications, 
as given in Table II. The supplemental 
agreement also reiterated that the coils were 
insulated to withstand a maximum total 
mtemal temperature of 160 C. It also 
stated that if the generators were operated 
at a rise of 115 C or lower (above 30 C 
ambient), there would be no harmful effect 
on the insulation. 

On the basis of this contract, the 
generators were rated 18,600 kva con- 
tmuous operation and name plates were 
supplied by the manufacturer accordingly. 

The two machines supplied in 1923 and 
the one rebuilt in 1940 were of a con¬ 
siderably modified design. It is agreed 
that a ni^hine of greater output can be 
built within the same physical dimensions 
with an improved design and lower loss 
steel. This was actually the alternative 
available at the time of rewind. However, 
by only a slight modification of the electrical 
design and the use of these new insulation 
components, an equivalent result was 
accomplished at one-fourth the cost. 

As noted in Table I, a considerable 
proportion of the loss reduction was in 
tee core by increased stator coil pitch. 
Thw reduced the short-circuit ratio from 
1.06 to 0.80. This was found acceptable 
under present system conditions. 

In reply to Mr. Langford, the glass- 
backed tapes can be appUed with con¬ 
siderably more tension and, undoubtedly, 
the resiflting compactness would aid heat 
conductivity. 



A Transductor-Type Field Ripple 
Detector for Synchronous Generators 


tional current transformer is not satis¬ 
factory in detecting the a-c component of 
field current, because of the presence of 
the steady d-c component which saturates 
the transformer. 


H. M. McConnell 

ASSOCIATE MEMBER AIEE 


I T HAS been recognized that negative 
sequence stator currents in synchro¬ 
nous generators, if allowed to persist, may 
cause dangerous heating of the rotor 
structure due to induced currents. The 
problen of protecting synchronous gener¬ 
ator against rotor heating from this cause 
has stimulated an active discussion among 
those responsible for relay application. 

^ The present method of detecting nega¬ 
tive sequence stator current is to employ 
w^-known sequence-filtering networks 
fed by current transformers. The output 
of the network is used to operate a relay 


which actuates protective eqtupment if 
the penmssible PT, or integrated square 
of negative sequence current, is exceeded. 
A group of recent papers^-e summarize 
the present state of development in this 
matter. 

At the time of the presentation of these 
papCTs, it was mentioned in oral dis¬ 
cussion that a method of detection of 
negative sequence currents based on the 
induced a-c component of field current 
would be desirable.« It is well known 
that a proportionality exists between 
these quantities. However, a conven- 


ihjs paper presents a circuit for the 
measurement of the a-c component of a 
current which has a considerable d-c 
level, with particular application to the 
field ripple problem at hand. Thedreuit 
consists of current transformer with an 
additional compensating winding supplied 
by a current transductor whose function 
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CoxMittee Md approved by the AIEE Committee 
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Winter General Meeting, New York, N. Y. 
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pnnting November 22, 1964. 
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Fig. 1 (left). 
Circuit diagram of 
the transductor - 

0 

type field ripple 

0 

detector 

0 

CO 


is to cancel the d-c ampere turns. The 
circuit is shown in Fig. 1. The cores are 
made in gapless (toroidal) form, of a 
material having essentially a rectangular 
hysteresis loop. 

Design Objectives 

The objectives in designing the circuit 
are to achieve: 1. a useful output current 
/o into the burden Zo; 2. faithful response 
to sudden changes in either the d-c or a-c 
components of the current If; 3. accept¬ 
able linearity between /o and the a-c 
component of If. An approximate anal¬ 
ysis of the circuit indicates the way in 
which the various circuit components 
must be chosen in order to meet these 
objectives. 

Analysis 

The transductor will be idealized by 
stating that the instantaneous current 
Ji, Fig. 1, is the image of the instantaneous 
current If. Reasonably close agreement 
between this idealization and actual per¬ 
formance is obtained if the resistance 
drop in the a-c windings of the trans¬ 
ductor, 2r\ii, is small compared with the 
maximum applied voltage, and the capaci¬ 
tor C ojffers low impedance to the a-c 
component of 1\. A detailed analysis of 
the transductor operation is beyond the 
scope of this paper; in fact, the perform¬ 
ance of the series-connected magnetic 
amplifier with high-impedance control 
circuit is not well understood because of 
unexplained core behavicnr. An analysis 
of circuits of this type, making use of an 
idealized flux-density/fidid-intensity char¬ 
acteristic for the core material, is avail¬ 
able in the literature./^ It is sufficient to 
note here that the compensating turns of 
the current transformer may be adjusted 
to account for linear departures of the 
transductor performance from the ideal. 
Thus 


CO 

S. 

tro 

'^CD 

< 

CL 
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Fig. 2 (right). 
Steady-state out¬ 
put characteristic 
at 60 cycles/with 
400 ampere-turns 
d-C/ and 585- 
ohms resistive 
load. Dashed 
curve calculated 
by equation 7; 
solid curve meas¬ 
ured 


where ki is the proportionality factor 
which accounts for the current ratio error 
of the transductor. 

For perfect compensation of the current 
transformer 
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l'^i/i(d-c )-If (d-c) 
therefore 


m- 


Nt 
' k. 


( 2 ) 


'(3) 


The current transformer is idealized 
by neglecting its magnetizing current. 
Then, the ampere-tum relationship states 
that 

//(a-c) ■= N<^o'\-NJi(B.-c) (4) 

The common flux ^ of windings iVo and JV 2 
require that 

loZa^^juNo^ (S) 

/2(a-c)(>'a+i"A)=«jtoiy2^ (6) 

The reactance offered by C at tlie ripple 
frequency «/27r is not included in equation 
6 because the conducting arms of the 
rectifier bridge effectively short-circuit C 
to this component of current. 

Combining equations 4, 5, and 6 yields 
the complex ratio of transformation 

Jo 1 


J/(a-c) 




(7) 




CD 


The rapidity with which the bias 
current J 2 (d-c) is able to adjust to tran¬ 
sients in the d-c level of If will have an 
effect upon the current transformer be¬ 
havior. During transient intervals both 
the d-c and a-c components of field current 
diange suddenly. The cuirent trans¬ 
former can by itself reproduce such asym¬ 
metrical currents in its output winding 
for a short time only; this time is dictated 
by the rate at which the average flux level 


100 200 300 

A.C. AMPERE - TURNS (RMS) 

of the current transformer core increases, 
whidi is in turn dictated by the burden. 

It will be assumed here that the cmrent 
transformer is unable to reproduce asym¬ 
metrical currents unless perfect compensa¬ 
tion in the bias winding exists. Then a 
suitable transient response of the bias 
current h will be defined as follows: 
the bias current should reach a level such 
that compensation is restored within an 
interval which is short in comparison with 
the short-circuit transient time constant 
(Ta) of the generator. Taking 20 
cycles as a representative value of Ta, 
then tlie bias current should be able to 
reach the level for compensation in about 
4 cycles at fundamental frequency. 

Transients in the bias circuit will be 
calculated under assumptions that: 1. 
the transductor delivers a direct current 
Ii proportional to the d-c component of 
If; 2. the current transformer is saturated. 
Then, the bias winding (iV 2 j may be 
treated as a resistance, and the circuit L, 
r*, C may be considered to receive a pre¬ 
scribed current. Rapid response with a 
minimum tendency to overshoot in a 
circuit of this type is adiieved if the 
damping is somewhat less than the critical 
value. Accordingly, a damping ratio of 
0.7 will be assumed. Previous discussion 
of response time has indicated that about 
1/15 second may be allowed between initi¬ 
ation of a sudden change in Ji and a 
corresponding response of Iz- As ^own 
in any treatment of second-order systems 
of this type, the following relationships are 
established 


r^C 

2\'lC' 
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^.7 
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Fig. 3. Single-phase short- 
clfcelt (line to line) of S-kva 
230-voif 3-phase 60-cycle 
salient-pole generator with 
damper winding. Star-con¬ 
nected. No-load voltage 250 
volts 

Top—Output current to 1,000 
ohms. Final value 86 ma, 
peak to peak 

Second—^Transductor supply 
current 

Third—Transductor supply 

voltage, 60 cycles 
Fourth Current transformer 
bias current. Initial value 33 
ma 

Bottom—Generator field cur¬ 
rent. Initial value 2.29 
amperes 


Table I. Dimen sions of Circuit, inches 

toside Outside inside Outside 

Diam- Diam- Diam- Diam- 

Core eter eter Height eter eter Height 


«, 76...0;«0...1.18...1.82...0.61 

V....1.60...2.00...1.00...1,40 2. 10 ... 1.11 


■\/Z.CS0.0267 second 


j Vlcs 

} raC^Oj 


I raC^0,0373 second 

Whether the conditions of equations 9 
may be realized depends on whether the 
filter circuit Q prescribed by these equa¬ 
tions is practical. It is found that at 
the ripple frequency of 120 cycles the 
ratio (caZ/ra) dictated by equations 9 is 
about 14, which is readily obtained with 
commercial components. 

Let it be required to design a field ripple 
detector for a generator in which during 
transients, the d-c component of field 
current may reach 400 amperes. The 
initial value of a-c component of field 
current under such circumstances will be 
less than a 400-ampere peak, by an 
amount equal to the initial field current. 
However, let it be assumed for purposes 
of design that the peak a-c component will 
be 400 amperes; the detector should be 
designed for an a-c level of 283 amperes 
rms. Let a burden of 10 volt-amperes 
at 1,000 ohms be required at this a-c level. 
These preliminary considerations fix the 
current transformer output at 100 milli- 
amperes (ma) rms, and the current trans¬ 
former output winding can have no more 
than 2,830 turns. The current trans¬ 
former core must be capable of at least 
100/2,830 volts per turn at 120 cycles. 
Equation 7, together with the value of 

14 dictated by equations 9, allows the 
determmation of JVo and versus the 
parameter (iVj/JVo) for a given v^ue of 
the second parameter ra. . If ra is assumed 
to take a certain value, then JVo and JVa 
may be foimd such that the wire sizes, 
available winding spaces, and practically 
available choke fit the assumed Value of 
ra. Several trials of this nalmre indicaiie 


the combination best suited to the partic¬ 
ular application considered. It is found 
that in the present example JVa should be 
about 5,000 and JVo should be about 2,200 
if it is assumed that ra is 500 ohms. The 
corresponding value of Z is 9.30 henrys. 
The rated value of the compensating 
current la becomes 80 milliamperes and 
the rectifiCT must withstand 40 volts d-c. 
The capacitor should be about 75 micro¬ 
farads, although the exact value is not 
critical; see equation 8. 

Experimental Work 

A model of the circuit has been con¬ 
structed and tested. The three cores 
were i^de of 0.004-inch Orthonol tape. 
The dimensions in inches are shown in 


Table I. 

Other constants of the circuit are: 

JVi=6,000 turns No. 32 

JVa=5,000 turns No. 32 

JVo=2,200 turns No. 32 

^^i~S04 ohms, 20 degrees centigrade 

ra=501 ohms, 20 degrees centigrade 

L^IO.S henrys, nominal 

C=60 microfarads, 60 volts electrolytic 

A factor ki was introduced in equation 1 
to account for the fact that the ampere- 
tuih ratio of the transductor is slightly 
1^ than the ideal of unity. It will be 
noted that both JVi and JVa are 6,000 turns 
in the model. The factor ki is intro¬ 
duced in ah equivalent way in the model 
by placing more exciting turns upon the 
transductor cores than upon the current 
transformer core, turns being added until 
maximum output current is reached at 
rated d-c and a-c excitation levels. It 
was found that 72 turns on the transduc¬ 
tor cores and 69 turns on the current trans¬ 
former core achieved this result. Thus 
= 69/72 = 0.958. Rated d-c current be¬ 
comes 5.80 amperes and rated a-c ripple 
current becomes 4.08 amperes rms. (The 
example design began by assuming 400 
amperes in a single conductor to be the 
excitation level. To test the model on 
ava.ilable machines, the nominal 70-tum 
exciting windings were installed. In a 
single conductor application it would be 


Fig. 4. Single-phase short- 
circuit (line to line) of 100- 
kva 2,300.volt 3.phase 60- 
cycle salient-pole generator 
without damper windings. 
Star-connected. No-loadvolt- 
«jc 1,500 volts 

Top—Output current to 1,000 
ohms. Final value 230 ma 
peak to peak 

Second—Transductor supply 
current 

Thlrd~~Transductor supply 
voltage, 60 cycles 
Fourth-Current transformer 
bias current. Initial value 
50 ma 

Bottom—Generator field cur¬ 
rent. Initial value 4.0 amperes 
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most convenient to add extra turns to the 
current transformer compensating wind¬ 
ing, in about 1/2 per cent taps, in order to 
“tune” for best compensation.) 

The steady-state response of the unit 
at 60 cycles is given in Fig. 2. Transient 
response, in the situation for which the 
unit was designed, is shown in the oscillo¬ 
grams of Figs. 3 and 4. (It will be noted 
that the d-c component of generator 
field current in Fig. 4 rises to a value 
considerably greater than the designed 
level, resulting in some distortion of 
the output current wave form and a 
reduction in its rms value.) 

Conclusions 

The device presented in this paper is 
shown to be a small, inexpensive, static 
apparatus for the measurement of the 
a-c component of field current in a syn¬ 
chronous generator, both in the transient 
and steady states. It has sufficient out¬ 
put to operate a relay or meter. Its 
design is simple and its components are 
readily obtained. 

Probably the most serious obstacle to 
the application of this device to generator 
protection is the determination, without 
dangerous tests, of the amount of a-c 
ripple in field current per unit of generator 
negative-sequence current. 

Accurate calculations are possible in 
the case of salient-pole generators. How¬ 
ever, the presence of solid iron in the rotor 
forging of a turbogenerator upsets any 
formal calculation for those machines. 


1. Turbine - Generator Heating During 
Single-Phase Short CiRcmTS, M. D. Ross, E. I. 
King. AIEE Transactious, vol. 72, pt. Ill, Feb. 
1963, pp. 40-46. 

2. Effects of Negative-Seoubncb Currents 
ON Turbine-Generator Rotors, E. I. Pollard. 
Ibid., June, pp. 404-06. 

3. Short-Circuit Capabilities of Synchronous 
Machines for Unbalanced Faults, P. I>. Alger, 
R. F. Franklin, C. E. Eilboume, J. B. McClure. 
Ibid., pp. 394-404. 

4. Protection of Generators Ao^nst Un- 
‘ BALANCED CURRENTS, J. E. Barkle, W. E. Glass- 

bum. Ibid., Apr. 1953, pp. 282-86. 

6. Applications of Relays for Unbalanced 
Faults on Generators, J. E. Barkle, Frank Von 
Roescblaub. Ibid., pp. 277-82. 

6. Baceup Protection for Generators, Eric 
T. B. Gross, Lester B. LeVesconte. Ibid., vol. 72, 
pt. Ill, June 1963, pp. 686-92. 

7. Series-Connected Saturable Reactor with 
Control Source of Comparatively High Im¬ 
pedance, H. F. Storm. Ibid., vol. 69, pt. II, 
1960, pp. 1299-1309. 




Discussion 

Eric T. B. Gross (Illinois Institute of 
Technology, Chicago, III.): In the discus¬ 
sion of an earlier paper (see reference 6 
of the paper) it was reported that current 
transformers with air gaps, or similar equip¬ 
ment, have been in practical operation for 
relaying by using a-c currents in the rotor 
circuits. The transformer proposed by 
Dr. McConnell makes possible further 
im provements of such protective schemes 
and deserves the serious consideration of 
those who design, build, or use protective 
relays. 

In this paper, particular emphasis is 
placed on double-frequency currents in 
the rotor and rotor windings. It would be 



Fig. 5. Calculated performance of ripple 
detector circuit with 400 ampere-turns d-c 
and S83 rms ampere-turns a-c at various fre¬ 
quencies, operating into a 1,230-ohm total 
resistance burden. Curve A—output current. 
Curve B—output current capability without 
saturation of current transformer 


of interest to learn whether the author 
bfl» also considered the behavior of his 
device with regard to low-frequency rotor 
currents which are typical of other im¬ 
portant disturbances. 


H. M. McConnell: The response of the 
circuit to currents of frequency different 
from 120 cycles can be calculated from 
equation 7, if the output current transformer 
does not saturate. For constant d-c and 
a-c ampere-turns, but variable frequency, 
the output decreases with decreasing fre¬ 
quency because of the shunting effect of 
the filter section. This behavior is shown 
in Fig. 6, in which is also shown a 
line representing the capability of the 
current transformer core, in terms of cur¬ 
rent which can be supplied to this par¬ 
ticular burden without saturation. 


A Method for Determining Economical 
ACSR Conductor Sizes for 
Distribution Systems 


A. W. FUNKHOUSER 

associate member AIEE 


R. P. HUBER 


I N CONVERTING the 4-kv fringe area 
of the Indianapolis Power & Light 
Company system to 13-kv distribiition, 
it was decided that, wherever possible, 
all new line construction would be made 
using b^e steel-reinforced aluminum 
cable (ACSR) type of conductor. The 
economy of this type of conductor over 
copper has been well established in con¬ 
nection with transmission lines by the 
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experience of many companies including 
the Indianapolis Power & Light Company. 
Since the application of ACSR was new 
to this company’s distribution system, 
it was necessary to set up certain sizes as 
standard. The problem was in selecting 
as few sizes as possible to minimize stock¬ 
ing while still providing the most eco¬ 
nomical conductor for the loadings antici¬ 
pated. It was also necessary to consider 


voltage regulation at the maximum al¬ 
lowable load condition. A method is 
presented for making these selections in 
which a mathematical solution for deter¬ 
mining the economic proportions of dif¬ 
ferent wire sizes in a graded construction 
arrangement is used. It is believed that 
this offers a different approadi ’ to this 
problem from that used in other economic 
wire size studies. 

In selecting the wire sizes for use on 
this system, an economic comparison of 
the various sizes is made in two ways. 
First, the most economical sizes fpr any 
value of load is determined. Second, the 

Paper ^5-159, recommended by the AIEE Trans¬ 
mission and Distribution Committee and approved 
by the AIEE Committee on. Technical Operations 
for presentation at the AIEE Winter General 
Meeting, New York, N. Y., January 31-February 
4, 1965. Manuscript submitted October 13, 1954; 
made available for printing December 15, 1964. 

A. W. Funkhousbr and R. P. Huber are with the 
Indianapolis Power & Light Company, Indian¬ 
apolis, Ind. 
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most economical arrangement of these 
sizes for a growing uniformly distributed 
load is found. A check of voltage regula¬ 
tion IS made to ensure that the sizes 
selected are adequate from this stand¬ 
point. The sizes used are no. 2/0,266,800 
circular mils (CM), and 397,600 CM.. A 
combination using all three sizes in a 
graded construction arrangement proves 
to be the most economical for main line 
construction. 


Description of Methods Used 

The major considerations in selecting 
certain conductor sizes as standards are 
the comparisons of annual cost and volt- 
age repjlation of all sizes, and under all 
conditions likely to develop. Variations 
m load distribution, load factor, load- 
growth rate, loss charges, investment 
charges, and construction costs all affect 
the economical conductor sizes to be used. 
These factors vary from system to sys¬ 
tem and must be based on company ac¬ 
counting practices, operating conditions, 
and anticipated future conditions. Dif¬ 
ferences in voltage regulation were not 
evaluated in the economic comparison 
of conductor sizes, but data are included 
showing the relation of conductor size 
(and therefore, cost) to voltage regulation. 
The reduction in voltage drop is a factor 
favoring the larger conductor sizes when 
the economic comparisons are close. 

In this study the economical conductor 
size is first established for each value of 
load up to a maximum allowable loading 
of 6,000 kva for the 13-kv circuits. One 
of these sizes can thus be selected for any 
line serving a static concentrated load 
within the range studied. However, 
most circuits have a growing load that is 
distributed along its entire length. To 
determine the most economical arrange¬ 
ment under these conditions, the estab¬ 
lished conductor sizes are compared in¬ 
dividually and in various combinations to 
ascertain the lowest annual cost for the 
conditions Msumed. As a further check, 
the regulation for the most economical 
combination is calculated to see if it is 
adequate from the voltage standpoint. 


limited by telephone contacts, and the 
lowest class pole used on the main dis¬ 
tribution lines will support the largest 
conductor size being considered. Hard¬ 
ware costs are neglected since a chedc of 
the difference in cost on the system 
showed it to be negligible compared to the 
total cost per mile involved. All hard¬ 
ware is the same for the conductor sizes 
studied except for a few dead-end clamps. 

The geography of the fringe service area 
and the location of the initial 132/13-kv 
substations determined the average circuit 
lengft at approximately 10 miles. The 
maximum circuit loading under normal 
conditions is limited to 6,000 kva. In 
determining the maximum allowable cir¬ 
cuit loading, a value as large as practical 
was selected to take advantage of reduced 
switchgear requirements. It was also 
necessary to keep the ntnnber of lines to 
a minimum since a congestion of subtrans¬ 
mission lines already existed around the 
substation sites to be used. The limiting 
factors are as follows: 

1. A reasonably good voltage regulation 
must be maintained on the 10-mile line. 

2. _The ratio of normal load current to 
available short-circuit current must allow 
for mlay settings to give reasonable fault 
sensitivity. 

3. The number of customers affected by a 
circuit outage must be taken into con¬ 
sideration. 

It is believed that the higher voltage 
pennits better co-ordination between oil 
circuit breaker, recloser, and fuse, and, 
with the emergency ties between circuits,* 
the custonier outage rate at this maxi- 
mmn circuit loading is comparable to the 
present 4-kv radial service. 

Wire sizes are limited to a 
of no. 2/0 since this is the smallest con¬ 
ductor to have still adequate thermal 
capacity for the maximum load. A 
maximum size of 397,600 CM is used 
since the aforementioned hardware and 
pole cost assumptions do not hold true 
for larger sizes, and it is expected that 
increased pole-line costs would tend to 


offset any loss savings. Use of an all- 
aluminum conductor was considered, but 
advantages of less sag, use of existing 
standard stock conductors, additional 
strength to allow for damaged strands, 
and ability to withstand high tempera¬ 
tures due to emergency overloads were 
believed to offset the slight additional 
cost of ACSR using a single steel strand. 

For ACSR wire sizes larger than no. 
4/0, the 18/1 type of stranded arrange¬ 
ment is used for all except the 300,000- 
CM size. This stranding was chosen 
since previous studies had shown it to be 
the most economical for the span lengths 
encountered. A 26/7 stranding is used 
for the 300,000-CM size since it was the 
only design on which data were available 
from the catalogue. All these larger 
sizes are of 2-layer construction which 
reduces the losses in the steel core. For 
no. 4/0 and smaller sizes, the 6/1 strand¬ 
ing using a l-layer construction is em¬ 
ployed. The effect of greater losses in 
the 1-layer construction can be seen 
later when nos. 3/0 and 4/0 wires never 
prove to be economical for any value of 
static loading. 

Labor costs are the most difficult to 
establish because the time actually spent 
in installing wire is not usually segregated 
in the cost records. It is thought that 
labor costs would be largely determined 
by the weight of the conductor. In this 
study, labor costs for the ACSR con¬ 
ductor were based on estimated costs per 
pound for installing a copper conductor 
on the existing system. The values used 
for each size of wire are given in Table I. 

Economic Comparison for Static 
Loads 


The first step in the economic study is 
^e determination of the annual costs oi 
investment and losses per circuit mile fot 
each size of conductor and for a range of 
loads up to the maximum allowable load 
per circuit. The cost values used are 
also given in Table I. The results of this 


Conditions Asstuned 

In making up the cost comparison 
studies for this system, it is found that 
certain simplifying assumptions can be 
made. The cost of poles and hardware 
can be left out altogether. Span lengths 
are Imiited by existing pole-line spacing, 
s^ce drop requirements, and joint-use 
^ephone line specifications rather than 
by conductor size. The pole size is also 
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able I. Cosb and Load and Conductor Characteristics 

Demand Charge = $150 per Kilowatt 
Energy Charge=0.004 per Kilowatt-Hour 
Load Factor=40 Per Cent 


Loss Factor=25 Per Cent 
Rxed Charges = 15.5 Per Cent of Investment 
Annual Cost of Losses = $32 oer Kilowatt 



Size 


Stranding 


Ohms 
per Mile 


Material 


Labor 


Installed Cost* 
per Mile of 3- 
Phase Circuit, f 


No. 2/0.. 

No. 3/0. 

No. 4/0. 

266,800 CM... 
300,000 CM... 
336,400 CM... 
397,600 CM... 


. 6/1.. 
. 6/1.. 
. 8/1.. 
.18/1.. 



..0.147 . 

. .0.1396. 
.0.1299. 


.26/7., 
.18/1.. 
.18/1.. 



.0.1106.. 

.0.1182.. 

.0.1078.. 
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Fig. 1. ACSR distribution conductor annual 
cost comparison. Line length=1 mile, static 
load concentrated at end of line, line cost 
includes conductor costs and installation labor 
only, loss cost=S32 per kilowatt, and fixed 
charges «= 15.5 per cent 

Study are illustrated by the curves in 
Fig. 1. From these curves the following 
wire sizes are shown to be the most eco¬ 
nomical for the range of loads listed: 

0 to 64 amperes, no. 2/0 
64 to 96 amperes, 266,800 CM 
06 to 114 amperes, 336,400 CM 
114 to 260 amperes, 397,500 CM 

Since the 336,400-CM and 397,500-CM 
curves are so dose together for the range 
of loads for which 336,400 CM is the 
most economical, the extension of the use 
of 397,600 CM to cover this range is war¬ 
ranted. Thus, the entire range of loads 
can be economically served by three sizes 
of ACSR conductor, namely, no. 2/0, 
266,800 CM, and 397,600 CM. 

Economic Comparison for Growing 
Loads 

The second step in the economic study 
is to malce an accumulated annual cost 
comparison between established sizes and 
combinations of these sizes of conductor 
for a growing uniformly distributed load 
on a 10-mile line. An initial loading of 
2,000 kva and a load growth of 11.6 per 
cent per year is taken. This allows the 
load to grow to 6,000 kva over a 10-year 
period. This initial loading and assumed 
load-growth rate correspond to the esti¬ 
mated values, to be expected on tlie 13-kv 
lines when they go into service. 

The cost comparisons are shown by the 
curves in Fig. 2. These curves show the 


10-year accumulated annual cost for the 
various combinations with the ratio of 
length of large conductor to total circuit 
length varying from 0 to 100 per cent. 
The equations used in determining cost 
are shown in Appendix I. It is interest¬ 
ing to note that, in the development of 
equations for the determination of the 
most economical proportioning of sizes 
in a combination, the total length of line 
is not a factor. Only the proportion of 
lengths used in the graded construction 
arrangement is important. 

For the use of one conductor size 
throughout, the accumulated annual cost 
for 266,800 and 397,600 CM are approxi¬ 
mately equal for a 100-per-cent large 
conductor, as can be seen on the right- 
hand ordinate of Fig. 2. The accumulated 
annual cost of a line with a 100-per-cent 
no. 2/0 conductor would be substantially 
higher, as can be seen on the left-hand 
ordinate of Fig. 2. Calculations were 
also made for 336,400 CM, which showed 
it to be the most economical for use of 
only one size but approximately equal in 
cost to either 266,800 or 397,500 CM. 

If the three chosen sizes are properly 
proportioned, combinations can be ob¬ 
tained which are more economical than 
any one size used alone, as shown in Fig. 
2, and the use of all three sizes in com¬ 
bination is more economical than the use 
of only two sizes. In Appendix I, it is 
shown that the most economical design 
is obtained when 397,600 CM is used for 
44.4 per cent of the total.length, 266,800 
CM for 26 per cent, and no. 2/0 for 29.6 
per cent. 

Effect of Load-Growth Rate 

The effect of the load-growth rate upon 
the foregoing comparisons for uniformly 
distributed load was also investigated. 
Growth rates between 6 and 16 per cent 
were assumed and accumulated costs were 
calculated for both a 10-year period and 
the period of time necessary for a 2,000- 
kva initial load to grow to 6,000 kva for 
each rate. The ratios of wire lengths for 
the graded construction were taken as 
that found to be the most economical for 
the 11.6-per-cent rate. In practically all 
cases, the use of the three sizes of con¬ 
ductor in graded construction proved to 
be the most economical. 

Effect of Change in Cost of Losses 

A review of the calculations was made 
to determine the effect a change in cost 
of losses would have on the results. This 
could be caused by a change in demand 
and energy charges or by the use of a dif- 



Fig. 2. Economical proportions of ACSR 
conductoK in distribution circuits. Uni> 
formly distributed load along line, length 
of circuit=10 miles, initial load=2,000 kva, 
final load=6,000 Iwa, rate of growth=11.6 
per cent, and period of time=10 years 


ferent method for loss evaluation. It was 
found that the relative positions of the 
curves in Fig. 1 remained unchanged but 
the points of crossover shifted to other 
load values. The shift of the crossover 
point will be inversely proportional to the 
square root of the change in loss cost, 
e.g., a 44-per-cent increase in loss costs 
gives 1/VT44 or 0.834, which is a 16.6- 
per-cent decrease in the load value. It 
was also found that the length of line 
for the smaller and medium sized conduc¬ 
tors in a graded construction follows the 
same rule. The length of the larger con¬ 
ductor section then becomes 1—1/ 
Vchange. 

Voltage Regulation Considerations 

The reductions in voltage drop obtained 
with the greater investments required for 
conductor sizes larger than no. 2/0 ACSR 
are shown in Fig. 3. This curve shows 
that substantial reduction is obtained for 
investment in increased conductor sizes 
up until 266,800 CM is reached at which 
time the curve tends to bend over rapidly. 
The wire sizes being studied are seen to 
fall within the range where the most gain 
in voltage-drop reduction per dollar in¬ 
vested is found. 

A check on the voltage regulation for a 
10-mile line showed that, for a 6,000-kva 
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uniformly distributed load, the voltage 
drop varied between 8.7 and 11.7 per cent 
for ^e various conductor arrangements 
studied. With substation bus voltage 
regulation, a primary circuit voltage drop 
of 10 per cent can be talcen care of by a 
single set of voltage regulators out in the 
circmt together with some capacitor in¬ 
stallations so that the drop in each section 
of the circuit is limited to 4.5 per cent. 
This is the design limitation set up for 
lines feeding this type of area. Use of 
these voltage-improvement devices would 
be cheaper than the cost of installing 
larger size conductors. 

Application of Results 

In applying the results of this study, 
the ways in which practical circuit condi¬ 
tions may vary from the assumed condi¬ 
tions should be considered. For instance, 
if a concentrated load of 6,000 kva were 
to be served at 13 kv, it would have to be 
much closer than 10 miles to a substation, 
and a single conductor size of at least 
397,500 CM would have to be used. 

It is believed that most of the 13-kv dis¬ 
tribution circuits will tend to have uni¬ 
formly distributed load. To allow for 
the possibility of loading the last half of a 
dr^t somewhat more than the first half, 
it is planned to use 397,500 CM for ap¬ 
proximately one-half the distance out 
from the substation on the circuit. If 
the last half of a line is fairly uniformly 
loaded and decreases to a very s-mflU load 
at the end of the main line run, the com¬ 
bination of 266,800 CM and no. 2/0 
should be used for the last half of the line. 
Approximately one-half of the distance 
should be used for each size. If the load 
distribution is spotty with several heavily 
loaded spurs taking off near the end of the 
mainline section, oply 266,800 CM should 
be used for the last half. In determining 
the ratio of 266,800 CM and no. 2/0 which 
shotdd be used, some thought should also 
be given to possible rearrangement of the 
line in the future so that a large enough 
conductor will be available at that time. 
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concentrated one-third of the distance out 
tile line. For sections where feed 
through of load must also be taken into 
account, the following equation gives the 
total losses for these sections 




"~ fawww 3000 

INVESTMENT COST IN DOLLARS FOR I MILE OF 3# LINE 

Fig. 3. Voltage-drop reduction gained per 
$ invested for increasing ACSR distribution 
conductor size 


conditions of load distribution. Voltage 
regulation on long lines with heavy loads 
will need voltage regulator installations 
and possibly capacitor bank installations 
to hold voltage drop within prescribed 
limits. However, only one set of each 
are needed on a 10 -mile circuit with a 
maximum allowable uniformly distributed 
load of 6,000 kva to give satisfactory 
service. 


Nomenclature 


Conclusions 

This study has shown that the three 
Sizes of no. 2/0,266,800 CM, and 397,500 
CM ACSR conductor can be standardized 
and used in combination for the most 
economical circuit design for the loads to 
be carried by the 13-kv distribution sys¬ 
tem, Graded construction will be used 
for all new main line constructions with 
397,500 CM used for half, the distance 
and the other half composed of 266,800 
CM and no. 2/0 in ratios determined by 


ci=ratio of large conductor length to total 
length 

aj=ratio of medium conductor length to 
total length 

Ku Ki, iTa^msi^led costs per mile of a 
3-phase line (excluding poles and 
hardware) for large, medium, and 
small conductor respectively 
i “length of circuit, milps 
per-unit resistance 

Ri, R 2 , Ra = per-unit resistance of conductors 
per circuit mile per 1,000 kva 
ii=per-unit load in section 
la =®p»-umt load feeding through section 
kva=initial load, kilovolt-amperes 
ft “number of years 
r=rate of growth per year (as decimal) 

C“ annual cost 

accumulated annual cost 

Appendix I Equations for 
Determining Accumulated 
Annual Cost for Various 
Combinations of Conductor Sizes 

Accumulated annual cost calculations 
were made for Fig. 2 using a circuit with 
gi^ed construction and uniformly dis¬ 
tributed load growing at a constant yearly 
rate. If three sizes of conductor are to be 
used, the following equations can be set up. 

Losses for the last section are obtained 
using the well-known equation for uni¬ 
formly distributed load where total losses 
are the same as if the total load were 


Investment cost“0.155(i:)[.fi:iai-f-i?:2a2-|- 

^ 3 ( 1 —C 2 —ai)J 

Loss cost 

1 st section»0.032(Ri)(Z)(kva*)(ax -oi*-|- 

aiV3) 

2nd section= 0.0S2ili^) (L) (kva*) [ 02(^1 - 
1) *+ 02 *(ai— 1 ) -1-02 V3] 
3rd section«0.032(ie3)(L)(kva*)[1/3-f 

Cl(02 —1)*—Oi*(02--l) —Oi* — 

(a 2 -02*-02V3)] 

C=(mvestment cost)+(l-|-r)a«(ioss cost) 
for any year « 
and 

AC.fj»'=ain 

AC==n (investment cost)-f- 

2Iog.(l+,) jdossoost) 

To obtain the most economical (minimum 
wst) length for each conductor size, the 
following steps were made 

"AAC ^ dAC 

ooi dflj 

Solving for 02 using the- two equations 
ob^ned, substituting back, and tfltring 
(.dA C) /(doi) =» 0 


(‘ 




9.7(n) log, (l-[-r) 


kva*[(l-t-r)^+i-(l+^)] 


X 


4 




02 


Rz—Ba 

Substituting back in one of the equations 

^ / 9-7(») log, (l-fr)~ 

\ kva*[( 1 -fr)*” +'—( 14 :;.)]^ 

W ^-K z lKi-K,\ 

Ra-Ri \Rz-RzJ 


then 


03 “ 1 — 02—01 = .^ 


9.7(n) log« ( 1 -fr) 


kva*[(l-|-r)*”+‘-(H-r)J 


4 




I Rz —'Rtt 

For construction using two sizes of con¬ 
ductor 

A3“0 

723“ CO 

oi=same as before 


02 = 
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9.7(«) log« (1-f-r) 
kva*[( 1 +1 _ (1 I 

4 


^ Ki-Kz 

Rz~Ri 


“1—Oj 
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For construction using 397,600 CM, 
266,800 CM, and no. 2/0, the proportions 
of each size of wire is determined as follows 


Oi 


= 1 - r~^ 

'V(2,00( 


7(10) log* 1.116 


(2,000)*(1.116“-1.116) 


X 



2,882 -2,114 
00221-0.00149 


=0.444 


02 = 


I 9. 
\( 2 , 00 ( 


7(10) log* 1.116 


(2,000) 2(1.116“-1.116) 


X 


w 


2,882 -2,114 
0.00221-0.00149' 


I 2,114-1,229 \ 
\ 0.00513-0.00221/ 


=0.26 

01=1-0.444-0.26=0.296 

where 


Ki =$2,882 per mile installed cost of 397,500 
CM 

ir2=$2,114 per mile installed cost of 266,800 
CM 

JTs=$1,229 per mile installed cost of no. 2/0 
i?i =0.00149 per unit, ohms per 1,000 kva 
per mile 

i? 2 =0.00221 per unit, ohms per 1,000 kva 
per mile 

jRi = 0.00613 per unit, ohms per 1,000 kva 
per mile 

kva=2,000 kva initial load 
r= 11,6 per cent per year growth 
n = 10 years 


- ♦- 

Discussion 

J. A. Salin (Ebasco Services, Inc., New 
York, N. Y.): The authors are to be 
congratulated on a veiy well written and 
well-presented paper, I think it is dear 
and very much to the point. I have com¬ 
pared the conductor sizes indicated to be 
most economical for the loads considered 
against similar studies that my associates 
and I have made and I find that within these 
load limits they are in substantial agree¬ 
ment. This is rather surprising, however, 
because it is our feeling that complete 
line costs should be used in economical 
wire size studies rather than the cost of 
conductor alone or incremental costs. I 
think it would be interesting to know why 
the authors feel that the cost of structures 
should be left out altogether. 

As indicated in the paper, application of 
results is very important and, in using the 
results of any study, consideration must be 
given to the many factcars which cannot be 
accurately evduated in dollars. In this 
connection, why stop at the 397,600 CM 
conductor? While supporting structure 
costs may increase for conductor sizes 
larger than 397,500 CM, the increase may 
and usually is more than offset when the 
alternates such as additional line construc¬ 
tion and perhaps even additional sub¬ 
stations aind/or transmission lines are 
required. Increase in pole-line costs for 
conductors up to 800,000 CM all aluminum 
on short-span construction is not great. 


I mention the use of conductor sizes greater 
than 397,500 CM because, while load densi¬ 
ties in the area considered by the authors 
may not indicate circuit loads in excess of 
6,000 kva, greater densities, which are 
becoming quite common, result in eco¬ 
nomical 13-kv circuit loads well in excess of 
6,000 kva. 

I am not certain whether reference to 
no, 2/0 ACSR as a minimum size applies 
to laterals or not. If so, I believe smaller 
conductors should be considered (say for 
loads under 40 amperes) as savings in in¬ 
vestment in laterals are important since 
they make up a large part of the total 
investment in primary lines. 

If conductor sizes larger than 397,600 
CM and smaller than no. 2/0 are used I 
feel the two sizes 397,500 and 266,800 CM 
could be reduced to one size only. The 
conditions and practical considerations 
mentioned by the authors are certainly 
very important and, though it is difficult 
to bring them into the economical calcula¬ 
tions, I feel they should have considerable 
bearing on the selection of wire size. One 
practical point upsetting the conclusions 
is that many circuits are not long radials 
with evenly distributed loads as were used 
in the analysis. Frequently, and this is an 
advantage from the standpoint of voltage 
drop and losses, circuits break up into two 
or more branches near the source. Another 
point is that circuits must be designed 
for emergency as well as normal operation 
and, while greater voltage drop and losses 
can be tolerated under emergency operation, 
ties to other circuits for emergency purposes 
must be adequate to perform satisfactorily 
when needed. Also, as the system grows, 
more substations will be added, and long- 
range plans should be carefully prepared to 
prevent, in so far as practical, needless and 
expensive conductor replacements at a 
later date. 


J. R. Oberholtzer (Commonwealth Asso¬ 
ciates Inc., Jackson, Mich.): This paper 
presents an excellent analysis of the effect 
of proper •considemtion of the cost of 
distribution losses on system design. In 
the postwar era of rapid expansion, these 
losses have often been overlooked, some¬ 
times necessarily so because of lack of man¬ 
power and material. The constant recogni¬ 
tion of losses should be a part of any system¬ 
planning procedure. 

It is significant to compare the current 
ranges for static loads for various conductor 
sizes, shown in the section entitled “Eco¬ 
nomic Comparison for Static Loads,” 
with the thermal ratings of these conductors. 
For the first three, the maximum current 
is only about 20 per cent of the thermal 
rating. Referring to Fig. 2, the maximum 
load through a conductor, under conditions 
of growing load distributed along the line, 
is shown to be less than half the thermal 
limit for economical application. 

Referring again to Fig, 2, it is noted that 
the use of the larger conductor to a greater 
extent than indicated for minimum cost 
will increase the accumulated annual costs 
only slightly. Decreased voltage drops 
resulting from greater use of the larger 
wire are not evaluated in this comparison 
and would tend to favor the larger size. 
Also, the percentage fixed-charge difference 
would probably be smaller if the comparison 


were extended over the entire life of the 
circuit, since loading after the first 10 years 
would probably be nearer the circuit rating. 
Considering these items, it appears that 
preference should be given to the largest 
conductor if there is any reasonable ex¬ 
pectation that the line will become a trunk 
feeder to a load concentration or from a 
future 13-kv source. It seems that the 
direct route between two initial soturces 
should have the largest conductor size 
throughout its length. 

Although the load density in the area 
under consideration is not stated, the circuit 
dimensions indicate that it is rather light 
compared to the usual urban densities. 
Even at these light densities, adequate 
primary voltage is provided by one set of 
line regulators installed on each circuit. 
Considering the application of this dis¬ 
tribution voltage at greater densities, in 
the order of 1,000 kva per square mile, it 
appears that both thermal limits and 
primary voltage drop will disappear as 
ilppign limitations to be replaced by power 
loss considerations. 


A. W. Punkhouser and R. P. Huber: The 
authors appreciate the comments of Mr. 
finlin and Mr, Oberholtzer which should 
add to tire value of the, paper. It is 
interesting to note that both discussers 
agree that more extensive use of larger 
conductor sizes for distribution systems is 
in order. It has been our experience in 
the past that wire sizes have been chosen 
conservatively and at times do not fit in 
with future requirements. They can be¬ 
come obstacles to good design since change- 
out costs often cannot be justified on the 
basis of economics. 

Mr. Salin questions the omission of pole 
and hardware costs. Since our study is a 
comparison between sizes based on relative 
annual cost, any fixed charges common to 
all will not affect the relative position of 
the cost curves. For reasons set out in 
the text, the costs of poles and hardware 
would not vary on our particular system 
for the range of sizes considered. This 
permitted us to leave them out of our study. 

The suggestion that. greater circuit 
loadings and considerably larger conductor 
sizes might be used would be applicable, 
we feel, in areas with greater initial load 
density and greater load growth rates 
(approximately 100 kva per square mile 
and 11.6 per cent in this study) and on 
systems requiring considerably more new 
pole-line construction than was necessary 
in our system. Our study was limited to 
main line construction and, as suggested 
by Mr. Salin, smaller conductors will be 
used for laterals. At present, most existing 
laterals have no. 4 copper which will remain, 
and for new construction no, 2 ACSR will 
be used. 

The point that the forking of a feeder 
circuit near the source might alter the 
selection of conductor sizes is well taken, 
but such an arrangement would be ex¬ 
ceptional in the area studied. The method 
of conductor grading might still be ap¬ 
plicable to the main branches, depending 
upon the permanency of the forked ar¬ 
rangement. 

We agree with Mr. Salin that the emer¬ 
gency capabilities must be considered to 
make sure that the sizes selected are ade- 
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Quate from the thermal- and voltage- 
regulati^ standpoint. With the size of 
economical conductor being substantially 
above thermal Imutations, as brought out 
by Mr. Oberholtzer, the capacity of the 
conductor^ should be sufficient in most 
With a line-section voltage-regula- 
twn limitation of 4V* per cent, considerable 
additional emergency load can be carried 
before a critically low voltage is reached. 


As pointed out by Mr. Oberholtzer, the 
recognition of distribution losses is an 
impc^ant factor in system design. If the 
circuits are allowed to remain loaded up to 
maximum load in future years, the losses 
will be the predominant factor and would 
favor the use of larger conductor. We 
thin k that when maximum circuit loads are 
reached additional circuits or rearrang[e- 
ments with new substations will tend to 


repeat the load-growth cycles on feeder 
sections, although possibly not over as 
great a range as the original assumption 
of a 3 to 1 ratio of final to initial load. The 
process of adding substations and reducing 
circuit length as load densities grow will 
increase the importance of losses as com¬ 
pared with the thermal- and voltage-drop 
limitations in the selection of conductor 
sizes. 


Oistribution-Substation and Primary' 
Feeder Planning 


W. J. DENTON 

ASSOCIATE MEMBER AIEE 

E lectric utility distribution sys¬ 
tem planning is- extremely difficult 
because plans for the addition of new 
facilities must keep well ahead of the tiyiA 
when the exact locations and magnitudes 
of the future loads to be served by those 
facihties are known. This paper pre¬ 
sents a basis and methods for distribu¬ 
tion system planning which take load 
growth into account in such a way that 
exact locations and magnitudes of future 
loads need not be known to arrive at an 
economic system for serving the loads 
when they develop. To accomplish this 
piupose, hypothetical, equivalent dis¬ 
tribution systems are devised for quickly 
analyzing the service quality and the 
economic feasibility of distribution system 
growth plans applicable to the load areas 
of the actual system being studied. 

The system planning concepts and 
methods presented in this paper are par- 
ticffiarly applicable to urban and suburban 
residential areas, served predominately 
by overhead circuits. In such load areas 
some of the most fundamental planning 
problems center on the distribution sub¬ 
stations, where the interrelated problems 
of subtra n smission-system and primary- 
feeder design converge. Choice of dis¬ 
tribution-substation arrangement, size, 
and voltage rating influences system plan¬ 
ning in two directions: toward the source 
via the subtransmission circuits, and to¬ 
ward the load via the primary-feeder cir¬ 
cuits. 

The equivalent-system method recog¬ 
nizes the uncertainty of the exact magni¬ 
tudes and locations of futture loads in 
planning the locations and ratings of dis¬ 
tribution substations, and the number and 
capabflity of the primary feeders re¬ 
quired to distribute the power from these ' 


D. N. REPS 

ASSOCIATE MEMBER AIEE 

substations. In the equivalent system 
each distribution substation with its pri¬ 
mary-feeder circuits serves an area in 
which load density is comparable to the 
values existing or forecast for the actual 
system being studied. Results of studies 
made for equivalent systems, for dif¬ 
ferent values of load densities, are ap¬ 
plicable to actual systems despite wide 
variations in the actual locations of in¬ 
dividual loads in the equivalent or actual 
system. 

Hypothetical, Equivalent Substation 

Areas 

The hypothetical, equivalent distribu¬ 
tion-substation areas employed in the 
analyses of this paper have the shape of 
regular polygons. The number of sides to 
the polygon representing a load area is 
equal to the number of primary feeders 
radiating from the primary-circuit feed 
point, which is assumed to be located at 
the center of the area. The distribution 
substation may be located at the feed 
point, or may be ranotely located, with 
one or more express primary feeders car¬ 
ried from the remote substation to the 
feed point. For example, a hypothetical 
area served by six circuits radiating out 
from a feed point would be hexagonally 
shaped, with each feeder carried from the 
center of the hexagon along an apothem, 
or diagonal. 

The use of hypothetical load areas and 
curcuit patterns of symmetrical geometry 
greatly simplifies the comparison of al¬ 
ternative plans which may call for dif¬ 
ferent sizes of distribution subsimtion, 
different numbers of primary-feeder cir¬ 
cuits, and diffarent primary-feeder volt¬ 
ages. Such load areas and circuit pat¬ 


terns are abstractions because they do 
not exist exactly in such forms anywhere. 
These abstractions, however, can be made 
to conform with the sys tem they are de¬ 
vised to represent in all of the following 
ways: load density, substation size; 
substation or feed-point service area in 
square miles; number of primary-feeder 
circuits; conductor material, and circuit 
impedance values; and primary-feeder 
voltage. 

Hypothetical distribution-substation 
areas cannot be made to conform with 
actual systems in two ways: the exact 
duplication of circuit pattern, and the 
exact locations and magnitudes of loads. 
But as load grows, these two attributes of 
the system continually change, sometimes 
at so fast a rate that the system planner 
must spend all of his time with remedial 
measures or extensions in relatively sin all 
portions of the system, while the possi¬ 
bilities for system-wide engineering and 
economic benefits go uninvestigated. 


Distribution-Substation Planning 


The one phenomenon common to all 
distribution-system load areas is increas¬ 
ing load density. This is particularly 
true of the urban and suburban residen¬ 
tial areas served by overhead primary- 
feeder circuits. Regardless of the plan 
adopted for serving such areas, load 
growth must be accompanied by (per¬ 
haps should be preceded by) an equiva¬ 
lent increase in distribution-substation 
and primary-feeder capacity. Very often, 
to achieve the required increases in sys¬ 
tem capability, changes in the basic sys¬ 
tem-growth plan must be made. 

There are many features of the distri¬ 
bution substations and primary feeders 
that can be changed, over any reasonable 
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period of time, provided that the funds re¬ 
quired for making the changes are avaU- 
ahle and that continuity of service to the 
customers is maintained while the system 
is being altered or expanded. Indeed, 
many changes are very desirable and 
serve to improve S 3 rstem economy, qual¬ 
ity of service, and operation. Such 
changes may affect all of the following: 
primary-feeder voltage; distribution-sub¬ 
station size and arrangement; number of, 
and routing of, primary-feeder circuits; 
primary-feeder loading; the various ap¬ 
plications of supplementary voltage regu¬ 
lators, switched and unswitched capac¬ 
itors, line-sectionalizing devices, etc. 
Any change must eventually lead to an 
increase in distribution-substation capac- 
ity. 

The addition of distribution-substation 
capacity can follow virtually an infinite 
variety of general plans which must fall, 
however, between two extremes. In 
one extreme, the area served from a single 
substation site remains fixed and the 
capacity of the substation grows with load 
density. In the second extreme, a fixed 
amount of transformer capacity is located . 
on a given substation site and additional 
transformer capacity is located at new 
sites as load grows. These two extremes 
of distribution-system growth will be 
called: 

1. The constant substation-area plan. 

2. The constant-substation-size plan. 

Between two extremes there are an in¬ 
finite variety of plans which call for both 
the enlarging of existing substations and 
the addition of new substations. 

As load grows, the evolution of dis¬ 
tribution substations and primary feeders 
may proceed slowly at certain times, and 
rapidly at other times, depending on what 
steps are taken. Changes which occur 
rapidly may be embodied into tlae system 
brfore the load has increased by very 
much. During changes which evolve 
slowly, the load may increase appreci¬ 
ably. 

The rate of load growth, with the at¬ 
tendant system-wide increase of load 
density, will vary not only from one 
system to another but also within in¬ 
dividual substation areas. The engi¬ 
neering and economic factors determinmg 
the capability and pattern that a- system 
should have at any given time depend on 
the rate of load growth, which unfortun- 
atdy is at times a highly uncertain factor. 
Consequently, in order to base a system 
plan on some limits within which the un¬ 
certainties of load growth will lie, the vari-’ 
ous steps that can be taken to increase 
distribution-substation and primary- 
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feeder capacity can be divided into two 
general categories: those which are ac¬ 
complished while the load density re¬ 
mains constant, and those which are 
achieved usually over considerably longer 
periods of time during which the load den¬ 
sity increases. The accuracy of load 
growth forecast will determine the ac¬ 
curacy of the estimated time period over 
which such changes should be made. 

For short-range planning, the assump¬ 
tion can be made that load density re¬ 
mains constant. Even for short-range 
plamung, however, any analysis which 
freezes load density will be recognized as 
not realistic, since load density in some 
urban and suburban residential areas in¬ 
creases appreciably even during time in¬ 
tervals measured in months. But a con¬ 
stant-density analysis, though it is aca¬ 
demic, does serve the useful purpose of es¬ 
tablishing certain limits on what can be 
accomplished when certain types of 
changes are made. 

Nomenclature 

D<=load density, kilovolt-amperes (kva) 
per square mile 

»=number of primary-feeder circuits 
PTna.nfl.ttng from a distribution sub¬ 
station site, or primary feed point. 
Referred to as an ?t-feeder pattern 
Jb»an=kva loading per feeder in an »-feeder 
pattern 

total kva loading for all n feeders 
in an n-feeder pattern 
,4n=area in square miles served by one 
primary feeder in an w-feeder pattern 
total substation or feed-point area in 
square miles served by an ti-feeder 
pattern 

5 =radius, or opothem, of a reg;ular polygon 
representing an area served by » 
feeders 

is*voltage at which a primary feeder 
operates 

Faj “per-cent (%) voltage drop from point 
a to point h 

Kji—% voltage drop per kva-mile in a 
primary-feeder main 

Kr-% voltage drop per kva-mile in a 
primary subfeeder 

Kl^% voltage drop i>er kva-mile in a 
primary lateral 

Ki, K%, c, b, c, d, 0 , d't b*, c't p, ff, x, y, 6, 
u, V, w, Pn are all used in connection 
with particular derivations and are 
not intended for general use 

System Changes at Constant 
Load Density 

System planning often is centered about 
remedial measures which are required be¬ 
cause of inadequate capability in the ex¬ 
isting distribution substations and prim¬ 
ary feeders, or poor quality and continuity 
of service. Usually when distribution 
substations and primary-feeder circuits 
are inadequate from a load-carrying capa¬ 


bility standpoint, voltage drops are ex¬ 
cessive and outages are frequent and of 
long duration. 

Some of the obstacles that may be en¬ 
countered in attempting to achieve short- 
range remedies, with long-range contin¬ 
uing benefits, are: unavailability of new 
substation sites and subtransmission and 
primary-circuit easements; prohibiting 
ordinances or codes or unfavorable civic 
sentiment toward more numerous or 
hi ^hpr voltage circuits; and insufl&cient 
funds for investment in new facilities. 

Two basic types of changes to dis¬ 
tribution substations and primary feed¬ 
ers will be examined while load density 
remains constant: those involving an in¬ 
crease in primary-feeder voltage, and 
those for which primary-feeder voltage 
remains the same. Figs. 1 through 5 
picture five different plans for the chang¬ 
ing of distribution-substation size and 
area, or the number of primary feeders, at 
constant load density. Figs. 1, 2, and 3 
deal witli feeder-voltage increase. Figs. 

4 and 6 show what can be done through 
two remedial measures applied at the 
existing primary-feeder voltage. H 3 rpo- 
thetical substation areas having the 
diape of regular polygons are used to 
demonstrate the effects of these changes. 

Constant Load DBNsmr—I ncreasing 

Primary-Feeder Voltage 

Figs. 1, 2, and 3 illustrate a type of 
system renovation that has achieved con¬ 
siderable popularily—increasing the pri¬ 
mary-feeder voltage. When such an ex¬ 
tensive and high conversion cost project 
is undertaken, there are certain factors 
which govern what can be accomplished. 
It is wdl known that for the same kva 
loading the % voltage drop in a primary- 
feeder circuit will decrease inversely with 
the square of the voltage. A new voltage 
three times the original voltage will result 
in one-ninth tlie original % voltage drop. 
But when primary-feeder voltage is in- 
. creased, optimum benefits may accrue if 
feeder loading, or distribution-substation 
size, is allowed to increase, at some sacri¬ 
fice to the maximum possible reduction in 
feeder % voltage drop. Figs. 1, 2, and 3 
each describe a possible plan for increasing 
primary-feeder voltage. 

Fig. 1: At constant load density, con¬ 
stant substation size (and area), and con¬ 
stant % voltage drop per feed», the 
number of primary feeders varies in- 
versdy as the square of the primary-feeder 
voltage. The following rdationship de¬ 
scribes this effect. 

B.-l (1) 

ftil/*lConstant D,kvant, ^nti V 
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Figs. 1 through 9. The regular polygons 
represent areas diat are served from, a dis¬ 
tribution substation or feed point located at 
the center of the concentric polygons. The 
shaded sectors represent the area that can 
be served by one primary-feeder circuit 
emanating from the feed point or substation. 
The circled numbers with the shaded feeder- 
sector areas refer to the relative value of the 
planning parameter that is varied for that 
type of plan represented by the particular 
figure. The system-planning parameters are: 
Load density D/ substation or feed-point 
loading levant/ substation or feed-point 
service area Ant/ primary-feeder voltage kv/ 
number of primary feeders radiating from the 
feed point n/ % voltage drop from the feed 
point to the end of the primary-feeder 
circuit V 


In Fig. 1 hypothetical distribution-sub¬ 
station areas employing three relative 
values of voltage are illustrated: 1.0 kv, 
1.73 kv, and 3.0 kv, with 18, 6, and 2 
primary feeders required at these voltages 
respectively. 

Fig. 2: If for an increase in primary- 
feeder voltage the number of primary 
feeders radiating from a substation or 
feed point remains the same, and the 
total % voltage drop per feeder remains 
the same, then each feeder can serve a 
larger area at the same load density. Fig. 
2 illustrates that for a constant number of 
feeders, and % drop, at constant load den¬ 
sity the area served by each feeder varies 
as the voltage raised to the four-thirds 
power 



■■ 

Ml 

1 

1 


Fig. 4. Constant D, kv, n. The substation 
or feed-point loading and service area vary 
as shown by equation 4. Relative values of 
primary-feeder % voltage drop are: 

1 . V=1.0; 2. v=2.0, 3. v=3.0 



Fig, 2. Constant D, n, V. The substation 
loading or service area varies as given by 
equation 2. Relative values of primary- 
feeder voltage are: 

1. kv=1.0, 2. kv=1.73, 3. kv=3.0> 
4. kv«5.0 




I v..onstant 



Fig. 3. Constanta The substation loading, 
number of feeders, and primary-feeder voltage 
vary as shown by equation 3. Relative values 
of primary-feeder voltage are: 

1. kv«1.0,2. kv-1.73, 3. Icv»3.0 
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In Fig. 2 the relative areas that can be 
served by primary feeders operating at 
1.73, 3.0, and 5.0 times the original kilo¬ 
volts of relative value 1.0 are shown. 

Fig. 3: Substation-revision plans pro¬ 
vide for maximum benefits in reducing 
tie number of feeders. Fig. 1, or increas¬ 
ing the substation size using the same 
number of feeders. Fig. 2, through the 
^ of a liigh^ primary-feeder voltage. 
Howev^, optimum economic and serv¬ 
ice-quality benefits attendant with 
clmngeover to a higher primary-feeder 
voltage can usually be reali^d if use of the 
same, or somewhat fewer, primary feed¬ 
ers is ^companied by use of a larger dis¬ 
tribution substation. An increase in 
primary-feeder voltage could result in a 
substation-area pattern which falls some¬ 
where between the extremes of Figs. 1 
and 2. Such a change is shown in Fig. 3. 

With changeover to a higher primary 
feeder voltage, three results can be 
achieved: reduction in the number of feed¬ 
ers; increased substation size; reduction 
in the feeder % voltage drop. The ex- 


. .——"a •iHinwer or primar 

feeders vary according to the relationship li 
equation 5. Relative values for substatioi 
. or feed-point loading are: 

1. Icva««1.0;2. Icva8t=1.5;3. kvdm“2.( 

tent to which all these desirable benefits 
can be accomplished simultaneously is 
given by the following relationship 


V<x 


kvoru^M 


(Constant D 
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Fig. 3 shows changes to higher primary 
feeder voltages while the % voltage dro] 
in feeders remains constant. When th( 
easting primary-feeder voltage is multi 
plied by 1.73, the number of feeders car 
be reduced by 25% (from eight to six in 
tins case), while the substation size ran be 
increased by 33%. With.a changeover to 
three times the original primary-feeder 
voltage, the number of primary feeders 
can be reduced to half (from eight to four 
in this case) and substation size may be 
doubled. 

If, however, some reduction in feeder 
% voltage drop is also desired when the 
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constant/ substation or feed-point service area 
and % voltage drop in feeders vary as given 
by equation 6. Relative values of density, 
area, and % voltage drop are: 

1. D = 1.0/ A4t=1.0/ V=1.0 

2. D=2.0/ A4t=0.5/ V=0.7 

3. D=4.0/ A4t=0.25/ V=0.5 


tern while maintaining the same primary- 
feeder voltage. Such changes do not 
usually require the numerous, high initial 
cost system renovations which must ac¬ 
company a changeover to a higher pri¬ 
mary-feeder voltage. 

At a constant load density, with the use 
of the existing primary voltage, an in¬ 
crease in the distribution-substation ca¬ 
pacity at a given site can be accomplished 
only by increasing the number of pri¬ 
mary feeders or increasing (he loading, and 
consequently the % voltage drop, in the 
existing feeders. 

Fig. 4: An increase in feeder loading at 
constant load density, with the attendant 
increase in % voltage drop in each feeder, 
is illustrated in this picture of a hypo¬ 
thetical, 4-feeder substation. An 
of 60% in feeder loading results in twice 
the original % voltage drop, and an in¬ 
crease of 110% in feeder loading results 
in three times the original % voltage drop. 
The following relationship describes this 



Fig. 8. Constant Ant, V, lev. As load 
density increases while substation or feed- 
point area and % voltage drop in feeders 
remain constant, the relationship between 
the variable system-planning parameters is 
given in equation 8. Relative values of 
density, number of primary feeden, and 
% voltage drop ares 

1. D=1.0, n=4, V=1.0 



Rg. 7. Constant kvant, V, hv. As load 
density increases while substation load 
remains constant, the number of primary 
feeders and substation or feed-point area 
vary as given by equation 7. Relative values 
of density, area, and % voltage drop are: 

1. D=1.0, A8t=1.0, V«1.0 

2. D»2.0, ABt=0.5, V»1.0 

3. D=4.0, Ac *0.25, V=1.0 

changeover is completed, then the sub¬ 
station-size increases cannot be as great 
as shown for Fig. 3, which illustrates con¬ 
stant % voltage drop cases. The changes 
illustrated in Fig. 3 are not intended to 
represent optimum engineering and eco¬ 
nomic improvement but only serve to 
illustrate what may, or may not, be ac¬ 
complished with changeover to a hi gTior 
primary-feeder voltage. 

Constant Load Density—Utilizing 
THE Same Primary-Feeder Voltage 

Figs. 4 and 6 illustrate changes in sub¬ 
station size and the primary-feeder pat¬ 


kvont «Ant« F*/* I Constant n. its. n (4) 

An increase in % voltage drop must ordi¬ 
narily be compensated for by an increased 
use of supplementary forms of primary- 
feeder voltage regulation, so that the 
voltage spread allocated to the primary- 
feeder circuit does not become excessive. 
Thus if the total drop is increased, addi¬ 
tional voltage regulators must be installed 
at points the primary feeder so that the 
drop between voltage-regulated points, or 
between the last point on the line at which 
a regulator is applied, and the end of the 
feeder does not exceed' the allowable 
spread-governed voltage drop in the pri¬ 
mary feeder. 

Fig. 5: A method for increasing the 
substation capacity at a given site, with 
the same primary-feeder voltage and % 
voltage drop in feeders, is to increase the 
number of feeders. The expression for 
this type of change is approximately 
given by 


kvcn 


tan»/« 


degTMs) 


Constant D , kv , y 


(S) 


In equation 6 it will be noted that the 
tangent of half the angle represented by a 
feeder sector” is induded in the relation- 

slup. Thus the variation of hvant with n 
will depend to a considerable extent on 
the particular values of n employed be¬ 
fore and after the change. 

A typical example is shown in Fig. 5. 
In this case of feeder addition at constant 
load density and % drop, an increase from 
four to eight feeders permits a 60% in¬ 
crease in substation size. Tripling the 


2. D*2.0, n*7, V*1.0 

3. D*4.0, n=10, V*1.0 



Fig. 9. Constant Ant, n, kv. As load 
density increases while substation or feed- 
point area and number of feeder circuits 
remain constant, the relationship between 
the variable system-planning parameters is 
given in equation 9. Relative values of 
density, number of primary feeders, and % 
voltage drop are: 

1. D-1.0, n*4, V*1.0 

2. D*2.0, n*4, V»2.0 

3. D«4.0, n*4, V*4.0 


number of feeders, from 4 to 12, pmnits 
the approximate doubling of substation 
size. 

SUMAIARY FOR CONSTANT LoAD-DeNSTTY 

Changes 

The relationships between the substa¬ 
tion size and the primary-feeder circuit 
pattern as changes are made at a constant 
load density have been pictured in Figs. 
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I through 6. The extent to which these 
hypothetical substation areas and feeder 
patterns are applicable will depend on the 
rapidity with which changes are accom¬ 
plished relative to the continual system- 
vnde increase in load density. During 
short periods of time, or in particular 
portions of the system, in which load den¬ 
sity increases only slightly, the relation¬ 
ships shown in Figs. 1 through 5 are ap¬ 
plicable. But the basic long-range system 
planning problems deal with increasing 
load density. 

System Changes With Increasing 
Load Density 

Two extreme plans for making system 
changes at increasing load density-one . 
calhng for constant substation size, and 
the other for constant substation area- 
have already been discussed. Neither 
type of plan permits obtaining the maxi¬ 
mum possible benefits in aU components 
of the distribution system. A long-range 
optimum plan for any specific system will 
generally be one in which the system will 
acquire some of the benefits of both 
plans, through continual compromises 
between the two extremes as the load 
grows. 

Figs. 6 through 9 iUustrate, through the 
use of h3rpothetical substation areas and 
pnmaty-feeder patterns, the changes that 
can be made in distribution-substation 
load areas as the load density increases. 
Figs. 6 and 7 deal with the constant sub- 
starion-size plan, and Figs. 8 and 9 de- 
scnbe the constant substation-area plan. 

In both plans the primary-feeder voltage 
remains the same as the load density in¬ 
creases. 


load density, but the % voltage drop is 
high at the outset when the load density 
is light and the substation area is rela¬ 
tively large. In the second scheme, pri¬ 
mary-feeder voltage drop remains con¬ 
stant with increasing load density, re- 
quuing the use of more feeders per sub¬ 
station at the outset, when the density 
is low and the feeder circuits are long. 
These two schemes are shown in Figs. 6 
and 7. 

Fig. 6: With increasing load density, 
the use of a constant number of primary- 
feeder circuits supplied from a substation 
of constant size results in a continually 
decreasing % voltage drop in feeder cir¬ 
cuits as the substation area decreases and 
the p^ary feeders are shortened. The 
following relationship describes this be¬ 
havior 


Increasing Load Density—Constant 
Substation-Size Plan 

If the amount of capacity located at 
^y one substation site remains fixed as 
the load density increases, then incre- 
mente of new substation capacity that are 
continually added must be placed at new 
sites geographically located at points lying 
between existing substations. As load 
density increases, substation area de¬ 
creases, so as to keep substation loading 
constant. The principal disadvantage of 
su^ a plan is that, as the load grows, suit¬ 
able substation sites may not be obtain¬ 
able. However, as one extreme repre- 
sentmg a limit within which system 
growth must take place, this plan merits 
attention. 

^ Comtant substation-size plans may in 
turn be grouped into two basic schemes. 

In one, the number of primary-feeder cir¬ 
cuits remains constant with increasing 
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In Fig. 6, when the load density in the 
area served by a constant-size substation 
has doubled and substation area is halved, 
voltage drop is reduced to 70% of its 
original value. When load density in the 
still f^her reduced substation area is 
four times the original value, the % volt¬ 
age drop is reduced to half the original 
amount. 

Fig. 7: With increasing load density 
and constant substation size, constant % 
voltage drop in primary feeders can be 
kept constant while the required number 
of feeders per substation continually de¬ 
creases. Thus construction of new feeder 
circuits can proceed at a slower rate than 
substation addition. The number of 
feeders per substation, as a function of 
load density, is given by 


area increases. Additional primary- 
feed^ capacity must also be continually 
provided to carry the power away from 
the growing substation. This represents 
another ^treme in distribution-substa¬ 
tion planning. The advantage of not hav¬ 
ing to locate substations at new sites as 
load grows is counterbalanced by the 
need, for providing new primary-feeder 
circuits or increasing the load-carrying 
capabih'ty of existing feeders. 

Fig. 8: As the load density in a fixed 
area served from one site increases, addi¬ 
tional feeders must be added to keep the 
% voltage drop in the feeder circuits con¬ 
stant. In the case shown in Fig. 8, when 
load density and substation load have 
doubled, the number of primary feeders 
increases from four to seven. At four 
times the original load density, ten pri¬ 
mary feeders are required. The relation¬ 
ship between the number of feeders and 
the substation size for the constant-area 
plan is given approximately by 


n oc 


kva 


■nxl 


[Constant Ant , V , kt 


( 8 ) 


Fig. 9: With the substation area con¬ 
stant as the load density increases, if more 
feeder circuits are not added then the 
capability of the existing circuits must be 
more than adequate at the outset or must 
be continually increased. Fig. 9 shows a 
fixed area suppKed by the same number 
of primary feeders as the load density in¬ 
creases. The total % voltage drop in 
each feeder increases, however, as load 
grows, according to the following rela¬ 
tionship 


1 




[Constant kvont , V , kv 


(7) 


In Fig. 7, when the load density is dou¬ 
bled, the number of primary feeders re¬ 
quired to serve the smaller area contain¬ 
ing the same load is reduced from eight to 
six. When load density is quadrupled, 
the number of feeders is reduced to four. 
Note that the need to always consider a 
whole number of primary feeders will re- 
quu-e use of the nearest, larger whole 
number of feeders if the value for n given 
by equation 7 does not result in a whole 
number. 

Increasing Load Densixy—Constant 
Substation-Area Plan 

If the size of the area served from a 
given substation site remains constant as 
the load density increases, then addi¬ 
tional transformer capacity must be 
placed at that site as the load within the 
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The capability of a constant number of 
feeders serving a constant area as the load 
density increa^s is limited in two ways; 
one limit is the thennal capability of the 
feedCT conductors, and the other is the 
maximum allowable % voltage drop be¬ 
tween voltage regulated points on the 
feeder circuit. Provided that the existing 
feeder conductors are of adequate size to 
carry the load current, supplementary 
voltage regulators can be added along the 
feeders as load grows. Although the total 
voltage drop continually increases, this 
practice would keep the voltage spread 
3long the feeders from becoming exces¬ 
sive, 

Changes in Primary-Feeder Voltage 
With Load Density Increasing 

Long-range system planning problems 
always involve increasing the load densi¬ 
ties. Often, such planning may pnnrider 
increases in tiie primary-feeder voltage. 
The increasing density examples of Figs* 
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6 through 9 are based on unchanged pri¬ 
mary-feeder voltage. The effects of in¬ 
creased primary-feeder voltage with in¬ 
creasing load density can be obtained by 
combining the plans of Figs. 1, 2, and 3 
with any one or more of those in Figs. 6 
through 9. Such a procedure is one which 
freezes ’ the load density at several 
values, each larger than the preceding 
density. The effects of various plans can 
then be observed from one value of load 
density to the next. This technique of 
observing dynamic or growth situations 
through a number of successive static rep¬ 
resentations is a standard procedure in 
fields of endeavor as widely diverse as 
power-system stability, economic theory, 
motion pictures, and theoretical physics. 

Planning for Specific Systems or 
Areas 

The various changes by which distribu¬ 
tion substations and primary feeders 
evolve are described qualitatively in 
Figs. 1 through 9. The plans calling for 
such changes may be catalogued as fol¬ 
lows: 

1. Constant load-density planning 

a. Increasing primary-feeder voltage. 
Figs. 1, 2, and 3 

b. Unchanged primary-feeder voltage. 
Figs. 4 and 5 

2. Increasing load-density planning 

a. Constant-load distribution substa¬ 
tions, Figs. 6 and 7 

b. Constant-area distribution substa¬ 
tions, Figs. 8 and 9 

Equations 1 through 9 describe the 
qualitative relationships between load 
density, substation size and service ^ea, 
number of primary feeders, primary- 
feeder voltage, and feeder % voltage drop 
for Figs. 1 through 9 respectively. The 
equations are gleaned from the results of 
the derivations presented in the Appen¬ 
dixes. Since these equations deal with the 
physical and electric^ attributes of the 
distribution system, substitution of wide 
ranges of practical values for these param¬ 
eters into the more complete equations 
of the Appendixes yields irformation that 
can be used for the plannmg of specific 
systems. Typical results of such sub¬ 
stitutions into the equations are shown in 
Figs. 16 and 17. All of the system-plan¬ 
ning factors enumerated in the foregoing, 
are represented quantitatively in Figs. 16 
and 17. From these figures the growth of 
a specific system following any one of the 
plans can be observed. 

Figs. 16 and 17 are, essentially, plots 
showing the number of primary feeders 
n per substation or feed pomt versus load 
density I? within the substation or feed- 


point service area. The variation of n 
with D is shown for constant substation 
or feed-point loading kmnt or constant 
substation or feed-point area Fig. 16 
deals with a primary-feeder voltage of 
2,400/4,160 volts. Fig. 17 shows 
relationships between the planning fac¬ 
tors at 7,620/13,200 volts primary-feeder 
voltage. Each set (frame) of curves rep¬ 
resents a different total % voltage drop 
in primary feeders. Curves for 3, 6, and 
10% voltage drop are shown. 

The system-planning factors, namely 
D, kmnt, -^nt, n, kv, and V, may be fol¬ 
lowed by using these curves while one or 
more of the factors is kept constant or 
allowed to vary. The interrelated changes 
in magnitude or quantity of the six pa¬ 
rameters are given in Figs. 16 and 17. An 
important system-planning ingredient not 
included in these relationships is time. 
During intervals of time over which load 
density increases little in certain portions 
of the system, the constant-density ap¬ 
proach may be adopted for making 
changes. In other portions of the system, 
or over other periods of time during which 
load and density grow appreciably, the 
increasing-density plans may be applied. 

Summary and Conclusions 

Useful methods for distribution-sub¬ 
station and primary-feeder pl anning are 
given in this paper. The planning meth¬ 
ods are based on the concept that actual 
distribution systems can be represented 
by hypothetical systems which are rela¬ 
tively simple to construct and analyze. 
For the purposes of system planning, 
these hypothetical systems are equivalent 
to the actual system which they repre¬ 
sent. 

Analysis of a number of primary-feeder 
circuit patterns of different geometric 
arrangement shows that distribution-sub¬ 
station and primary-feeder planning based 
on such circuit patterns are applicable 
to actual distribution systems. Although 
the ultimate locations and magnitudes of 
future loads will shape the growth of every 
distribution system, they cannot be as¬ 
certained far enough in advance to permit 
the exact determination of the distribu¬ 
tion-system facilities required to serve 
these loads. 

The exact locations of individual loads 
ip urban-suburban areas need not be con¬ 
sidered in studying the interrelated effect 
of the system planning parameters, which 
are the load density, distribution-sub¬ 
station size, primary-feeder voltage, num¬ 
ber of feeders per substation and allow¬ 
able voltage drop in feeder circuits. 

The study of equivalent systems brings 


out the reasons for and the nature of the 
compromises that must be made in dis¬ 
tribution-system design. Several plans 
for changes in the distribution -substation 
size, number of primary-feeder circuits, 
and feeder loading, as the load density 
remains constant or increases, are shown 
in Figs. 1 through 9. The construction of 
these hypothetical substation areas sim¬ 
plifies evaluating the effects of changes 
made in actual distribution systems. The 
quantitative relationships between the 
system-planning parameters are derived 
and are illustrated in the generalized 
curves of Figs. 16 and 17. These rela¬ 
tionships can be used for quickly analyz¬ 
ing the service quality and economic feasi¬ 
bility of planning alternatives or proposed 
system changes. 

Appendix I. Measures of 
Primary-Feeder Circuit 
Capability 

In distribution-substation planning, an¬ 
other system component that is closely 
related to the substation is the primary- 
feeder circuit. Primary-feeder planning 
and design is in turn influenced not only 
by circuit load-carrying capability but 
also by the contribution that the primary 
feeders can make toward the quality of 
service, and continuity of service, rendered 
by the system as a whole. Because it is 
impossible to arrive at an optimum eco- 
n^ic plan for distribution-system growth 
without specifying the quality of service 
to^ be rendered to the consumers, the 
primary-feeder circuits, with their con¬ 
tribution to both system capability and 
service quality, constitute a most vital 
part of system planning. 

One very important measure of service 
quality is voltage spread. Voltage spread 
can be defined as the maximum difference 
in the magnitudes of the utilization voltages 
to which the appliances of all consumers 
on the same feeder circuit are subjected. 

In specifying the voltage spread not to be 
exceeded by a given distribution system 
design, a maximum allowable % voltage 
drop between volta^-regulated points is 
assigned to the primary-feeder circuits. 
This % voltage drop is determined, at 
maximum load, by the difference in the 
magnitudes Of the voltages applied at the 
high-voltage terminals of the distribution 
trwsfonners located most remotely (elec¬ 
trically) from each other on a section of 
primary-feeder circuit between voltage- 
regulated points. 

^ The % voltage drop in primary-feeder 
circuits can be calculated to any degree 
of accuracy desired, but because of the con¬ 
tinual change in load and the uncertainty 
of the exact load at any time an approxi¬ 
mate method, is generally used. In one 
such approximate method the voltage drop, 
actually defined as the arithmetic difference 
in the phasor voltages at two points, is 
assumed to be equal to the difference 
between the in-phase components of the 
phasor voltages at those two points. For 
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wirfi an equivalent spacing 
af 37 inches between 
phase conductors. Load 
power factor is 90% 
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a primary-feeder circuit on which one or 
more voltage regulators are applied, the 
total voltage drop m that feeder is defined. 

purposes of this paper, as the 
arithmetic sum of the voltaj drops £ 
of the sections of feeder circtS be- 
voltage regulators and between the 
last regulator and the end of the line. 

When the operating voltage, impe^ce 
cons^ts, and load power factor of a 
^cuit ^ ^ecified, then the total % 
volta^ drop mcurred by the load current 
carried in that circuit can be approidiSy 
expressed m terms of the product of kva 
and nul^. Fig. 10 shows a plot of % 
kva-mile versus conducts 
size fOT open-wire copper-conductor 
pnm^-feeder circuits operating at several 
popidar voltages, with the line-conduSS 

Si^ar i^onnation can be obtained for 

2? rtf®<iuivalent spac- 
uigs of conductors, line voltages, and load 

quantity plotted on 

the ordinate of the curves of Fig 10_% 

volt^ drop per kva-mile-is an ^p<^ant 

S tte®u*hoat 

of primary-feeder capa- 
bihty IS the thermal-loading limit of the 
circmt conductors. This limit is usually 


^^reted m terms of the maximum 
a conductor can 
“ turn limits the kva loading 
at a given voltage. This paper, however 
with the anVsis of pri¬ 
mary-feeder circuits limited in their load- 
carrymg capabUity by the % voltage drop. 

Appendix II. Area Coverage by 
a Primary-Feeder Circuit 

St illustmte. for a most 

Swiw tJf^ technique em- 

ploy^ tooughout the foEowing Appendixes 
equations which relate primary! 
^ volta^ drop, load density, iSe 
impedance, and line loading. 

Pr^ery-feeder circuit emanat- 
mg from some feed point, and ultimately 
reachmg every distribution transformer in 
a mS^r circmt consists of 

^ are tapped 

ff the mam feeder, as shown in Fig H 
For simpEcity, the feeder area is shown as 

Each lateral carries the same kva load 
consisting of distribution transf^ei of 
equally loaded and uniformly 

Along with this very simple, hypothetical 


3T « sliuwn the 

“■ ? an equation for the 

s. % voltage drop from the feed point at 

“ foZe/ o? distribution trans- 

ig 1°^®^ at point c. For the purpose of 
n expression for the voltage 

j ^op from point a to intermediate point ^ 
J IS a^umed m the model that the laterals 
do not exist and that the main feeder is 
^omly loaded between a and b. When 
voltage drop along the lateral be is 
)mttm, the model "forgets" about the 
transformers, and 
W ^ uniformly loaded 

S 1 ™* 

In constructing the model of Fig 11 it 

the l(»d is uniformly distributed. Conse- 
quentiy a given fraction of the total area 
by feeder dmut wiu SnSS 

^ same fraction of the total load. Area 
ecmivalent to kva load, so that the 
produrt of area and distance becomes 
eqniv^t to the product of kva and S 

Pto*ic?of^ “ ®^“^ 

and some constant 
the % drop from the feed point at 0^0 

mat^ * ^ “ approxi- 

Vae’^Vab+Vte , 

Vab=‘KiJ^^‘^\sdx)x=‘0.405KiS» (n) 

^bc’=>Kiff\0.2S)(dy)y=.0.025K2S* (12) 

Foe “0.406Jri5»-|-0.026^2.S* (13) 

‘^^ance S expressed in miles, 
conrtants ATi md Ki must have the units 

unite 

units of kva-miles. Then in order for 
Foe to haw units of % voltage drop, 
co^tants K^ and K, must also contahi 
another constant which has the units of % 
voltage drop per kva-mfie, so that ^ 

A:i*y»Qrjr*5*=rr— 

LVmiles*/^ 

/ % voltage dr op\ ~| 

\ kva-mile / 

s% voltage drop (14) 



Wmiles* is the load density 
m the uniformly loaded area S^, and the 
/o voltage ^op per kva-mile factor in 
equation 14 is a constant which is deter- 


f-^ dx 


^distribution 

transformer 


Ffs. It (left and right). Single 
feeder serving a rectangular-shaped 
area of unifonn load density, and the 
analytical model used to derive the 
relationship between % voltage drop 
and feeder loading in Appendix II 
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PATTERN NO, 2 













^ voltage ^op from points a to r on the 
feeder circuit. 

From the model of Fig. 12, the following 

fo*- % voltage drop 
may be written ^ 


6- la a case ^ wmcn loaa increases at 

The total load carried by a lateral is di 
rectly proportional to its distance along 
the mam feeder from the feed point. ^ 

nat+I Stance, the particular four-feeder 
pattern of Fig. 12 would appear to he 
inefficient from the standpoint of achieving 
a reasonable voltage drop for the ^oun? 
of load served. A more efficient pattern 
™id a^ar to one in which the^^^ 
p^t Of the load IS located as near to the 
feed pomt as possible. But it must be 

Serene Tt, ^ corresponding 

mcre^e m area served. Consequently 
m order for a large portion of the feedS 
load to be close to the feed point, a corre 
spondingly large portion of the ar^a se^^d 
must be near to the feed point Bm- if 
each of the feeders emanating from a feed 
pomt are to be equally loaded X a^S 
they serve must be equal, assuming tSt 
distributed. Hence each 
r must serve its own sector of +1 ia 
area nerved from the feeS lliw 

«», there still remains a neat 'de2 

feeder radiating from the feed point ser^ 
an equal load contained in an equal are? 

sWd four ffilS: 

square a 

sSSd hf considered as the area 

rt^on. 1 ‘distribution sub- 

coS-eri f ‘^an be 

suoSfei from a feed point 

caSed from 

sSon. distribution sub- 

fhZ^^f^ I wWch applies to Fig. 13 shows 
that, for these possible variations of a 4- 


mined by the electrical characteristics of 
the circuit itself. ‘‘'-renstics of 

kva-mile for 

tne mam feeder is known a 

theUtcral^ii:,. SSm? 
can be obtained from Pig. ig coooe/ 

Mnductor lines with 37 inches equivlfeirt 

^ac=‘0.405DKuS*+0.02BDKi^> 

^DSX0.405KM-i-0.025Ki,) (is) 
^though equation 15 is ouite «tTr„aiA 

thetical feeder pattern ‘X 

importance of equation 16 is not in 
apphearion but rather in its illustration of 
the variation of pr imar y-feeder -d-aI* 

giVe^T^lV.“‘‘a'‘' constants wSb 

Md account fir 

voltage drop of all ^ 

voitagl; ‘’'co1‘d«1^r“SS?a/“2:' 

planes and wfres' 

P circmt,- and load power 


Appendix III. The A-Feeder 
Pattern 

ptiLJ^nSuirSanr frZ 

tion substation or f2d no^t^A distribu- 
substation area « fed^t a^^ 
purpose of siugiia* out the 
or special cousideration is twofold' First 
m comparing the relative ^T" 
capabilities of different 

“asPsting ftmn a feS St^e 

pattern, because of its prerato^ 
actual,practice and in in 

will Ka a j d:he recent literature 

sr 

the arrangement of subfeedem and 

arrangement of mai^ 
laterals. Fiv 12 aIoa cT,* ®'^^®®ders, and 
ekAv. j **■ ®dso shows the triansiilare 
shaped area served by one of 


^ae-Vai+Vig 

Fas ^■^J‘fl>y'o^%X2xdx)=0.486KMDS‘ 

C17) 

Fsc=JiTiZ) y*^- ^(y){02Sdy) = 0.081 JTiZl^s 

(18) 

Fa«=Z>.S»(0.486Jrjf-f-0.081iS:i) 

in W ^‘>dtage drop 

“feeder P"*”.^y-^®^der circuits of the 

mile K m kva per square 

tniiA % drop per kva- 

nule constants for the main and lateral 
respectively, and .S is the len^h of the 
teiangular-feeder area in miles. This equa¬ 
tion exactly applies to only one very special 
hypothetical arrangement of fouZf£ders 
em^ating from a feed point, nameirtt? 
Of Fig. 12. Because of the app^entlv 

P'*“.”^l7'>«reaIistic'dSS 

for which equation 19 applies it is Ym 
bilf ex^ine the extent of applica- 

feeder planning and design. ^ 

Vwiations of Primary-Feeder 
Geometric Patterns 

diSl!^! literally an infinite number of 
^erent patterns that the four p^^. 
feeder cmcuits emanating from a si^e 

feed pomt can assume. In general siiAk 
Patterns ttflii < 4 such. 

not only geometrically 

rtf unsymmetrical but also tta 
(in the form of distribution trans 
ormer^ will never be uniformly distributed 
along the circuits. The analytJaTmoS 
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P««*r.cfrcult arrangement and analytical moJAlf .a 

. ■naiyiicai model for pattern no. 3 











feeder pattern, the relative % voltage drop 
for patterns no. 2 through 8 differs by no 
more than 10% from the reference % 
voltage drop for reference pattern no. 1, 
which is also the pattern of Fig. 12. The 
% voltage drop for each pattern was cal¬ 
culated in a manner similar to that result¬ 
ing in equation 19 for pattern no. 1, with 
all load accounted for in every one of the 
feeder areas. 

As a tsrpical example of the voltage-drop 
evaluation for one of the patterns, consider 
pattern no. 3, shown with its analytical 
model in Fig. 14. The sum of the voltage 
drops in main, subfeeder, and lateral equals 
the total drop 

Vae^ Vbc~\~ Ved-h Vde ( 20 ) 

j =0.333Z)Jrjtf53 (21) 

= 0.1852Z)ii:j,/5» (22) 

f .67S / 

yx)dx = 0.074:DKfS^ 


Vde^DK^J^ yHy^0m24:DKi,S^ (24) 
Therefore 

Vae « i?5»(0.6182JS:jtf -1-0.074/f/. -f 

0.0124i5:i) (25) 

The similarity between equation 25 for 
pattern no. 3 and equation 19 for pattern 
no. 1 is immediately apparent. The relative 
% voltage drops for these two patterns can 
be readily obtained by assigning values to 
Rp, and Kt. Fig. 10 can be used 
for this purpose in the following manner. 

Assume that the main feeder for both 
patterns is no. 4/0 copper; the subfeeders 
of pattern no. 2 are no. 1/0 copper; and 
nil laterals for both patterns are no. 4 
copper. Assume all lines are 2,400/4,160 
volts, 3 phases, 4 wires. Then from Fig. 

=0.0031, .Kji'=0.005, and iS!’i = 
0.01. Substituting into equations 19 and 
26 

Vae in pattern no. 3 0.002121.S’ 

Vac in pattern no. 1 0.0023205* 


The results obtained from computations 
similar to those which result in equation 26 
are given in Table I. 

It is possible, of course, to obtain extreme 
variations in relative % voltage drop for 
the eight feeder patterns of Fig. 13, or for 
any others that could be arbitrarily con¬ 
structed, merely by assuming extreme non¬ 
uniformity of load distribution or other- 
conductor sizes for main feeders, subfeeders, 
and laterals. But it is interesting to note 
that the variety of subfeeder and lateral 
^angements for these illustrative patterns 
is in effect equivalent to a similar variety 
of load-concentration patterns within the 
feeder areas. 

Moreover, if in an actual system the main 
feeders carry approximately equal loads, 
and a reasonably small number of con¬ 
ductor sizes are standardized upon, then it 
is unlikely that subfeeder or lateral con¬ 
ductor sizes will differ very much, regardless 
of circuit arrangement, in areas of com¬ 
parable load density. Equality of con¬ 
ductor size for different circuits in an actual 
system would be particularly true for the 
main feeder, in which most of the voltage 
drop is accounted for anyway, regardless 
of subfeeder and laWal arrangement. 

Appendix IV. General Case of 
the n-Feeder Pattern 

With the geometric and algebraic tech¬ 
niques employed in Appendbces H and III 
for the single-feeder and 4-feeder patterns 
serving as a background, a pattern of any 
number of feeders « emanating from a feed 
point will now be considered. Fig. 15 
shows one feeder sector of an «-feeder 
pattern. 

Note that for this general «-feeder case 
the last lateral on each main feeder is arbi¬ 
trarily assumed to form the far boimdary 
of the area served by that main feeder. 
This results in an area, or load served by 
the feeder circuit, that is somewhat smaller 
than would be served if the feeder load 
area were assumed to extend beyond the 
last lateral. Thus for a given % voltage 
drop, the assumed area (5* tan 0) served 
by one of the n feeders is about 20% 
smaller than would be the case if the 
boundary of the feeder area were approxi¬ 
mately 0.1 5 farther away from the feed 
point than the last lateral, as was assumed 
for the single-feeder and 4-feeder patterns 
of Appendixes II and III. This new 
hypothetical picture of feeder area is 
adopted in order that the voltage-drop 
equations for this general w-feeder r asp 


yield somewhat conservative estimates for 
the capability of feeders, thereby allowing 
for extreme irregularities of load distribu¬ 
tion and feeder-pattern geometry often 
encountered in actual systems. 

The analytical model for the «-feeder 
pattern is also shown in Fig. 15. From 
this model 

Vab—KidDj'^^x(2x tan 6)dx 

■ =0.667irjir2?5® tan 0 (27) 
Vbc^KjP£^^^^\0.2S)ydy 

tan* $ (28) 

Vac = Vab + Vbc =2?5*(0.667ii:w tan 0-t- 

O.lir£tan*0) (29) 

Let 

0.667isrj|/=«, and O.lJT^sz) ( 30 ) 

Then 

Kaf=Z)5®(*< tan d+v tan* 0) (31) 


^ 360 ^ 

0=r— degrees (32) 

2 ti ' ' 

Note that the area served by a single 

feeder can be found by dividing the feeder 

loading by the load density 

, hvttn _ 

tan 0 (33) 

The total area served by all n feeders of the 
»-feeder pattern is then 


Ani=‘n 


kvd^ hvdfit 


'nS^ tan 0 


kvant Y 
\Dn tan 0/ 


It is now possible to write an expression 
for the total % voltage drop in one of the 
n feeders of an »-feeder pattern, in terms 
of the total loading of all n feeders, by 
substituting equation 35 into 31. 




X(TAN 0) 


(n-l) ADDITIONAL 
FEEDERS 


FEED POINT- 


ONE PRIMARY-FEEDER 
CIRCUIT 


Fig. 15 (left and 
right). The general 
n-feeder pattern, 
with a single feeder 
sector and its ana¬ 
lytical model 



S(TAN 6) 
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prlm«y f«d„Wlm.nr (..dm, N«b« of ’ .o,p|oW«5 7^20/t3 SOO 

voltas. drep V. I P 6, .od t 0 % food., «>>'l»'»«yd..d„ctalt, ' '^“'’’'*®*- 


- n / 

\Z>« tan 

r / (36) 

_ fe»a«t8A 

I>i/2«8A (-^w) (37) 

37.^apS^s^to K equation 

cumbersome. BuMcSmltlirtS^'L^e 


^plified and put into more usable form 
To do this, the first step is to note tlSTfl 

svtTihrl D • “ represented by the 
equation 37 can be evaluated 

™L“«' “* * that tto 

^ InewtatS^ 

f-jf ana Kt,. The constants Kt, an/ r 
“ i“5“ depend, as shown in Fig 10 on 
such factors as liae voltage. Itee 
^to«or matenal aod size, and load powe^ 


Bmon. IUps~miriiulion.SMn aM Pri^ry-Fe^ PUnnin^ 


«Pd ^0 con- 

iCy »d^e““ fr<® 

•^"“0.0031% voltage drop per kva-mile 

(38) 

■Si=0.01 % voltage drop per kva-mile (39) 

Hence 

0-667^if“(0.667)(0.0031)*0.0021 (40) 

0.iri«(0.1)(0.0l)*0.001 (41) 
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0.0021 , 360 
^+0.001 tafli/a 
ooO 2» 


tan*/* 


(43) 


.. hvont*/^^ 


(45) 


Now, if P» as given in equation 43 is 
plotted versus n, the equation of the re¬ 
citing straight line can be obtained by the 
slope-intercept” method of analytic ge¬ 
ometry, This equation is 


P«=(1.94»-f 23.1)10-* 


(44) 



Fig. 16 shows three sets of curves plotted 
fr<c equation 46 for 2,400/4.160-volt 
pmnary-feeder circuits. The curves are 
a plot of n versus P for a wide range of 
values for which is the total loading 
of all n f^ders comprising a pattern serving 
a substation or feed-point load area. Fach 
set of curves is for a different % voltage 
drop. The curves for n versus D are drawn 
for both constant kvUfit or constant Am. 
The relationship between kvam and A„t is 
given in equation 34. 

It is interesting to note that equation 46 
is not applicable to a 2-feeder pattern 
(«“2), for which d^QO degrees and tan 0 
is i nfinit e. For the evaluation of the 2- 
f^der pattern, two single-feeder patterns 
similar to the one discussed in Appendix 
II and pictured in Fig. 11 are combined to 
form a square-shaped area. The % voltage 
drop is then evaluated for different values 
of D and hvam, and the results are mchtd ed 
in the curves of Fig. 16. 


Fig. 19 (left and< right). 
Primary feeders having equal 
voltage spread, with and with¬ 
out a supplementary voltage 
regulator employed in the main 
feeder, and the analytical 
model for the feeders 


oince «fuz(j/13,200 volts is another 
popular primary-feeder voltage. Fig. 17 is 
a set of curves for n versus D, for different 
values of kvom and A^ for 13.2-kv primary- 
feeder circuits. 

Sets of curves similar to those of Figs. 16 
or 17 can be obtained for any line voltage, 
conductor material, or size by using the 
relationships and methods presented in the 
foregoing. To aid in making estimates of 
the effects of such changes. Fig. 18 can be 
used. The gmeral »-feeder pattern of 
which IS used to obtam the curves 
of Figs. 16 and 17, utili2^ five laterals for 
each of the n main feeders. Furthermore, 
the conductor sizes and material in Figs. 
16 and 17 are no. 4/0 copper for the rnaina 
and no. 4 copper for the laterals. 

Fig. 18 shows the effect on % voltage 
drop of different main-feeder and lateral 
conductor-size combinations and different 
numbers of laterals. These curves are 
plotted with the conductor-size combina¬ 
tion and number of laterals of Fig. 16 as 
a reference. 


Appendix V. Effect of 
Supplementary Voltage 
Regulation on Primary- 
Feeder Capability 

Supplementary voltage regulators or 
switched and unswitched capacitors are 
often used at various points along primary 
feeders to provide the equivalent of a voltage 
boost at their point of application. Such 
forms of supplementary voltage regulation 
are applied so as not to exceed the maximum 
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.increasinsJ 


increasing 


I—CONSTANT 

TONSTANT " 
DENSITY 


j-oa<* density vcisus time. Durino 
ertain relatively long periods the load 
density increases slowly, while during certain 
other relatively short periods the load^density 
mcrease, rapidly. The fong-rangr^end 

•«»«»«, t. o„. of ^ 


<‘“1 'riti tto 

would well to polT^'Z? 
not reached when the adSi^n 1 

point on the main feedS A Lf. ®® 
addlaoual 

■ilstributed and tta 

•Wtaorease. 

•ransfomiers m seo&i 

^re*uUw“SJi^SoS‘ 

sidered, then % volts ^ Srowth is con- 
of feeder eimuff drops on sections 

points may be 

allowable drop but in maximum 

I 

»'«+n,-p-«.+nv-n'a+Pi. (4«) 

The purpose of the analysis dia^atno 
geometric models of + ^ v 

and "with.SS?ffii^® /‘without-boost" ^ 
is to ai^ feeders, shown in Fie lo 

„» ^ regulated mam-feeder .S' in termo 
of the togmal main-feeder lenrth^ 
the ongmal feeder circuit wi^SL f ? 

of length 3' ^tn mam feeder ^ 


—/ ( 48 ) 

Kij+ Ffic=ZJ5*0 Kif tan e+O.lJTx tan* 

(49) 

Fw the extended feeder circuit wifi, 

Ka'-Z>X„0p> ,a„ A+DJ^ji^x 

/ g(i>+g) tan g-}- 2 j>rtan e) \ 

\ ■ 2 ^( 9 )j (SO) 

+^^mX 

[Ps(2p-I~q) tan ff] (5i) 
Fi'c'=f?^i|^(0.2/>)(/> tan 0)^| tan 

“■O-£zr(0.1^s tan* d) (52) 
K,&'+nv»Z)^-^r^^8 tan B+KmPqX 
( 2 ^+?)tan 0 +O.liri^ 8 tan* 0 ^ (S 3 ) 


^+KMPq{2p+q) tan]>+ 
O.liTr^* tan* e^^D]^KMq\ien e)X 

9'^+0.1^i(jft^g)stan2gJ 


lp>+2p\-^ 

^ Km 


tan 9(Sp^q+3pq^+q3) 


01 ^ 

0 . 1 — snr 

•ft. if 


1 

j P^-hp^q(2-3w tan e)-pqS( 3 ,i, tan 5 )-. 


9®( g+ai tan 0 


Now if 


Note that the last lateral on 
feeder section is asim!S^r ® 

tangular area (2 S ta ^ 

tian th““ re,S?, “ “mewbat lanjor 
have to be served which would 

on the area served ^ infringe 

“ such a^attem ®,^?^SUous feeder 
introduces negUgiwreffe^L 

’riU°ir^''‘aPP^ 


Fiift =»2?Xjif 5’» tan ^ 


“ „ rp-Hr 

r 

3 “ ^Km tan ^^.S'*(^-f.5) - (£+£[®__ 

tanex 

{s'iq-~p\^pqt-^^^ (54) 
Now S'^{p+q), so that 

Vd,^DKT.(n 9.(p^^y (±+gy tan* . 

*®-D;iCii[0.1(/»-f,g)i tan* (Sri) 
F6'<r+ Fiftf ='i).£’ji,2* tan e^p-^^ q^ ..j, 
0,lP^n(^^.2)3 tan8 g 

S between p and 

% voltage drop between the first an/i 1 

distribution transforms! 

of pmn^ feeder between voUagE^ 
eq!Lr and 


ottbstituting 1 


S3) •5'“(^+9)*1, theng=l_^ 

“■ and“s^pl^/“^^~-^^ equation 

S) ( 2\ o 

S #■(»*“» "-ij+Sp-f-wUu, (« 

>n feeder pStem ol/'- 
value “ »fS>. 

*> S™ -3 l””' M •“•““is. ! 

: ^aSl-?H»S 

. sssrrij-si—— 

^^*0.1(3.1)=:0.31 (^5 

Substituting equation 65 into 64 

0.613 

2“(l-^)»0.487 

pattSn*!fr‘'®‘*T/o®''^P^® of a 4-feeder 
and uo eopper main feeder 

tetwe^ t ®°5P\faterals the relationship 

the ^»tt ® established, but 

e relarionship between (p+a) and S* 
f*Ul bP Jound. It fa tto 

ara^'’l^\w '*''®™bie the additional 
I* =®™d b7 addine 
a voltage booster to a feeder dn^tTS 
where along tte 

sn* a device shouM be installed ' 

drops on the original 
and voltage-regulated feeders ^ " 

Kl> + Fje * Vab' + Vb'c' (46A> 

■^■^*(3 ^+0.1Jri tan* ej 

^^\^KmP^ tan 6+KMpq(,2p+ 

2)tan e+0.1Kz.p^ tan* ffj (ri7> 

Substituting the values of ^*50.613, 
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0.487, and Kl/Km—Z.1 into equation 67, 
5=0.805. Then 


iP+g)^ 

5 * 



( 68 ) 


Thus by adding a voltage booster on a feeder 
circuit, and allowing the circuit to be 
extended to pick up additional load so that 
the voltage drop in the two voltage- 
regulated sections of the circuit is the same, 
approximately 64% additional load can 
be served. 

It is interesting to note that if a voltage 
booster is installed in the main feeder of the 
simple 1-feeder pattern of Appendix II, 
the additional area, of uniform load 
density that can be served, such that the 
vokage drop from feed point to regulator 
equals that from regulator to end of main, 
IS 59% greater than the original area. This 
relationship can be easily visualized by 
noting that % voltage drop is proportional 
to 5 . Hence if the voltage drop is allowed 
to double, then for the new, lengthened 


circuit, S becomes 2^'* times the original 
value of S, and the area served by the 
extended circuit is (2»«)*=1.59 times the 
original area. 

Similarly, if two voltage boosters permit 
approximately three times the original 
voltage drop from feed point to the last 
distribution transformer on the circuit, 
then the extended area that can be served 
the feeder with two boosters is approxi¬ 
mately (3) 2/*=2.08 times the original 
area served by a feeder with no voltage 
boosters.^ Thus for a primary-feeder cir¬ 
cuit serving an area of reasonably uniform 
load density, the amount of load the feeder 
can serve varies as the two-thirds power 
of the number of voltage boosters plus one, 
applied on that feeder, provided that the 
^ent-carrying capacity of the feeder 
is not exceeded. 

Variation in both the number of primary- 
feeder sectors comprising a feeder pattern 
and the arrangement of subfeeders and 
laterals has surprisingly little effect on the 
relative additional area at uniform load 


density that can be served by adding one 
or more supplementary voltage regulators 
to an existing feeder. This relative addi¬ 
tional ^ area can be estimated from the 
two-thirds power relationship just given, 
and is therefore about 60% greater than 
the original area for one regulator, and 100% 
greater than the original area for two regu¬ 
lators, provided that thermal capability 
limits of circuits are not exceeded. 
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Discussion 

B. M. Jones and C. N. Clark (Duquesne 
Light Company, Pittsburgh, Pa.): Some 
g^eral comments on the planning practices 
of our company are offered in connection with 
this general subject; they do not bear directly 
on the technical contents of this useful and in¬ 
formative paper but we feel they might be 
mteresting. Our comments concern the 
constant substation-size plan and the 
constant substation-area plan. 

Existing Substations, 4 Kv 

Where the ultimate size of an existing 
substation has already been reached, our 
practice has been to gradually reduce, the 
area served and provide additional capacity 
elsewhere, either by expanding near-by 
substations or installing additional sub¬ 
stations and circuits. Similarly, for sub¬ 
stations which have not reached their 
ultimate size, we just keep on providing 
capacity where economical until they do 
reach their ultimate size. 

The economical factors considered in 
utilizing the existing substation sites to 
their full economical advantage are; land 
and buildings—utilizing to full advantage, 
or expanding at that site to the economical 
limit; available communication facilities; 
off street parking—^proper evaluation of 
losses and taking cognizance thereof; 
storag^ of small repair parts; and toilet 
facilities. Also, for existing substations, 
zoning permits or municipal ingtallation 
permits are much easier to obtain in many 
cases than for new sites. 

These paragraphs referring to sub¬ 
stations having reached their ultimate size 
come under the constant substation-size 
plan, and the substations that will be 
p:panded to their ultimate size are initially 
in the constant substation-area plan, but 
when reaching their ultimate size will then 
be in ^e constant substation-size plan. 
These substations include attended, none 
of which we have built since 1926, and un¬ 
attended automatic and semiautomatic 
substations, many with more than one 
circuit and one transformer bank. 


New Substations, 4 Kv 

Beginning in 1947, all new 4-kv dis¬ 
tribution substations have been of the 
package type, and their capacity has be“n 
used to provide relief for the existing sub¬ 
stations by a gradual reduction in the area 
being supplied by the then existing sub¬ 
stations. This practice results in the con¬ 
stant substation-size plan in moit cases, 
but in some cases it is economical to expand 
the existing mbstations up to the ultimate 
before changing to the constant sub.station- 
size plan. Incidentally, some of this addi¬ 
tional capMity in the existing substations 
IS needed in attended and built-up tsqjes 
and in package types of installations, the 
latter by installing another unit in addition 
to the original one or by replacing the 
original one with a larger one. 

Where successive package units are 
installed on one substation site, this ap- 
pro^hes the constant substation-area plan 
until such time as the maximum number of 
units has been installed on that site, after 
which the area is again reduced by shifting 
load to other new or existing substations. 

Substation Site Difficulties, 4 Kv and 
Others 

This is an everlasting problem, and it is 
becoming worse as the movement to rural 
area.s continues at an accelerated pace. 
Zoning requirements, public acceptance, 
and many other factors sometimes force 
the utility to depart from the perfect 
economical solution in some cases by in- 
sta.lling more 4-kv substation capacity- 
unit types or other types—on one site. Our 
company has encountered instances where 
it could not get the site in the vicinity of 
the most economical location, and hence 
was forced to choose other alteratives. 


Charles Morrison and C. C. Wolf (The 
Potomac Edison Company, Hagerstown, 
Md.): As is frequently the case, the use 
of a hypothetical and generalized method 
revels certain fundamental relationships 
which might have been hidden in a specific 
approach to the solution of practical prob¬ 


lems. The authors have not only provided 
the planner with some sound relationships 
but they have recognized certain practical 
aspects of planning which are sometimes 
overlooked. One of these is the recognition 
of increasing load density as distinct from 
increased load density. 

While our own problems of distribution- 
substation planning are not related to 
load density in the usual terms of kva per 
• square mile, we believe the authors are 
to be commended on their excellent treat¬ 
ment of the subject in the manner which 
is appropriate when considering urban and 
suburban areas. We like their inclusion 
of the kva-mile concept in Appendix I. 
During the past year we have developed 
what we call a linear approach to the 
problem of distribution-substation or feed- 
point planning in which kva-miles is the 
significant parameter. For rural distribu¬ 
tion systems this seems to us to be the more 
suitable approach. 

From our work we have determined that 
the % voltage drop per kva-mile, referring 
to Fig. 10, for 12.47-kv feeders is (r cos 
0-\-X sin 0)/l,665, in which the term (r 
cos ^-f-sin e) would have the following 
values, based on a conductor temperature 
of 75 degrees centigrade, an equivalent 
conductor spacing of 6 feet, and a load power 
factor of 0.9: 

No. 6 copper, 2.554 
No. 2 copper, 1.202 
No. 2/0 copper, 0,749 
No. 4/0 copper, 0.577 

Using these values we would obtain the 
following % voltage drop per kva-mile for 
12.47-kv 3-phase feeders: 

No. 6 copper, 0.00164 
No. 2 copper, 0.00077 
No. 2/0 copper, 0.00048 
No. 4/0 copper, 0.00037 

These figures agree substantially with the 
corresponding values taken from the curves 
of Fig. 10. 

In Appendix V the effect of supple¬ 
mentary voltage regulation on primary- 
feeder capability is very well presented. 
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While again our own approach to this 
aspect of planning has been on a linear 
basis, we recognize both the need and the 
\ahie of the reljitionships developed in the 
authors' presentation. It is of interest to 
j 2 ote that on a linear basis the addition 
of a voltage regulator and the extension 
of a feeder to pick up additional load would 
permit a uniformly loaded line to be length¬ 
ened by about 41%, whereas the authors 
tlud that 59% additional area of uniform 
density can be supplied by the addition of a 
regidator imder similar limits of voltage 
spread. This is not a discrepancy, but it 
does demonstrate the reason for our ap- 
{noach to the problems of primary-feeder 
capability where load-area geometry ap¬ 
proaches a single dimension as it frequently 
docs in rural distribution systems. 


any number of laterals spaced a fixed 
distance apart, such as a representative 
city block spacing. 

The expression for Vab in equation 11 
is incorrect. It should be 

J r O.SS 

S(^S-x)dx=0AQ5KiS' (ll) 

0 

The expression for Va in equation 17 
is also incorrect. It should be 


of 33% as stated below equation ,*j. When 
the feeder voltage is tripled and the number 
of feeders reduced from eight to four, the 
substation size may be increa.scd 2.17 times. 

• Equation 7 should be ««!//.) ns 
from equation 70. Equation 9 fulltius 
from equation 69 when length 6 * is hehl 
constant. 


J. R. Oberholtzer (Commonwealth Asso¬ 
ciates. Inc., Jackson, Mich.): This paper 
presents a rather complete analysis of the 
relation between the various parameters 
which affect the layout of a primary dis¬ 
tribution system. It is useful to remember 
Wiese relations when analyzing specific 
ftystems so that the anticipated results of 
propo^d chants can be estimated without 
excessive detailed calculations. Further¬ 
more. the recognition of these ideal rela¬ 
tions shoidd prevent the system planner 
from driving improper conclusions of long- 
r^ge effects of system changes from a 
limited study of proposed immediate 
programs. 

S p^ary line patterns.. 

^ very nearly equal. Thus it appear^ 
I,. reasonably efficient arrangement 

oltage drop. It is noted that this aualyS 
asaumed that all lines, including the latemic 

required for the vurious uMtoof 

spacmit i ^ the lateral 

«lual among the^S^ hPPro^tely 
be the case if th^ which would 

former locations 

t‘Cr?gu 5 Sor?S 

loading of feed(>i- ^ ampere 

methods of increasing ^ 


Vai I (S~xXS+x)dx 
Jo 

^OAmKuDS^ (17) 

The expression fw in equation 23 
is not complete since it omits the voltage 
drop in lateral cd due to the load picked 
up on the last branch de as shown in the 
right-hand side of Fig. 14. Consequently 
equation 25 is not complete and the results 
in equation 26 will also be affected. 

^ The expression for Vie in equation 28 
IS too large. The feeder area covered by 
the last lateral be is indicated in the lower 
right-hand side of Fig. 15 as a rectangle 
instead of the trapezoidal area in the left- 
trapezoid area 

IS 10 % less than the rectangle. Thus 
equation 28 should be 

Fje =0.09jKi5* tan* 6 ^28) 

feeder areas where 
1 .^ “ proportional to the 

length of the mam and, in addition, the load 

proportional to the 

f laterals, making 

tte width of area per lateral= 0 . 2 o/ 
^s Qqje of pattern is not encountered 
eiy frequently but it does simplify the 

mathematics. Based on these assCpti^;: 

f^ae * Faj + Fs* = 

ify* 

L>S» 


From this 

S -- 

2? 1/8 

Feeder area A « 52 « 

238/8 

Feeder fcva kAD « V^'^kv^iD^n 
or for n feeders 
koant « P^/8A»</*23i/8^ 


and in the derivafS*^* In Appendbees 
in the % voltage 

«--ammere^?SrffT-SSS 

Denton, Reps- 


applies to^^ eonation 1 
a fixed length o/lfie of 

this relation becomS » «cov^age 
equation 70 The ^ f*"®™ 

‘7 3 in aqua- 

In aeeordanee with eqSS^’^S 

nSSJoffiLm"" J’' 


am Primary-Faedar PJa 


W. J. Denton and D. N. Reps: The remarks 
of Jones and Mr. Clark art* very 
pertinent to some of the practical aspeets 
of distribution-substation plamiing. Tfic 
17 ) continual shifting from constant .siib- 
statipn-area to constant substution-si/.c 
23 plans is a frequently encountercel .situation 
ige in many systems. In our paper we poinbsl 
:ed out that between these two extrcincs in 
he planning philosophy there are an infinite 
tly variety of intennediate types of action 
Its which may call for both the adrUtion of 
more capacity at an existing wibstatifin 
28 site and the location of more capm'ity at 
}y new sites. The nice feature of tJic picture 
er presented by Fig. 16-for the priniury- 
le feeder voltage of 4 kv applicable to tin* 

t- Duquesne Light Company's .situation.is 

ia that system-growth Hues of either constant 
is substation-size or constant .substation-area 
^ shown. Interpolation between these 
lin^ moving in the direction of increasing 
' lo^ density, pennits the phumer to esthnate 
e What may have to be done to primary. 

® ^ substation ndrlitimis 

I J parameters whieli can he 

g etermined from the.se curve.s are the 
J change m the number of primary feeders 

• suwS.n distribution. 

[ substation capacity is added to the .system, 

^°"“on and Mr. Wolf state 
the difference between comsitlering in* 
creased, or increasing, load density is an 
import^t one. The first impS Ihu 
c^ctive mea.sure.s may comprii* the only 
planning procedure, whereas the sei-ond 

Cor^tiw^,^®^ distribution engineer. 

process and F** 5 e«meal 

p^ss, and do not ordinarily re.sult in 
long-range economy. The figure of 4 io/ 
addHionai allamiMe Itao S. 
mtf^y loaded line after tlic addition of 
“ “rotaowtary voltage reguiat™ ia 

TolS°V “ manner. 

mm % voltage drop on the line is nro 
kva loading ^ -J t original 

twice^he Sriial “'roo nf.' 

permits a voltage sorend regulator 
original spread. ^ ^ ^ 

distribut^ mdformly 

a ^Itage^boostS''®” ^‘fdition of 

lengthened 

(1.26); gives S toJiL “““ 

that the geom^ Z“' 
rectangular) of the 

similar to that of remaims 

With : e o«S«ial area. 

geometric Sttems f ® different 

cuits. Mr. OberholtzerinStoiS''^ f" 
phase rather than q l^nat single- 

^ow greater deviation 

i^op than tiiA * . relative % 

ObtLedtette„aS”‘’T““>' * 10 % 

It is difflcult to *“'? ” “• 

t to tmd an exact sort Of ap- 


'•nmng 
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proach to a point such as this, because, 
ev^ m Fig. 13, minor adjustments in sub¬ 
feeder conductor sizes were made in order 
to keep % voltage drop for each pattern 
mtta the 10% limits. Presumably, then, 
further adjustments in subfeeder sizes 
could be made so that, even if single-phase 
laterals are considered, patterns of equal 
drop could still be devised. We too believe 
tiia.t Obcrholtzer is correct when he 
says that the weight of conductor would 
not be affected to any great extent, re¬ 
gardless of feeder pattern, so long as the 
same set of distribution transformers are 
to be served, with reasonably equal % 
voltage drop for each pattern considered. 

In general, the investment in overhead 
primary-feeder circuits, in dollars per kva 
load served, varies very little with either 
^cuit capability or even circuit voltage. 
Most laterals are the same, standardized 
(and often minimum allowable) size re- 
gar^ess of the capability of the main and 
subfeeders. Since laterals form by far 
the largest portion of primary circuit 
mileage, variation in mains capability 
^ects total circuit cost only slightly, and 
from the standpoint of total system cost 
even less. 

_ Mr. Oberholtzer's recognition of the 
increased % power loss with the use of 
ppplementary voltage regulators is an 
important point. General studies we have 
made indicate that the % loss in primary- 
feeder circuits is directly related to the % 
volta^ drop, e.g., the doubling of total 
drop by the addition of a regulator will 
approximately double the % power loss 
m that circuit. The inclusion of power, 
^d energy, losses in economic studies is 
highly desirable. However, in planning 
new systems or future systems, good 
planning and design from the standpoint of 
providing good voltage for customers will 
virtually assure economy in losses. More- 
■ oyer, there should not be a significant 
difference in losses in alternative system 
plans calling for equal service quality. 
However, in existing systems where voltages 
are too low and drops are excessive, high 
energy losses and poor economy are usually 
accompanying effects. 

^ The first point Mr. Van Wormer raises 
is the use of five laterals, spaced 0.23' apart 
(3 being total feeder length) in our deriva¬ 
tions of Appendixes II and III. Actually 
the choice of number of load take-off points 
has no bearing on the problem, iTi asTrnir.h 
as for the purpose of computing the total 
drop in the main, uniformly distributed 
loading was assumed. The only effect that 


laterals have on total voltage drop, with 
such an approach, is the loading of the 
farthermost lateral, which, we assumed, 
served an area of width 0.2 times the total 
lentil of the main feeder. For simplicity's 
sake, however, the “number of laterals" 
concept was used to differentiate between 
various possible load burdens placed on the 
last lateral in such a configuration. In 
any event. Fig. 18 shows how relative 
voltage drop is affected by changes in the 
number of laterals or conductor sizes used 
for main and lateral. The reference value 
of 1.0 for pattern no. 1 is indicated on this 
figure, thus permitting rapid estimation of 
the relative drop for patterns using other 
numbers of laterals and conductor sizes. 

In equation 11 the expression for Vab is 
not incorrect; it is approximate, as stated 
m the sentence immediately preceding this 
expression. Admittedly, however, Mr. 
Van Wormer’s equation gives a closer 
approximation of the total % voltage drop 
incurred in a feeder circuit with discrete 
load^ take-off points, but with assumed 
continuous loading for the purposes of 
a^ysis. But equation 11 and also equa¬ 
tion 17 are not mtended for further applica¬ 
tion in .computations, and hence this 
rougher approximation of ours is not 
carried into the work from which results 
such as Figs._ 16 and 17 are obtained. 
Given the choice now, however, we would 
be more than happy to use the integral 
expression Mr. Van Wormer sugg;ests. Our 
r^tlts comparing relative capabilities of 
different types of circuit patterns, voltages, 
and conductor sizes would not be affected 
to any great extent using either integral. 

The expression for Vd in equation 23 
IS indeed not complete, omitting the voltage 
drop in lateral cd due to the load picked 
up on the last branch de. Thus equation 
23 should be 

where the second term is the missing part. 
Hence 

Fc<j=0.074Z?.ff,38+0.037I>iS:;.3» (23) 

and equation 25 becomes 

Vae - I>3«(0.5182is:j|f-f 0.1 lA>-|-0.0124irji) 

(25) 

and equation 26 becomes 

Vat in pattern no. 3 0.0024 

Vao in pattern no. 1 “000232 “ 


Thus the effect of this omission is quite 
small, and, as a matter of fact, results in an 
even closer equality between the voltage 
drops of pattern nos. 1 and 4. There is, 
of course, some flexibility in the way voltage 
drops for the patterns of Fig. 13 can be 
obtained by methods of integration, since 
^uit configuration in “fringes” and 
corners is not mtended to be exactly 
stipulated. This same sort of effect enters 
mto the slight discrepancies that would be 
obtained from alternately considering that 
the last lateral serves a trapezoidal or 
rectangular area. Assumption of a rec¬ 
tangular area gives somewhat less opti¬ 
mistic results for feeder capability, and 
consequently for this reason we made the 
latter apumption in writing equation 28. 

Relationships involving variation in the 
number of primary feeders emanating from 
a feed point become very difficult to derive, 
express, and manipulate. This paper rep¬ 
resents, to our knowledge, the first attempt 
to approach the problem of overhead 
distribution-circuit general analysis with 
the inclusion of the number of feeders as an 
mdependent variable. The difficulty can 
be observed in equation 46, which shows 
that the number of feeders enters a general 
expression relating the planning parameters 
in the manner given by the factor (1.94»-1- 
23.1) for the case illustrated for 2,400/ 
4,160-volt circuits utilizing no. 4/0 copper 
mains and no. 4 copper laterals. More 
generally, however, the factor Pn in equa¬ 
tion 37 houses the effect of n on all the other 
parameters. Realizing that few distribu¬ 
tion engineers can devote the time required 
to manipulate equation 37 to suit their 
individual systems and plans, we computed 
the curves df Figs, 16 and 17 from equation 
37. The <^tribution engineer primarily 
interested in what an approach such as 
ours can do to help him solve his problems 
may begin directly with Fig. 16 or 17, or 
from a similar figure for another primary 
voltage, and estimate the changes that 
must be made in distribution-substation 
size and location, number of primary feed¬ 
ers, or improvements in service quality, to 
follow a desired plan of system growth. 
Equations 1 through 9 were gleaned from 
the general equation 37, and were easy to 
write^ only for the cases where the number 
of primary feeders remained constant, such 
as in equations 2, 4, 6, and 9. In equations 
1, 3, 6, 7, and 8, where n could be an inde¬ 
pendent variable, these equations were 
only approximate. To find the full effect 
of system changes on n, Figs. 16 and 17, or 
similar information, should be employed. 
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D-C Machines: Response to impact 

Excitation 

J. 1. BROCKMAN C E LINKOIK 

NONMEMBE, a,EE 


I^HEN calculating the transient per- 
sIL it “ es- 

to know how the d-c machines in 
^ ^ resimnd to changes in exdta- 
voltage. Conventional d-c motors 
^ generators have rolled steel magnet 
^Ch frames have e.Xt 
mechanical strength, which adds to the 
f^Mty of the machines, and they 
pro^de low reluctance paths for the 
oonunutating-pole fluxes. 
Howevtt, they also afford comparatively 

^ tend to oppose any flux changes. 

lall^ ^ calcu- 

^ flux and exdt- 

g current, when a step function of volt¬ 
age IS appKed to the shunt field of a d-c 

ftiA ^ to calculate 

tte nse of <^ntating-poIe Ann during 
an incre^ m armature current. ^ 
Equations for flux and exdting-coil 
^ent have be^ developed by DuLv- 
, who considers a magnetic circuit 

^gofasoHdse^oralamS 

tion T "if* combina- 

on. In his analysis he substitutes an 

cross-section for a 

rectangular one. 

Dunaevskii's 

^uafrons are applied to find the build-up 

•“““ “ subjected to an 
a^pt^ge„^„^g^ A number of 

SreT® are made as 


S- The length of the solid frame 

sretions 0 f“thfm^eS'cSndl '^|;;“22 

^ static saturation curve reoresentii 
tte retatte between frame flux sXS2 

SiSr' “ 0 “ “t 

section or by magnetic-circuit saturation. 

1 * 0 , saturation curve of the d-c machine 
Ws. ^PP'-^^^^ated by several straight 


IS highest on the inside radius of the 
rame, so that the flux enters along this 
surface more rapidly than it does on the 
ou^de frame surface, or the end surfaces. 

When saturation effects are considered 
as^ptions 7 and 8 greatly simplify the 
^Iculations. However, t>ese assump¬ 
tions result in discontinuities in slopes of 
the calculated flux and current curves. 

Nomenclature 


function.! n??- ^ exciting current, as 

fliv « n J calculated from several 

flux and current equations. One flux eaun 

“turn- 

^n curve. The final flux and current ex- 

sumed to be zero. v.urrents are as- 


section; see Pig. i. ^ rhombic 
^pmetmtes the solid section from all 

Commit oa^eSe^ 

tion at the AlEls wi ^P®’*tions for presenta- 
’Cork, K„ 

•copteebialttel OctobWSO^^U^.*’^^®' kfeau. 
for printing November 2471954 ' avaUable 

<i»Mp«^^°S!SctSly'^N y'® Electric 

te with the 

^ayne, Tn^ Electric Company, Port 

Sjnith^for’^? ‘i^* Snively and E. P. 

preparation of this pap^S sussestlons in the 
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Assumptions 1, 4, and 6 are similar to 
“ r^erence 1 . Excitation 
teste on two experimental choke cofls with 
solid yokes, one rectangular and the other 
rhombic xn cross section, produced almost 
Identical results (see reference 1). 

The equations for flux and exciting cur- 
rent are der^ed on the basis of assump- 
exciting coil is around the 
sohd iron section so the field enters the 
iron umformly onall sides. This is not the 
arrangement in a d-c machine. The field 
around the frame, due to increasing main- 
pole gating coil current, has a rather 
compheated pattern. The field strength 


All linear dimensions are in inches. 

u—width of rhombic section, see Pig. 1 

Amagnet frame 
V rhombic section, see Pig. l 

b rectangular magnet’ frame 

i=instantaneous shunt field current, am- 

p6r6S 

* 0 -shunt field current at time zero, am¬ 
peres ' 

change in field current between time 
b and time infinity, amperes 

^1-mam field flux leakage coefficient equal 
M field-flux linkage 

fl“x that 

enters the armature 

fe.-haU apofc pitch measured on the mean 
dimmer of the magnet frame, see 

turns per pole 
-P—number of poles 

To-field time constant due to flux that en- 
r -t ® armature, seconds 

X constant, seconds 
P-electrical resistivity, ohm-inches 
^-instantaneous main-field frame flux, 
megahnes ’ 

^ 

0i-0fi-chauge in field flux, megalines, cor- 
responding to a change in field cur- 
?on' V*^ ^ straight-line por- 

A«A=oho saturation curve 

4> change m mam-field flux between time 
zero and time infinity, megalines 

Comparison of Test and Calculated 
Results 

The main-field voltage of a 165-kw 
^ater was suddenly increased from 0.1 
to 2.5 times normal. For test pmposes, 



Flj. 1. 


Rectangular frame section and 
equivalent rhombus 
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FiS. 2. Portion of the main-pole magnetic 
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Voltage build-up of 165-|(w, 250- 
volt exciter 
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Fig. 4. Field current during voltage build-up 
of 165-kw, 250-volt exciter 


the pole windings were connected in 
parallel, with an added series resistor to 
limit the fidd cuorent to 2.5 times rated 
field current. Under these conditions the 
average rate of flux btdld-up for the first 
0.2 second was 4.2 per unit per second. 
This exceptionally high rate of rise of flux 
permits comparison of test and calcu¬ 
lated results under the most severe condi¬ 
tions. Test and calculated field flux atid 
current curves are shown in Figs. 3 and 4. 

Three 1,750-kw, GOO-volt generators 
were identically designed except for 


magnet frame construction. To compare 
performance, one machine has a conven¬ 
tional solid steel frame, and the other two 
are laminated. Figs. 5 and 6 are plots of 
main-field flux and current for the roUed- 
steel-frame generator after the applica¬ 
tion of 1.67 times normal field voltage. 

These comparisons indicate the method 
of calculation, including the effect of eddy 
currents, 3 delds reasonably accurate pre¬ 
dictions of the build-up of main-field 
flux and current. While some of the as¬ 
sumptions, accepted to simplify the 
analysis, are difficult to justify, they ap¬ 
pear not seriously to affect the accuracy 
of the results. 

Appendix I. Calculation 
of Shunt Field Flux 
and Current 

Fig. 2 shows a portion of the main-pole 
magnetic circuit associated with a shunt 
field coil of a d-c machine. The flux path 
consists of a length through the solid magnet 
frame approximated by Im, the laminated 
sections of the main-pole core and rotor, and 
the air gap. 

For analysis, the magnetic circuit of Fig. 

2 is replaced by the simplified circuit shown 
in Fig, 7. The length of path in the solid 
section Im is the same as that in Fig. 2. The 
simplified circuit has a uniform rhombic 
cross section. The area of the rhombus is 
equal to the cross-sectional area of the solid 
frame. Its dimensions are related to those 
of the rectangular frame, Fig. 1, as 

asss-y/Sia' 

b^-\/2b' 

A step function of voltage is applied to the 
exciting winding at time zero. Prior to 
switching, the exciting current is assumed 
constant and the eddy currents are zero. 

The equations for flux and exciting cur¬ 
rent, derived by Dunaevskii are 
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Fig. 5. Voltage build-up of 1,750-lcw, 
600-volt generator 
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Fig. 6. Field current during voltage build-up 
of 1,750-lcw, 600-volt generator 
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Fig. 7, Simplified magnetic circuit and 
exciting coil 


The qp in equations 3 and 4 are roots of the 
equation 


(*/-1)2*+2 


gsin g-p cosg—1 


Equations 3, 4, and 6 have been solved 
for numerical results using a leakage coef¬ 
ficient ki of 1.16. These are plotted as func- 
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Appendix II. Sample Glculatlons 

Mactana constants are as Wowst 

<*^“20 inches 
=3.6 inches 
fe=1.16 
= 12,6 inches 
^=260 turns per pole 
per pole 
=7.26 seconds 
p=6.91 X10 “»ohm-inches 


Rs. 9 (right). Coeffidenti 
for the current equation 
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Discussion 

K. G. Black (General Electric Company, 
Schenectady, N. Y.): The authors are to be 
commended for obtaining a practical solu¬ 
tion of a difficult and long-unsolved problem. 
They make use of a solution obtained by 
Dunaevskii (reference 1 of the paper) for the 
case of an unsaturated magnetic circuit con¬ 
taining a solid core of rhombic cross section 
and they assume that this circuit is a good 


Fig. 14. Flux de¬ 
cay of 500-kwy 375- 
volt exciter 


100 


Fig. 12. Circuit arrangement for test 

These calculations were carried out for 
four regions of the saturation curve. The 
results are shown in Figs. 3 and 4. 

IS the ratio of the sohd frame time 
constat to the main-field time constant. 
Machines of standard desigpa commonly 
have a T^/To equal to approximately 1.0. 
When calculating the performance of these 
machines, only two terms are needed in the 
flux and current equations. For v equal to 3 
and greater the 4>v and are small and the 
av are large, so these higher numbered 
^ terms become negligible. 
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approrimation to the actual magnetic circuit 
in which the solid core is of rectangular cross 
section. Dunaevskii presents experimental 
data to demonstrate the similarity of flux 
responses, but for only one particular core. 
It is of interest to examine the validity of 
this approximation for other core dimen¬ 
sions. 

^The exact solution for a magnetic circuit 
with solid core of rectangular cross section 
is known for the case of flux decay, aRsnmlTij r 
the current drops to zero instantaneously. 
The flux decay of the exciter, for which the 
authoi^ present machine constants, is 
calculated with the use of this exact solution. 
It is curve D of Fig. 13, and the flux decay as 
^Iculated by Dunaevskii’s solution is curve 
C. For comparison with other approxima¬ 
tions, the flux decay is calculated by two 
other methods. Curve A is based on the 
solution of Weber (see reference 3 of the 
paper) for a solid core of circular cross sec¬ 
tion, and curve B is calculated from a solu¬ 
tion, suggested by Poritsky,» based on the 
assu m ption that the width of the frame is 
very large compared to the thickness. It 
can be seen that both curves B and C closely 
approximate the exact solution, curve D. 
The flux decay calculations were made on 
the bMis of no saturation, the same basis 
on which the solutions were obtained. 

Similar calculations were made for a 600- 
kw, 376-volt exciter and the results plotted 
in Fig, 14. The curves have the same 
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general shape as those of Fig. 13, with the 
rhombic solution being the best approxima¬ 
tion to out beyond 0.7 second. 

Exaltation of Figs. 13 and 14 lead to the 
conclusion that the authors are justified in 
proposing a method which is based upon the 
use of a rhombic core as an approximation 
to a rectangfular core. 

It may be noted from Figs. 9 and 11 that 
at the higher flux densities, and therefore in 
or near the region of saturation, the calcu¬ 
lated flux build-up is more rapid rliati the 
measured build-up. This is particularly 
true of the 166-kw exciter. Such variance 
might be expected by reason of the manner 
in which Dunaevskii obtained his solution 
for flux build-up. 

Dunaevskii separates the total flux into 
two parts; one part due to the exciting 
current and the other due to the eddy cur¬ 
rents. He ccmsiders that the part due to the 
exciting flux is distributed uniformly across 
the cross section of the core. When all or 
p^ of the core is saturated, the actual flux 
distribution is considerably different from 
the uniform flux density used by Dunaevskii 
in his solution. If, when the core is satu¬ 
rated, the exciting flux could be separated 
from the eddy current flux, the exciting flux 
would be found to be distributed not uni- 
formlyj but with the highest density at the 
center of the core and the lowest density at 
the surface. This results in more eddy 
ciOTents than if the exciting flux were dis¬ 
tributed uniformly, and hence a slower 
build-up of flux. 

Fig. 16 shows two flux build-up curves 
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Fig. 13. Flux decay of 165-lcw, 250-volt exciter 
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the rise of commutating-pole flux, including 
the effect of solid commutating poles. The 
authors have not considered its application 
beyond the linear range of the commutating- 
pole flux. 

There are discontinuities in the calculated 
flux curves corresponding to those in the 
current. They are not so severe because the 
eddy currents influence the flux build-up 
much less than the field current. That is, 
for a given Tp/T^, the <h, 03 , 04 . 05 .. .0,... 
terms of equation 1 of the paper are con¬ 
siderably smaller than the 4 H, * 4 , *6 . 

terms of equation 2. 

A simple equivalent circuit for the shunt 
field is not readily derived from Dunaev- 


skii’s solution. Since this paper was pre¬ 
pared, a method has been under study to 
replace the effect of eddy currents by a 
short-circuited winding coupled to the 
shunt-field winding. Preliminary calcula¬ 
tions agree very well with test results. If 
the method proves satisfactory, it will be 
described and submitted in a future paper. 

Mr. Dunaiski points out that the desired 
rMponse of a d-c machine may be obtained 
either by increasing the amount of field 
forcing with a solid-frame machine, or by 
laminating the frame. Except for very high 
rates of rise of main-field flux (e.g., 2.0 per 
unit flux per second and higher) the in¬ 
crease in forcing voltage required to over¬ 


come the eddy-current effect is small. 

Mr. Dunaiski also calls attention to the 
^ect of frame eddy currents on commutat- 
ing-pole flux. A d-c machine should be 
designed to commutate satisfactorily the 
highest rate of rise of armature current 
frequently encountered in its application. 
If this rate of rise exceeds the commutating 
ability of a standard solid-frame machine, 
the d^igner may either design a solid-frame 
machine in a larger size, or he may use a 
laminated frame. The decision is one of 
economics, but from the user’s point of 
view the oversized machine has the ad¬ 
vantage of larger steady-state commutation 
margin. 


Investisation of European Practices in 
Power Line Design 

EDUARD FRITZ 

MEMBER AIEE 


I N EUROPE, power transmission cables 
and towers must resist, generally, the 
same natural forces of wind and ice as in 
America. It is just as necessary to con¬ 
sider the tension of cables at angles and at 
dead ends, the longitudinal pulls when 
ice or wind loads are not equally distrib¬ 
uted between spans, and the exceptional 
case of rupture of a conductor or shielding 
wire. 

The purpose of this paper is to review 
assumptions in connection with wind and 
ice, and other loading factors specified by 
European line designers, and where pos¬ 
sible to make a comparison between 
American design assumptions and those 
employed abroad. Also included are some 
comments of European design require¬ 
ments and the direction which changes 
might take. A short discussion of some 
of the European structural design prac¬ 
tices differing from those in this country 
is also included. 

Wind Pressure 

The wind pressure exerted upon a con¬ 
ductor and transmitted to the towers is a 
function of the wind speed. A compari¬ 
son^ of wind speeds employed by Euro¬ 
pean designers is not conclusive in con¬ 
nection with tower loadings because of the 
use of differing coefficients K in the pres¬ 
sure equation P = KSV^, where 5 is the 
exposed surface and Vis the wind speed 
per second. There is little disagreement 
in the coefficient K for flat surfaces. The 
variations lie in the reduction multiplier 
for pressures on cylinders. In this coun- 
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try 0.6 is used for bare cables and iced 
cables regardless of diameter, while in 
Europe the reduction multiplier varies 
from 0.4 to 0.7, and this variation applies 
with the cable diameter as well. In Ger¬ 
many, with emphasis on exactitude, the 
wind pressure coefficient first decreases 
with increasing diameters, then increases 
again to a value of about 0.6 for the larger 
cables. Some countries use larger values 
for poles and circular tower members as 
pipe than for conductors. 

Several countries increase the unit wind 
pressure for spans and towers over 96 
feet in height In the light of recent fail¬ 
ures of radio towers this 25-per-cent (%) 
increase seems a reasonable requirement 
for tall transmission towors. The low 
points of the conductors usually have the 
same ground dearance; thus it seems a 
refinement to increase the unit wind pres- 
stne on cables except, perhaps, for very 
high crossings. 

The calculation of wind pressure on 
poles and towers is generally based upon 
the maximum wind speed anticipated. 
The peak velocity of a squall has a rela¬ 
tively narrow front, so a pole or tower 
might receive the full blast of it. How- 
ev^, the mean wind velocity in a long 
span is considerably lower than the re¬ 
corded maximum velocity. 

It was found in Swedish tests® employ¬ 
ing 720-foot spans with a maximum veloc¬ 
ity front width of 66 feet, that the corre¬ 
sponding average wind velocity of the en¬ 
tire span was 60% of the maximum veloc¬ 
ity. In Sweden, as a result of this inves¬ 
tigation and the ciurent wind resistance 
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K factor of 0.6 for cylinders, a unit wind 
pressure of 6.1 pounds per square foot is 
now specified on either bare or iced cables. 
This is but 26% of the 20.4-pound-per- 
square-foot pressure used for flat sur¬ 
faces. 

The 6.1-pound-per-square-foot unit 
wind pressme used is an average value 
which is exact for only one span length, 
720 feet. For longer spans a lesser unit 
wind pressure might be used, as the mean 
velocity will decrease with increasing span 
lengths. The variation is probably unim¬ 
portant but it suggests that steel towers 
on long spans might be designed for a 
lesser unit wind pressure than are wood 
poles of shorter spans. This is the re¬ 
verse of American practice if an 8-pound 
pressure for steel is used after giving rec¬ 
ognition to the overload factors and 4 
pounds for wood. 

For iced cables, some countries such as 
Italy use one-fourth of the unit wind pres¬ 
sure assigned bare cables because they 
consider that but half the maxim um re¬ 
corded wind speed will occur coincident 
■with an iced condition. Italy is divided 
into three zones: plains, hills and moun¬ 
tains. In the plains and hills 16.4 pounds 
per square foot of -wind are used for bare 
cables and 4.1 pounds when the 
cables are covered with 0.47 inches of 
radial ice. In the mountain zone 21.9 
pounds is used for bare cable and 6.6 
pounds for cables covered with 0.626 
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inches radiril icc. The wind under the 
I arc cuiidilion will govern in the struc¬ 
tural designs of the larger lines. 

A cftrollar\' to reduced wind pressures 
frti wires is the resulting smaller swing 
ani^les of insulator strings toward the 
tower. It has been pointed out that 
greater tower weight savings can be 
realized by shortening crossarms through 
a reduction of assiuned insulator swing 
angles than will result from an equivalent 
decrease in the number of insulators in 
the string. Several countries are at pres¬ 
ent giving this their attention, first, be- 
Cviuse it will permit upgrading or increas¬ 
ing the voltage use of e.xisting lines if more 
tinits can be added to the string and, 
second, it will reduce the cost of new 
lines, particularly where the torque of a 
broken wire is considered. 


inside a tower cage than on the side of a 
grounded pole. 

In 1954 Bellaschi^ suggested a reduc¬ 
tion of electrical clearances at higher 
voltage lines as well as of insulator swing 
angles; and at the Poles, Towers and Con¬ 
ductors AIEE Subcommittee meeting, 
much discussion concerned the form the 
revised code should take. The European 
trend would favor reducing the design 
swing angle to 30 degrees, provided tlie 
code includes a definition of the horizontal 
and vertical forces to be considered, thus 
restricting the location of poles or towers 
to sites of sufficient vertical load so that 
swing angles of 30 degrees will not be 
exceeded. This can usually be accom¬ 
plished by the addition of weights at in¬ 
sulators. 


ductor or shielding wire are (li\ ided iiita 
four groups,® as follows: 

1. Those which combine wiiwl ami Iirokeii 
wire forces, such as Gcniiany. 

2. Those which combine it;*; ami hrnkt n 
wire forces, such as »S\vc(lcn, 

3. Those which combine wind, uv. ami 
broken wire forces but tlo not add adtHti»jjiat 
longitudinal pulls, such us ('nrut Jirituwi. 
Belgium, and Norway. (America is in 
this group.) 

4. Those which combine wiml and i«*e, 
and also include longitjulinal ptdls tlue 
the unbalance in conductor tensions Ihv 
tween spans caused by unev«m wiml and 
ice loadings. These longitudinal pull, ar«‘ 
calculated cither as a fimetion of ihe span 
and overload of ice <jr wintl, as in I'l.tnee, 
or are given a pereentagt? <if the eondiuior 
tension as in Italy. 


The French have been conducting a 
series of tests® on insulator and cable 
deviations. These tests confirm the 
Swedish mean m*nd velocity values and 
the fact that wind is not constant through¬ 
out space and time. Actually, the wind 
action results at the insulator string in a 
fipre which represents an average value 
with respect to space because of the length 
of the spans; and with respect to time be¬ 
cause of the inertia and elasticity of the 
conductors. As a result of these studies 
maximum insulator swing angles in 
France in the future Avill be calculated 
for a transverse wnd push of 4.9 pounds 
per foot for cables of more than 1/2-inch 
diameter, and 6.4 pounds for cables of 
less than 1,/2-inch diameter. These 
values are one-third and one-half of the 
pressures established by French speci¬ 
fications for the calculation of tower 
stresses. 

A maximum 30-degree swing angle is 
at present assumed in Switzerland in spite 
ot the S^viss design requirement of a 10 9 . 

pressure on 

a lies. There, the swing angle is con¬ 
fined to 30 deOTP#><i hxr « 

ou aegrees by a generous use of 

suspension weights. 

To those who design wood Hframes with 

ttan ate to be used 

for steel towers, .t ,s pointed out that the 
•taencan code specifies a 4-pouad-per- 
squMe-foot crossline wind load for otu- 
duetors of towers and poles alike. The 
overload applies only to the tower capT 

11 >. not to the conductor swing Per 

tatw to the Shorter cro^anndSg^^ 

Strfe^rmotion 

Steel Wises ^ t swings at 

down lead^ ftC^s 
at poles or towers should 

' workman is electrically safer 
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Ice Loads 

Most countries of Europe* include in 
their designs an allowance for the accumu¬ 
lation of ice on the conductors. In about 
half the countries a 12-millimeter-radial 
(0.47-inch) is added, as in this 
country, and the remainder add a con¬ 
stant weight of 2 kilograms per meter 
(1.34 pounds per foot) without regard 
to the cable size. In mountainous regions 
and in particular conditions, ice loads as 
great as 12 kilograms per meter (8.06 
pounds per foot) have been observed and 
are specified. 

In Europe, no direct relationship is 
established for increasing ice thickness 
requirements in terms of elevation above 
sea level. However, Italy does assume 
increased ice formation in the mountain 
zone, as do Switzerland and France. 
Sweden is divided into two ice zones, with 
0.96 inches specified for the interior; 
Md 1.34 for the coastal region. Ice in 
Sweden is assumed to have a specific 
gravity of 0.76. whereas in this country 
0.92 IS assumed. This reduces the ice 
weights inBweden to formations of about 
3/4 and 1 /, inches in terms of the ver- 
tical ladings in this country. Norway 
has icmg districts 1/2 inch for the 
usual area 1 inch for the lake area, 
lu one special location Norway specifies 

P?»hds per foot are osed in 

and t^def®PP'«d as vertical loads 
Md to determme wire tensions at angles 

«d dead ends, and are not coinciSt 
th wind and broken wire loads. 


bixiiov vrxixi 


Broken-Wire Loads 

The European countries which tatfa 
mtoaceonntthelongitndinalpnii^,^: 


„ . - pc'l 


are treated as in Italy, and thr»st* witlu.ut 
dead ends, where a wire is lirnkeii ‘iiinul- 
taneously with ice and wind Inuds. 

A comparison of the infinenee of broken- 
wire loads upon lower weiglils is eoiisjili. 
cated by the varying eoinbinulions with 
vertical and tran.sverse loadsi the nntny 
conductor sizes atul dilTering eonduetor 
tensions employed, and the use of ovtfr 
load factons. Until recently. ICnglaiul ap. 
peared to apply the greatest broken-wire 
load: 70% of the conductor design ten¬ 
sion plus m% overload. TJiis is equivu- 
lent to 1.06 limes the eoinluctor tension at 
the tower clast ie limit. In the lute.st 276- 
kv tower designs, however, l>ut 10% over¬ 
load was assigned in nmnection with 
broken wires, 'J'his is equivalent to 77% 
of the broken«wire value used in this 
country. Belgium assigns the conduetor 
design tension at the lower elastic limit 
as the broken wire load, which is the load 
most in use, i.e.., conductor tension with 
no overload when H pounds of wiml are 
acting on cable covered with I/2-indi 
radial ice. (hTiimny afiplks 7)0% of the 
cable design tension at the tower elastic 
milt. Nf> ice is consirlercd when this 
load IS applied. 

In vSweden an ISnglish translation of the 
esign iiractiee.s* has been prepared which 
IS worthy of consideration. To detemiine 
conductor indls at corners and dead ends, 
tlie resultant is computed of the assumed 
wind and ice loads, and to this value, the 
^ 'reight of ict? in the alisence of 
wind is assigned. The tensile stress set 
in the eonduclor.s when subjected to 
IS load plus 30% overload is used at 
corners and dead ends. In the design of 
mes erected with reinforced security the 
of ice in the absence of wind is 
never considered to lie less than 1.34 
pounds per foot. In America for cables 
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larger than 7/16 inch in diameter the re¬ 
sultant of wind and ice loading is always 
greater than this value. 

In the tower design for breakage of a 
cable, the tensile force is taken as 60% 
of that caused by the weight of ice in the 
absence of wind. This reduction is stipu¬ 
lated ‘because the mechanical design of 
supports is based on the same permissible 
tower stresses irrespective of whether the 
conductors are intact or broken, although 
the actual stresses may in reality be higher 
when the conductors are broken.” Ex¬ 
perience shows ‘‘that this method of de¬ 
sign is adequate to insure the stability of 
supports, even in those cases where break¬ 
age of conductors takes place while the 
conductors are acted upon the full load of 
ice.” 

At first it would appear that 60% cable 
tension times 1.3 overload factor or 0.78 
is the broken wire multiplier. This may 
be so for shielding wires rigidly connected 
but for conductors ‘‘due regard may be 
paid to the reduction of the tensile stress 
in the conductor which can be brought 
about by the deflection of a suspension 
insulator string; or by the bending of the 
support or the crossann. In general, the 
reduction in the tensile siress, due to the 
deflection of standard suspension insula¬ 
tor string, can be assumed to be about 


Table I. Strength Characteristics of Steel in 
Europe 



ST 37 . 62/64,000, 

ST 44 . 62/74.000, 

ST 54 . 74/88.000. 


94/11,100. 


.28,400 

.34,000 

.40,000 

64,000 


(in England) 


filled with concrete as structural members 
are adding as longitudinal pull 6% of the 
maximum cable tensions for each cable. 
When the Swiss apply a broken wire load, 
they choose a value of 50% of the con¬ 
ductor design tension. To this they add 
12 V 2 % overload, which is equivalent to 
0,66 times conductor design tension at 
tower elastic limit. 

There is general agreement in Europe 
that tlie supposition of a broken wire 
should be questioned, particularly when 
applied to high-voltage lines with large 
conductors. Conductor failures are in¬ 
deed very rare and, if they are considered 
as being possible, it is believed that a unit 
stress near the structure elastic limit 
should be adopted without the inclusion 
of other loads. 


Tower Design Features 


60%.” 60% of 60% times 1.30 overload 
or 0.39 of the cable design tension is the 
broken wire load at the tower elastic 
limit used in Sweden for the 400-kv line. 
It is the practice to break one cable on a 
single circuit line, two on a double and so 
on. For the bundled conductor lines 
both cables per phase are broken. This 
seems to be the practice everywhere, when 
bundled cables are used. When in Sweden 
the intended third cable per phase is in¬ 
stalled to the bundled lines, only two out 
of the three are considered broken. 

Italy adds, as longitudinal load, about 
one third of each cable’s design tension, 
at which load the structure is designed up 
to 90% of its elastic limit. Note that 
under this system of loading, no broken 
wire torque is considered. Or as an al¬ 
ternate one cable may be broken at 70% 
of its design tension. 

In France a longitudinal pull is added 
for each cable. This pull appears to vary 
with the ice or wind load. A report of a 
recent French line indicates that the load 
of one broken conductor at 40% of con¬ 
ductor tension was applied. In this case 
the conductor tension was that resulting 
from the application of 14.6 pounds per 
square foot of wind load on the bare 
cable. 

Motor Columbus of Switzerland in 
their designs of towers employing pipe 


Before passing on to the tower weight 
summary there are several primarily 
structural design features practiced in 
Europe which differ from American pro¬ 
cedures. First is the use of high-tensile 
steels. Four grades of steel are available 
in Europe with strength characteristics 
as shown in Table I. 

The prevalent practice is to design for 
ST 44 steel which is nearly equivalent to 
the American grade A 7. When an over¬ 
sized angle is required, as a 1/4-inch 
thickness, and 3/16 is available in a higher 
grade of steel, the 3/16 section is substi¬ 
tuted. For redundants and low-stressed 
members the less expensive ST 37 is used. 
Variably sized and high-strength bolts are 
often used in the same structure to avoid 
gusset plates, and to permit smaller struc¬ 
tural angles. Where there is an advan¬ 
tage in having fewer gauge lines at the 
splice, or a lesser hole reduction at the 
diagonals, it is not unusual to find 3/4-, 
6/8- and 1/2-inch-diameter bolts in the 
same structure. It is estimated that 16 
to 20% tower weight savings result from 
these practices. 

Steel fabrication is very competitive 
among the different countries of Europe, 
and the design and steel weight savings 
are largely passed on to the utility. The 
British are using 94,000-pound-per-square 
inch (psi) steel to good advantage. Tow¬ 


ers employing this steel, now being fab¬ 
ricated by a British firm for a new 230-lcv 
line in Norway, will weigh but 66% of 
those of an earlier American-fabricated 
Norwegian line, yet designed for lighter 
loads. Not all of this weight-saving is the 
result of the use of high-strengfth steel 
however, as other design innovations not 
practiced in this country are being fol¬ 
lowed. 

Tower designers here generally consider 
tower struts as hinged members, while 
many European designers treat them as 
rigid or semifixed-ended. In Switzerland 
the first section of a tower, if connected 
to a stub embedded in concrete, is as¬ 
signed a column length of 0.8 times the 
panel length, and for sections above the 
bottom section 0.9 of the panel length is 
used. Their code permits 0.7 and 0.8 for 
such members. Tests, they say, sustain 
these values when butt splices are used, 
but not the oveidapping splices of thif i 
coimtry. Diagonal and horizontal struts 
when attached by bolts in both legs, or 
welded, are designed as semifixed-ended, 
and only single-leg bolted members are 
considered as hinged. 

A subject, of which there seems to be 
agreement in Europe, but which in Amer-. 
ica is treated quite differently, is the torque 
distribution from a broken conductor 
at the end of a crossarm. If a tower has a 
square cross section, it is considered, here 
and abroad, that the torsion is divided 
equally on all four faces, provided that at 
the applied torsion level, there is a plan 
bracing of adequate strength, and the f our 
tower faces have equal rigidity. For 
towers having a rectangular cross section, 
there are an infinite number of cases be¬ 
tween square and straight line, with tor¬ 
sion distribution dependent in each case 
upon the relative dimensions of the trans¬ 
verse and longitudinal face and on their 
relative rigidity. 

The British treatment of a rectangular 
tower as described by A. E. PercivalF 
is to consider the crossarm as a rigid beam 
with the torsional reactions taken en¬ 
tirely by the longitudinal faces. An 
American method, ccanmonly used, di¬ 
vides the torsion equally on the four faces, 
but at an increased value over the square 
tower value depending upon the tower’s 
width-length ratio. The British method 
permits thinner tower tops along the line, 
and results in narrow waists and tower 
spreads. It places all the torque above 
the waist in the shorter longitu(^al faces, 
whereas in the American treatment much 
of the torque stress goes in the wide trans¬ 
verse face with its long 1/r’s. It is said 
that the 6 to 10% lighter towers result 
from the British treatment. 
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230 .K \ r- Table II. Tower Weight Estimates 

___ Aiu..nu.-Cable Conductors 



Wind 


Item 

Ice, 

Inches 

Cable, 

Pounds 

American 

Heavy Loadings., 


I . 


... 8 . 

2 . 

8 . 


... 8 . 

4 . 

. ‘A . 

... 8 . 

5 . 

6 . . 

.i‘A.. 

... 8 . 

... 8 . 

Sweden... 


7 . 

-6.95 . 

.. 6.1 ... 

8 . 

■ ..-.0.95 . 

.. 6.1 ... 

9 . 

....1.84 . 

.. 5.1 

10 . 

....1.34 . 

.. 5.1 

Britain.... 



11 . 

.... ‘A........ 

.. 8 

12 . 

••■■ 'A. 

.. 8 . 

Switzerland.... 

13 . 

....0.64 . 

..10,20.... 

14 . 

....0.64 . 

..12.75 . 

Italy.. 


15 . 

.... Bare. 

, .16.4 

16 . 

...0.47.. 

,. 4.1 

17. 

.. .Bare. 

.21.9 

18 . 

...0.64 . 

. 5.5 . 

Ike data on Norway and France are delaveH 

* Based on Peterson equation 
t Overload factor. 



Broken Wire 


Tower, 

Pounds 


No. 


Load, 

Pounds 


Bstimated Tower Weight,* 


. 12 . 8 . 


.13.0. 

.13.0. 

.13.0., 


..13.0., 

..13.0.. 

. .26.'4.‘.' 
..20.4.. 
. .20.4.. 
..20.4.. 

.io.'i.'.' 

.20.4.,, 

.20 .' 4 .'*. 

.25.5... 

.26.'5..’." 
. 6.4... 
.34.0... 
. 8 . 6 ... 


. . 1 . 
.. 1 . 


. 1 .. 


..9,200. 

..9,200. 

..9,200. 


..3,450., 
.3,450*i 

. 8 , 656 .".' 


.8.050., 

.8.050.] 


...National Electricai Safety 

. 7,440(1). 

. 9,820 . 

.. 11,700 . 

. .Pennsylvania Water Power 

(2). 220 (2) 

.. West-east tie (3). 12*080 ( 3 )' 

.14,500 . 


..Hills. 

..Hills.■■ 

. .Mountain. 

.Mountain... 


.. 1.33t. 

.. 7,640.. 
.. 10 , 120 .. 
.12,600.. 


.. l.SOt 

.. 8,300 
. 11,200 
.13,080 


.1953 Revision (4). 
"Hiii*.*.! 

. Mountain........ 

.Hiir.*.* *.■.'.■*. 

.Hill.;;; 

. Mountain... 

.Mountain. 


. i.iot 

.lo.’eoo’w), 

. 1.126t 

.10,320 

.12,760 

. i.iot 

.... 8,060 
.... O^MO *’ 


..11,540.. 
■.13,440., 
.14,220.. 
. l.SOt 
. 7,720 
■ 8,860 
. 8,800 
. 9,900 
• l.SOf.. 

.’12*366“ 


..12,520 

..14,520 

.16,220 


.. 2.50t 
.12,600 


. 2.Of 
. 9.640 

.11,700 


With reference to the pipe-filled con- 
^ete tower designs offered by Motor 
Columbus of Switzerland,® not all of the 
reported savings “up to 1/2 to 2/3 of the 
weight of steel contained in tlie normal 
angle iron structure” are the result of the 
substitution of pipe and concrete. They 
make at least three other departures from 
^erican practice which also contribute 
to the weight savings; I. the use of guys 
for tension members; 2. thin-walled pipe 
sections, 3/16-inch minimum thickness 
not specified; and 3. treatment of legs 
and struts as fixed-ended or semifixed- 
ended. However, much weight-saving 
resulte from the use of round sections 
which have better buckling resistance 
than angles, and the substitution of con- 
crete for steel to support the compression 
load. Motor Columbus in their designs 
assign a proportion of the compression 
load to the concrete on the basis of a steel- 
concrete modulus ratio of n equals 10 
Their tests of field-poured concrete in pipe 
colons would support the use of an « 
ratio of 7 or even 6. 

Sc^e extra steel weight in our towers is 

due to our 3/16-inch minimum thickness 
requirement, which is intended to insure 
long tower life. In Italy it is felt that the 
emphasis should be on more adequate 
protective coatings rather than on the 
^ckness of the underlying steel because 
the added costs of heavier than 2 ounces 
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per square foot of galvanizing is slight 
and added life through better and heavier 
protective coatings is not only possible, 
but will permit original savings of 7 to 

date painting 

•Also, in Italy pipe in the towers has 
been used. One application was to use 
angle sections as corners and pipe as 
bracing. The pipe was flattened on the 
ends and bolted directly to the legs. At 
present, this type of construction is 
limited to painted structures as the inside 
of the pipe cannot be gidvanized after 
flattening, and the flattening process will 
damage galvanizing if applied first. 

Weight Comparisons 

A simple tabulation of wind and ice 
loads IS not conclusive of whether or not 
European design requirements lead to 
heavier st^ctures than those of America. 
Such a listing only reveals where emphasis 
IS placed; on wind, ice, or longitudinal 
pulls with or without torsion, and not the 
effect of coincidental load combinations 
and at varying overloads. Neither is a 
cony ^son of the weights of actual towers 
used in any voltage class conclusive, be¬ 
cause cf varying cable sizes and stringing 
tysions employed, and the difference in 
phase spacings and electrical clearances. 
The grades of steel available, the shape 


of the structure, and the knowledge anc 
experience of the designer also leave theij 
marks on the final tower weight. 

For comparative purposes the Peterson 
empirical equation^® was employed to ar¬ 
rive at an estimated weight for the towers 
of each country, usingthe load conditions 
applicable. The equation is 

where 

He»effective height of the tower or center 
of gravity of the cable loads above 
ground 

F “resultant of the cable pulls under 

maxunum loading conditions 
—empirical constant which varies be¬ 
tween 0.25 and 0.36 and is dependent 
upon the tower form 

This equation is a convenient tool for 
evaluating the effect of changing loads on 
tower weights, as it states that a tower 
weight is proportional to its effective 
height and exponentially proportional to 
its unbalanced pulls. In each case the 
weight calculated is that of a 230-kv sus¬ 
pension tower on a 1,300-foot span with¬ 
out angle in the line. 

For the American towers, a range of 
tower weights is offered, each calculated 
by the Peterson equation using 8 pounds 
of wind as crossline load acting on radial 
ice formations varying from 1/2 to iVs 


inches. Each of these climatic loadin, 
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conditions is coupled with a broken or un¬ 
broken conductor condition and with the 
several overload capacity factors em¬ 
ployed by utility line designers, and 
designers of the government agencies. 

In Table II are shown these calculated 
tower weights. By comparing the weight 
of a tower meeting a European country’s 
design requirements with an American 
tower of similar weight at the top of the 
table, one can determine to what loads, by 
American standards, a tower of that 
weight might have been designed. For 
instance, an American tower designed to 
meet the requirements of our National 
Electrical Safety Code^^ compares in 


weight favorably with the Swedish de¬ 
signs for the hills area. 
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Discussion 

C. L. White (Bethlehem Steel Company, 
Bethlehem, Pa.): In this interesting paper 
various practices have been carefully 
reviewed and condensed into usable in¬ 
formation for the transmission tower 
designer. 

There seems to be a decided trend toward 
the use of a smaller number of insnlator 
umts in the string because of increased 
knowledge of insulation and flashover 
lightning information. Also, more study 
is now being given to the insulator swing 
angles tmder wind-loading deflections. This 
combination results in shorter crossarms 
and corresponding reduction in the torsion- 
loading on the towers from broken-wire 
conditions. 

A few years ago, it was the practice to 
assume one-third of the number of wires to 
be broken for line-loading conditions. 
This resulted in designing for any two 
broken wires for the; double circuit towers 
and for any one wire for single circuit 
Imes. There is now a trend toward con- 
sidermg only one broken wire for double 
circuit towers as being satisfactory for most 
conditions of service. 

Silicon steel appears to be the only 
higher strength of steel sometimes used for 
the construction of towers in eastern 
United States. This higher strength of 
steel is seldom used for parts other than for 
comer posts and then only on especially 
heavy structures. 

American fabricating shops, in general, 
prefer to retain the same size of bolts 
throughout the same structure. Bolts of 
different sizes require additional operation 
and odd-hole punching in the shop which 
usually costs more than the towa: weight- 
savings indicate. The additional handling 
and odd-sized hole-punching operations will 
also materially reduce the shop capacity. 
Shipments would be cbrrespondingly de¬ 
layed becaused of this feature. We also 
desire to use the same sized ladder or step 
bolts as used for the connecting bolts in 
order to retain the same punching for this 
item. United States fabricators use dupli¬ 
cating punch equipment which makes it 
economically impossible to change the size 
of bolt holes. 

The practice of considering end-fixation 
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factors when designing to certain miit 
stress Values is usually well understood by 
the designer. The end-fixation factors 
are often included as a part of the specified 
unit stress, i.e., they are taken hito account 
when establishing the unit stress values or 
the factors are applied to the unit stress 
values to suit the type of end-fixation for 
each type of member. 

The distribution of torsion in a tower 
with a square cross section, such as exists 
in the usual double-circuit tower, wherein 
the four faces of the tower have equal 
rigidity, seems to be the general practice 
to divide the torque equally over the four 
faces of the tower. 

In the case of single-circuit towers having 
a rectangular cross section in the plane of 
the crossarm, torsion is often distributed 
quite differently by various designers. 
Sometimes the torsion is distributed over 
the two parallel line faces. On other 
occasions, particularly with the waist-type 
and rotated-waist-type towers, where there 
is a square cross-section configuration below 
the waist, the torsion is distributed over 
the two parallel line faces down to the waist 
line and is then distributed equally over the 
four faces, if they have equal rigidity. We 
believe that a more exact torsional dis¬ 
tribution is to distribute the amount of 
torsion to each tower face in direct propor¬ 
tion to its distance from the vertical axis 
of the tower. Tliis will involve considerably 
more design effort than the procedure 
mentioned first. 

The u.se of a minimum thickness of ma¬ 
terial of 3/16 inch, which is now quite 
prevalent, instead of 1/8 inch which was 
used in the past, is largely attributed to 
the heavier construction now required 
because of higher voltages, larger con¬ 
ductors, and longer spans. There are very 
few members in such towers carrying stress 
which can be less than 3/16 inch thick 
in order to satisfy strength requirement. 
Another factor is that angles of over 2 by 
2 inches in size cannot now be obtained in 
thicknesses of less than 3/16 inch; while 
formerly much larger angles could be 
obtained in 1/8-inch thickness. 

We a^ee with the author in regard to 
the desirability of a heavier zinc coating 
on transmission towers. We have no difiB- 
culty in pur galvanizing shop, in obtaining 
on structural materials an average weight 


of zinc of 2.75 ounces per square foot and a 
minimum of 2.5 ounces per square foot, 
which weights are in excess of those g;ener- 
ally specified. In regard to galvanized 
bolts, we usually obtain a 1.66-ounce-per- 
square-foot average and a minimum of 1.6 
ounces per square foot, which are also in 
excess of the weights normally specified. 


Carl Schofer (Pennsylvania Power & Light 
Company, Allentown, Pa.): On Sunday, 
September 19,1964, at 9:01 p.m., a tornado 
type of storm of severe intensity crossed 
the Sunbury-Siegfried 220-kv line at two 
locations approximately 3 miles apart 
causing towers numbered 39/7, 40/1, 
and 43/2 to collapse. The intensity of the 
storm can be visualized from the damage 
done in the vicinity of tower no. 43/2 
where, in a heavily wooded area down the 
mountainside from the tower, a path ap¬ 
proximately 100 feet in width was tom 
through the timber. Trees varying in 
diameter from 16 to 30 inches were up¬ 
rooted and thrown to the ground, indicating 
the high velocity of the wind. 

Towers numbered 39/7 and 40/1 are 
adjacent towers located in a terrain prac¬ 
tically void of trees and covered mainly 
with low brush and sm’all scattered semb 
pines. The vegetation therefore did hot 
readily indicate the high velocity of the 
wind. However, when consideration is 
given to the damage done to the line, it 
is quite evident that the storm exerted 
tremendous pressure in this area. Cal¬ 
culations indicate that a wind velocity of 
approximately 170 miles per hour would 
be required to stress the towers to their 
design limits or failure point under the 
conditions existing at the time the collapse 
occurred. 

The three towers involved were 4-legged 
steel-framed structures normally used on 
tangent construction on 22b-kv lines. The 
terrain throughout this area has an eleva¬ 
tion of approximately 1,600 feet above 
sea level, at which elevation heavy ice 
loads are anticipated during . the sleet 
season. The line was therefore designed 
to withstand a 26% greater load than that 
which would have been imposed on the 
structure by 1.6 inches of radial ice on both 
tower and conductors with a wind pressure 
of 8 pounds per square foot. 
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““overhead gromd 
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pproximately 100 feet east of its founda- 

center line of the right of way. When it 
“ sidered that a tower of this t^f 

13.000 pounds wS- 
wt considermg the weight of the power 
conductors or ov-erhead ground wires.^^then 
onp ^ visualized that the storm wS 
one havmg wmd pressures far in excess of 
the CM-igmal design loads considered It is 
^erefore quite apparent that the ^d 

required to 
failure point^ 

Neither power conductors nor the over¬ 
head ground wires were broken by the 

on ^“^P^sion clamps 

on the insulator assemblies on all collansed 

thr^f shpped along the wire stripping 

until lhTt"o“”' steel ?ore 

a tremendous impact on the adioinin^ 
X-u it also to coIlaSr 

de^of^h^t"* the 

rtZ®^ ? 'X fo'^ors brought to light bv 
to tadure is that the diagonalTdS 

Shan'S WeusirS 

ich ran from the tower footings to tiiA 

toisverse and longitudinal 

Sle 1^ f X.®* ““Wally under a 
10 ^^} ^ f ^ conditions of tower 

^mg and are designed as tension mX 
<««• The tension load is impress^ Tn 


+i.m *-, ^ vertical weight of 

^e tower and the attached condm:tors. 

ransverse winds impose a .«8tnaii com- 
pressive load on the same members. How¬ 
ever, under no combination of loads is 
this compressive load high enough to ^use 
a change m compression members. How- 

of cyclonic action 

ir”? ^“‘leavored to lift the towers 
vocally from their foundations, thereby 
rf^ating all the vertical weight while at 
Ae same time exerting a high transverse 

*^®se members 
then ch^ged from a tensile to a compressive 
load and the towers collapsed. 


^gstad (Copperweld Steel Inter- 
nation^ Company, New York, N YV 

" groups of engmle^s 

m Europe created a great deal of interest It 
was a fine opportunity for the European 
engmeers to learn about American eSS 

0Tm^Sd*t?H**° compare these with their 

etc ““““““ 

P^’^ve equally helpful 
to engineers in this country and Canada 

EurS? ^ *^®^*®*‘ “»<ierstanding of 

interest to me to learn about the Swedish 
investigation covering the narrow front of 
maxmum wind velocity and how this is 
applied m the design of lines, particularly 
of long-span lines. This paAicSS pSS 
and many others should be of great interest 
to American designers. interest 

a pleasure for my company to 
assist kfr. Fritz in making some^ of^ his 
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^HE relative simplicity of the familiar 

ItLX*?**' tonamission 

loss equation 




<.Pn (1) 

Eaton. Ward, 
Hale, and Kirdunayer and Stagg® 

taons stated in reference 3. Some of these 
assumptions have been found to be the 

Sn^:^r.“towhenthiaaimpt 

^ equation is appHed 

to power systems where conditions are 
not m agreement with the assumptions.^ 
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This loss equation will be referred to 
h^ein as the simplified loss equation. 

It IS the purpose of this paper to de¬ 
velop an expanded form of the loss equa- 
^on, which will be referred to herein as 
gener^ loss equation, and a method 
1 determinmg the values of the equa¬ 
tion s constants which does not require 
any of the foregoing assumptions. Ac- 
curacy of total system loss and incre¬ 
mental loss values of the various sources 
^ven by this general loss equation is not 
adversely affected by substation loads 
that vary at rates which differ from each 
other and from the rate at which the total 


y, Watson, Smith—A General Transmission Loss Equation 


^stem load varies. Neither is it affected 
by vanation in the ratio of reactive powei 

produced at 

e^ of the various power supply sources 
to maintain desired voltage levels as total 
syst^ load varies between maximum and 
minimum. (A power supply source may 
e a generating plant, an interconnection 
a large nonconforming load, or two or 
more of these located dose together and 
treated as a single source.) 

SSlne^iJ®’ System 

ATTTTT ° ommrttee and approved bv the 

presentatlon™t\he iUE^Wtat'^G 
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Southern 
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To achieve the foregoing objectives, 
the simpKfied loss equation must be ex¬ 
panded to include additional terms. In¬ 
creased diflaculty in solving this more 
complex problem may have been a factor 
in preventing such development pre¬ 
viously. The application of this new 
method yields equations which are readily 
solvable on an analogue computer. A 
new analogue computer has been de¬ 
veloped,* which quickly evaluates the in¬ 
cremental transmission loss and deter¬ 
mines the incremental cost of power deliv¬ 
ered, thus permitting economic loading 
of the power astern. 


loss equation, which is based on the as¬ 
sumption that all substation loads vary 
in the same manner, may be inaccurate. 

Under the assumption that all sub¬ 
station loads remain a constant fraction 
of the total system load, all substation 
loads will become simultaneously equal 
to zero when the total system load is re¬ 
duced to zero. Under this condition, 
there will be no flow of power in the 
transmission system, power supplied by 
each source will be zero, total transmis¬ 
sion losses will be zero, and the incre¬ 
mental loss of each of tlie sources will be 


Fonn of General Loss Equation 

Both total transmission loss and 
incremental loss of each of the power sup¬ 
ply sources are determined jointly by the 
load pattern (distribution of total system 
load by substations) and by the distribu¬ 
tion of system power supply by sources. 
The simplified form of the loss equation 
properly reflects the distribution of power 
supply by sources, but it is based on tire 
assumption that the load pattern remains 
unchanged as total system load changes, 
i.e., each substation load remains a con¬ 
stant fraction of the total system load. 

The assumption that all substation 
loads vary at the same rate with respect to 
vanation in total system load can result 
in substantial error when the simplified 
form of the loss equation is used on sys¬ 
tems wh.ose substation loads do not vary 
in this manner. For illustration, take a 
^stem consisting of two areas connected 

transimssion hues with a peak period 
load of 500 megawatts (mw) in each area 
and let it be assumed that load variation 
in the two areas is such that, when total 
^stem load is 600 mw, the load in area A 
is 250 mw and the load in area B is 350 
mw mstead of 300 mw m each area, which 
would be the case if the loads in the two 
areas remained a constant fraction of the 
total ^stem load. When system power 
supply is such that 100 mw are being 
transferred from area A to area 5, the 
simplified form of the loss equation would 
compute total system loss and incremental 
loss of each source on the basis of tians- 
femng approximatdy 60 mw from area A 
to area B, since this equation is based on 
the assumption that the loads in the two 
areas would remain equal, or 300 mw in 
each. area. Since on most systems there 
is a substantial variation in the load fac¬ 
tor of various areas, depending on the 
type of load supplied, industrial, commer¬ 
cial, or residential, and on the type of in¬ 
dustrial load served, it is apparent that 
results given by the simplified form of the 


If each of the substation loads varies 
at a different rate, one load will become 
zero before any of the others as total sys¬ 
tem load is reduced. If these rates per¬ 
sist as system load is further reduced, 
some loads will become negative. When 
the net system load becomes zero, the 
negative loads will be equal to the positive 
loads, and the negative loads, which 
may be considered as soimces of power 
supply, will supply power equal to tlie 
requirements of the positive loads. Under 
this condition, transmi^on losses result¬ 
ing from the transfer of power from nega¬ 
tive loads to positive loads would be sup¬ 
plied by system generating plants. If the 
net system load is furtlier reduced until 
the total of tlie negative loads exceeds the 
total of the positive loads by an amount 
equal to the transmission losses resulting 
from transferring power from negative 
loads to positive loads, no power supply 
will be required from the system generat¬ 
ing plants. This condition will be 
termed and referred to herein as tlie 
condition of zero system power supply. 

Under tlie condition of zero system 
power supply, there will be trauvsinission 
losses and, consequently, an incremental 
loss value for each of the power supply 
sources. Each term of the simplified 
total loss equation is a constant multi¬ 
plied by the product of the outputs of 
two power supply sources or the square 
of the output of one such source. Conse¬ 
quently, total system losses given by tlie 
simplified total loss equation under tlie 
condition of zero power supply will be 
zero since the output of all power supply 
sources is zero, this being correct only if 
all loads remain a constant fraction of 
the total system load as it is reduced to 
zero, which was one of the assumptions 
made in deriving the equation. To make 
this equation applicable to the general 
case where all loads may vary at different 
rates requires the addition of a constant 
term representing total system losses 
undOT the condition of zero system power 
supply. ^ 


Each term of the incremental loss 
equations, obtained by taking tlie partial 
derivatives of the simplified total loss 
equation, is a constant multiplied by the 
power output of one of the power supply 
sources. Consequently, tliesc equations 
will give zero as the incremental loss of 
each of the power supply soiuces under 
the condition of zero .system power sup¬ 
ply, whicli is correct only for the condi¬ 
tion where all loads vary at the same 
rate with respect to variation of the total 
system load. To make the incremental 
loss equations applicable to the general 
case where all loads may vary at different 
rates requires the addition of a constant 
term Bno, representing the incremental 
loss of each source undei* the condition of 
zero system power supply to each of the 
incremental loss equations. The general 
form of tliese equations then becomes 
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Collectively, tlie incremental loss equa¬ 
tions for all power supply sources given 
by equation 2, which represent all of the 
partial derivatives of an unknown equa¬ 
tion, become a partial derivative system 
which can be solved to obtain the total 
transmission loss equation in its general 
form, which is 

T tn^mnP n 4'A‘jio 


where Kjjj, the constant of integration, 
represents total system losses under the 
condition of zero system power supply. 
The partial derivative of equation 3 gives 
equation 2. 

It will probably be po.ssible to deter¬ 
mine the values of constants Ki.o and 
from a network analyzer study of the 
condition of zero system power supply. 
Pending development of the technique of 
making such a network analyzer study 
with the required degree of accuracy, 
anotlier method of determining the value 
of tliesc constants will be presjented. A 
method of determining incremental loss 
values for each source directly from net¬ 
work analyzer data will be presented later 
in the paper. 

The importance of including the con¬ 
stants and Kja in the general loss 
equation may be obscure since the condi¬ 
tion of zero system power supply is an 
imaginary condition. However, these 
terms respectively give the intercepts of 
the incremental loss and total loss equa¬ 
tions at zero system power supply, and 
B»o is essential to give the proi)er slope 
to the incremental loss equation when 
loads vary at different rates. In this re- 

Equalion f,it 
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spect they are equivalent to the zero- 
output intercept of the familiar turbo¬ 
generator input-out curve which repre¬ 
sents the heat input to the turbine at 

zero output. The value of constants B„o 

and iCio is determined by the relative 
rates of dmnge of the various loads and 
IS zero when all loads change at the same 
rate. Constant is always positive 
but may be either positive or nega¬ 
tive. In general, 5„o will be positive 
when the loads normally supplied by 
source n are negative under the condition 
of zero system generation and will be 
negative when such loads arc positive 
under the condition of zero system gen¬ 
eration. ® 

Method of Detennining Value of 
Loss Equation Constants 

It has been shown that the simplified 
loss equation can be expanded so as to 
cover the condition where loads vaty at 
Jfferent rates. To eliminate the other 
three assumptions on which the simplified 
loss equation is based, as stated in refer¬ 
ence 3, it is necessary to use an entirely dif- 
f^ent method of determining values for 

the general lo^ equation constants. This 

method wiU be outlined, then explained 
^d dlustrated in detail. The procedure 
IS as follows: 

representing different 
J^tem load supply conditions must be set 
network analyzer and the foUow- 
mg re^^ taken: Scalar value of line 

CMh power supply source and each load- 
unpedance from each power 
TOly source to each load; see reference 4, 

” represents the 
oriehSo^ Po^er supply sources, of which 

Snd^nc ^ ^ period load 

conditions and one-half for valley period 
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Each power supply source 
at maximum capability 
and at minimum capability, or at zero out¬ 
put, m one case for peak period loads and 
one case for valley period loads. Inter- 
should be operated at maximum 
nput to the system and at maximmn output 
from the system. ^ 

®ach case and 

valu^e of incremental loss for each power 
supply s^rce for each case must be com- 

meiftfll method of computing incre- 
mental loss values from voltage phase 
angles between power supply sources and 

load will be given later in the paper. 

3. Equations for total system loss and 

somce for each case must be set up, using 
eqwation constants as the unknowns 
and the appropnate values of and P„ 
M the coeffidents. Since there will be n 
inoemental loss equations and one total 
equation for each case and 
•11 L *he total number of equations 

twice the number of unknowns, the loss 
equations constants. 

tor 1 +?® equations 

miknown loss equation 
constants. Smce there are twice as many 

S r® ^ unknowns, the equations 
must be normalized to obtain equations 
^ual in number to the number of un- 

tooims. The solution of these normalized 

equations provide a loss equation by which 

ppm- 

1 agreement with the 

tooim values in the sense of least squares. 
The procedure for setting up the normalized 
SS1^°^ ^ 2-soUrce system is illustrated 

_ It should be noted that the loss equa¬ 
tion Constanta determined in the foregoing 
manner tie into incremental loss values 
for each power supply source and system 
i Jc loss for both peak period and valley 
period loads for («-f-2) cases selected to 
cover a wide range of system power sup¬ 
ply conditions. 
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wica xo sources, the number of simul¬ 
taneous equations to be solved is 105. 
The most advanced type of electronic 
digital computer offers the only feasible 
means of solving such a large number of 
equations for a reasonable expenditure of 
time and money. Solution of the equa¬ 
tions is simplified by the fact that the 
normalized equations are symmetrical. 
The cost of solving 100 symmetrical equa¬ 
tions is from $1,000 to $1,500 depending 
on the dominance of the diagonal terms. 
Use of less advanced computing equip¬ 
ment may cost considerably more even 
though the hourly equipment rental is les.s. 

Effect of Hate of Load Change on 
Incremental Loss Values 

Distribution of load by substations and 
distribution of power supply by sources 
are important factors in determining sys¬ 
tem PP loss and incremental loss values 
of each power supply source since these 
factors determine the flow of power in 
each transmission line. Not so generaUy 
recognized is the fact that the relative 
at which the various substation 
loads change with respect to a change in 
totd system load is also an important fac¬ 
tor in determining incremental loss of each 
power supply source; in fact the authors 
have seen no reference to this important' 
pnnaple in the literature. That the rela- 
tive rate of change of each load does af¬ 
fect the incremental transmission loss of 
each power^ supply source is apparent, 
since the incremental change of the 
various loads determines the incremental 
change iri the loading of the various trans- 
^ssion lines which, in turn, is one of the 
factors that determine the incremental 
loss of each power supply source. 

T^e importance of rate of change of the 
various loads upon incremental loss values 
can be readily demonstrated by a simple 
^ample. Take the system shown in 
Eig. 1(A) consisting of a single generating 
plant and two loads, each of which is 
^0 mw, supplied over separate lines. 

The PP loss is computed to be 
20.91844260 mw. Now let the total 
power deKvered to the load be increased 
by 0.1 per cent, or 0.30 mw, and let this 
increase be divided between loads no. 1 
no. 2 so that each load is increased 
by the same 0.1 per cent, or 0.16 mega¬ 
watts, which will maintain each load as a 
constant fraction of the total system 
load. Line flows for this condition are 
shown in Fig. KB). The Pi? losses are 
computed to be 20.96262788 mw, an in- 
arease of 0.04418538 mw for a 0.30-mw 
increase in total load supplied. T he 
ratio of increment of loss to increment of 
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generation is therefore 


AL 0.04418638 

AP 0.30+0.04418638 " P®" 

In a like manner, the ratio of increment 
of loss to increment of generation when 
loads supplied are decreased by 0.1 per 
cent can be computed to be 12.824 per 
cent. The true incremental loss, which 
lies between the two ratios of increment 
of loss to increment of generation, cannot 
be more than 0.007 per cent different from 
the average of the two ratios, namely 
12.831 per cent. 

Incremental loss computed in the fore¬ 
going manner will be found to be 15.648 
per cent when 75 per cent of the total 
load change is at load no. 2 and 25 per 
cent at load no. 1. When 75 per cent of 
the total load change is at load no. 1, 
the incremental loss, computed in the 
foregoing manner, will be found to be 
9.820 per cent. If load no. 1 is a 100- 
P^^'Cent load-factor load and the total 
system load change is taken by load no. 

2, the incremental loss of tlie generating 
plant will be 18.288 per cent, but if load 
no. 2 is the 100-per-cent load-factor load, 
the incremental loss will be only 6.593 per 
cent. 


In addition, any inaccuracy in the de¬ 
termination of the value of the 5„o con- 
. stants would be offset to a large extent by 
compensating changes in the value of the 
^mn constants in so far as incremental 
loss values are concerned. It should be 
emphasized that, in the economic loading, 
accuracy in calculation of incremental 
transmission loss is of prime importance, 
whereas accuracy in calculation of total 
transmission loss is of secondary interest. 

This method for determining incre¬ 
mental loss values will be used later in t he 
paper and will be referred to as the 
(AZ)/(AP) method. vSince this metliod 
uses the difference between two large 
numbers, all computations will be carried 
out with the same high degree of accuracy 
^ that used in tire foregoing illustration. 
In computingincremental loss in the afore¬ 
mentioned manner for a large number of 
cases, it can be stated from experience 
that incremental loss values computed by 
the (AZ,)/(AP) method, when expressed 
as a ratio, will be correct within ±0.0003. 

Method of Determining Incremental 
Loss Values from Network 
Analyzer Data 
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iHusfrating 

(AL)/(AP) method of cafculatlng actual 
incremental loss 


ing plant. 

Equation 5 can be expressed in another 
form which has been found more con¬ 
venient for making computations 

tan 

dPm-^n \Kmn+ tan l/2&nn/ ^ 


The wide spread of incremental loss 
values (6.593 to 18.288 per cent) for a 
given distribution of load and generation 
illustrates the important effect that the 
ratio of total system load change taken 
by each substation load, wliich may be 
quite different from the relative size of 
the loads, has upon incremental loss 
values. It also illustrates another im¬ 
portant principle; namely, that, even 
though the simplified loss equation gives 
the correct total system loss, there is no 
assurance that partial differentiation will 
give correct incremental loss values since 
^ere are innumerable combinations ■ of 
incremental loss values for -the various 
power supply sources, depending upon the 
rates of change of the various loads, that 
will give the same total system loss. On 
the other hand, partial differentiation of 
the general loss equation may give correct 
incremental loss values for a given case 
even though the total system loss jg^ven 
by it is inaccurate because of the different 
effect the constants E„o and iTio have 
upon incremental loss and total loss. 
Constant Ki,o has no effect upon incre¬ 
mental loss values and constants Bno have 
a greater effect upon total loss than upon 
incremental loss, as illustrated by the fol¬ 
lowing relationship between incremental 
loss and total loss 


The method of detennining incremental 
loss values for tlie various power supply 
sources from network analyzer data for 
use in setting up the simultaneous equa¬ 
tions employed in determining the loss 
equation constants, as previously out¬ 
lined, is based upon the voltage phase- 
angle method of determining the incre¬ 
mental loss incurred in transferring an 
increment of power from one generating 
plant to another while holding constant 
power delivered to all loads and genera¬ 
tion at all other plants, as developed by 
W. R. Brownlee.-* The same principles 
apply when generation is increased at 
one plant to supply an increment increase 
of a single load plus the related increment 
increase in losses while holding constant 
power delivered to all other loads and 
generation at all other plants. 

Equation 13 of reference 4, which gives 
the incremental loss associated with trans¬ 
ferring power from point 1 to point 2 on 
the system by the 2-step method, ex¬ 
pressed in terms of sending-end power is 

dL ^ 4K tan l/2di^s 
dPi -2 (iT+tan 

In reference 4 it is shown that the incre- 
m^tal loss given by equation 5 is inde¬ 
pendent of the magnitude of the transfer 
impedance between points 1 and 2, of the 
relative and absolute magnitude of the 
bus voltages at the two points, and of the 
reactive/real power ratio of the generat- 


where 

dPc 

dP ... , /{dPi-i) of equation 6 and 

represents the incremental loss in¬ 
curred in transferring power from 
source m to load n, under the condi¬ 
tions stated in the foregoing, ex¬ 
pressed in terms of sending-end 
power 

angle by which the bus voltage at 
the sending end m leads the bus 
voltage at the receiving end n 
reactance-resistance ratio of the 
transfer impedance between points 
m and n 

When the incremental loss given by 
equation 6 is expressed in terms of power 
received at n it becomes 

7 tan l/2g,«n y _ 
dPvu^n \Kmn~- tan ^ ' 

The incremental loss from a source to 
the composite system load (partial deriva¬ 
tive of losses with respect to the source) 
can be expressed as the summation of the 
incremental losses incurred in transmit¬ 
ting power from the source m to each of 
the loads n, expressed in terms of power 
received, divided by 1 plus the said sum¬ 
mation of the incremental losses in¬ 
curred in transmitting power from source 
, m to each of the system loads n. In this 
expression, unity represents the incre¬ 
mental increase in power received at all 
loads. The per-unit incremental loss 
incurred in transmitting an increment of 
power to each of the individual loads 
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FiS- 2. Impedance diagram 

should be represented by the incremental 
loss in transmitting power from source m 
to load n times the ratio that the incre¬ 
mental increase in each load n bears to 
the incremental increase in the total load 
(<^Ln)/(dLT). This can be expressed in 
equation form 

\ dZm dPi 

~'^dL^ APr (8) 


■+i; 


dLn dP I, 
dLr dPn^tn 


where 
^Pl . 

mcremeutal loss of source m 

dLfi 

^ -ratio of mcremental increase of load n 

to incremental increase of total load 

A rigorous derivation of equation 8 is 
given in the Appendix. 

Application of Method 

Some discussers® have criticised Mr. 
Brownlee’s voltage phase-angle method 
of determining increment loss,® claiming 
that it would break down under certain 


Tableau. Load Distribution for Three Load 
Periods and Distribution of Change in Total 
System Load 


Fig. 3. Case B-1 load flow 

combinations of phase angles, different 
reactance-resistance ratios in the various 
lines of the system, loads located on a 
line connecting two generating plants, 
and a g^enerating plant located on a line 
connecting two other generating plants 
and having a phase angle substantially 
greater or less than the phase angle of the 
two end plants. Although Mr. Brownlee 
in his closure appears to have satisfac¬ 
torily a.nswered the questions raised by 
these discussers, it is desirable that the 
accuracy of the method presented in this 
paper for determining the value of the 
general loss equation constants be tested 
xmder adverse conditions and, to do this, 
the adverse factors referred to in refer¬ 
ence 6 liave been incorporated in the 
system used to illustrate the appKcation 
of this method. The system selected, 
shown in Fig. 2, is a 3-source 4-load loop 
system having different reactance-resist¬ 
ance ratios for each transmission line, 
with a load located on a line connecting 
two generating plants and a generating 
plant located on a line connecting two 
otlier genwating plants. In some of the 
cases studied, the voltage phase angle of 
the intermediate plant is considerably 
greater than that of the two end plants; 


m otner cases studied it is considerably 
less. 

For illustration, the value of the general 
loss equation constants will be determined 
for the system shown in Fig. 2, and incre¬ 
mental loss and total loss values will be 
computed using the general loss equation 
and compared with actual loss values and 
actual PR losses for a number of cases 
^ representing typical distribution of power 
supply by sources for peak period, median, 
and valley period load conditions. Load 
distribution for the three load periods is 
shown in Table II. 

It will be noted that each of the loads 
varies at a different rate and do not re¬ 
main a constant fraction of the total sys¬ 
tem load. Also, the difference in the 
ratio of valley load to peak load is repre¬ 
sentative of that normally found between 
substations serving different types of 
loads on a typical power system. The 
distribution of the change in total system 
load by loads is also shown in Table II. 

Six representative cases of power supply 
by sources, three for peak period loads, 
and tliree for valley period loads, will be 
used in determining the loss equation 
constants. Power supply by somces, 
loss, and incremental loss of each 
source computed by equation 8 are shown 
in Table III. Fig. 3 i^ows the load-flow 
diagramforcaseB- 1 . Solution of the ten 
simultaneous equations for incremental 
loss and PR loss, based upon the data of 
Table III, gives the values for the general 
equation constants, shown in Table 

The assumptions on which the general 
loss equation is based are: 

1. The variation in each substation load 
«s a fixed percentage of the variation in 
system total load. This percentage is not 
related to the size of the load. For example, 
no problem is presented by a large load of 
100-per-cent load factor, in which case 
the load variation would be zero per cent 
of the system total load. 

2. The reactive power generation is that 
required to maintain the peak period and 
valley period bus Voltage levels established 
m the c^es studied on the network analyzer 
to obtain the data used in setting up the 
simultaneous equations for determining the 
loss equation constants. 


Load 

Ko. 


Load Distribution, Mw 

irSii A, Distribution 

L^i? ^J®**^*® period of Change, 
Load Load Load Per Cent 


T.l.l«lll. D.l.fo, Cm. U«d In Dehnnlnrtion of Lo„ Equndon Conrt.nl. 


1 . 

2. .... . 

3...... 

4. 


600.386.270 

200 . 145 .. 90 

300.210.120 ’ 

200,... .160.120' 


Total......!, 200.900.600. 


.... 38.34 
.... 18.33 
.... 30.00 
.... 13.33 

... 100.00 



Supply by Sources, Mw 


ITo. 1 


No. 2 


No. 3 


Incremental Loss,* Per Cent 


1>R Loss, 
Mw 
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.. .200.00. ,_800.00... 

.. .600.00.1..., .200.00!. 

.. .200.00.400.00..! 

... 417 . 17 ...... 200 . 00 ... 

0 . 200 . 00 ... 

... 200.00 . 0 
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Table IV. V.I».ofLo«E,ertlonConrt.„h 


-Bu- 0.016576.... 

-0.010204 .fa*-0.010204 

3ii=-0.013611 .0.021871 

^10=-0.026961 . 0.002477, 

. 0.027215, 

- 0.021524 


0.021871 . —0.013611 

0.002477.Ba2=a 0.002477 

0.02721S. 0.016792 

0.021524. 0.025327 


Comparison of Results 

A comparison of incremental loss and 
total system loss, given by equations 2 
and 3, with actual system PR loss and 
actual incremental loss values, as deter¬ 
mined by the (AL)/(AP) method, is given 
in Table V. The 15 cases shown cover a 
wide range of system conditions. Peak 
period, median, and valley period loads 
are represented, and power supplied by 
each source covers the full range from 
minimum to maximum output. System 
PR losses range from a minimum of 0.9 
per cent to a maximum of 11.6 per cent, 
and incremental loss values vaty from 
—25 per cent to +35 per cent. The dif¬ 
ference in bus voltage phase angle between 
power supply sources runs as high as 45 
degrees. 

The close agreement of actual values 
of incremental loss and total system loss 
with Aose computed by the geneml loss 
equation, as shown in Table V, fully sup¬ 
ports the principles on which the general 
loss equation is based and the method of 
determining the equation constants. The 
system used to illustrate this method in¬ 
corporates all of tlie adverse factors 
which the critics of the voltage phase- 
angle method claimed would cause this 
method to fail. Even better results can 
be expected when the general loss equa¬ 
tion is applied to a system in which such 
adverse factors are not predominant. 
The procedure outlined by Mr. Brownlee 
in his closure of reference 4 for applying 
this method to line systems should be 
followed. 

Conclusions 

A new type of general loss equation has 
been developed which has the following ‘ 
distinctive characteristics and advan- ^ 
tages: 

Proper recognition is given to the 
effect that the difference in distribution of a 
load by substations for maximum and 
minimum load conditions has upon both 
total system loss and incremental loss of 
the various power supply sources. ^ 

2. The important effect that the rate at 

which each substation load is changing 3 ( 
has upon incremental loss values is recog¬ 
nized and taken into account in determining 
such values. _ 

3. Reactive-power generation and flow m 
is that required to maint^n the system f 


schedule of bus voltage levels during both 
peak and valley periods. 

restriction upon the maxi¬ 
mum bus voltage phase angle between 
power supply sources, which makes the 
general loss equation especially applicable 
to interconnected systems where such 
angles across the system may be large. 

6. It is not necessary to treat large non- 
conforming loads as sources of negative 
power supply, provided the daily variation 
in the nonconforming loads is followed con¬ 
sistently. 

Appendix. Derivation of 
Equation 8 

Consider the sum of contributions to the 
system transmission loss dPt arising from 
mcrements of power dPn^n received at each 
10^ from plant m as load changes dL„>=: 

occur. The individual loads in 
general have different rates of change with 
respect to the total load. 

^th all other loads and sources being 
held constant, the total change in system 


With all Other sources held constant, the 
total change m input power is 

dP„^ ^dLT-^dPj, = y^,dLn-\-dPT. (lo) 

n 

since S dLn is the total increment in load 

Since the increment in power received 
from source m at the load n is the increment 
m the load 

dPn*—n~dLfi (11) 

Substituting equation 11 into equation 9 
gives 


Substituting equation 12 into equation 10 
gives 




Dividing equation 12 by equation 13 and 
then dividing numerator and denominator 
by dLT gives 

dPL dLn 

dP L dP j, „ dP n~t—m dLr 

iPL dL, 
n dLx 

when all other sources are held constant. 


Table V. Comparison of Results 


Power Supply, Mw 


Incremental Lobs,’)' Per Cent 


Peak Period Loads 


.800.00.. 

...357,93.. 

..A-1 

(actualf. 

-25.70.. .. 

. 37.41 




1 computed.... 

-22.14.... 

. 35.41 

.200.00.. 

...411.33.. 

..A-2 

(actualf....... 

2.29.. .. 

. 1.37 




1 computed.... 

1.92..., 

. 1.26 

.400.00.. 

...710.73.. 

..A-3 

1 actualf. 

-25.70_ 

. 21.74 




1 computed.... 

-23.58.... 

. 19.66 

.400.00.. 

...200.00. 

A-4 

1 actual. 

5 6() 





1 computed. 

4.55::.: 

8.37. 

.600.00.. 

...379.01... 

..A-6 

(actual. 

-15..57.... 

24.48. 




i computed. 

-15.31.... 

24.72. 

.200.00.. 

...634.64... 

..A-6 

f actual. 

-10.35.... 

6.02. 




1 computed. 

-10.70.... 

6.45. 




Median Loads 



.400.00.. 

.348.44... 

..B-1 

f actual. 

-13.86.... 

17.66. 




1 computed. 

-13.71,... 

17.80 

200.00., 

..308.83. 

B-2 

1 actual. 

— 1 5fi 





1 computed. 

- 1.92. 

4.84 

400.00... 

..200.00... 

..B-3 

1 actual. 

- 4.62. 

14.05. 




1 computed. 

- 6.45. 

14.53. 


13.07... 
0.72..., 
1 . 00 ..., 


■-6.77. 29.18 

. .-S.90. 26.78 


Valley Period Loads 


10.07. 81.33 

13.09 . 34.64 

13.95. 36.64 


10.82. 48.44 


2.74.... 

3.01_ 

1.84. 

2.32. 


. ■ , . . ' • .. A . VU . I 

actualt.-20.66. 14.25., 


. 0.00.....421.03.C.3 ISlg;’I• lill 

^oo-oo.moo.xo7.68:....c-5 te:”!!!!!! I'E 

..143.00.C.6 .4^55 

the^and (Ai)/(nP) methods. Com" 
t Cases used for determination of loss ^ ^ 


. 19.32. 
. 19.29. 
. 10.89. 
. 11.23. 
. 9.20. 
. 9.16. 
.-1.09. 
.-1.03. 
. 6.73. 
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Discussion 

W, R. Broivnlee (Qputhern Services, Inc 
Bm^gham, Ala.): This paper presents a 
si^ficMt forward step in the development 
of practical methods for the 
incremental transmission 
losses as jettons of generator powers Of 
taPortanc ia th. Jew m.thM 
for denvmg constants which will take into 
a different rate of chan^ 
m^vidual load on the system. Previous 
Mayses have recommended setting up 

W i-epresent loads which 

have different rates of change. Such S 
expejent is practical for a vety limited 
number of loads and at the expSoSg 

TL^herf fi® generation matrix 

The beneficial mfluence of the new method 

exceuSt p^ 

fo^ce of the constants is obtained ov« a 
of generation. It is bdfeved 
difficult to find a practical interconnected 
such a unifoim 
^e of chwg^t this factor can be ignored 

• , comparison of results usina the 

Sidlb J th ®PP^®d to the system 

^he “Merest. 

SStfi®®®®®’ employing veiy small incre- 
tioT tn^ cariying the coraputa- 

mt^Mtmg. It IS believed to be the first 
correlation of arithmetic incre- 

So^i T^u constants and 

p ovides ^ther confirmation of the ade¬ 
quacy of the phase-angle method. Previous 
Mayses have employed substantial ex- 
comparisons of 

1<S StermiSS.^^"^® “ incremental 


The question may well arise as to whether 
this new loss formula, making use of differ- 
^t rates of change of system loads, would 
therefore distort the indicated incremental 
loss between pairs of plants for a particular 
^stem load. That is, the loads would not 
change at all when the generation of one 
plMt IS mcreased and that of a second plant 
reduced by the proper amount. This 
^^actmstic of the new loss formula may 
be tested by cdculating the incremental loss 
betweffl a parr of plants from the values 
derived by the authors for incremental 
losses between each plant and the load 
making u^ of equation 16 of a previous 

® com¬ 

pared with Ao^ obtained from phase-angle 
functions. Table VI shows satisfactory 
conformance between the values using the 
new constants and the direct phase-angle 
quantities. “ 

One dmdvantage of this new method is 
the relatively high cost of solving the 
sim^taneous equations, although such cost 
is justifiable if no adequate method is 
available at a lower cost. Experience must 
determine if the limitations of network 
analyzer technique may complicate the 
tio^^*^ fhe simultaneous equa- 

The concept of incremental losses existing 
between plants with zero generation at all 
Of them provides an excellent physical 
picture of the meaning of the added terms 
m the loss formula. In this connection, 
t IS noted that the simultaneous equations 
constant including 

ajd It may be feasible to calculate 
ttese additional constants directly on a net¬ 
work analyzer. At zero power supply, 

represented by 
adjustable capacitors for holding voltage 
and approximately half of the loads wotS 
be r^resented by board generators. This 
would require a large analyzer with, say. 
Iterators or the use of divider circuits. 
Tins new method has much to commend 
It. It makes no use of a grounded reference 
point, does not need a ai' factor, and re¬ 
quire no separate consideration of the 
elusive Q/B ratios required with certain 
previous methods.* Emphasis is on incre¬ 
mental l^es, and the basic assumptions are 
compatible with actual power system 
practices. 


posed method is the enormous amount ol 
computations necessary to set up and solve 
the simultaneous equations for the unknown 
loss formula coefficients. However, since 
the loss formula is used in system operation 
only to proxdde incremental losses, I made 
an investigation of the possibility of directly 
finding incremental loss formula coefficients 
instead. The most general linear expres¬ 
sion for the incremental loss resulting from 
an incremental exchange of generation at 
constant system load between source n and 
a selected source M is 


JV 

^PlldPri ^. ■^nmPm-hAntt 


(15] 


where is the power input to the system 
source m, the A’s are constants, and 
^ IS the total number of sources. There are 
iV+1 coefficients to be found for each value 
oi ny^M. Values of dPi,/dPn from i\r-|-I 
different load studies, obtained either by 
Brownlee’s me^od or by the AL/AP 
method, allow simultaneous solution for the 
A coefficients. 

The same JV-fl load studies also allow 
solution for the coefficients in equation 15 
for the other values of », The matrix that 
has to be mverted is the same for all values 
of n and is only of the iV’-f 1 order Of 
course, a least square fit to more than iv-|-l 
load studies is permissible. 

For a system ivith more than four gener¬ 
ators the incremental loss formula has a 
^eat^ number of different coefficients 
does the total loss formula and should there¬ 
fore be more accurate, although the total 
advantage of being 
fitted to birth total and incremental losses. 

The method just described was applied 
to the ^ample in the paper for purposes of 
comp^ison, using the data from Table III 
for the same six cases. Generator three 
was chosen as the swing generator (ilf*.3). 

It was necessary to calculate from the given 
date the incremental loss associated with 
exch^ging generation at constant system 
load beiween source one or two and source 
tnree. The pertinent equation is 

dPbldPn = 

l-aPi/dPj 


(16 


RePEREN'CES 

1. See reference 4 of the paper. 

^ Loss Formulas Made Easy. A. P GUmn » 

4o? 7. Aug. 1963, S: 


Table VI. Values Using New Constants and 



From New 
Constants, Per Cent 

From Phase 
Angles, Per Cent 

eL/dPn .. 


..27.9 

dL/dPu.. 
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SmiSe N YV” University, 

^ provides an 

of approach to the evaluation 

of total loss formula coefficients using data 
from a number of load studies over a wide 
range of system conditions rather than from 
a smgle base case study.' Although the 
method of the paper utilizes Brownlee’s 
fSfiS the incremental loss, which 
IS justified for systems on which the jf/P 
transmission lines are reason¬ 
ably the same, the Ai/AP method could be 
appli^ inst^d if an automatic digital com- 
flo^ obtain the necessary load 

The most obvious objection to the pro¬ 


as shown in reference four of the paper 
nly me results for an exchange of gmera 
tion between sources one and three an 

Table VII. Comparison of Actual and 
Calculated Incremental Losses. dPh/dPi 
Is In Per Unit 


From From 

Equation Equation 
17 18 


Case 

Actual* 

From 

Total 

Loss 

Formula* 

A-1.. 

.-0.503. 

.-0.406.. 

A-2. 

• 0.016.. 

. 0.009.. 

A.3. 

. -0.602.. 

.-0.602.. 

A-4.. 

. 0.117.. 

. 0.099.. 

A-6,, 

.-0.292.. 

.-0.283.. 

A-6.. 

.-0.270.. 

.-0.287... 

B-1.. 

.-0.277.. 

.-0.274... 

B-2.. 

.-0.044.. 

.-0.051... 

B-3.. 

.-0.066;. 

.-0.080... 

C-1 • • 

. 0.141., 

0.138... 

C-2.. 

.-0.496.. 

-0.481... 

C.3.. 

.-0.206,. 

-0.211... 

C-4.. 

-0.234., 

-0.232... 

C-6.. 

0.016.. 

0.013... 

C-6. . 

-0.194.. 

•^0.193... 


-0.457.. 
-^0.028.. 
-0.602., 
0.092.. 
-0.340.. 
-0.340.. 
-0.326.. 
-0.092.. 
- 0 . 122 .. 

0.156.. 
-0.498.. 
-0.267.. 
-0.278.. 
-0.009.. 
-0.240.. 


’*'CalcuIated from Table V by equation 16. 
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-0.444 

0.018 

- 0.668 

0.122 

-0.300 

-0.306 

-0.301 

-0.062 

-0.079 

0.162 

-0.660 

-0.240 

-0.261 

0.013 

-0.216 
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included^ here. The incremental loss for¬ 
mula which best fits cases A-1, A-2, A-3 C l 
C-2, and C-3 is ’ ' 

dPi /dPi =0.07096Pi—0.03098P2 - 

0.07629P3-0.07778 (17) 

In addition, an incremental loss formula 
was calculated from the B-1 load study, 
usmg slopes of the generator power-reactive’ 
characteristics at the median load level, by a 
method.^ A constant term was 
added to give the best fit with the given six 
cases. The resulting equation is 

dPJdPx 

-0.0685P,-0.0239P.- 

O.O66OP3- 0.0731 ( 18 ) 

A comparison of the various equations is 
^yen in Table VII. It is seen that the 
total loss formula of the paper is most 
accurate, presumably because of its larger 
number of coeflScients with a small 3-source 
^stem. Interestingly, the incremental loss 
formula of equation 18, which is much more 
easily obtained than that of equation 17, 
also appears to be the more accurate of the 
two incremental loss foimulas. 

These results indicate the possibility of 
greatly simplifying the method of the paper 
without altering the basic approach to the 
problem. The possibility of including the 
effects of loads varying at different rates in a 
direct method of evaluation with an addi¬ 
tional reduction in complexity is also shown. 

Refbrbncb 

Incrbmbntal and 

FoimOLAS FROM FUNCTIONS OP 
VODTAOB Phasb Anolbs, C. R. Cahn. AIEE 
Transactions, vol. 74, pt. Ill, Apr. 1955, pp. 161-76. 

J. B. Ward and H. W. Hale (Purdue Uni¬ 
versity, Lafayette, Ind.): The authors are 
w be complimented on a very good paper. 

Of particular interest is the method pre¬ 
sented for the empirical evaluation of loss 
formula coefficients. We would like to 
comment on several statements made by the 
authors and on several aspects of the theory 
and methods presented in the paper. 

Reference is made to the four basic 
assumptions of the so-called “simplified" 
loss equation and to the elimination of these 
assumptions by the method of the paper. 

Of course, examination reveals that the 
a.ssumptions have been relaxed or reduced to 
some extent, and some of the original 
assjumptions referred to are replaced by new 
ones, but to the casual reader the statement 
might imply that all assumptions are re¬ 
moved. Hence the nature of assumptions 
and approximations might be clarified. 

We would be interested in having the 
authors summarize assumptions relating to 
loads, source bus voltages, source bus 
angles, and source power factors which are 
involved in applying their loss equation to a 
system operating condition which deviates 
widely from any of the conditions utilized 
in evaluating the constants. 

We wish to supplement the authors’ 
presentation of an empirical method v^th a 
brief discussion of how the former loss 
formula methods can be generalized in form 
and how the four assumptions previously 
referred to can be relaxed to some extent. 

Considerable emphasis in the paper is 
placed on the effect of rate of load change on 


incremental loss values. Implied in the 
authors' discussion of this matter is a 
particular definition of incremental loss 
associated with a certain plant: namely, 
the incremental loss of plant 1, e.g., is 
associated with an increment change in out¬ 
put of that plant alone with other plant 
outputs constant, the increment increase 
arising from an increase in total load in 
which all loads individually share the 
increase in accordance with specified con- 
stmt rates of change. We would like to 
point out that for the purpose of achieving 
economic dispatch of generation the actual 
rate of change of system loads with respect 
to either total load or time is not essential. 
An incremental loss for each plant can be 
defined in terms of a variation of any one 
load or group of loads, independently of 
how total load variation is shared by the 
individual loads. 

The form of loss formula containing the 
first-degree terms and a constant is cer¬ 
tainly more versatile than the form con¬ 
taining second-degree terms only. This 
general form^ arises naturally from mathe¬ 
matical considerations. Consider a power 
system with n sources and with load charac¬ 
teristics completely defined. The total loss 
may be viewed as some complicated func¬ 
tion of n variables, namely the plant load¬ 
ings. Under certain restrictions, such a 
function can be expanded in the form of a 
Taylor’s series. One form of Taylor’s 
series for a function of «-variables is shown 
in equation 19. Here the P’s are the vari¬ 
ables, and the coefiicients 


Pr—o(Pi-)-P2)+6 
i>L 

—-2P,Pu'-|-2P25i2'+Pio 


( 23 ) 

( 24 ) 


. .Pa)=rio +J^ri<P,-|- 


i i 

'ny^j^AmPtPiPk-\-. AlQ) 

i i k 

are combinations of various partial deriva¬ 
tives of the function evaluated at the origin 
or at some other point. Fourth and higher 
order terms would appear, but are omitted 
h^e. We see that the third term alone is 
the familiar form of loss formula, and a 
more accurate approximation will be ob¬ 
tained the more terms that are used. This 
is not presented as a possible method of de¬ 
riving a loss formula, because the function 
must be Imown in order to take the deriva¬ 
tives required for writing out the coefficients; 
however, there may be some profit in visual¬ 
izing the problem from this viewpoint and 
in studying tlie nature of tlie Taylor’s 
series coefficients. 

A loss formula including first-degree 
terms and a constant can be derived from 
the original loss formula. This can be done 
and at the same time the assumptions 
referred to by the authors can be relaxed 
to some extent without the necessity of an 
entirely different method. This will be 
presented in brief outline, without detailed 
steps necessary for practical accomplish¬ 
ment. 

^^^^j^^PmnPmPn (20) 

m n 

L =Pl*Pxi +P2*P22 + [Pr*5„J 4-2 PiP2P,8-|- 
2PiPrBirM2PiPrBir] (21) 
bL 

~2PiPa-f-2P2Pi2-{-[2PrPi,.] (22) 
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Consider, e.g., a system consisting of two 
plants and two groups of loads of different 
characteristics. Equation 20 shows the so- 
called simplified loss equation for n sources. 
Let us apply this equation, treating one load 
8i"nup as the loads in the usual way and 
treating the other load group P, as an addi¬ 
tional source. Expanded, this yields the 
loss formula shown in equation 21. Here 
the contribution of load group P, is given by 
the terms within brackets. Observe that 
for a given P, this contribution takes the 
form of a constant term and first-degree 
terms in Pi and P 2 . In this equation, 
relationship between the two load groups is 
not restricted to a linear one. 

^ Equation 22 is the incremental loss asso¬ 
ciated with plant 1 as obtained by differ¬ 
entiating equation 21 with respect to Pj. 
For a given value of P„ the last tenn is a 
constant. Let us examine the meaning of 
equation 22. Differentiation of equation 21 
in this way implies that plant 2 output is 
constant and load P,. is constant. Thus the 
increment in loss is associated with an in¬ 
crease in one load group alone, with this 
ino-ease being picked up on plant 1 alone. 
Differentiation of equation 21 with respect 
to plant 2 has a similar interpretation, and 
the resulting incremental loss values are 
p^ectly valid in applying the established 
criterion for detennining optimum dispatch 
of generation. 

This fonn of incremental loss equation 
might be entirely practical to use in con¬ 
junction with an optimum dispatch com¬ 
puter. The P’s are variables and terms 
associated with, different load groups be 
treated as parameters. It is necessary to 
set these parameters in accordance with the 
values of the loads at a given time, but 
rates of change of the loads are not neces¬ 
sary. Curve followers or some other means 
could control equipment simulating these 
parameters in accordance with any compli¬ 
cated load curves. 

Next, let us impose a constraint on the 
variation of the load P,.. Specifically, 
assume that this load group varies in a linear 
fashion with the total generation as indi¬ 
cated in equation 23, This is approxi¬ 
mately the same specification of load char¬ 
acteristics as proposed in the paper, except 
that there the individual load or load group 
is assumed to be a linear function of the total 
load instead of generation. Either repre¬ 
sentation will probably serve equally wdl 
as an approximation of actual load charac¬ 
teristic, which are of course much more 
complicated than the proposed straight-line 
relationships. If equation 23 is substituted 
into 21, and terns collected, a total loss 
formula is obtained which has quadratic 
terms, first-degree terms, and a constant. 
Differentiation with respect to Pi will yield 
equation Here the significance of the 
partial derivative is the same as that in the 
paper, namely, an increase in total load is 
shared by all loads in a specified (linear) 
way, and the resulting increment in loss is 
assigned to the one plant which picks up the 
increase. 

We would expect that such a xnethod of 
expanding the original form of loss formula 
to take care of various load groups would 
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for Incrementel We appreciate the valuable ctjulributioiis 

loss of discussers. We note that the im¬ 

proved accuracy offered by the exi»ainletl 
form of the general lo.ss equation presented 
in the paper was .accepted by all the rlis- 
cussers, critical comment being limilerl to 
the method of determining the eiHdlieients 
of the equation. 

Mr. Brownlee and Mr. Calm refer («» the 
relatively high cost of .solving the siinub 
taneous equation.s, although Mr. Hnnvnlee 
points out that the iinprovetl aeeuraey fully 
justifies the increased cost, hortunutely 
there is a much .simpler method «if snUing 
the simultaneous equations at .i cost that is 
a small fraction of to .SL’.OUP. 'I'his 

method was not presented in the paper be¬ 
cause it is not rigorous, although the results 
are just as .accurate as those given bv the 
rigorous method. 

Equation 2 of the paper is n*peated here 
and equation 2!i is a rearrangement of 
equation 4 

(2) 

m 

^ ^ttopn "hKio = Z. — 

n 

(25j 


^tld adequate accuracy for many practical 
some distinct 

tten S «npirical determina- 

tion of the coefficients. In the event that 
seasonal changes, or strikes, or some unfmt 
wn contingency should alter the relation- 
ships between variations of the different 

sSrt ^ necessary ta 

start from the beginning and derive a new 

equation 23. could be imposed and a rather 

to n ‘^®P“‘^tions repeated 

lo omam the new coefficients. 

refei^^ comment on the 

out appro^T' 

not meC S 

not explained in the paper So^fi 

^ly. It was pointed out that eff^ts of 
nonuniform ff/V ntin enects of the 

intermediate Ioadra?onr^r ^® Presence of 
plants can introduce seriou«!^^^^ ^nnecting 

•■o" of .h. 

dcKStirc rdcrrctf tA it. * the 

patched the then he dis- 

.he r". “'*3' 

load current does not ‘^‘^rdmgly the 

v«iatiM,s prodneed by niSl '"‘!l 
*o»™.ioo beb,«„ of 


Witt tiris 

correetto tiee « 

mediate loads “f®*-- 

and needs fortW^ t^“ important factor. 

oppro:dmatiomi1? 

i^erent in the phase-an vie ie^h 
also in empirical evai,.«5^® method appear 
by mefl. 0 <ta of ^ coefficient, 

shown in the paoer thnt^^ Paper. It is 
succeed very well in r. methods can 

tacmnen^I,^^ ” “ accurate 

in a single examnle w?’ success 

tions are prS ^ 

couuting the ootenti value in dis- 

approxi^aSius these 

Plott .beo«tS 

tions, empirical “le assump- 

amount of data. requires a large 


nwJ toillnstmte «msS?Il^ correct, 
“temlediate^^S® 
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3- See reference 4 of the paper. 
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These equations have only (n + j) ,, 
knowns and require only (n+1) .simultan 

solving 106 simultaneous equations for a 1 ' 

or^f5T4"> -toe':,;.; 

one set of 14 simultaneous equations i 
terms of a general answer, or tS n a 
square matrix. Since the rrla f / 7 
ttnnltaneons e,nation, Iti:"' .tlr. 
14 tonna, the cost of solviS 

“loalions fa less Ihoii ont 

to««n<mtal hisse, 
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Ti,.o * upsolutely accurate. 
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twined by the total loss equation used in 
the Mai ^lution, the 5„o constants having a 
^eater effect upon total losses than upon 
incrementel losses, as stated in the paper. 

lable VIII shows a comparison of the 
general loss equation constants given by the 
ngorous ^d nonrigorous methods and 
j ® ^ comparison of incremental 

and total loss values given by the general 
loss equation with its constants determined 
by the rigorous and nonrigorous methods. 
The values obtained using the two methods 
practically identical, and the values of 
incrmental and total system losses given 
by the nonrigorous solution have the same 
bigh degree of accuracy as those given by 
the ngorous solution. 

Mr. Ward and Mr. Hale request that 
assumptions relating to loads, source bus 
voltage, source bus angles, and source 
power factors involved in the general trans¬ 
mission loss equation be summarized. 
They are as follows; 

1. The load of each substation for sys¬ 
tem peak load and minimum load conditions 
IS determined and the assumption is made 
hat each substation load varies between 
Its peak load and minimum load values 
Imearly with total system load. This 
assumption results in actual load distribu- 
tion at system peak load and minimum load, 
the distribution for intermediate system 
loads being in error to the extent that the 
relationship between the variation from 
maximum to minimum for all loads is not 
linear. This assumption is considerably 
more accurate than the assumption that all 
loads remain a constant fraction of the total 
sptem load, which assumption is valid for 
tnc bus6 loa.d condition only. 

source bus voltages are 
established for both system peak load and 
minimum load conditions and the assump¬ 
tion IS made that each bus voltage varies 
linearly with total system load from its 
value at peak load to its value at minimum 
assumption is more realistic 
than the assumption that source bus volt¬ 
ages remain constant at their base load 
value for all other system loads. 

3. No assumptions are made with regard 
to source voltage phase angles. In con- 
venihonal methods of determining the 
coefficients of the simplified loss equation, 
source voltage phase angles are assumed to 
be held constant. 

4. Actual load power factors, including 
the effect of fixed and switched capacitors, 
are established for each load for both system 
pe^ load and minimum load conditions and 
It IS assumed that the power factor of each 



Tabic VIII. Comparison of Loss Equation 
Constants Given by Rigorous and Non¬ 
rigorous Solution of Incremental and Total 
Loss Equations 


A-l*. 
A-2*. 
A-3*. 
A-4 . 
A-S . 
A-6 . 

C-1 ., 
C-2 .. 
C-3 .. 

C-1*.. 
C-2*.. 
C-3*.. 
C-4 .. 
C-6 .. 
C-fi .. 


. .rigorous. 

aonrigorous.. 

. .rigorous. 

nonrigorous.. 

• - rigorous. 

nonrigorous.. 

. .rigorous. 

nonrigorous.. 

. .rigorous. 

nonrigorous.. 

. .rigorous. 

nonrigorous.. 

. .rigorous. 

nonrigorous.. 

.rigorous. 

nonrig6rous.. 

.rigorous. 

nonrigorous.. 

.rigorous. 

nonrigorous.. 

.rigorous. 

nonrigorous.. 

. rigorous. 

nonrigorous.. 

.rigorous. 

nonrigorous.. 

.rigorous. 

nonrigorous.., 

.rigorous. 

nonrigorous.., 


Peak Period Loads 
-22.14.35.41. 


-21.46. 

1.92. 

1.74. 

-23.68. 

-23.30. 

4.66. 

4.66. 

-16.31. 

-14.90. 

-10.79. 

-10.84. 

Median Loads 

-^3-71.17.86_ 

-13.92.17.88_ 

-182. 4.84_ 

-1-96. 6.23_ 

-5-46.14.63_ 

-,^•24.14.60.... 

Valley Period Loads 


.36.01. 

. 1.26... 
. 1.90... 
.19.66... 
.19.83... 
. 8.37... 
. 8.73... 
.24.72... 
.24.64... 
. 6.46... 
6.99... 


7.06 
7.02. 
-19.56. 
-19.32. 
-7.63. 
-7.62. 
-11.87. 
-11.60. 
0.24. 
0.28. 
-11.44. 
.-11.06. 


2.96.... 

. 3.23.... 

.13.80.... 

.13.87.,.. 

. 0.73.,,. 

. 1.18..,. 

.14.96.... 

.14.93.... 

. 5.88.... 

. 6,09.... 

.18.89.,.. 

.18.71.... 


♦Cases used for determination of loss equation con.stants. 


.. 13.07. 
. 13.20. 
. 1 . 00 . 
. 0 . 88 . 
. 22.94. 
. 23.06. 
.-5.90. 
.-6.03. 

. 10.07. 

. 10 . 11 . 

. 13.95. 

. 13.93. 

. 10.77. 

. 10.72. 

. 3.01. 

. 2.84., 

. 2.32., 

. 2 . 20 ., 

. -7.83., 
. -8.13.. 
. 19.29.. 
. 19.22., 
. 11.23.. 
. 11.04.. 
. 9.15.. 

. 9.01., 

. -1.03.. 
-1.27.. 
6.59.. 
0.46.. 


.157.75 
.167.37 
. 11.05 
. 10.97 
.111.14 
.111.64 
. 26.78 
. 27.96 
. 81.33 
. 82.00 
. 36.64 
. 36.62 

, 50.07 
60.47 
9.03 
9.29 
28.16 
28.99 

16.91 

17.89 
69.00 
69.59 

20.89 
20.26 
36.04 
36.27 

7.87 

7.37 

44.82 

46.06 


load varies from its value at system peak 
load to Its value at minimum load linearly 
with total system load. 

5. No assumptions are made regarding 
source power factors, the reactive genera¬ 
tion at each source being that required to 
supply the load and maintain source bus 
voltages. In other methods, the ratio of 
reactive to real power genemtion (Q/P 
mtio) IS assiMed to remain at a fixed value. 
Recently this assumption has been relaxed 
somewhat by holding constant a part of the 
reactive generation and assuming that the 
remainder varies linearly with real power 
generation. 


Constant 

Rigorous 

Solution 

Nonrigorous 

Solution 

Bi\ . 

Bn . 

... 0.016576... 
... 0.021871 

- 0.016229 

•633. 

... 0.016792!.. 

• • • • Lf • UifiXOOifi 

.. .. 0.017010 

. 

...-0.010204... 

... -0.009722 

Bii^Bti . 

...-0.013611... 

... -0.013633 

Bu’^Bk . 

... 0.002477... 

... 0.002694 ’ 

But . 

...-0.026961... 

... -0.026339 

JBm ... 

... 0.027215.,, 

... 0.028040 

Bk . 

... 0.026327... 

... 0.021668 

IIlLo . 

... 0.021524.... 

... 0.027090 
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It will be noted that many of the assump¬ 
tions of the conventional method of deter¬ 
mining the value of the coefficients of the 
sunplified loss equation have been elimi¬ 
nated entirely while others have been re¬ 
placed with new assumptions that are more 
realistic. 

Mr. Ward and Mr. Hale call attention to 
the fact that loads which do not vary linearly 
with total system load can be treated as a 
source of negative power supply if such 
loads are telemetered or can be determined 
with the necessary degree of accuracy by 
curve followers or otherwise. This is a 
well-kno^ principle and three large non- 
conforming loads are so treated in the com¬ 
puter for incremental cost of delivered power 
described in a companion paper.* We do 
not agree that all loads can be divided into 
two or more groups and treated in this man¬ 
ner smee to do so would eliminate the change 
m losses timt would occur within the group 
as gMeration is shifted between plants and 
as the total load or distribution of load by 
groups change. Since it is necessary to 
r^resent separately each load used in the 
network analyzer study and since the loads 
not supphed directly from a generating 
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plant bus are usually larger in number than 
^ ® power^ supply sources, the number ol 
loss equation constants to be determined 
would be increased four or more times il 
each load were treated as a source of nega¬ 
tive power supply. Treating each load as 
a source of negative generation may be more 
accurate but, since the number of loss equa¬ 
tion constants and the corresponding com¬ 
puter components are increased several 
times, use of the method does not appear to 
be economically feasible. 

We do not agree that the method used by 
Mr. Ward and Mr. Hale to develop the 
coefficients of the general loss equation from 
the simplified loss equation is correct, be¬ 
cause no consideration is given to the effect 
of the fixed total system loss {Ku), and be¬ 
cause individual loads are assumed to vary 
as a linear function of total generation 
rather than as a linear function of total 
system load. The inaccuracy of this as¬ 
sumption will be recognized readily when 
it is remembered that, for a fixed total sys¬ 
tem load, total generation and system losses 
can vary over a wide range as generation is 
shifted between generating plants. If loads 
are assumed to be a fixed fraction of total 
generation, the total system load would in¬ 
crease or decrease in direct proportion to 
total system generation and losses would re¬ 
main a fixed percentage of total system gen¬ 
eration which is incorrect. 

If the correct assumption that individual 
loads vary as a linear function of total 
system load is made, namely 

Pr=c(Pi-l-Pa—^ 26 ) 

Pa=c(Pi-|-P2—Z,)+c ^27) 

and equations 26 and 27 are substituted for 
Pr £md Pa in equation 22, the resulting co¬ 
efficients of the general loss equation will 
be complicated second-degree functions of 


































Table X. 


Case 

A-1 . 
A-2 . 
A-3 .. 
A-4 .. 
A-5 .. 
A-6 .. 




Solution 


.. actual.... 
computed. 

. .actual. 

computed. 

■. actual. 

computed.. 

.actual. 

computed.. 

.actual. 

computed.. 

.actual. 

computed.. 


Source 
No. 1 


Source 
No. 2 


Peak Period Loads 

.37.41. 

• “20.00 . 40.81... 

. 1.37. 

1-43. 2.S7... 

“25.76. 21.74.....’‘ 

“21-75 . 23.73.. 

. 208..' 

. 10.19. 

. 24.48. 

“12-87. 28.76. 

■10.35. 6.02...... 


B-1 . 
B-2t. 
B-3 . 


C-1 
•C-2 
•C-3 
C-4 
C-5 , 
.C-6 . 


. - .actual_ 

computed. 
. .actual.... 
computed. 

. .actual. 

computed. 

- - actual. 

computed.. 

..actual. 

computed.. 

-actual. 

computed.. 
.actual.'.... 
computed.. 

.actual. 

computed.., 

. actual. 

computed... 


- 10.20 . 

Median Loads 

-13.86. 

- 11.86 . 

-1.56. 

-1.30. 

-4.62. 

-4.28 


Valley Period Loads 

•y oo 


8.74.. . 

17.55. 

20.12. 

4.66. 

6.49.. . 

14.05. 

16.13... 


7.33 
7.60. 
- 20 . 66 . 
-16.75. 
-7.37. 
-5.96. 
-11.96. 
-9.53. 
0.54. 
1.42.. 
-11.34.. 
-9.02.. 


3.83. 

- 2.08. 

- 14.25. 

- 14.97. 

. -0.26_ 

0.25_ 

14.61_ 

16.80. 

5.90. 

6.46. 

18.26. 

20.04... 


Source 
No. 3 


--. 16.36. 
... 17.32. 
... 0.72. 

... 2.63. 
. .. 23.71. 
... 27.93. 
...-6.77. 
...-4.91. 
... 10.49., 
.. 13.47.. 
.. 13.09.. 
.. 17.33.. 

.. 10.82.. 
.. 12.94.. 
.. 2.74.. 

.. 3185.. 
.. 1.84.. 

-. 3.32.. 

.-7.93... 

.-9.39... 

• 19.32... 

• 21.42... 

• 10.89... 
- 11.96... 

• 0 . 20 ... 

• 9.93... 

•-1.09... 

“1.74... 

■ 6.73..., 

7.17.... 


||;:2'gK o.oiss -- 

S,=.0 02o2? = -0,013646 

.. Bh*N„b 0 004981 


...167.93 
...174.24 
... 11.33 
.. 12.27 
..110.73 
..124.96 
.. 29.18 
.. 28.24 
.. 79.01 
.. 90.97 
.. 34.64 
.. 43.33 

.. 48.44 
.. 50.92 
. 8.83 
. 8.83 

. 27.39 
. 28.67 

. 17.17 
. 17.93 
. 69.51 
. 65.25 
. 21.03 
19.22 
33.86 
30.55 
7.68 
6.65 
43.00 
40.70 


Pi and Pi and not constants, the resiiltino- 
topra^ * ““Puters fa 

this 1=^ 

Mn cases are required to be studied 
number analyzer, where n is tht 

ior« ^ importance of obtainine a 
large amount of data to insure accurate de 
^matron of the loss equation coefficients 

data us^ amount of 

Se'^nuS'"? between a 

fo^ha Imutinj case, are correct. 

tiee into “l“»«<>n 

and vaiteraB for the base case only 

talolr^ror^“f 

‘''•*™te.UPn of the 
tS ™„„ . case fa based en- 

Although Ore me£fa>dfSfa'det™°-“' 

in evalStii.g^“5“ “ an^i^ process 
to forest .^£ii factor m order 

to force the loss equation fo give correS 
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case, and the O/P 
«sed for deter- 

^^f,;^oremental loss values because iUs 
the only , practical method available for 
determmmg these values from netwoS 

^ oU»4.21 for 

™ m (»+2) cases ofiFsets to a large extent 

SesTvTS? the ^ 

ucs given by the phase-angle method 

TOth^, Table HI, are cor^pletdJ^S 

puted from the loss equation, Table V are 
in J^eement with actual values ' 

Mr. Ward and Mr. Hale also orient a 

d^ssron of the closure of a preriOT^SL® 

designed to show that the Brownlee nW® 
anjle rnethod fa irraccurate when uS^ 
toemme inctMental loss associated with 

Mother source, with the load held crSnt 

pS rS”llad OTO 

»nductS’^“^^, 
transmission systems. utility 

discussion does not appear to be 
applicable to the subject papi sincfthis 
nSf method to deter- 

S2-invTn®®"?^ associated with 
f^om a. source to a load 
while holding all other source and 1 ^ 
powtfs constant. The system of the pa^ 

mes varying over wide limits and with a 


oad located between two sources Tht 

V obtained, shown in 

Table V, speaks for the accuracy of the 
methods employed. 

We would like to point out that the X/R 
mtio of the transfer impedance between 
Murces and loads is usually limited to a 

though the range of the X/R ratios of the 
^ be large. For example, 

large utility system covering 100,000 
square miles the X/R ratio of the separate 
but 98 per cent 
“npedance X/R ratios fall in 
b 2 b inclusive. 

Mr Cahn recognized that an independent 
Ini ^ e^inations representing incremental 
ind fVP for each source 

Hk Sid • constants. 

His method is similar to the nonrigorous 
solution presented in this closure but 
SS 72 /? f solution is not tied in with 

fo a large 

?on nvw <^^bn's equa- 

tion (17) to give results that are as accurate 

Equation 18 gives better results than 
equa ion 17. probably because 7*^ losTei 

are included in the derivation of ^ 
iiZ Z ih' ^^r^orate than those 

given by the general loss equation of the 

paper in 10 out of 15 cases. Both equation: 

curid^intrff®^* “““e^ental losses in-. 
t^ *u ‘^^“sferrmg power from one source 
to another at constant system load and not 

tSnf ? “ aonlinear, as shown by equa¬ 
tion 16. It cannot be accurately repr^ented 
^y a linear equation such as equation 17 or 

X shows a Comparison of actual 
and computed incremental and total loss 
values given by the simplified loss equation 

Mr “ reque^edT 

Mr. Brownlee. It will be noted that both 
incremental and total loss values give^ bj 
the simplified loss equation are fonswS! 
ably less accurate than those given by the 

Sk V SeT'"'*-" P^P®"’ ^f^own in 

able V, the error m compute values being 

f such magnitude as to materially affect 
SS't Attention is 

oy the simplified loss equation are in general 
hfarte than the actual flX losai”.nS 

to 

tiio • P®^*t>d loads, which results from 

to simplified loss equation 

load account the shift in the system 

P®^ and valley load 

dw^tSto.”'" *'■' “* 

the”mr^^^^*^ the simplified loss equation 

S^i^ tL R in deter¬ 

mining the B constants were used, such as 

including out-of-phase components of load 
currents and excluding the fixed port^ of 

determining the Q/P ratio for each source.* 
Rbferencbs 
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Transient Durability Testing of Valve 
Type Lightning Arresters 


J.W.KALB 

MEMBER AIEE 

T he DESION testing of the valve type 
of lightning arresters is difficult, if for 
no other reason than that there is such an 
enormous range of performance factors 
which must be investigated. A lightning 
arrester must fulfill the following require¬ 
ments: 

1. Norm^ly function as an insulator, 
withstanding normal system line-to-ground 
voltage. 

2. Discharge, without damage to itself 
or associated equipment, transient dw- 
turbances ranging from less than 100 to 
many thousand amperes, and from a few 
microseconds’ duration to several milli¬ 
seconds’ duration. 

3. Operate as a circuit interrupter to stop 
the flow of power frequency follow current 
subsequent to unit operation resulting from 
transient disturbances. 

Increasing the problem are the diffi¬ 
culties associated with obtaining substan¬ 
tial statistical information concerning the 
durations and wave shapes of surges dis¬ 
charged by lightning arresters. The 
equipment necessary to measure charac¬ 
teristics other than crest magnitude^”® 
is so costly as to preclude widespread in¬ 
stallation. 

Standard lightning arrester tests'*^ are, 
of practical necessity, inadequate to ex¬ 
plore all aspects of field performance. 
However, they are subject to reasonable 
duplication among different laboratories, 
and they form a basis of comparing rela¬ 
tive h'ghtning-arrester performance. 

This paper describes some additional 
tests, as well, as alterations of standard 
tests, made in an effort to explore field 
performance characteristics. These tests 
are not suggested as revisions of the 
standard tests. In general, they involve j 
testing techniques or possible interac- * 

tion of circuit components to a degree 
which would render duplication among 
different laboratories most difficult. ] 
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protective characteristics and greater 
durability than type GP. Type-JIfP volt¬ 
age ratings are 3 through 276 kv. 

Fig. 1 shows the active valve and gap 
elements from 4.5-kv units of these de¬ 
signs. The type-JlifP gap uses a separate 
arc-interrupting chamber to obtain more 
positive follow-current' interrupting abil¬ 
ity than is possible with the conventional 
multigap design of type-GP gap elements. 

Circuit Voltage Drop 

To accommodate power frequency test 
equipment of limited kva rating, the 
standard operating duty cycle tests per¬ 
mit a measurable reduction beneath open- 
circuit test voltage during follow-current 
flow. The AIEE standard® permits a volt¬ 
age drop of not more than 10 per cent(%) 
of open-circuit voltage. The National 
Electrical Manufacturers Association 
standard’^ requires that the test be made 
using a power source of 600- to 1,000- 
ampere ims fault current (the current 
which would be obtained if the line and 
ground terminals of the test piece were 
bolted together). These test circuits re¬ 
sult in a power circuit test condition less 
severe than service conditions may be be¬ 
cause of the following conditions: 

1. Follow current may be substantially 
less than it would be with full-rated voltage 
across the lightning arrester—a condition 
po^ble at high fault current locations. 
This reduced follow current in the test 
circuit results in less current-interrupting 
duty on the gap element and less voltage 
stress on the valve element. 

2-. test circuit reactance, while per¬ 
mitting a substantial reduction in power 
follow current, is insufficient to result in a 
more severe recovery voltage transient 
across the gap element. 


Apparatus Tested 

All tests were performed on standard 
production lightning-arrester units manu¬ 
factured by the authors’ company. Two 
types were tested. T37pe GP is designed 
for general-purpose station use in voltage 
ratings of 3 through 121 kv. Type AfP, 
also designed for station use, offers better 
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The left-hand oscillogram of Fig. 2 
shows voltage and current during a 
standard unit operation with 10-kilo- 
ampere, 12x46-microsecond impulse on a 
type-AfP lightning arrester of 4.6-kv 
rating. This impul se, discharged 

recWmended by the AIEE Pro- 
Devices Committee and approved by the 
AIEE Committee on Technical Operations tor 

Meeting, 

New York, N. Y., January 31-Eebraery 4, 1966. 
Manusaipt submitted October 18, 1964; made 
available tot prmting November 29, 1964. 

and A. G. Yosr are with the Ohio 
Brass Company, Barberton, Ohio, 


through the lightning arrester at the time 
indicated by the arrow, initiated the 
230-ampere follow-current loop shown 
in the upper trace. Test circuit fault 
ciurent was 1,000-ampere rms. Open- 
circuit test voltage was 4.6-kv rms 
(6.36-kv crest), and the voltage drop 
during follow-current flow was 6.6%. 

The right-hand oscillogram of Fig. 2 
was obtained with the same lightning 
arrester, but with open-circuit voltage 
increased until voltage (6.36-kv crest) 
during follow-current flow was equal to 
the lightning-arrester rating. This in¬ 
creased the follow-current from 230 to 
295 amperes. 

This 28% increase in follow current 
with rated voltage maintained across tlie 
test piece is evidence of the limitations 
inherent in tlie standard tests as a 
criterion of design adequacy. Since the 
60-cycle voltage rating of the lightning 
arrester is a maximum value which the 
arrester may have to meet in service, it 
is necessary for the design engineer to 
conduct some duty cycle tests with at 
least full-rated voltage across the arrest^ 




Fig. 1. The 4.5-kv valve blocks and pro¬ 
portionate series gap elements tested. Type 
GP at left; type MP at right 
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4.5 KV-RMS 


5.15 KV-RMS 


Fig. 2. Oscillograms of duty cycle unit 
operations on type-MP lightning airester 
of 4.5-kv rms rating. Left—^Standard unit 
operation with open-circuit voltage equal to 
arrester rating. Right—Open-circuit voltage 
increased to 5.15 kv rms so that voltage 
during follow-current flow was equal ta 
arrester rating 
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SAMtTOLWmr OPPOSITE 

^leoA 


lOOOA CIRCUIT 

F*S. 3. A—Oscilloerams showing satis¬ 
factory unit operations with type-GP lightning 
arrester in a^1,000-ampere fault euirent circuit 

hfgli-reactance circuit. 

Dotted circle indicates region of recovery 
voltage transient. B—Experimental lightning 
arrester of higher follow current tested in 
same circuits. Oscillograms show failure to 
interrupt power follow current in the high- 
^ reactance circuit 

during foUow-current flow. Without this 
th^e IS no assurance that the device will 
pmorm properly in service at full-rated 
voltage. 

T) X ^ Polarity of Impulse 

Hign-Keactance Power Source 



type 6P 

f'S- X A— OMillosMins of duty eyde unit 
.^.^.Hoo. o„ typoJdP 

pulse and power voltage on follow-cutrent 
msg-itude B^|,o,„„. ^ 

tests made on a type-GP arrester 


* type-GF an 

t^e-jfefP hghtning arresters. A standard 
lO-kiloampere, 12x45-microsecond surg 
was used to initiate follow current. Th 
left-hand oscillograms were obtaine< 
durmg standard imit operations. Th< 
nght-hand oscillograms were obtainec 
under identical conditions, except that th€ 
surge was timed at 180 electrical degree^ 
later. The latter condition is at least as 
likely to occur in service. Its greater 
seventy is evident from the relative 
fonow-cuirent magnitudes. 

Unfortunately, tests such as these in¬ 
volve considerable risk of undesirable in- 
terMtion between the impulse generator 
and power transformer circuits.Un¬ 
less ttis phenomenon is sufficiently under¬ 
stood and controlled, duty cycle testing 
with impulse generator and power voltage 
of opposite polarity cannot be incorpo¬ 
rated in lightning arrester standards, even 
though such testing would be more repre¬ 
sentative of severe service conditions. 

Multiple Strokes 


failed to interrupt the power follow cur- 
rent. This showed its inadequacy for 
general service duty. 


A design which operates properly when 
connected to a substantial power source 
may fail to interrupt follow current when 
energized from a higher reactance circuit 
fm evample (he end of a long, low-kva 

tr^ssionlme. In the latter case, the 
foflow current and generated voltage are 
suffiaently out of phase to result in a more 
severe recovery voltage transient across 
the senes gap element. 

Fig. 3(A) shows oscillograms obtained 
^th a type-GP 4.5-kv lightning arrester, 
first undergoing a standard unit operation 
with a 10-kiloampere, 12x45-microsecond 
impulse and, second, undergoing a unit 
op^atiou in a higher reactance circuit, 
ig. 3(B) shows oscillograms obtained 
rom tests in the same circuits on an ex¬ 
perimental 4.5-kv design. By lowering 
the valve element resistance, thus increas¬ 
ing the follow current, the discharge volt¬ 
age was lowered and the impulse dis- 
ch^ge capacity increased. Operating 
uty cycle performance was encouraging 

because performance on the standard test 

was^satisfactory, as evidenced by the left- 
hand oscillogram of Fig. 3(B). However 
this same lightning arrester failed in the 
nonstandard, high-reactance test circuit 
(see nght-hand oscillogram) since, it 
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duty cycle test wherein 
the initiating surges are the same polarity 
^ the power frequency voltage (as speci- 
ned m standard operating duty cycle 
tests) is not ^e most severe condition for 
valve-type lightning arresters. If the 
surge and power frequency voltage are of 
opposite polarity, the lightning-arrester 
discharge voltage results in energy stor¬ 
age m the power transformer, which 
when released may result in a long-dura¬ 
tion ^scharge component through the 
hghtmug arrester.* 

The osciUograms of Fig. 4 illustrate 


Field studies on a rural distribution 
system equipped with expulsion-type 
lightning arrestersii and on 138-kv lines 
protector tubes,« showed 
that 22.5 and 28% of the follow-current 
operations respectively involved addi- 
tional intermittent half-cycles of follow 
current. Boys camera records obtained 
durmg other investigations».i4 showed 37 

o 1% of lightning discharges as mul¬ 
tiple in nature. 

As many as 12 and 15 intermittent half¬ 
cycles of follow current on one record 
were obtained during the field studies on 
expulsion-type lightning arresters and 
protector tubes.n.i* Maximum durations 
of records m these investigations were 
1.83 and 0.67 seconds. 

If mere cumulative heat storage within 
the mass of the valve element and its ef¬ 
fect upon performance were the only 
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impulse end duty cycle test equipment 
m the Barberton, Ohio, lightnins-arrester test laboratory. Test 
housing surrounded by high^urrent impulse generator at 
upper left. Duty cycle test transformer at upper right 



ng. 7. Diagram of test circuit used to study the effect of severe 
discharges tfirough lightning arresters while they are already conduct¬ 
ing follow current 


factors involved in multiple-stroke opera¬ 
tions, the standard operating duty cycle 
tests would be more than adequate to ex¬ 
plore this aspect of service duty. The 
heating effect of the repeated 10-kilo- 
atnpere surges is much greater than that 
resulting from follow current or from any 
repetitive surges to be encountered in 
service. However, the elapsed times of 
30 minutes and 75 minutes permitted in 
the AIHH and National Electrical Manu¬ 
facturers Association standards operating 
duty cycle tests allow redistribution of 
heat, within the valve element, which a 
multiple-stroke operation of 2 seconds’ 
or less duration does not allow. This re¬ 
distribution of heat within the valve ele¬ 
ment drurfng the standard duty cycle 
tests alleviates the formation of local, un¬ 
stable high-temperature regions within 
the valve element, which thus gives 
an unrealistic indication of its fhormc,} 
stability. 

Fig. 6 shows oscillographic records of 
power follow current obtained during 
typical tests performed to study the 
multiple-stroke thermal adequacy of 
type-GP and type-JkfP lightning ar¬ 
resters of 4.6-kv rating. These par¬ 
ticular records show 27 and 30 separate 
unit operations in the elapsed time of less 
than 2V3 seconds. To perform this test, 
it is necessary to charge the impulse gen¬ 
erator which delivers the initiating surge 
at a very rapid rate. The generator capac¬ 
ity is therefore limited, and the repeti¬ 
tive surge current is approximately 3 
kiloamperes of short duration. Although 
effort was made to maintain the power 
voltage polarity opposite to that of the 
initiating surges, this did not always oc¬ 
cur. 


Impulse Discharge Capacity with 
Power Voltage Applied 

Most lightning arresters in stations and 
substations are connected to effectively 
grounded systems, and thus are subject 
to possible follow-current flow whenever 
the series gaps are sparked over. For this 
reason, the lightning arrester impulse and 
duty cycle test equipment in the Barber¬ 
ton, Ohio, laboratory, see Fig. 6 is so ar¬ 
ranged that high current discharge capac¬ 
ity tests can easily be made with power 
voltage applied to the test piece. The 
following section describes one such test. 

TYPE MP 
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Fig. 8. A—Oscillograms showing the effect 
oFa 10-kiloampere, 12x45-microsecond surge 
during follow-current flow. Circuit fault 
current was 500 amperes rms. B—Oscillo¬ 
grams of same test on type-GP lightning 
arrester 


Impulse Discharge During Follow- 
Current Flow 


Separate discharges of multiple light¬ 
ning strokes are frequently less than 0.01 
second apart, is It is thus likely that 
lightning arresters are subjected to dis¬ 
charges while they are already conducting 
follow current. Investigation of such 
duty is important because of the follow¬ 
ing: 

1. It may result in considerably increased 
follow current through the valve and gap 
elements. 

2. A high current impulse discharge during 
follow-current flow could reduce gap inter¬ 
rupting ability. This might result from 
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Fig. 9. Conditions identical to those of 
Fig. 8, except that circuit fault current was 
1,000 amperes rather than 500 amperes rms 
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,^'~0»c'**09«»n* showins effect 
of 100-lciloampei«, 5x9.iiircro$econd surge 
during follow-current flow on a type-MP 
Hg^ing anester. Clreuit fault current was 
1,000 amperes rms. B-0«:j||og,ams of same 
test on type-GP arrester 


undesirable arc-wandering in the simple 
multigap designs, like that of the typt-GP 
^est^, or from damage to the interruot- 
liigh-perfonnance g^s 
like that of the type-ikfP anester. ^ ^ 

Fig. 7 shows schematically the circuit 
used to represent this duty. A low-energy 
pulse generator is used to initiate follow 
current. Later, durihg the same foUow- 
ciOT^t loop, a second pulse generator 
tnggers the main surge generator which 

discharges through the test specimen. The 

firing of these two impulse generator cir¬ 
cuits is independently and continuously 
adjustable over 36Q electrical degrees. 
Tests are performed with impulse and 
power voltage of opposite polarity to 
achieve maximum severity. 

The osdUograms in Figs, B, 9, and 10 
were obtained during tests on type-GP 
and type-AfP lightning arresters of 4.5- 
kv rating. In each case, the left-hand 
o^illograms show normal foUow current 
with rated 60-cycle voltage across the 
hghtning arrester. The right-hand os¬ 
cillograms show the large disturbance 
generated by the discharge of severe 
during fpUow-current flow. 

Tests represented in Figs. 8 and 9 em¬ 
ployed a lO-kiloampere 12x45-micro- 
^nd impulse as the second discharge. 
Conditions were identical except that the 
power circuit was adjusted for a 500-am¬ 
pere rms fault current during the Fig. 8 
^Sts and n 1,000-ampere rms fault cur¬ 
rent d^npg the Fig. 9 tests. Tests rep¬ 
resented in Fig. lo employed a 100- 


kiloampere, 5x9-microsecond impulse as 
the second discharge. The power circuit 
was adjusted for a 1,000-ampere rms fault 
current. 

The extreme severity of these tests is 
\ obvious from comparison of the left- and 
\ nght-hand osdUograms. The type-GP 
arrester particularly was subjected to 
currents of several times normd foUow- 
current flow. Note that the lOO-kilo- 
ampere impulse imposed less severe long- 
duration duty than did the longer 10- 
kiloampere impulse. 

■ enormous foUow-current peaks ob¬ 

tained in these tests may, in part, be the 
result of interaction between the power 
\ transformer and surge generator capaci¬ 
tance. If so, they are in all probability 
more severe than those which would 
occur in service with similar surge cur¬ 
rent, time, and rdative power voltage 
magnitude. 

Fig. 11 shows a type-lfP gap element 
dismantled after discharging two 100- 
kfloampere surges during foUow-current 
flow. The design is self-protecting; 
surges of suffident magnitude to cause 
damage to the arc-interrupting chamber 
restrike at the original spark-over gap. 
There are four separate arc paths on the 
electrodes although there were only two 
separate loops of foUow current. 

Long-Duration Discharge Capacity 

A standard test to explore long-duration 
disdmge. capadty of Hghtning arresters 
IS desirable in the Kght of present knowl- ^ 
edge of service duty.».w One such test ' 
IS the 150-ampd-e, 2,000-microsecond ! 
rectangular wave test for station-type 
lightning arresters.^ This type of surge is 
subject to ra^er exact definition, an im- / 
portant attribute for a standard test. * 
It thus fulfills the need for a test exploring ^ 
the effect of long-duration natural light- ® 
ning on arresters. The values of 150 am- ® 
peres and 2,000 microseconds suggested ^ 
by Howard, Carpenter and Schwartz^ ^ 
seem reasonably severe for exploring this “ 
duty, m 

Of course, this test is of little value in 
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Fig. 12. Oscillograms showing voltage across 
type-GP and type-MP lightning arresten of 
4.5 lev while discharging standard 150-ampere, 
2/000-microsecond surges 
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Fig. 13. Oscillograms showing current 
through type-GP and type-MP lightning 
arresten of- same voltage rating with artificial 
transmission line charged to same voltage 


*'°“**"5 electrodes from 
J I diMwantled after 

two lOO-kiloampere discharges during follow- 
current flow as shown in right-hand oscillo¬ 
grams of Fig. 10(A) 


. estimating relative switching-surg< 
|. strength of lightning arresters, since it is 
j defined in terms of current and time' 
. The design engineer must therefore re¬ 
sort to additional tests, since the most 
severe cordon surge duty encountered 
by lightning arresters in station and 
substation service apparently results 
from switching-surge operations on long, 
high-voltage lines and cables.i7,i8 
A switching surge is evaluated primar¬ 
ily in terms of voltage, not current. After 
the surge voltage is sufficiently high to 
spark-over the lightning-arrester series 
gaps, the resulting long-duration current 
magnitude is determined by Kne voltage, 
surge impedance, ground resistance, and 
lightning-arrester resistance. Thus the 
discharge current will vary greatly among 
^erent Hghtning arresters under iden¬ 
tical switching-surge conditions. Figs. 
12 and 13 show the effect of arrester re¬ 
sistance on discharge current and volt 
ap. The tests represented by these os¬ 
cillograms were made with a pi-network 
artificial transmission Hne discharging 
directly into type-lfP and type-GP Hght¬ 
ning arresters of 4.5-kv rating. The volt¬ 
age oscillograms of Fig. 12 were obtained 
during stmdard 150-ampere long-dirra- 
tion discharge capacity tests on t 3 T)e-GP 
and type-JlifP lightning arresters. The 
presence of voltage after 2,000 micro¬ 
seconds indicates that the lightning-ar¬ 
rester resistance was greater than the 
surge impdance of the artificial trans¬ 
mission Hne. Note the greater voltage 

stress across the type-GP design. This 

greater voltage requires a voltage of 
higher charge on the artificial transmis¬ 
sion Hne to obtain the same current 
Actually the type-GP design is required 
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required of the type-JIfP on the stand¬ 
ard test. 

The current osdllograms of Fig. 13 
illustrate the same effect in a different 
manner. In this case, the artificial line 
was charged to the voltage necessary to 
generate a 160-ampere surge through a 
type-C?P 4.5-kv sample. Direct substi¬ 
tution of a type-JI4!P 4.6-kv sample re¬ 
sulted in a 275-ampere discharge. This 
test, at constant generator charge volt¬ 
age, would furmsh a realistic comparison 
of switching-surge durability between the 
two designs because both samples were 
subjected to the same length of “line” 
charged to the same switching-surge crest 
voltage. 

The standard 150-ampere, 2,000-micro¬ 
second test is probably an excellent 
choice for evaluating relative durability 
against long-duration natural lightning. 
It is a poor criterion for judging relative 
switching-surge performance. 

Cable Tests 

High-voltage cable application imposes 
switching-surge duty of higher current 
and shorter duration than high-voltage 
transmission lines because of the lower 
surge impedance and the shorter length 
of cables. 

The ampere-time oscillograms of Fig. 

14 were obtained with the pi-network 
long-duration surge generator and a 9- 
kv type-ilfP lightning arrester connected 
to represent a 37-mile 69-kv 1,000,000- 
circular-mil cable charged to 2.6 times 
normal line-to-ground voltage and dis¬ 
charging through a 60-lcv type-JIfP . 
lightning arrester. The circuit elements 
were so chosen that the resulting current 
and time values were full scale; only the 
voltage was reduced proportionally to 
the rating of the test piece. The two os¬ 
cillograms are of the same current wave 
recorded to different time scales. 

The oscillogram of Fig. 16(A) was ob¬ 
tained with the surge generator and a 12- 
kv type-MP lightning arrester coimected 
to represent 18 miles of 138-kv, l,000,r 
OOO-drcular-mil cable dbarged to 2.5 times 
normal line-to-grotmd voltage and dis¬ 
charging through a 121-kv type-Jl/P 
lightning arrester. 

Fig. 15(B) was obtained under iden¬ 
tical conditions except that the duty 


Rs. 14 (left). 
Oscillograms of 
current discharge 
through a 9>kv type- 
MP arrester. Test 
simulates 37 miles 
of 69-kv cable dis¬ 
charging through a 
60-lcv arrester 


cycle testing transformer was connected 
to represent a 30,000-kva, 10% imped¬ 
ance, 138-kv, soh'dly grounded trans¬ 
former connected across the cable and 
lightning arrester. After about 700 
microseconds, the discharge was car¬ 
ried by the transformer winding rather 
than the lightning arrester. 

Conditions for Fig. 16(C) were iden¬ 
tical with those of 15(B) except that a 12- 
kv type-GP lightning arrester was sub¬ 
stituted for the 12-kv type JlifP. Thus, 
this circuit represented 18 miles of 138- 
kv cable charged to 2.5 times normal line- 
to-ground voltage and discharging into a 
121-kv type-GP lightning arrester in 
parallel with a large-kva, wye-coimected 
grounded transformer. 

Fig. 15(B) and (C) furnish another 
excellent example, along with Fig. 13, of 
the way in which tiie lightning-arrester 
characteristic itself may determine in 
large measure the duty to which it is sub¬ 
jected. Thus, although the type-GP 
valve element would soon be destroyed by 
the surge of Fig. 15(B), it would not re¬ 
ceive such a surge under the conditions 
represented. Its much higher impedance 
at these low surge currents resulted in the 
major portion of the surge being dis¬ 
charged by the transformer windhig it¬ 
self. The low lightning-arrester surge 
current IS also evidence of the low surge 
voltage existing across the transformer 
and arrester during such switching-surge 
duty. 


Other Service Duty 

The scope of this paper has been limited 
to tests exploring lightning-arrester dura¬ 
bility under various types of transient 
disturbances. This is, of course, but a 
small aspect of the complete performance 
characteristics of a lightning arrester. 
Some others, beyond tire scope of this 
paper are the following: 

1. Protective characteristics, effect of 
current and rate of current rise on discharge 
voltage, stability of discharge voltage 
under service duty. 

2. Effect of external contamination, and 
effe(^ on series gap current interrup ting ^ 
ability, effect on 60-cycle spark-over voltage 
(Fig. 16 shows a 300-kv type-Jl/PP light- 
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MICRO-SECONDS 

Fig. 15. Oscillograms of tests simulating 
discharge of 18 miles of 138-kv cable. 
A—Discharge through 12-kv type-MP light¬ 
ning arrester. Simulates discharge of cable 
through a 121.kv type-MP arrester. B— 
Discharge through 12-kv type-MP arrester 
with duty cycle test transformer in parallel. 
Simulates discharge of cable through a 121-kv 
type-MP arrester protecting a large, grounded 
wye-connected power transformer. C—Dis¬ 
charge through 12-kv type-GP arrester with 
duty cycle test transformer in parallel. Simu¬ 
lates discharge of the cable through a 121-kv 
type-GP arrester protecting a large, grounded 
wye-connected power transformer 


ning arrester undergoing a 60-cycle spark- 
over test while subjected to a nonuniform 
salt spray of 300-ohins-per-cubic-inch re¬ 
sistivity). 

3. Mechanical design, resistance to wind 
damage, resistance to thermal shock, 
pressure relief in case of electrical failure, 
and seal of arrester housing. 

4. Stability of grading resistors. 
Conclusions ^ 

The comprehensive study of even a 
small aspect of lightning-arrester perform¬ 
ance as described in this paper is formid¬ 
able, requiring full and sometimes imagin¬ 
ative use of large-capacity power and im¬ 
pulse generator facilities. 

Tests suitable for lightning arrester 
standards, i.e., capable of a reasonable 
duplication among different laboratories, 
bear rather limited relation to actual 
service duty. 

Conversely, tests approximating serv¬ 
ice duty, a necessity for the design and 
development engineer, will often be hard 
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tests on 300-lcv type. 
MP lightning arrester 


to dupH^te mnong different laboratories, 
voltage durii 
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'’‘'tain the loca/ 

conditions ^ wultiple-strofce 


flow^S^ nf during foUow-current 
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impulse generator charge 
voltage rather than discharge current i! 
the cnterion for judging perLnanS “ 

wye-connected power 
transformers on switching surge dut^ 
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judging relative switching-surge perform¬ 
ance.” The 1961 paper (see reference 16 of 
the paper) which proposed this 160-ampere, 
2,000-microsecond long-duration discharge 
ttet contains evidence that the test does 
distinguish between arresters which with¬ 
stood repeated switching-surge duty and 
those which failed on the same switching- 
surge duty. No claun has been made 
that the standard long-duration test exactly 
represents either switching-surge or long- 
duration lightning duty. It has been 
dernonstrated as a test capable of standardi¬ 
zation between independent laboratories to 
demonstrate the long-duration, low-current 
strength of an arrester. Moreover, it is a 
reasonable criterion for distinguishing be¬ 
tween arresters as to their ability to with¬ 
stand both long-duration lightning dis¬ 
charges and switching surges. 


W. S. Price (American Gas & Electric 
Service Corporation, New York, N. Y.): 
Electric equipment in service on a power 
system is exposed to such a wide variety 
of electrical conditions that it would seem 
impossible to simulate all of these conditions 
in the laboratory during design work. 
For this reason, the actual worth of an 
equipment design has to be detennined in 
many cases by the performance of that 
equipment in service over a period of years. 
However, it is inefficient and uneconomical 
to place equipment in service with so many 
“ignorance factors” included in the applica¬ 
tion that the equipment is not used at its 
full capability. 

In this timely paper, the authors de¬ 
scribe some laboratory tests on lightning 
arresters exposed to various transients 
which might be expected to occur in service, 
and have pomted out that such tests are 
complicated and expensive and probably 
not capable of duplication among different 
laboratories. Nevertheless, such tests are 
extremely worth while, and should be 
encouraged by all equipment users, since 
they should ultimately permit the use of 
equipment on the most economical basis. 


A. M. Opsahl (Westinghouse Electric Cor¬ 
poration, East Pittsburgh, Pa.): This is a 
good analysis of the problems and phenom¬ 
ena. associated with the testing of light¬ 
ning arresters. The whole range of surge 
conditions in service is fonnidable, and only 
a few conditions can be selected for labora¬ 
tory test. In the case of surge currents, 
the median of the crest currents measured 
through arresters in service has been 800 
amperes in about 6,000 measurements. In 
setting up tests for discharge voltage in 
the standard, currents of 6, 10, and 20 
kiloamperes were selected with a 10x20- 
microsecond wave shape. These currents 
are about six to 26 tunes the median current 
in service. These test currents also provide 
range of rate of rise of current in the upper 
band of those that can be e 3 q)ected in 
service. The discharge voltage across the 
valve arrester does not change very much 
with various currents or with various rates 
of rise of current, as the standard test 
demonstrates. 

Power follow currents and switching- 
surge currents fall in a lower level than the 
impulse currents expected from lightning. 
Perhaps more standard tests on the valve 


element in this region of current will be 
useful. In the past, they have been of 
interest only to the designer. As has been 
stated, the valve arrester discharge voltage 
does not change much with current and, 
conversely, the current, such as power 
follow, changes rapidly with applied voltage. 
The current in this part of the arrester 
characteristic rises about as the cube of 
the applied voltage according to the paper. 

Lightning surges can occur during any 
part of the 60-cycle wave. An impulse 
current of the same polarity as the power 
voltage has a smooth transition from im¬ 
pulse current to follow current. Impulse 
discharges through the lightning arrester 
too low on the power voltage wave, too 
short in time, or of opposite polarity to the 
power voltage wave may not establish 
follow current through the arrester. This 
is a condition that can occur in service but 
it may be misleading if standard tests are 
based on such conditions. On opposite 
polarity power and test impulse, as the 
voltage across the arrester gap goes through 
a transient zero, a gap of high-interrupting 
or deionizing ability tends to quit and not 
restrike as the voltage rises to or overshoots 
the power voltage. 

If the arrester gap does restrike, the 
energy to be absorbed is that stored in 
the test circuit transformer and surge 
generator capacitor. This is a function 
of the length of the surge, the capacitance 
of the surge generator, and the reactance 
of the power transformer. The duty on 
opposite polarity impulse and power may 
be more severe than testing on the same 
polarity but the results may also be mis¬ 
leading. Similarly, testing too low a voltage 
sample may also be misleading so the 
standards require that two voltage ratings 
be tested. For our routine power follow 
testing we have used longer duration current 
waves than those specified in the discharge 
voltag^ test. They are more certain to 
establish follow current and they also test 
for durability on the longer duration surg^es 
measured in service. 


E. Beck (Westinghouse Electric Corijora- 
tion. East Pittsburgh, Pa.): Several years 
ago some tests were made, the results of 
which we should like to contribute to t1ii|e 
excellent paper. The object of the tests 
was to secmre data pertaining to the wave 
shape of the current discharged through a 
lightning arrester from a charged con¬ 
ductor, in the expectation that this would 
resemble what might happen in the ^ ase 
of switching surges produced by inter¬ 
rupting the charging currents to an idle 
line or cable, I am not sure that this 
actually represents what happens for all 
switching siurges, because there are many 
variables that enter the matter, one of 
which is whether the arrester is on the Tinp 
or the source side of the circuit breaker 
and whether a voltage sufficient to discharge 
the arrester appears at the arrester before 
or after the arc in the circuit breaker is 
interrupted, and also what the arc charac¬ 
teristics are. It seems to me that varia¬ 
tions of these cases occur. There exists a 
lack of factual data on the character of 
switching surges on systems and of the 
currents that arresters discharge if they 
are operated by switching idle lines or 
cable. Before jumping to conclusions, it 



Fig. 17. Oscillograms of tests. A—^Test 1. 
B—Test 2. C—Testa. D and E—Test 4 
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se^s to me we should know the facts 
Our tests may resemble the case of the 
aires er connected on the line sSe of the 

line "rLS: 

voltage to discharge the arrester. Also at 
the moment that the arrester spa^ Vhf 
a^it breaker hw already interrupted so 
Z '^‘^““ected from the 
it is ^ minority case, but 

s concert? ^ ^ the arrester 

^ P“t into the line or cable 

to charge 

i?L then switS 

^ hshtong-arrester element thereby 

M this arrested 

arrester series gap is included 

Sane £f dS.^® 

sfiape of discharge current and the effect 
on the wave shape of differences in arr££r 
pedance. The cable used was 966 feet 
long with a lead sheath and a smS S! 
pedance of 25.3 ohms. The cable sheath 

and 4 tie 

nuddle. It was charged by a rectifier. 


9 kv arrester. Because of the fogging on 
the current oscillogram of Pig. 17 
voltage ^cillogram. Fig. 17 (E), 
shown. Initi^y the wave is squai, 
then, smce the impedance of the three 

than the cabfe 
impedance, the discharge has a relativelv 
long tail that looks like the discharee of a 
capamtor though a resistaic^^^" ^ ® 
A^in, it is not the purpose of this discus- 

g surges. The real purpose is to point to 
some of the phases of the problem anri 
emplMsize that some fundamental data on 

to tMWe the problem realisticallv T+ 

■wording of 
Tkeo some single cai 
should be selected as a criterion 


Test 1 

ch^^^H charged to 16 kv and dis- 

theleste oscillograms for 

tne tests. Tune runs from right to left 

P'^i^^'^^ally square as is to be 
3 1 , ^sistor almost 

impedance of 25.3 ohms. 
The voltage appearmg across the resistor 

mte^umaSkv. Snee the rSS 

r=^oe wan slightly less than the ertle 

^ o' 

Test 2 

“Hie cable was again charged to Ifl tar 
Md was discharged through a siu^e stato- 

‘I' elemen/oftS; 

arrester. The wave, shown in Fig. 17 rn) 

JS a^m practically square, hecause the bl^ 
m^nce approaches the cable impedance 

SL" 8 £ " w£ blocfwas 

current decays, 

are a^ few SdM increases and thfre 

„ a few added pulses of current of the 

thT^ “ original pulse. Actually 

the voltage oscillogram, not shown here’ 

SSy ^s^torV"^ - 

Test 3 

th^'in“S: T i? f 

through S Li* 

STpuise*'"” 

* 0 * *•“* switching 
voltap magnitude has an effect 

ihe^^^srpriSX^^s 
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H. A. Cornelius (Commonwealth Edison 
nave effectively demonstrated a weakness 

~ir£'’f‘'mS^hen^^ 

the^r^h?-^^®* ^ 60-cycle voltage e^aTJo 
the lightning arrester's voltage rating is 
applied, as well as the 10 - by 20 -impulse 

thr 6 o!> ^r^'r Present standards p^it 
the 60-cycle voltage to decrease up to 10 % 
^^^Jollow-current flows thr^n^^^S 

Several undesirable effects occur because 
r^ed arrester voltage is not maintained 

c'^L^oT 

. 1. The magnitude of the follow current 
IS understated, i.e., by allowing the vStS 
to drop to about 93%. a follow current 5 
^0 amperes was obtained in t^Tesf 

S? Sn maintained at 100% 

wMe follow current flowed, a current 5 
295 amperes was obtained. This is a 
difference m follow current of 28%. 

2 . Tlie magnitude of follow ourent 
«cmd under this couditiou is 
^itotiTe of system performauce reqtdre- 
m^ts. System voltage will be mainSd 
and may even be somewhat above normal 
on most large systems; so an arrester must 

o. The full heating effect of the follow 
current at rated voltage is not secured. 
Obviously the heat produced by a 128% 

SS: “ ***“*“ “ 100 % 


^°‘*^ P permitted to be 
Is the ^ter's rated voltage during 
the flow of 60-cycle follow current 

&^g a test for lightning mresters 
which simulates the effect of repeat^ 
^ and power foUowKmrrent ““ 
mptious, such as occur in the field, ou the 
th^^ stebility of arresters has been an 
objective for several years. The nresenf 
standard duty cycle test is a pSr apS^d^ 
mation of field conditions, because the 

te“ S specified between snccSsiv^ 
tests in the series. Also, it is far 
severe because the cumulative heat nrn 

Mdered adequate and it would be desirable 

StanS?L“3lr 

The present standard low-current long 
c£w'S discharge current test for arrestefs 
could be made more valuable to users and 
MS ^pensive for manufacturers, by ameS- 
ing the method of making it. TW S 
applying a rectangular-wave 
150.ampere crest current for 2.000 nSl! 
seconds to a station-type arrester for 
sample, as required by present sWard£ 

to cause 150 amperes to flow for 2 onn 
microseconds. In this way b£h 
durability of an arrester when exposed to 

r 5 and its switching-surge 
withstand ability can be tested undfr 

Th? conditions in all labaratoriJT 
S !L ^ voltage has caused spark-over 

wh 2 dSnfr ^nle sZt 

What different from that in the laboratory. 

* fi®ld the long-duration discharge 
<^u^t magnitude will depend on: tTS 

4 thp Q arrester s resistance; and 

^ the ^rester ground lead and gi-owd 

^ mentioned in the 
factors, however, would not 
decrease the value of making tite on a 

la^rat^v. In 
i-'™*’ •“ ““sratulate the authors 

SCS* 
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Progressive improvements in the dutv 
cycle test standards for arresters, howeve^ 
have been made gradually over the years’ 
The present AIEE Standard No S i 
permits a 10 % drop below the rated voltS 

^ Powt3 

tIS present National Elec- 

March loS ^ ^ ^®®"ad in 

Mmch 1952, requires the use of a larger 

60-cycle voltage source, one capable of 

oS^fnZ *“ fauji 

current to hdp with this problem The 

effectively demonstrated by the author 
operrnitting the 60-cyde voltage to de- 
c^e dunng the flow of follow current 

‘TT^ fa the draft of 
AIEE Standard No, In this draft. 
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w?^£^ a^er standards. Furthermore, 
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Sf L a^f: discharge test, suit- 

IS significantly better than the present 
160-ampere, 2.000-microsecond test How- 

nert to meamngless when investigating 
smtchmg-surge durabilities, unless all light¬ 
ning arrester impedances in this current 
^^ are ulautical. Tho situarion is^! 
hat analogous to a duty cycle test wherein 
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the power frequency test voltage would be 
adjusted to give the same follow-current 
for all arresters. It is true that the service 
records of the more modern arresters, some 
of which meet the 150-ampere 2,000-micro¬ 
second test, are considerably better than 
those of earlier types. This may well be 
partly because of the greater i mmuni ty to 
long-duration natural lightning, as indicated 
by the ability to pass this test. However, 
other aspects of performance were also 
improved during this period, for example, 
the development of adequate moisture seals 
practically eliminated failure due to corro¬ 
sion, which may have been the largest 
smgle cause of arrester failure. 

We appreciate Mr. Price’s interest in 
the tests. Of course those described in 
the paper represent the idea of only one 
manufacturer regarding the aspects of 
transient durability worthy of investiga¬ 
tion. We hope this paper will encourage 
othem to publish similar work. 

We agree with Mr. Opsahl that duty cycle 
testing with the impulse and power fre¬ 
quency voltage of opposite polarity can 
be misleading. If power follow current is 
not started, conditions must be altered 
until it is. Once this has been done, condi¬ 
tions are almost certain to be more severe 
than those which could occur in service with 


presumably identical circuit parameters. 
There can be no doubt that the industry is 
far from being able to make opposite 
polarity duty cycle tests in different 
laboratories with any hope of comparable 
results. 

We also agree that the current wave of 
(for example, one of 
12x46 microseconds) constitutes a more 
severe test than does the 10x20-microsecond 
wave. It is used as part of our routine 
quality control testing. 

Mr. Beck s discussion and accompanying 
oscillograms are most pertinent to the 
subject of switching-surge discharges, par¬ 
ticularly since 966 feet of real cable were 
used, wWle the tests in the paper were 
made with simulated cable. 

The similarity of results is gratifying, as 
can be seen by comparison of Fig. 17 (D) 
with Fig. 14. In both cases tests were 
made with 9-kv lightning arrester elements. 
The current and duration shown in Fig. 14 
are much higher than those of Fig. 17 (D) 
but this is because the authors were at¬ 
tempting to represent higher cable-charging 
voltage, lower surge impedance, and greater 
length (37 miles) than were used in Mr. 
Beck’s tests. 

Mr. Beck has also shown quite aptly the 
effect of the arrester valve element charac¬ 


teristics upon switching-surge discharge 
^agnitude, the only difference between 
the tests represented in Fig. 17 (B) and (C) 
bemg the number of valve blocks. This 
IS suni^ to Fig. 13 of the paper, wherein 
the only difference between the two test 

type-GP and type- 
MP elements were used. 

We agree with Mr. Cornelius that the 
present duty cycle test is inadequate for 
exploring thermal stability or repetitive 
disch^ge stnmgth. It must be pointed 
out that a rep/jtitive discharge test could 
employ only weak surges for the initiation 
of follow-current, because impulse genera- 
delivering 10-kiloampere, 
IUx20-microsecond discharges cannot be 
charged with sufficient speed to make this 
test. As a multiple-stroke test, however, 
this constitutes no limitation, since suc¬ 
cessive current peaks of multiple discharge 
strokes axe generally of low magnitude. 

Such a test would explore a different 
service duty from the present standard 
duty cycle test wherein the repeated appli¬ 
cation of 10-kilocycle discharges constitutes 
a si^ificant part of the over-all test 
seventy. Therefore, a multiple-stroke or 
thermal-stability test, if employed, would 
supplement rather than replace the existing 
standard duty cycle test. 
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T he integrated Southern Company 
System consisting of the Alabama 
Power Company, the Georgia Power Com¬ 
pany, the Gulf Power Company, and the 
Mississippi Power Company serves an 
area of nearly 100,000 square miles and 
supplies a load of approximately 3,000,000 
kw. Power supply sources availa¬ 
ble to this vast system consist of 18 major 
hydro plants, 15 major steam plants, and 
11 interconnections with 6 neighboring 
systems. For many years, the operation 
of these power supply facilities has been 
co-ordinated through a central office 
known as the Power Pool Office function¬ 
ing through the dispatching organizations 
of the four operating companies. 

Co-ordination of power supply facilities 
was carried out by means of power supply 
schedules prepared in advance and sup¬ 
plied to each of the dispatching offices. 
Although important savings were realized 
from such co-ordination, it was recog¬ 
nized that' advance scheduling of the 
operation of the various sources could not 
result in maximum economy since such 
schedules were based upon anticipated 
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system conditions rather than those ac¬ 
tually existing at the time. As the sys¬ 
tem load became larger and the number 
of generating plants increased, the addi¬ 
tional savings which could be realized by 
closer supervision of power supply in¬ 
creased and management decided to es¬ 
tablish a central power co-ordination office 
to be manned 24 hours a day to obtain 
maximum efficiency in such co-ordination. 

Buying the planning and construction 
of this power co-ordination office, new 
procedures were studied to obtain in¬ 
creased economy of power supply with the 
new organization. It was concluded that 
the most important single improvement 
that could be made was to find a means of 
properly including the effect of trans¬ 
mission losses upon system power supply 
costs. A survey of the accomp li shments 
in this field showed that the only existing 
method of doing this was by means of 
scheduling generation some 24 hours 
ahead on the basis of curves representing 
incremental transmission losses for a 
number of typical system conditions. 
This procedure did not offer a satisfactory 


solution to the problem since one of the 
principal reasons for establishing the new 
office was to eliminate advance schedul¬ 
ing of power supply. If the power supply 
co-ordinator (PSC) could take into ac¬ 
count system conditions such as sytem 
load, interchange with other systems, g-nd 
maximum and minimum capability of 
each of^ tlie generating units as they 
change, it would be a great aid in permit¬ 
ting schedules to be changed quickly to 
meet changed conditions and thus im¬ 
prove the economy of power supply. 

Computer Developed to FulfOl Need 

The Southern Company personnel then 
conceived the idea of and developed the 
circuits for an analogue-type computer 
which would quiclcly determine the incre¬ 
mental cost of power delivered for each 
generating unit based upon system condi¬ 
tions actually existing at the time. This 
conception embraced the idea that all 
telemetered information such as tie-line 
loadings, output of regulating plants, 
and output of other major generating 
plants should be fed directly to the com- 

Paper 55-141, recommended by the AIEE System 
Engineering and Computing Devices Committees 
and approved by the AIEE Committee on Tech¬ 
nical Operations for presentation at the AIEE 
Winter General Meeting, New York, N. Y., 
January 31—February 4, 10.55. Manuscript sub¬ 
mitted October 19, 1054; made available for 
printing December 6, 1954 . 
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puter with means being provided for Ttiie n-ff +* i 

manually supplying to the comp^e^to ^ 

raquhed iufonnatioa on cune'S 


reqmred information on current system 
conchtions. To simplify the PSC’s prob¬ 
lem m determining the proper loading of 
each generating unit so as to minimize 
the cost of power delivered to the sub¬ 
stations, meters showing per cent of power 
delivered and incremental cost of power 
d^vered were to be located directly in 
out of hun with selector buttons pro¬ 
vided for selecting any unit on the system. 

When a seI«tion is made the meters 
Should provide an indication of these 

quantities for the selected unit. To realize 

these objectives, an incremental cost of 
power-deHvered computer was designed 
and coi^tructed, and has been in service 

J^e “““ 


Operating Principles 


The computer automaticaUy deter- 
hiines the incremental percentage of 
power delivered from each source, as 
sdected, and simultaneously calculates 
the incremental cost of power delivered 
from a particular generator located at the 
sotmce. A high percentage of the re¬ 
quired information is fed into the com¬ 
puter automatically and the data are 
read out” manually by means of a series 
of push buttons provided on the center 
section of the computer, as shown in 


I The ma^tudes of the power in the 

• sources which are subject to rapid or un- 

• predictable variations are fed into the 
^ computer automatically by retransmit¬ 
ting means in the telemetering receiving 
recorders. The recorders are located on 
the panels which are in the background 
of the computer, as shown in Fig l 
The megawatt values of the sources which 
are not fed in automaticaUy are set by 
means of man ual dials in accordance with 
the information received on the teletype 
equipment located to the right of the 
computer console. 

The computer has been built to ac¬ 
comodate 30 sources although at the 
present time only 23 sources are required 
to represent the system. In some in¬ 
stances a source may be made up of 
several generating stations which are in 
dose proximity, or it may consist of a 
generating station, a nonconforming load 
and a tie line to an adjacent system. 

The operation of the computer is rela- 
IV y simple in that the operator merely 
pushes the button corresponding to a par¬ 
ticular generator and the computer auto¬ 
matically displays the incremental per¬ 
centage of power delivered from that 
source on one indicating meter and the 
incremental cost of power delivered from 
that gen^ator to the load centers on a 
second mdicating meter. These two 
meters as shown in Fig. l, are located ' 


The only information required from the ^ 1, are located 

power system for computing the incre the push buttons 

mental ^nsmiesion loss is the mavni- eeot Z, '"ZZZ in per 


1 1 . -uic incre¬ 

mental transmission loss is the magni- 

rfu the sources. 

It should be noted that, in the case of tie 

lines, both magnitude and direction of 
powCT flow are required since power may 

Large industrial 
loads which do not conform to the normal 
load pattern are introduced into the com- 
puter as sources of negative generation. 


wjijr lu ucr 

cent and mils per kilowatt-hour. The 
mcr^ental cost of power delivered will 

heremafter be referred to as X. It should 

be noted that only the incremental per- 
centege of power deKvered is calculated 
tor tie lines to foreign systems. The in- 
c^mental cost of power delivered or 
stated more exactly, the incremental cost 
of power delivered to the load centers is 



FiS. 1. Incremental cost 
of power<feliverecl com¬ 
puter 
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torn defined as the additional cost of the next 
increment of power delivered to the load 
e centers taking into account not only the 

Z generating power at 

the station bus but also the attendant 
- change in transmission loss involved in 
mg transmitting this power to the load 
on centers. 

The computer is integrated into system 
operation in the following manner so as 

by practicable, 

,^y equal X values for all the generating units. 

If. e.g., additional load comes on the 
P systm, the generation of the regulating 
sta mn^^ which is a hydro plant, is auto 
matically increased by the action of the 
iie Jj’®‘j“®"‘^y-biased tie-Une load control so 
that the area requirement is returned to 

zero. Astheregulatingplantapproaches 

rf regulating capacity, 

the PSC redistnbutes the load change on 
the remamder of the generating units on 
the system so that the regulating plant 
generation is approximately centered in 
Its regulating range. To determine the 
■ division of the load increase between the 
remainmg generators which are not on 
automatic control, the PSC, by means of 
manual dials provided on the computer 
inserts an increased value of generation 
; for each of the units which are in a posi¬ 
tion to accept a load increase. 

It should be noted that units having a 
low cost, or which are favorably located 
or umts which may be constrained for 
reason may be operating at values 
below the power system X. Units with 
vdues of X lower than the system X, or 
which are constrained, will be operating 
at maximum outputs and, since the out- 
^ increased, 

the PSC need only take into account the 
A s of the nonconstrained units. After 
reading the X's for the nonconstrained 
generating units, the PSC selects one or 

f outputs of which 

shou d be increased to bring them more 
dosely to the average value of the X’s on 
the nonconstrained units. The amount 
of load increase required for each gen¬ 
erating unit is then determined by adjust¬ 
ing the manual dial to the. proper value 
which will increase the X of that particular 
generating unit to the approximate aver¬ 
age of the X’s on the nonconstrained units. 

For those cases where the output of a 
station is telemetered to the PSC oflice 
and fed automaticaUy into the computer. 

It IS only necessary to snap a toggle switch 
from the “telemetering” to “manual” 
iwsition to operate the manual dials for 
the various generating units in the sta¬ 
tion. After the manual dials have been 
adjusted to determine the megawatt in¬ 
crease for the various units in that par- 
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ticular station, the toggle switch can be 
returned to the "telemeter” position. In 
many cases there are only a few units 
which economically enter into a single 
load^ increment and the entire operation 
outlined in the foregoing can be per¬ 
formed in approximately 1 minute. The 
same general procedure is used if the sys¬ 
tem load decreases except that the re¬ 
quired generation changes are determined 
on the basis of decreases in generation. 

Some of the stations on the Southern 
System bmn either coal and/or gas in 
the steam generators. The gas burned is 
so-called dump gas and is interruptable 
on very short notice. Since, in general, 
the cost of gas is less than that of coal, a 
station will have a relatively low incre¬ 
mental rate when burning gas. When 
the gas supply is interrupted the PSC 
turns the fuel selector switch from gas to 
coal and the computed value of the incre¬ 
mental cost of power delivered automati¬ 
cally reflects the higher cost of the coal 
fuel. This will cause a change in the 
value of X as read from the computer, and 
a readjustment of the generation of this 
and other stations will be required to 
equalize the values of X. 

The computed value of the new genera¬ 
tion requirement, as dictated by either a 
system load change or a change in the 
type of fuel, is dispatched to the station 
or stations by means of the teletype re¬ 
ferred to previously. By using the com¬ 
puter in the manner just described, the 
X’s of all honconstrained generating units 
are maintained at essentially equal values. 

It should be noted that equal values of X 
should not be interpreted to mean that X 
has a constant value. The value of X for 
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the power system will vary as a function 
of total system generation, This is a 
well-recognized principle of electric power 
system operation. 

The computer may also be used for ob¬ 
taining an evaluation of the incremental 
cost of power delivered to neighboring 
S3rstems and of the incremental value of 
power received from neighboring systems. 
The generator or generators supplying 
pow^ to a neighboring system are those 
wthin operating range which are operat¬ 
ing at essentially equal incremental cost 
of power delivered to the load centers. 
The X of these generators is the system X 
which was earlier described. The X of 
power delivered over or received from an 
interconnection is the system X multiplied 
by the per-cent power delivered (ex¬ 
pressed as a decimal) as read from the 
computer for tliis into-connection. The 
average incremental cost of power deliv¬ 
ered or tlie average incremental value of 
power received at an interconnection is 
the average of the incremental cost or 
incremental value as determined in the 
foregoing for the condition when no 
powCT is being received or delivered over 
tlie interconnection and the incremental 
values when such power is being deliv¬ 
ered or received. 

It has been found convenient to log the 
values of X and incremental percentage of 
power delivered at variable intervals so 
that the PSC can follow the system trend 
and be prepared to allocate the next 
change in generation to the proper gen¬ 
erator or generators. At times when the 
system load is relatively constant, the 
interval between loggings can be in¬ 
creased. 


( 1 ) 

»=1 

where 

.s “number of sources 
m“row index which assumes all values of 
whole numbers from 1 to s 
column index which assumes all values 
of whole numbers from 1 to ^ 

•PTO=power of source m 
Pn*= power of sotuce » 

Pi=total transmission loss 
Ptoti” constants determined by the system 
characteristics 

Prar)®* constant based on the incremental 
transmission loss at zero system 
generation 

The Southern System has 23 sources so 
that the expressions for the incremental 
transmission loss for particular sources 
are as follows: 

source 1 

^Pi 

— “2Pi-jPi-(-2Bi_2P3-|-2B,_3P8 + 

. . . +2Pi-.2jP23-|-j3i_Q (2) 

source 2 

£>Pi 

^ = 2P2-,Pi-|-2P2-. 2P2+2P2- tPi + 

. . . ■|-2P2-23P2a+P2-0 (3) 

source 23 
^Pl 

~~ 2P2J- iPi -\- 2 B 2 z~ 2P2 ■\-2Biz~ aPa+ 

. .. +2P23-2aP2a+P2a-o (4) 

A matrix, which is shown schematically 

in Fig. 2, is used in the computer to obtain 
analogue voltages proportional to the in¬ 
cremental transmission loss for each of the 
individual sources as typified by equa¬ 
tions 2, 3, and 4. The resistors Pi-i, 
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Fis- 3. A 3- 
•ource system 
having two load 
centers 


LOAD 

CENTER 

B 


6 


SOURCE 


-^ 2 - 1 ,. . and i? 28 -i in column 1 are made 

proportional to the B^,.and 

2 s I constants used in equations 2 3 
and 4. In column 2, the resistances ire 

proportion^ to 3x~,,5*-,.and5M>,. The 

resistances m the remaining columns are 
similarly proportional to the appropriate 
constants. A current, proportional to 
the powCT of a particular source, is caused 
o flow through a particular column of the 
matrix. For example, the current h in 
column 1 IS proportional to i>,, and the 
current in column 2 is proportional to Pj 
etc. A measure of the incremental trans¬ 
mission loss of a particular source is ob- 
tmned by summing the voltages of a par- 
ti^ar row. For example, the sum of 
tte vohag^ across row 
• •+r 2 *i 2 i- 2 a+ loBi—o which sum is pro¬ 
portional to the incremental transmission 
bss for sowce 1, as expressed in equation 
f. In a l*e manner, the sum of row 2 
IS proportional to the incremental trans¬ 
mission loss for source 2, Similarly 
summing over the other rows, one at a 
tune, :^elds values of the incremental 
transmission losses for the remaining 
sources. When a particular source is a 
tie line to a neighboring system, the di¬ 
rection of current flow through the column 
reverses with a reversal of power flow 
It will be of interest to examine the B 
constants msome detail so that a physical 
significance can be assigned to them The 
actu^ detonation of these constants is 
^veloped by Early, Watson, and Smith.^ 

O constants designated as Bi-i, Bi~ 2 ,... 

23- 23 are termed self-constants and their 
values are a measure of the effect on the 
incremental transmission loss of a given 
caused by a change of power in 
that source. These constants are always 
po^e m sign. The constants desig- 

onn f ^ ^ and Other similar 

^^tants where the subscript involves 
two sources are referred to as mutual 
These relate the effect of a 
Oge m one power source to the incre¬ 
mental transmission loss of a second 

tiwnr be either posi 

or negative depending on the relation 
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of the two^ sources in the transmission 
systo. Fig. 3 illustrates the physical 
conditions which determine the signs of 
the mutual constants. For simplicity 
only a 3-source system is shown, s^pply^ 
mg two load centers A and B. Sources 
1 and 2 are connected to-load center ^ 
by means of transmission lines. Source 3 
IS located at load center B and the load 
^ters are connected by a transmission 
ime. If It IS assumed that the capability 
of source 3 is less than the minimum 
load at load center B, then there wiU 
always be power flow from load center A 

to load center F over the interconnecting 
transmission line. If the load at both 
load centers is increased by a smafl incre- 
ment, md this additional load is supplied 
by an increase in generation at source 1 
the incremental transmission loss for 
source 2 will be increased. 

This is because part of the power of 
source 2 is being transferred to load center 
B over the transmission line connecting 
the two load centers. Since the level of 
pow^ flowing over this transmission Kne 
has been raised, the incremental trans- 
imssion loss associated with source 2 is 
akoin^eased. If. under similar condi¬ 
tions, the generation is increased at source 
the effect will be an increase of the in- 
CT^ental transmission loss for source 1 . 
Thus, the mutual constants relating 
sources 1 and 2 are positive. If the incre- 
mmt in load at the load centers is sup- 
phed by increasing generation at source 3 
^ win decrease the power flow over the 
transmission line connecting the load 
^ters and thus decrease the incremental 
toansmission loss associated with sources 
1 and 2. Since the incremental trans¬ 
mission losses of sources 1 and 2 decrease 
wth au increase of generation at source 
3, the mutual constants between sources 
1 and 3 and also between sources 2 and 3 
are negative. It is not to be impHed that 
the foregoing explanation is intended as a 
ngorous proof regarding the signs of the 
mutual constants but is merely intended 
to give , a physical significance to the 
mutual constants. 

. Referring to Fig. 2, the voltage derived 
from a row of the matrix is substracted 
from a voltage representative of unity and 
this resultmt voltage is measured by an 
a-c potentiometer servo unit so that the 
position of the output shaft of the servo 
IS proportional to unity minus the per- 
^ntage of incremental transmission loss. 
Stating It another way, the servo shaft 


position is proportional to the percentage 
of incremental power delivered. When s 
push button is depressed for a particulai 
unit, the servo is connected to the proper 
row of the matrix so that the indicating 
meter on the front of the console, which 
IS operated by the servo, gives an indica¬ 
tion of the percentage of incremental 
power deKvered by that unit. This 
measurement, as will be explained, is also 
u^d to compute the values of X for the 
different units. 

The computation of the incremental 
rates of the generators for this computer 
IS based on the following relations 


I’=‘a+bP+cP^ 
where 


(S) 


/“input, 10" Btu per hour 
P “kilowatt output of generator 
a, 0 , c=constants applying to a particular 
generator 


Differentiating equation 5 yields 


dl 

— »b+2cP 


( 6 ) 


which is the expression for the incremental 
rate of a particular generator. It should 
be noted that, when equation 6 is plotted 
mth kilowatts as the abscissa and 10« 
Btu per kilowatt-hour as the ordinate, it 
describes a straight line of intercept at b 
and a slope of 2C. 

^en the generators in a multiple unit 
station have the same characteristics, 
only one incr^ental rate circuit is used 
or the station. The computer auto- 
mati^y divides the total generation 
equally among the generators in service 
and aU computing is done on a unit 
basis. When a station has units of dif¬ 
ferent characteristics, a separate incre¬ 
mental rate circuit is provided for each 
ype of unit. For example, Gorgas Sta¬ 
tion, which has a total of eight generators, 

IS provided with four separate incre¬ 
mental rate circuits. As indicated, the 
mcremental rate curves in this installation 
were represented by a straight-Une rela¬ 
tionship. The principles of computing 
are such that indronental rate circuits 
can be arranged to express this relation 
as a series of connected straight lines of 
different slopes and intercepts. By this 
method any of the typical incremental 
mte curves can be followed quite dosely. 

To convert to cost, both sides of equation 
6 CM be multiplied by/, the cost per 
1,000,000 Btu, and the equation becomes 


dhtf dP 
dP 


( 7 ) 
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cost per kilowatt-hoirr is the product of 
the sum of b and 2cP multiplied by the 
cost per 1,000,000 Btu. Separate cost 
dials are provided for each station for 
each type of fuel which may be used in 
the steam generator. Some of the sta¬ 
tions may be using both gas and coal 
simultaneously in a single steam genera¬ 
tor, in which case the dial is selected for 
the particular type of fuel which is to be 
v^ied as a function of load. The cost 
dials for the steam units are calibrated in 
cents per 1,000,000 Btu and may be 
readily adjusted as the price of fuel 
changes. Fig. 4 is a schematic diagram 
of the circuit used for computing the in¬ 
cremental rate of a unit. The contact of 
slide wire S is positioned in accordance 
with the load on the generator and the 
range in volts of the slide wire is deter¬ 
mined by the setting of slide wire Si so 
that the voltage Ei across slide wire 5 is 
proportional to 2c of equation 7. The 
voltage £ 2 , Fig. 4, is thus proportional to 
the 2cP term. Slide wire Si is so posi¬ 
tioned that voltage is proportional to 
the h term of this same equation. The 
sum of Ei and E^ is in turn proportional 
to {h+2cP), and it is necessary to modify 
this sum by the cost factor / to obtain a 
voltage representative of the right-hand 
term of equation 7. This is done by ap¬ 
plying the sura voltage to slide wire St 
and adjusting the position of its contact 
in accordance with the / term, as shown 
in Fig. 3. The voltage £ 4 , which is the 
resultant output after the foregoing op¬ 
erations, is representative of the right- 
hand term of equation 7 , or the incre¬ 
mental rate in mils per kilowatt-hour of 
the unit. 


The computer provides means for co¬ 
ordinating the operation of hydro and 
steam plants. It is particularly applica¬ 
ble when the hydro plants have storage 
or weekly pondage. A selected incre¬ 
mental cost is assigned to a particular 
hydro station so that the desired amount 
of water is released through the turbines 
in a designated period of time. This 
pseudoincremental cost is combined with 
incremental transmission loss, and the 
value of X read from the computer is used 
as a basis for loading the station, as de¬ 
scribed earlier. The computer, when op¬ 
erated in this manner, effectively deter¬ 
mines the most advantageous time to use 
the available water from the standpoint 
of the incremental cost of the steam power 
replaced, including the incremental trans¬ 
mission losses associated with the steam 
plant, and also the incremental trans¬ 
mission losses associated with the hydro 
plant. 

If it is desired to increase the amount 
of water released over a given period of 
tune, the cost dial is set at a lower value 
which will result in a lower value of X. 
This means that the station will be gen¬ 
erating for a greater number of hours dur¬ 
ing the course of a day’s tune. Assigning 
a greater cost will result in an increased 
value of X and, consequently, the amount 
of water released will be decreased. Wlien 
it is desired to release the maximum 
amount of water through the turbines, 
the cost dial is set at zero which will nor¬ 
mally result in the plant being fully 
loaded for all values of system load. 
Operation on some systems is based on 
peaking hydro plants at time of system 
peak to limit generation at higher cost 


steam plants. The computer may dic¬ 
tate that it is advantageous to increase 
the higher cost steam generation at peak 
loads and increase the hydrogeneration 
at a time when the incremental trans¬ 
mission loss factor is lower. 2.3 This is 
based on the premise that the transmis¬ 
sion system is most heavily loaded arid 
the incremental loss is greatest at the 
time of the system peak. 

The method of computing X is shown 
in Fig. 5. The voltage across the measur¬ 
ing slide wire 5 is proportional to the in¬ 
cremental percentage of power delivered, 
and is provided by a retransmitter on the 
servo shown in Fig. 2. The voltage Ea 
is the output voltage of the incremental 
cost circuit shown in Fig. 4, and is to be 
balanced by the positioning of slide wire 
5. When the servo is balanced, the 
angular position of the contact arm of 
slide wire 5 is a measure of X. For this 
particular computer, the range of the 
servo is 0 to 16 mils per kilowatt-hour. 
The balanced position of the slide wire is 
directly proportional to Ea and inversely 
proportional to Ei. For example, if the 
voltage El is doubled in value, with Ea 
remaining constant, the servo will be 
balanced at one-half of its previous angu¬ 
lar position. Essentially ^is servo is of 
the ratio type, which measures the ratio 
of the incremental rate of the generator 
to the incremental percentage of power 
delivered. 

All of the variable factors in the com¬ 
puting circuits including, the matrix ele¬ 
ments are adjustable over wide limits of 
permit, taking care of future conditions 
which may result from changes on the 
power system. Factors, such as fuel 



cost, which may vary over relatively short 
periods of time have dials calibrated in 



Fig. 4. Schematic diagram of circuit to obtain incremental generating cost 
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Ae appropriate units so that they may be 
quickly set at new values. 

The computer, as described, is of the 

type and the computed 

chancel required generation 

^ge) .S dispatched by means of the 

such that^HT"*"'^® principles are 
such that they can be convetuentlv 

‘'n “to 

matically on the basis of incremental costs 

of power delivered in conjunctiou vS 

^gmzed forms of load-ftequency con- 

AU of the circuits operate directly from 

sMnnivr. +T, ^ single-phase power 

fa tbl ; a*' ‘■“l“to™onto being 

fa the order of 250 watts. The accuracy 
rf tie computer is not affected by voltage 
OT freqi^y variations normaUy en¬ 
countered on electric power systems. 


Operating Experience 

The computer has fuUy Kved up to aff 
-^^rions. ThePSCareenthL^S 
because, as the system load 
changes. It tells them at what plants gen- 

and tT increased or decreased 

and the amount of such change. It rives 

them tte confidence of knowing that they 
are domg tte proper thing at all times. ^ 
production expenses re- 
ting from the co-ordination of incre¬ 
mental production expenses and incre- 
m^tri transmission losses have been esti- 
mated at not less than $200,000 per year 
for the Southern Company Syston 
During the first 4 months the coi^I^utei^ 
was m operation, the severest drought 
auditions in the past 25 years have been 
expenenced and it has. therefore, been 
uec^s^y to operate primary fuel plants 

peak-period 

fore storages. There- 

forc. It has not been possible to give 

W f transmission 

losses m loading the fuel plants during 


^ese hours. However, the computer 
h^ been used to the full extent during 
&e off-peak hours and the fuel plants 
have been loaded for equal incremental 
cost of power dehv^ed. The PSC have 
had no difficulty in maintaining the incre¬ 
mental delivered cost of the various units 
at the same level within ±0.1 mil. 

In view of the abnormal hydro condi- 
tions prevailing during this period, no 
studi^ have been made to determine the 
actual savings being realized. However 
here are several indications that the 
computer is performing its duties effi- 
cienriy. For example, prior to the use 
of this equipment, considerable difficulty 
was experienced during the morning 
loadmg and evening unloading period 
because of the overloading of transmis¬ 
sion hues. When the loading of the 
plants IS determined by the computer for 
equal incremental cost of power deKvered. 
no difficulty is experienced from this 
source. This is to be expected since 
overloaded lines result in abnonnal trans- 
mission losses. An interesting side Hght 
IS that a plant on the western end of the 
system burning natural gas at a cost of a 
«nts per 1,000,000 Btu at times operates 
at the same incremental cost of power 
ehvered as another plant on tlie eastern 
costing 35 cents per 
1.000,000 Btu; the equalizing factors 
being that the plant with the low-cost 
luel has an incremental heat rate ao- 
proamately 20 per cent higher than that 
of the other plant and incremental trans- 
im^on losses as high as +40 per cent 
while the plant burning the high-cost fuel 
has lUCTemental transmission losses as low 

so —40 n<ar nonf- 


tions. Constramts imposed by the system 
accent taken into 

computer, as built for the Southern 
Company System, can be termed SmT 
automatic. i.e.. a large percentage of the 
ate IS fed m automatically and the com 
puted information is read out 

^pxmaples used lend themselves to 

fil, system studies or setting up future 

“I"” theTS ,« 

i requirements for operation 

“f the computer is not 
^ted by voltage or fraquen^ variatiraj 
encountered on eleSric ^ 

^ “"“'“to in the 
mato and the mtercept and slope values 

otS rate curves are adjustabte 

limits. Fuel cost dial. t ; cali- 
“ cents per 1,000,000 Btu are 
provided for each station for each tj^e of 

economy of power supply. 
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so --40 per cent. 

Summary 

^The salient features of the computer 

1' computer is compact and requires 
comparatively small amount of floor 


Eleciric Exchange, Oct 1 195^ 

secured from thfkuthOT. ' be 

Oraanram o, * 


Dig 


cussion 


Po3’ (Pennsylvania Water & 

-t'ower Company, Baltimore, Md 1- Th^ 
authors report another splendid ’ihiev? 
ment toward the ultimate objective of the 

So^X’? econSS op^a! 

Their effoS^apS^o^XX^ systems, 
dhefaed 

“ffajfah. economy 

iosses* fflcre^tal transmission 

S'Js. *“ "fateotly under- 

f^h.^ to the basis descrilS 

generation, the mcremental cost assigiS 
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to a parlicifc hydro plant would remain 
constant until such time when it may be 
desired either to increase or decrease the 
amount of water used by that plant overa 
^ven period of time. The Xei^Intet 
^igned to the hydro plants would 
tteu remain constant for long periods of 

Set --ceptX the 

thrlss^ Jiicremental transmission losses, 
the steam generation would remain con- 

incremental 

steam cost and the mcremental costs as- 

ffie hyj-o plants would then operate in 
ffie peak of the system load, taking all the 

^ very uneco¬ 
nomical under certain conditions because 
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^^at result from, 
the imit, pond, intake, tail-race charac- 

SoSf 4 ?*^’ t account the 

^ect of these losses results in less peaked 
hydro operation than otherwise, j^t as 

incremental 

fransmission losses, as described in the 
hydrogeneration being 
Md ^ extent 

w of such transmission 

loss co-ordmation. 

**to hydrogeueratiou 
results m the steam generation participat- 
mg m or sharing in the system load changes. 
riong mth the hydro. Such operation 
results in a variable rather than a constant 
system mcremental steam cost. 

Then, since the incremental cost to be 
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assigned to the hydro plants is equal to 
the system incremental steam cost as of 
the same time, it must also be variable. 
This requirement presents the problem 
as to a possible basis for such a determi¬ 
nation. One such basis, which as of now 
appears to require considerable simpli¬ 
fication if it is to have practical application 
but which, at least, is a start, is shown by 
the following equation obtained by re¬ 
arranging equation 1 of reference 1 

dc N 
dgaH~ ^ 

(8) 

dq dq 
dt 


where 


dc 

^^—incremental cost to be assigned to 

the hydro plant, $ per hour per 
megawatt 

//“incremental water value in $ per hour 
per 1,000 cubic feet per second and 
is a constant during the whole of 
any period of pondage operation of 

hydro plant under consideration 
dL 

— - time rate of change of the system load, 
megawatts per hour 

dq . 

--tune rate of change of the hydro plant 

discharge, 1,000 cubic feet per second 
per hour 

dg7l . 

hydro equivalent of the 

hydro plant, megawatts per 1,000 
cubic feet per second. It is a very 
complicated function that depends 
on the unit characteristics, the pond, 
intake and tail-race characteristics, 
the hydro plant discharge, and the 
inflow into the pond, all as shown by 
equation 2 of reference 1. 

Any justification there may be for the 
use of such a basis for co-ordinating hydro 
and steam generation would, of course, 
depend on an evaluation of the results 
obtained with its application as compared 
with the results obtained with the applica¬ 
tion of other bases of co-ordinating hydro 
and steam generation. 
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W. H. Osterle (West Penn Power Com¬ 
pany, Pittsburgh, Pa.): The authors and 


the Leeds & Northrup Company are to be 
congratulated on the pioneering work they 
have done in the very important field of 
economic dispatching of generation. On a 
system as far-flung as the integrated 
Southern Company System, with high 
transmission loss and with steam stations 
having such a range of fuel cost as indicated, 
it w indeed readily understandable that 
savings can be made by proper dispatching, 
including the effect of transmission losses. 

A great deal of study is being given to 
this problem by other companies including 
my own. Although the savings are not as 
impressive as those of the authors’ company, 
nevertheless they are real and worth while. 
The fact that attention is directed to 
economical plant loading and transmission 
losses is in itself productive of good results. 

I had the pleasure of seeing the computer 
in operation and was greatly impressed. 
One fact brought out in the paper was 
that from the generator information fed 
into the computer, automatically and 
manually, it was possible to arrive at a 
total system load which was metered and 
shown before the eyes of the operator. 
As our system has only a total of 1,250 
megawatts, it was exciting to see a system 
total of around 2,900 megawatts. 

I would like to ask the authors a couple 
of questions about the incremental cost 
curves for the generator units. These are 
repres^ted, as I understand it, as a straight 
line with kilowatts as the abscissa and 
input in 10® Btu per kilowatt-hour as the 
ordinate. The entire curve is multi¬ 
plied by a factor in proportion to fuel 
cost. Now the incremental cost of the 
generating unit is made up of fuel cost 
plus incremental maintenance, or O.T.F. 
(other than fuel) as it is usually called. 
This is generally added at a fixed value 
expressed in decimal mils per kllowatt- 
hom. If the curves are drawn on total 
cost, i.e., fuel plus O.T.F., then the cost 
multiplier operates on the fuel incremental 
and on the O.T.F. also. Further, does 
this one straight line adequately represent 
the power station incremental cost over 
the entire range from minimum to maxi¬ 
mum? Also, what is done on the loss of a 
mill or feed water pump? I would appre- 
date a little further explanation of this 
important item in economic system load- 

^how these cost relationships are put 
into the computer. 


E. D. Early, W. E. Phillips, and W. T. 
Shreve: Mr. Watdiorn has advanced 
what appears to be a very logical evaluation 
of some of tlie factors which should enter 
into the determination of the correct 
economic loading of hydro plants which 


are integrated into an electric system which 
has both hydro and steam stations. 

In general, any loss factors which increase 
with generation will tend to lower the value 
of generation under a gfiven system condi¬ 
tion. Stating the result in another way, 
the effect will be to reduce peaking of a 
particular plant. As stated by Mr. 
Watchorn, superimposing the factors of 
incremental intake losses, incremental 
change in tail-race level, etc., on incremental 
teansmissioii loss will, in general, operate 
in the same direction as the incremental 
transmission loss and result in a further 
leveling of the hydrogeneration. 

The measurement and transmission of 
the necessary data to a computer which 
could solve Mr. Watchorn's co-ordination 
equation is quite a formidable problem. 
Possibly the required simplification as 
expressed by Mr. Watchorn will remove 
this objection and the method will then 
lend itself to solution by means which are 
economically justified. 

Regarding Mr. Osterle’s discussion, 
Southern Company includes incremental 
supplies, incremental maintenance, and 
ash-handling expense in incremental gen¬ 
erating cost by expressing these costs in 
cents per 1,000,000 Btu of fuel burned and 
adding such cost to the fuel cost set on the 
fuel cost dials. This avoids the error that 
a change in fuel prices would produce if 
such costs were r^ected in the unit heat 
curve, referred to by Mr. Osterle. If it 
desired to express these costs in terms of 
kilowatt-hours rather than in terms of 
fuel burned, a separate dial calibrated in 
mils per kilowatt-hour could be used. 

Southern Company considers that the 
accuracy of a • straight-line incremental 
heat curve from minimum to nor mal full 
load is comparable to the accuracy of the 
available test and operating data for its 
units. However, where desired, such incre¬ 
mental cost curves can be represented by 
two or more straight-line segments having 
adjustable slopes, with adjustable points 
of intersection, and adjustable no-load 
intercept. Discontinuities in such curves 
can also be represented. 

Such factors as loss of a mill or feed water 
pump, condensing water temperature, boiler 
and condenser conditions, and the many 
other variables affecting steam plant 
operation probably have a greater effect 
upon maximum loading and average heat 
rate than they do upon the incremental 
heat-rate curve; however, to the extent 
such effects are known, they can be re¬ 
flected by adjusting the slopes, point of 
intersection, and zero load intercept of the 
straight-line segments of the incremental 
cost computer, or by adjusting fuel price, 
or both. 
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S^opsis: This paper deals with the shop 
whpoi Westinghouse water- 

S installation 

at v^ious hydroelectric stations. The me- 

machines are impor- 
tant to the erection as well as in the produc- 
perations. The tolerances called for 
consideringthe size and 
components and the fact tiiat 
large machines are erected on site. The re- 

confined to those con¬ 
cerning components. 


placed in pipe sleeves to pennit horizon¬ 
tal adjustment of the sole plates.’ No 
paint is applied to surfaces coming in con¬ 
tact with the concrete as bare metal 
has better adherence. 


Stator 


^HE demand for power in all parts of 
■ Canada has doubled each decade since 

1910. Mostly the increased load has been 

t^en care of by building hydroelectric 
stations. The total installed hydroelec- 
“ Canada at September 

1. 1954 was 16,000,000 horsepower. The 
^aracteristics of the equipment installed 
depended, of course, on the local condi¬ 
tions, which m no two places were ex- 
aetty the same. Generators had to be 
built to suit and data are now available 
ties^ of speeds and capaci- 

Details of production and erection are 
desenbed which in practice have been 
found to be advantageous in installing 
more than half of the water-wheel gen- 
^ators in Canada. The thrust bearing is 
the_ starting point for the mechanical 
engmeer on a generator design and the 
constinction of Kingsbury-type beatings 
will later be (hscussed at length. All work 
m the shops is, of course, planned so each 
component will be at the site when re¬ 
quired by the erectors to meet the con¬ 
struction schedule. First to go are the 
fotmdahon bolts and details which have 
to be placed while the forms for the con¬ 
crete foundation are being built. These 
are followed by the frame and sole plates 
spider and other rotor parts, shaft and : 
thrnst bearing, upper and lower brackets i 
and, finally, the exciters and air casing. ' i 
Formerly, the practice was to locate the e 

sole plates individually. Instead, for a ^ 
numW of years past, considerable time n 
haa been saved by bolting the sole plates ii 

to tbe generator frame and allowing it to n 

position them for location and elevation fi 
A removable ferrule in the bolt assembly p 
^Ipws for tte final centering of the stator' ir 
The foundation bolts are, of course, fi 


The generator frames as now designed 
and constructed are the result of lengthy 
experience. Those used in the late 1900’s 
were built up with sections of cast iron. 
They were superseded by frames of fab¬ 
ricated steel construction. Earlier de¬ 
signs were subject to warpage and cracks 
wfich required extra time to correct and 
added to erection costs. 

Modern frames comprise a series of 
flat annular, uniformly spaced rings be¬ 
hind the stator punchings. These rings 
are positioned by vertical plates, struc¬ 
tural shapes, and pipe spacers. A steel 
cover wraps the rings, providing support 
and controlling the ventilating air. Ad¬ 
ditional web plates and rings are placed 
above the stator punchings to support the 
superstructure of the machine. 

Accurate machining of the bore of the 
stator frame is essential for satisfactory 
stacking of the punchings; see Fig. 1 
Bores are usually held to =fcb.006-inch 
diameter regardless of size. Out of round- 
^ss of the bore is held to similar accuracy 
The over-aB height of the frame is not 
usually critical; however, parallelism be¬ 
tween the top and bottom face of the 
W must be held to a tolerance of 


0.016 inch. 

High-grade silicon steel laminations are 
used m all large water-wheel-driyen gen- 
»ators where efficiency is a considera¬ 
tion. This iron must be accurately 
punched so that it wiU build to the cor¬ 
rect diameter with smooth faces and slots. 
Subsequent to punching, the iron is an¬ 
nealed and burr-ground to improve the 
electrical characteristics and it is coated 
mth an adequate insulating material. 
Two coats of sodium silicate are used as 
it is one of the most permanent and fire 
resistant types of coating available. The 
fingers of the iron ate supported by finger 
plates. To prevent vibration of the iron 
m the slot portion, it is essential that the 
finger plates provide adequate support to 
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the iron. For this purpose the use of non- 
niagnetic rolled steel fingers held to a 
heavy steel punching by spot welding 
has been standardized. This construc¬ 
tion provides the maximum mechanical 
reliability without increasing the core 
loss in the generator. Vent finger plates 
spaced at regiflar intervals in the stator 
core are of similar construction to the end 
plates except that the fingerlike spacers 
are a much smaller nonmagnetic steel 
section. 

After the punchings are stacked in the 
^ fr^e and compressed or “pulled down,” 
Fig. 2, the through bolts are welded to 
the frame, top and bottom and at each, 
intermediate frame ring, to tie the iron 
core securely to the stator frame. The 
j ends of the stator slots ^e dressed off to 
^ rmove sharp edges which might damage 

g the coil insulation during winding. Gaug¬ 
ing of the slots assures that the coils 
. will fit the slots. The stator bore is 
. checiced for roundness and dimensions 
. to make certain that it is within the re- 
[ quired tolerance. It is normal practice 
to allow the stator bore measurements 
to average from size on to +0.030 inch 
with a maximum variation from the 

average of ± 0.020 inch. However, other 

electrical considerations for the air-gap 
design often affect these tolerances. 

Experience indicates one and some- 
tunes two coil support rings are necessary 
to prevent movement of coil ends under 
short-circuit conditions. These must be 
accurately located so that the coil does 
not haye to be distorted or pulled back 
excessively to come up against the rings. 

For this purpose, the rings are located by 
an accurate gauge which is positioned rel- 
abye to the slot and has exactly the same 
Ia(* as the coils. This procedure allows 
mstallmg coils without undue straining 
which could shorten the coil life. Fur¬ 
thermore, coils are inspected for shape on 
a master gauge which assures that any 
spares will also fit the slots and support 
rings. InstaUation of coils or “winding” 

IS shown in Fig. 3. 

Coils and slot manufacturing toler- 
ayas »e such that there is no possibility 
of having a tight coil that cannot be in- 

essential, however, 
that the final clearance be less than 10 
mils to prevent vibration of the coil in the 
slot. This is accomplished by wedging 
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Fig. 1. 50,000>kva generator frame on a 36-foof horizontal boring 
mill. The openings around the frame are for mounting the air coolers 


the side of the coil with a mica or a semi¬ 
conducting plastic sheet. This sheet is 
supplied in a range of sizes from 0.010 to 
0.025 inch to accommodate the tolerance 
range allowed. 

Since 1942 it has been the practice of 
the Canadian Westinghouse Company 
to braze all connections on the armature 
winding including series, group, and 
parallel rings with a silver-phosphorus 
alloy. This procedure eliminates the un¬ 
certainty of soldered connections and 
reduces the number of connections by 
one-half. Slot wedges are made from 
cloth-base micarta strips principally be¬ 
cause of their strength, unifonnity, and 
dunensional stability. These wedges are 
notched opposite the ventilating ducts to 
facilitate a streamline flow of air through 
the duct. Depending on customer pref¬ 
erence, the stator may be either stacked 
and wound in sections, in the factory, or 
in a complete circle in the field. In many 
cases it is preferable to stack and wind in 
the factoiy to reduce the assembly time 
and the usual congestion in the power¬ 


Fig. 3. Winding of the coils in the stator is one of the longest assembly 
operations whether in the shop, as shown, or in the field. The long 
leads projecting from the top of the coils eliminate individual group and 
series connectors 



house. 

In the event that the stator* arrives on 
the job in stacked and wound sections, it 
is set up to correct elevation and centered, 
sole plates are grouted and the coils 
bridging the splits between sections are 
made up to complete the winding. This 
is a time when great care must be talcen 
as stator winding should only be at¬ 
tempted by experienced workmen under- 
expert supeiwision. The winding per¬ 
sonnel are supplied with special rubber 
mallets, wedge drivers, side-mica drivers, 
and pullers as well as all the necessary 
winding information from the design 
engineers. Where coils are to be heated 
during winding (continuous tajred asphalt 
bonded type), brazing transfonners with 
special connectors are available. 

The number of coils lifted during the 
closing of a split depends on a number of 
factors and should be determined for each 
particular winding. Some of the factors 
involved are: 


Rs. 2. Partially 
stacked 106,- 
000 -kva frame 
showing the 
pressing oper¬ 
ation which is 
carried out for 
every 12 inches 
of iron added. 
The 25-ton jacks 
bear down on 
temporary press¬ 
ing plates. The 
stator tie bolts 
are visible be¬ 
tween the jacks; 
guide strips 
maintain slot 
alignment 
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1. Type of eoil, i.e., mica folium, cuntimi- 
oiis taped asphalt bonded, or Therniahistie. 

2. Depth of slots. 

.■J. 'I'hrow of coils. 

4. rViuiie size. 

5. Voltage class. 

The number may vary from three to 
six times the. number of coils in the throw, 
'riie risk of po.ssible coil daanage is great 
if les.s than the recommended number of 
coils arc lifted while a larger lift than 
necessary results in increased cost, lime, 
and disturbed coils. After the coils are 
jdaced in the slots and before connecting, 
they arc given a momentaty high-poten¬ 
tial-test 1.25 times final test voltage. 
After connection, and before the rotor is 
placed in the stator, the winding i.s given 
a momentary high potential of 1.15 times 
final test voltage. These potential tests 
may be made with either alternating 
voltage, or the equivalent direct voltage. 
Eacli coil is tightened in its slot, as men¬ 
tioned previously, based on individual 
measurement. Contact resistance tests 
with an ohnimeter check this operation. 

When the complete stacking and wind¬ 
ing is to be done at the site, the frame is 
set up, if possible, in its final location on 
the generator foundations with stacking 
and winding operations being carried out 
in position. On occasion it may be neces¬ 
sary to stack and wind in the erection 
bay, in. which case the complete wound 
and stacked stator is moved as a unit to 
the generator foundations and is set to 
correct elevation and centered. To pro¬ 
vide additional strength, on conventional 
machines, the upper bracket is usually 
mounted temporarily on the stator be¬ 
fore the lift is made. 

The elevations and center may be set 
by the turbine-shaft coupling location. 
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w en available. A piano wire plumb line 
f“ appended from the 

topofthest^orframe. Its exact location 

penaaaent tef- 

from “? “ **“ foundations or 

fr<m tte turbine-shaft center. The 
Stator frames are centered to =t 0.032 
inch to level within 0.004 inch. Engi¬ 
neer levels, micrometer targets, and p^ 
gauges are used. The stator is now dow- 

elled to the sole plates 


the crane rail height required for dis- 

manfli-nrr ........._ 


Rotor 

transmits the torque from 
tte shaft to the held poles and consists of 
a spdm, mn, poles, blowem, and other 
mscellaneous parts. The rotors fall into 
two general classifications; 

1. Umbrella design; see Pig. 4(A). 

• Conventional design; see Fig. 4 (b), 

The umbrella design is usually applica¬ 
ble to large-diameter slow-speed ma¬ 
chines, while the conventional design is 
usually conned to high-speed generators. 
The umbrella design provides manufac- 
turmg economies as well as reduced in- 
stallation costs at the powerhouse. The 
rotor can be lifted separately from the 
shaft; see Fig. 6. Thus crane capacity 
IS reduced by the weight of the shaft 
which in the case illustrated amounted to 
10 per cent of the weight of the rotor 
An umbrella installation also reduces the 
powerhouse building costs by lowering 


mantling a generator. 

The bearing support bracket for the 
irabrella-type unit is less expensive than 
the supporting bracket for conventional 
^its. Since the span of the bracket is re¬ 
duced and since the stator frame does not 
have to support any vertical thrust from 
the rotor, there are further design econo¬ 
mies. 

Today spiders are either fabricated or 
built up of disks of plate steel. For fab¬ 
ricated spiders, generally only the hub 
section is built up from annular rings of 
heavy plate steel. Anns of I-beam or box 
sections are welded to the hub. At the 
ends of the arms there is a heavy post to 
tdce the “shrink” and “torque” keys 
w^ch hold the rim on the spider. After 
fabrication, this section is stress-relieved 
to assure that the dimensional accuracy 
of the maclune will be maintained and to 
eliminate any danger of operating failure 
from residual stresses. The spider is 

T ^ tolerances 

of 0.003 inch on the bore and 0.005 incli 
on the arms. 

In designs where it is impossible to use 
the laminated rim construction because 
of small diameters or high centrifugal 
orces, the plate type of rotor is used. 


A nomnterconnected stack of completely 
machined disks is used. These disks are 
shrunk on the shaft as an accurately 
maimed assembly. The poles are at¬ 
tached directly to the plates by dovetail 
slots in the outer edges. 

The fabricated spider involves an outer 
nm. The function of this rim is to con¬ 
tain the centrifugal force of the poles dur¬ 
ing operation and to provide a flux path 
between poles. A staggered assembly 
of sheet steel segments is used. These 
segments act as a link structure so that 
he segments are in tension with tlie 
forces transmitted to the next segment by 
means of the through bolts acting as 
shear pins Consequently, no reliance is 
placed on fnctional forces to hold the rim 
punchings when rotating. 

The nm punchings must build up in a 
circle of sufficient accuracy to have no 
appreciable affect on the air gap. This 
frequently requires an accuracy in the 
pin punching segment to within 0.002 
inch. Such accuracy is achieved by a 
compound die without any resort to in¬ 
dexing and its resultant inaccuracies 
In building the rim. Fig. 6, tlie lower 
end plates are set up in correct location on 
the spider and are supported from the 
floor. Temporary building keys are 
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placed in the spider ann dovetails. As 
the laminations may vary slightly in 
thickness within the tolerances of the 
steel suppliers, every effort is taken to 
ensure proper distribution of each box 
of punchings so that the rim thickness 
will build up evenly. Stadcing is carried 
out with tlie aid of accurately machined 
building pins. The laminations are 
pressed after eveiy section of approxi¬ 
mately 12 inches has been stacked. These 
methods ensure a tight, compact rim of 
accurate diameter. Permanent rim studs 
are inserted and tightened to a prede¬ 
termined tension. 

After the rim has been stacked the 
temporary dovetail keys are removed and 
the rim is heated by electric space heaters 
for the insertion of the permanent torque 
keys. The amount of interference is such 
that at moderate overspeed the rim re¬ 
mains tight on the spider but, at maxi- 
ramn overspeed, tlie centrifugal forces 
overcome the interference forces. Before 


Rs. 5. The 

umbrella - type 
rotor shown 
ready for lower¬ 
ing into the stator 
is complete with 
rim and field 

poles, top and 
bottom blowers. 
Already installed 
in the lower 
bracket are the 
thrust bearing 
and shaft. Also 
visible are the 
hydraulic brakes 
sitting on the 
bracket arms 


the rim has cooled, the permanent rim 
stud nuts are checked for tightness with a 
torque wrench to ensure that all studs 
are under the correct tension. When 
cool, the nuts are welded top and bottom. 

The field poles carry the magnetic flux 
generated by the field coils and mechani¬ 
cally position the field coils. These poles 
are made up of sheet Steel laminations, 
clamped together by end plates, and 
riveted together. Between the pole 
body and the rim is a dovetail joint de¬ 
signed to witlistand the stresses at over¬ 
speeds and to prevent any relative move¬ 
ment of punchings. The poles are wedged 
tight into the rim by the tapered do /etail 
keys. These poles can be easily removed, 
if necessary for maintenance, by removing 
the dovetail keys with a special puller. 
For ease in fitting, the dovetail keys are 
tinned all over and hardened on each end 
for driving. 

First the poles alone are tried and the 
dovetail keys are inserted and marked. 


The field coils are then slipped on to the 
poles and these assemblies are mounted. 
Considerable care is taken to ensure that 
the field coils are tight. The pole and coil 
assemblies are individually weighed be¬ 
fore shipment to facilitate weight dis¬ 
tribution around the rotor as this mini¬ 
mizes balancing problems. 


The generator shaf tfunctions to transmit 
the torque from the water wheel to the 
rotor and to support the rotating mem¬ 
bers. This shaft is made from a carbon 
steel forging which has been heat-treated 
to make a homogeneous metallurgical 
structure free from forging and casting 
stresses. It is turned and polished all 
over to reduce stress concentration to a 
minimum. Essential areas such as come 
in contact with other members are ac¬ 
curately machined and ground to ensure 
the satisfactory alignment of the unit. 
Shafts of this nature are liberally propor¬ 
tioned so that stresses are low and condi¬ 
tions of critical speeds and magnetic pull 
are satisfied. 

The thrust collar is a continuous part 
of the shaft forging for umbrella-type 
machines; see Fig. 7. On conventional 
units, when a separate thrust collar is re¬ 
quired, the collar is assembled with a 
light interference fit to assure accuracy of 
alignment and to prevent movement 
and fretting corrosion. The outside 
diameter of tlie thrust collar face is ma¬ 
chined to runout of less than 0.0002 inch. 
The runout on the ground surfaces is also 
held to 0.0006 inch. 

For a conventional unit the shaft is 
positioned vertically through the floor 
opening in the erecting bay of the power¬ 
house and is blocked at a suitable eleva- 







Fig. 6. Stacking rim punching. This rotor spider is shown with tfie rim 
punchings partially stacked. The pins or rods used for maintaining alignment 
of the dovetail slots are self-evident around the outside edge. The tem¬ 



porary pressing bolts shown are removed when the 'next pack of punch- inte Jal Mrf *** machine are an 

ings is added ® ^ ^ "“"Se at the top end is for 


bolting to the underside of the rotor 
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welds on both sides, each of which are 
(decked for oil tightness. After fabrica¬ 
tion the bracket parts are stress-relieved 
by heat treatment. The lower bracket is 
assembled in the erecting bay, placed in 
position and accurately centered within 
±0.010 inch, and leveled to within 
0.0005 inch per foot of span. Dowelling 
to the grouted lower bracket sole plates 
completes this operation.- The upper 
bracket is centered and leveled to similar 
accuracy and dowelled in position to the 
frame prior to final assembly and then re¬ 
moved until the rotor is in place. 

Thrust and Guide Searing 

As stated previously, the thrust bear¬ 
ing is the heart of the mechanical design. 
The Kingsbury-type bearing design. Figs. 

8 and 9, has been further refined since 
1948 because of new babbitting tech¬ 
niques, improved oil cooling and circula¬ 
tion, improved manufacturing practices, 
and metallurgical developments. The 
mcriern bearing is simple to install and 
adjust, reliable in service, and easy to 
maintain. 

Bonding of babbitt to the individual 
bearing shoes has struck a serious obstacle 
in the blistering of the babbitt face by 
hydrogen released from the steel shoe. 

To circumv^t this hazard, the “no 
bond practice has been - adopted where 
the babbitt is held mechanically to the 
steel by a network of dovetail slots. 
Operating experience is now proving this 
practice sound. 


tion. The shaft at the spider fit and the 
hub bore of the spider are cleaned and 
checked for burrs or other imperfections 
and the fit dimensions are carefully meas¬ 
ured as a check on the interference pro¬ 
vided. The hub is expanded by use of 
space heaters to a predetermined clear¬ 
ance of the bore. The hub bore and shaft 
fits are brushed with light machine oil or a 
solution of molydenum disulphide and 
the hub is lowered down over the shaft 
with the use of the powerhouse crane 
until it is correctly positioned with the 
bottom against the shoulder on the shaft. 
Accelerated cooling on the bottom of the 
hub contracts this part of the hub on to 
the shaft first and prevents the spider 
from pulling away from tlie shoulder as it 
cools. 

On occasion, the hub may be expanded 
while in a position around the shaft above 
the fit, with the shaft being pulled up by 
the crane to the correct location. This 
method is used where the spider is of the 
plate type. The shaft-lifting device pro- 
vided must be suitable for lifting the total 


weight of shaft and spider. With the um¬ 
brella-type rotor it is hot necessary to 
stack the rim over a pit as the shaft is not 
connected to the spider during this opera¬ 
tion. Hence, the spider may be set up 
anywhere in tlie powerhouse where suit¬ 
able space and pennissible floor loading is 
available! 

Brackets 

The function of the main bracicet is to 
support the weight of tlie rotating mem¬ 
bers through the thrust bearing and main- 
tain alignment through the guide bearings 
mounted thereon. The bracket consists 
of a fabricated hub section which serves 
as the oil pot and bearing support. This 
hub is usually supported by four to eight 
radial arms which transmit the forces to 
tlae foundations. The deflection of these 
bra^ets under load must be held within 
limits which will, assurb clearances in 
water-wheel parts and exciters in the 
order of 0.10 inch. 

All oil tight welds are designed with 


A viscosity pump designed into the 
trailing edge of the tlirust bearing pro¬ 
vides a unique improvement in the oil 
circulation. This arrangement gathers 
the hot oil from the trailing edge and 
discharges it directly into the area of the 
finned copper cooling coil. Without it, 
hot oil is picked up by the next shoe. 
This viscosity pump along with carefully 
placed baffles and liberal passages have all 
improved the circulation within the 
bearing oil pot. Foaming from turbulence 
at the top of the oil pot is controlled by a 
baffle and weir construction in conjunc¬ 
tion with a viscosity pump built into the 
guide bearing; see Fig. 8. Air in tlie 
bearing oil film means increased kilowatt 
losscs and higher bearing temperatures. 

The runner plate is made from gray 
cast iron with chilled rubbing faces. Ad¬ 
dition of nickel in the iron results in a 
close grain structure that can be lapped 
to a high polish. The oil absorbed in the 
microscopic pores of the cast iron and the 
flake graphite in the iron act as a solid 
lubric^t in starting, prior to the estab¬ 
lishment of the oil film. 
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Rg. i0 (right). Des Joachims Generating Station on the Ottawa River con¬ 
sisting of eight SO^OOO-lcva 106-rpm conventional-type generatois with 
cooling air recirculated through air-to-water coolers mounted on the frame 


Fig. 9 (above). |JA 56-inch thrust bearing with two shoes and one jack 
screw and shoe support removed 


For the thrust bearing to give the most 
efficient and satisfactory service, it is im¬ 


perative that the utmost care is taken in 
the cleaning and handling of the com¬ 
ponents during installation. The as¬ 
sembly must be done under proper work¬ 
ing conditions in a clean atmosphere free 
from abrasive dust or dirt. 

With the rotor placed in position, sup¬ 
ported by the brakes, the upper bracket is 
installed and the thrust bearing base 
ring complete with jack screws and shoe 
supports already assembled is placed in 
its proper location in the oil pot. The 
bearing shoes are assembled on the shoe 
supports and lightly brushed with a 
graphite grease after which the runner 
plate is placed on the shoes. The thrust 
collar is pressed on the shaft using a 
pressing plate and pressing bolts. The 
fits are lightly coated with molybdenum 
disulphide to prevent galling. The cir¬ 
cular key is inserted and the runner plate 
is fastened to the thrust collar. Proper 
load adjustment on the shoes and jack 
screws is now obtained through the use of 
strain gauges permanently located in the 
jack screws; these gauges may usually be 
adjusted within ± 21/2 per cent. For 
machines ordered without strain gauges, 
the “slugging arc” or other methods are 
used for adjusting the load. 

The modem guide bearing has mul¬ 
tiple, individual shoes. Separate adjust¬ 
ment on each shoe makes alignment 
easier and more accurate than with the 
ring-type guide bearing. Maintenance 
or replacement is simplified and bearing 
losses lowered. The individual shoe is 


generally set for a clearance of 0.010 inch 
from the journal, which is ample allow¬ 
ance for thermal expansion. It is usually 
possible to combine one guide bearing into 
the thmst bearing assembly. Flere the 
periphery of the mnner plate acts as the 
journal for the guide bearing. 

Exciters 

Forthe last nmnber of years, direct con¬ 
nected exciters have been specified. One 
effective manner of redudng the over-all 
height was to use a telescopic construc¬ 
tion in which the pilot exciter is located 
partially within the mam exciter com¬ 
mutator. The armature winding of the 
exciter is electrically balanced to reduce 
the effect of unbalanced magnetic pull. 

Exciters are tested in the shop where 
brush neutral, compensation, etc., are set 
to eliminate field adjustaents. New de¬ 
signs are given a heat run and all designs 
are checked for ability to meet the speci¬ 
fications. Until recently the exciter 
system has taken tlie form of main an d 
pilot exciters. In cases where the mag¬ 
netic amplifier type of voltage regulator is 
specified, the direct connected pilot ex¬ 
citer is entirely eliminated. 

General Features 

Most users today prefer an enclosed 
ventilation system. Centrifugal blowers 
mounted on the rotor force the air through 
the core of the m achine and through the 


air-to-water coolers on totally enclosed 
generators. All air passages in the ma¬ 
chine have been improved to increase the 
air circulation and, in recent years, this 
has included new stator wedge and new 
vent duct designs. Air turns and splitters 
are put in at advantageous points to 
direct the air with a minimum drop in 
pressure. To eliminate hot spots, air 
coolers are arranged around tlie frame of 
the generator. These coolers are de¬ 
signed so that there is no possibility of air 
locks in the water tubes which in the 
past have caused considerable loss in 
cooling capacity. 

The spider of an umbrella-type gen¬ 
erator is connected to the top of the shaft 
with a circle of hollow dowels which 
have a light interference fit in both shaft 
and spider. Bolts inside the hollow dowel 
hold the assembly together. During 
assembly these dowel holes are reamed 
after the rotor is lowered onto the shaft. 
At this time, the weight of the rotor is 
actually carried on the brakes, with the 
safety blocks in place. Suitable fixtures 
are supplied for the rapid insertion or the 
removal of these dowels. It is possible 
to have such a rotor out for repair 4 
hours after the generator is shut down. 

In the umbrella machine the unit is 
provided with a thrust bearing lowering 
device. The device consists of three 
power-driven screws, the running nuts of 
which attach to and lower the thrust 
bearing assembly. In the lowered posi¬ 
tion, all parts are accessible for inspection 
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Md CM be removed with a trolley 
Whed with the unit. On umbrelll 
designed for outdoor service, it is 
^ble to remove armature coils and 
field poles for maintenance without opeu- 
■ng the air casing or using overhead 
•h-anes. The field poles am Amoved ^ 
m^ of a monorail and chain block. 
Keys m the field pole dovetails are re- 
m^d by means of a special puller. 

The generator field dmuit breaker is 
now often mounted on the upper bracket 
in dose prommity to the exciter. This 
sa-res considerably in installation costs 
and dismantling of a unit as it is not 
necessaiy to disconnect heavy current- 
leads. The upper bracket, 
Md circuit breaker, and exciter frames 
come ott as a unit. 


shaft from runner plate to coupling, and 
e out-of-parallelism between coupling 
anges should not exceed 0.00003 inch 
per inch of coupling flange diameter at 
eyeiy check position. The guide bearing 
shoes are now removed and the final align- 
ment and load adjustments are made, 
■ihe coupling is now made up and the 

whole rotating assembly is checked. Once 

approved, final 
assmbly to running clearances of the 
^idebeanngs is carried out. All bearings 
must be cleaned and flushed out to rt 
move all possible foreign matter. 

Diyout 


point of the throw is recorded in degrees 
from a rrference plane. A trial weight is 
then applied at random and the trial run 
made and recorded. By vector analysis 
the imtial unbalance is calculated and 
^bsequently corrected by a balance 
g placed directly opposite. The 

fine the balance. On occasion, this pro- 
cedure may require expanding into^ 2- 

is prLen^'"^ dynamic unbalance 

General Remarks on Field 
Installation 


Alignment 

In ^e umbrella installation the align* 
ment is simplified because of the elimina¬ 
tion of one of the guide bearings. In 
genial, the shaft lengths are Sorter 
w ich results m less throw because of the 

m^ufacturing tolerances necessaiy. The 

^ide bearing located with the thrust 
bearing is adjustable to allow for final 
alignment later. 

if permanent alignment records. 

It IS becoming more common to work from 

beina concrete foundation is 

bmng placed. Once the shaft is in posi- 
rion It IS necessary to work from either 
S P^<^ ^all reference 

waS purposes, the gen- 

^ator shaft must hang freely from the 

tost bearing, with the lower guide 

beanng left out. ^ 

coupling is located 
erticdly at an elevation slightly below 
^ra mg position, as it is important that 
any adjustment of the thrust bearing 
screws be done in a load-increasing 
or upward, direction. Preliminary shaft 

carried out by adjustaent of : 

beanng jack screws until the coupling n 
^ges are parallel within 0.15 mil and thf < 
auges are m the same vertical plane. j 
Several upper guide bearing shoes are r 
now tightened to prevent hot^MS 
movement of the rotor. The rX te a 
360 degrees to distribute evenly b 

the lubneant between the shoes and r^! h 

^o*^de?* oouph'ng flanges and the w 
a^dTa®^ “te checked ce 

nd the readings recorded. The rotor is T 

then mtfl+o/i ion 


The diyout of the windings depends on 
the insulation resistance readings, type of 
coil, and the urgency of the work. It is 
co^idered that if the unit is urgently re- 
quu-ed for production of power, dryout 
may e omitted if stator winding insula- 
lon resistance to ground, per phase, is in 

ew megohms. How- 

smance to c^y out the diymut until re¬ 
sistance readings become consistent for 
4S hours, at a constant or corrected am- 
blent temperature. A running dryout- 
with stator windings short-circuited is 
recommended. ’ 

Tbe temperature should be brought up 

centigrade, as measured by stator coil 
temperature detectors. Megger readings 

per phase should be taken at regular il- 

® After 

the winding is dry, the generator may be 

given ^e final overpotential test, either 
a-c or d-c, at AIEE test standards^ and 
placed on load. 


^Balancing 


ateachposrtion. -««>raeci 

_ The shaft runout at the coupliug flamre 
skould not exceed 0.00026 inch per^oot rf 


JUthough every precaution is taken in 
eagn, fabrication, and assembly to dis- 
tabute tte weight properly, once the 
hme IS started up dynamic unbalance 
may be present.. On higher speed ma- 
^nw, over 150 rpm, considerable success 
has been obtained by use of a portable 
dynamic balancer. 

machines are balanced 
by ^dmg the necessaiy weight or weights 

bv “'thod, assisted 

^ dial mdicators. The shaft is painted 

Thm^l' bearing. 

^ andths dial indicators are mounted 
to indicate the shaft at these spots. The 
unit IS given an initial run and the throw 
m^ked on the whitewash with a lead 
^ncil or scribe. The indicator variations 
recorded. On stopping, the high 
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1 of “ **■" “ ® aonUnuation 

rt fMtmy manufacture and assembly. 

s ““ of the machines prevents 

shipment as a completed unit. Engineer- 

t “Paratibbs aim at 

^ucing field woric where possible, be- 
, taitations in facilities at the job 

ste are the rule rather than the excep- 

Por economical and efiSdent erection a 
number of factors must be considered for 
each particular installation; 

1. Delivery schedule rt component parts- 

available: a basic crew rt 
"“■kocn and supervisore with snffi. 
cient helpers is required. 

L fb^houre conditions: snlfidentwork. 

desirable as con- 
.“affiaicnt operation, 
'-ranes, compressed air, and constructinn 
power must also be available as required. 

4 Overtime and shift work, while reduc¬ 
ing erectmg tune, do not do so in direct ratio 

serri^;V°^^^“ Realistict° 

^rviM dates should be laid down, as a 

installation time may 

Leo™^wn“^‘™ent suppHes must be 
rtiSfil b®aicncy and safety 

stmdpomts, and must be of sufficient qnan- 
tity for the job at hand. 


Conclusion 

It IS safe to say that present-day de¬ 
signs for hydroelectric generators are a 
combination of improvements aimed 
solely at better output jDerformance and 
at overcoming former operating incon- 
vemences as well as facilitating assembly 
and maintenance. These latter improve¬ 
ments are almost entirely mechanical and 
are the natural outcome of years of ex¬ 
perience on the part of both the design 
engineers and the operating engineers and 
personnel. Accurate manufacturing to 
dose tolerances make the components for 
400-ton generators as completely inter- 
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changeable as those for a washing machine 
motor. 

The operators of expensive pieces of ap¬ 
paratus such as water-wheel generators 
are not backward in advising the manu¬ 
facturer of what they consider shortcom¬ 
ings in any particular generator. If the 
shortcoming cannot be corrected in the 
generator in question, then at least the 
designer must overcome it in future de¬ 
signs. 

As “down time" for maintenance often 
means a loss of potential revenue to the 
operator, generators that remain trouble- 


free mechanically save significant money 
each year. However, it is certain that no 
operator today would order a water-wheel 
generator expecting never to have to dis¬ 
mantle it for overhaul. Therefore, it is a 
further saying to this operator if he know 
that when such an overhaul comes up his 
machine will come apart and be able to be 
reassembled easily and accurately. These 
are goals towards which the design engi¬ 
neer and shop workman strive contin¬ 
ually. No one would be satisfied today 
with a new machine built to 1930 design 
standards. Greatly improved designs are 

--- 4 -- 


available today in generators, and more 
rigid and exacting purchase specifications 
are an indication that operators are well 
aware of the type of machine that is now 
available. The generator designer con¬ 
tinually strives not only to keep abreast 
but to keep ahead of the buyers’ speci¬ 
fications, and will be likely to continue to 
do so as long as we remain under the 
free enterprise system. 


jn.Biereiice 

Codb for Synchronous Machines. 
AIEE Standard No. 503, June 1946. 


Discussion 

F. H. Duffy (Aluminum Company of Can¬ 
ada, Ltd., Shipshaw, Que., Canada): The 
au^ors have done an exc^ent job of out¬ 
lining the design and erection procedures of 
one manufacturer. It would be most inter¬ 
esting to hear from other manufacturers as 
to whether the same procedures are used. 

One cannot help but be impressed with the 
close desi^ tolerances maintained. In the 
industry it is often taken for granted, but 
the watchmaker type of work required is 
certainly worthy of emphasis. 

Where direct current is used for test pur¬ 
poses it is assumed that the AIEE recom¬ 
mended ratio’ is used. 

Some elaboration on the use of the strain 
gauges for thrust bearing adjustments and 
the method of computing the 2 V 2 -per-cent 
error in adjustment would certainly be of 
interest to operating personnel. When 
speaking of ease of assembly and fit of spare 
parts, it should be noted that any time the 
machine is dismantled or when there is a 
thrust bearing failure the same adjustment 
procedure must be followed. It might also 
be noted that in the erection of the unit, the 
trueness of the water-wheel erection has a 
defimte effect on the ease of alignment. 

Since the generator winding has been 
tested with high voltage and since short- 
pircuit dryout uses about full load aurent, 
it would certainly seem more efficacious to 
eliminate the dryout period and generate 
useful kilowatt-hours by operating at 
slightly reduced voltage and load for the 
ordinary dryout time. It is probable that 
dielectric absorption tests are more indica¬ 
tive of the winding condition than any num¬ 
ber of megger readings and these tests are 
easily made if a fairly high-voltage d-c test 
set is available. 

Rbpbrbncb 

1. Altbrnating and Dirbct Vowaob Endur- 
ANCB StUDIBS on MICA INSULATION FOR ElBCTRIC 
Macbinbry, Orahain Lee Moses. i47££ Tran¬ 
sactions, vol. 70, pt. I, 1961, pp, 763-69. (Ratio 
1.6 recommended.) 


H. F. Abbott (Quebec Hydro-Electric Com¬ 
mission, Montreal, Que., Canada): The ex¬ 
tent to which the authors have covered the 
subject of the paper, in the length permitted, 
is worthy of tribute. However, I have a 
few questions to ask, and statements to 
question. 


Bearing Clearances Relative to 

Runout 

It seems general to provide as much as 20 
mils of diametral clearance for guide bear¬ 
ings on large generators; yet we are con¬ 
cerned if the machine operates with 5 thou¬ 
sandths shaft throw. When there is 6 thou¬ 
sandths shaft throw, the oil film thickness, in¬ 
stead of being 10 thousandths uniformly 
around the shaft, is momentarily T’A miia 
on one side and I 2 V 2 mils on the other side. 
It would appear that the reaction exerted 
by an oil film as thick as TVs must be very 
small; moreover, the difference in reaction 
created by the oil film on one side, being such 
a small percentage different than on the 
other side, cannot provide any considerable 
balancing force. 

Is it not true, therefore, that nonnally the 
guide bearings provide little restraint against 
shaft throw? Is it not the ciise that when a 
machine shaft runs smoothly without appre¬ 
ciable throw, that it is either because eccen¬ 
tric forces—centrifugal, mechanical, hy¬ 
draulic side thrust, and electromagnetic— 
have been reduced to near zero and t he 
throwout is independent of guide bearing 
restraint, or because an imbalanced electro¬ 
magnetic force from the stator or hydraulic 
force on the turbine holds the shaft towards 
one side of the guide bearings so that the 
necessary restraint is developed to result in 
little throw to the shaft? 

Tolerances 

Our experience has been that marh im'ng 
tolerances are usually much greater than 
those mdicated in the paper. We would 
also point out that it is difficult to measure 
±6 mils on a 40-foot diameter stator bore. 

Balancing 

I would like to inquire why the trial 
weight should be placed at random after 
high spot is known? Why not opposite the 
high point to avoid the angular relation of 
vectors? Also should not the d 3 mamic bal¬ 
ance be checlfcd at two ’widely separated 
speeds to confirm whether the counterweight 
is the right distance from the center to gdve 
true dynamic balance at all speeds including 
the overspeed condition? 

Dryout 

I would like to see the statement “temper¬ 
ature should be brought up gradually,” 
qualified approxunately by specific figures. 
The period allowed for raising temperature 


varies widely between manufacturers. 

On the final overpotential test we do not 
agree that direct current is acceptable. We 
believe that, if the AIEE standard is re¬ 
vised to include direct current some further 
qualification would have to be coupled to 
the d-c test such as leakage current, or shape 
of the curve of leakage current versus volt¬ 
age under a specified rate of build-up. We 
have had instances where new generators 
did not come near to passing the standard 
a-c high-potential test and they had to be 
completely reinsulated, although a previous 
d-c test, which we had been urged to accept 
had been carried out successfully. 

Ventilaton 

I would suggest that particular stress be 
placed on the improved distribution in the 
air circulation improvements made in recent 
years. 


F. L. Lawton (Aluminium Laboratories 
Ltd., Montreal, Que., Canada): The au¬ 
thors are to be congratulated on a distinct 
contribution to the literature on fabrication 
and erection aspects of vertical hydroelec¬ 
tric generators. The literature is, in fact, 
notably lacking and hence the paper is most 
welcome. It is to be hoped other manu¬ 
facturers will contribute papers of this type 
in the future, as it will then become possible 
to place the erection of vertical water-wheel 
generators on that sound engineering basis 
so essential to optimum performance over a 
long service life. 

The information given in the paper on di¬ 
mensional tolerances is valuable. The 
authors make the statement “It is essential 
however that the final clearance be less tfian 
10 mils to prevent vibration of the coil in the • 
slot." It would be most helpful if the au¬ 
thors would indicate, to the extent infor¬ 
mation is available, the effect of limiting 
such clearance to, say, 5 mils. 

Referring to the rotor rim, the statement 
is made that “The amount of interference 
is such that at moderate overspeed the r im 
remains tight on the spider, but at maximum 
overfeed the centrifugal forces overcome 
the interference forces.” Do the authors 
know of cases where the rim has moved on 
the spider? 

The use of strain gauges permanently 
located in the jack screws of the thrust bear¬ 
ing is a distinct step forward, as it should 
enable the determination of hydraulic 
thrust caused by the turbine runner more 
easily than has been the case in the past. 
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aUim«,/.r.+ • • , i'rehmmary shaft 

adjustment of 

£^^ssszss^ 

this vertical plane." ShoSd 

tnis not be horizontal plane? An* +v.o 
dimensional tolerances for shaft ninou/L 
i^ out-of-paralleh 

tlrSiSs? 

authors’ experience as to the 
.^®y minimizing adjust- 

thlt^hTi "°T foand 

settlemei^ “ elevation or 


K. R. K^hts (The Hydro-Electric Power 
Ontario, Toronto, Ont 
C^da): This paper is written on a subject 

“*?'“• We are most 
rarerested in those machine tolerances tTiat 

affect the results of ?he^SS 
erectiou test. Our 

oM aUga^t tolerance, as given in the 

I f^af it provides 

“ TOcT'’ ^ “d tebtae 

deteraine?r'''^°'‘ shafts L 

such^?^!^^”' ^ rotational test-^hall be 
such that the centre of each or either shaft 

laZ S'the“SL"S^f “ 

outoST ‘"“‘a “UP'-bbut re- 

fiewTf ^ are obtamed with a minimum of 

f d ®l^y ^d for other reasons, it has been 
found desirable to have the th«,c*^ it ” 
provide a light interfeienc^fit o^?hl shift*’ 

^ noted m the paper, and to have the upper 
and lower surfaces of the thrust I 

ran^r plate faced true to the bore (sSll 
not have arotetional error as measured fv a 

th^ ^ tolerance such that 

the cumulative error of the tw« „ r ' 

shall not exceed 0.001 inch. The shSfriS^ 

2o coupling contact face we' 

^ hdd to acceptable tolerances for this 

strain gauges have been found 
accurate means of distributiL 
ttie load between shoes. In addfHn« ^ 

*b«gi2^iS“SiiSSf„S?,^ds‘t' 

nut S“s= 

the purchaser. It is felt tho+ 


-insulated windings with full 

coi s now have been purchased for a number 
f large, medium-speed water-wheel gener¬ 
ators. As noted in the paper the 
^re clo^d successfully by lift^g apprej! 
mately SIX times the number of coils S a 
throw m view of the comparative rigiSty 
of this type of insulation. * ^ 

tbe upper 

^-rK«ruSbr:s; 

ror iittmg a, complete stator. 

ho bearing generators 

have always been purchased with the fd 
lomng stipulation, which is meant to pre-’ 

operation 
operation and test* 
th ^ generator shall be such 

Whtv J adequate mechanical sta- 

speed and"?successfully under all over- 
SoSenr^d^^ conditions which may be 
p nenced during operation. This r<» 
quj^ment shall apply with the ^nlator 

turbine/°“^ from the 

With respect to the authors’ comments on 

woI?d insulating material, it 

would be of mterest to hear their views on 
relative merits of sodium silicate and 
high temperature baked on enamel from n 

yiewpoiutu, particularly vTh lSr re 

<hniat bearmga of tha 
onginal Kingsbury design have a good oner, 
ting record on oim system. A numbed If 

IIriod”h a.recenT2^ 

If^he’thi^rT? equipped with shoes 
Of the thick slab type and experience with 

aSult Xbifga ‘ successful. As 

a result of this experience, we are in am-PP 

ment with the present practice of not onlv 
alunmatuig the babbit bond as noted 
Wer but also supplying all sho^rJo^ Se 
lines ol the original undercut design. 


W. P. Houser. W. Hindle. and T. A Tver 

n^; The authors wish to thank the seSral 

tSv fS.°^ this paper and take this oppor-^ 
for replying to some of the potats 

ne advantages ol sodium silicate or 
™tcr glass OTO baked-on enamel or v “niS 

IS; u- ? tiiimier film for equal insu- 
S- a better staddng fac¬ 

tor, 2. has a slower rate of deterioratiol- 
3. is more resilient; 4. withstands highei^ 

fire, and 5. withstands higher staddno- 

Sr“ “ “ “ inSt"" 

rd^?h a^^urers are known to design 
that are loose at all speeds but are suft^ 
ably restrmned so that only unifmm ra^I 
expansion is allowed. 

We agree with Mr. Dufl^ that elaboration 
gauges for thrust bearing 
adjustment would be of mterest to operS 

If the subjert 

When reassembling a 
SIS if adjustment is • 

jS ^ ifr® fiid shoes are reused. Minor 
justaient is sometimes required with new 


aures bct^^-inS^cSr^K 
tw failures, we have found 

tennination of 
the leads from the load cell have reduced the 

n^te of Mures to a very low perils 

Fisher improvements can be expected to 
reduce this almost to the vanishing pS. 

In the c^e of installations that have suf¬ 
fered foundation settlement, shaft misalign¬ 
ment can usually be compensated for by ad- 

thel”*^”* °K bearings as 

pivoted type. Tl?e 
settlem^t would have to be very severe 

stSfriS" ‘he 

bf, would like to make it dear thaufU 

to hold the 
stacked core to tolerances of 
±0.005 inch m diameter. The gauges Ised 
for measurement of large bores to the acZ 

^ practical and are 
m daily use m our shops. The dimensioSl 
tolerances given in the paper are actuallv 
closer than that required by any known ptJ- 
ch^e specification to date and arl^ring 
satisfactory results in the field ^ 

In designing the coil and slot sizes th<> 
St^n t?e° a^ dimensions that will re- 

Wth ride clearance, 

witn side mica strips available in 10- 15- 

Micre ulr,’’ it fa pebble to' 

mils and averaging 6 mils. A small 
clearance is considered necessary to pre^t 

mlnTlfS^'I thermal move. 

iu“SeX“?. “ 

Direct voltage testing has been exten 
sively used by our field Ldors to revSl 
years now, using up-to-date d-c to a-c ratios 

?uS '’h-*'” subcommittee 
ri^yrog this subject. While we have had 

S d ‘a *i“ '^ii'iity of 

PW t ^ ^ *he right direction., 
h; “Ph^Jt and earlier types of coils it is 
?uS an?^^f contained mois- 

chlnilS^ fir" me, 

InSal pressures, 

in genet^, the stator temperature for dryout 

uni& centigradeTa 

uniform rate over a 24-hour period. 

fitalfTmiriv ^ 

or lO-mil thickness will do little to re 

in mfi clearance will be less than 

temperatures. How- 
IIS 7n the ®haft throw does not origi- 

tnrow should be overcome at the source if i 
p^le. rathw than call upon the guide 
bewing to restram it. Guide bearing to 

wlSd^the?^ ‘'dnsidwable radial fSces [ 

more « ‘h®fi have to be much bulkier and | 

todly hi use j 

vertical water- 
tan7e donsiderable impor- 

explanation is too 

the^wIS could well be 

tne subject of a separate paper. 
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Symposium: How Can the Utilities Best Make 

Use of Modern Science? 


ImpleiYientation of a Research Program 
for the Electric Utility Industry 

S- OLDACRE 

OW AIEE FEaOW AIEE FaiOW AIEE 


3. Research in operation of utility systems 

4. Apparatus development. 

6. Research for the future. 

Various methods for conducting re¬ 
search in these areas will be discussed in 
the following to suggest some that appear 
to be appropriate. 


I N January 1954 a paper* which 
stressed the needs of the electric 
utility industry for an expanded program 
of research was presented. This theme 
was expanded and supplemented in a 
sii^ar paper.2 The objective of this 
third paper is to summarize the comments 
received on the first two and to make 
further suggestions for a research pro¬ 
gram for the electric utility industry. 

Comments on Previous Papers 

The :^rst papers were followed up by 
many discussions with utility executives 
and engineers, coUege faculty members 
and students, financiers, economists, and 
leaders of other industries. An ex¬ 
tremely wide range of views was found. 
There was majority but decidedly not 
unanimous, agreement that more ex¬ 
tensive research programs are desirable, 
which will investigate basic problems of 
the industry and provide for its long- 
range needs. Some utility executives 
were inclined to leave the job of research 
and development entirely to equipment 
manufacturers, being satisfied with what¬ 
ever technical progress is offered to them. 
Some believed that the role of the utility 
companies in research should be con¬ 
fined to encouraging and co-operating 
with the manufacturers by proving and 
testing manufacturers’ research results. 
Others were distressed by the duplication 
of efforts, facilities, and investments 
necessary when similar and parallel re¬ 
search and development programs are 
carried on independently by several man¬ 
ufacturers. 

It was frequently pointed out that there 
is a very serious lack of knowledge about 
how much and what kind of research is 
now being performed by the utilities, 
and that a carefully conducted survey 
of present research activities would be 
very beneficial in evaluating the situation 
as it exists today. Many investigations 


which are really of a research character 
are being handled as incidentals of system 
operation or new construction and, thus, 
are not identified as part of the over-all 
research effort. 

The members of college faculties with 
whom these problems have been dis¬ 
cussed were in unanimous agreement that 
additional research and technical effort 
directed toward tlie problems of the 
utility industry would attract the in¬ 
creased interest of engineering students 
who are now inclined to believe that the 
power industry offers little opportunity 
to employees of imaginative and creative 
minds. Some of the financiers and 
bankers pointed out that an active and 
aggressive research program is now 
considered one of the essential factors in 
selecting companies for investment, and 
that the electric utility industry would 
perhaps more easily attract capital 
needed for anticipated expansions if it 
were more active in its research efforts. 
The record of the utility industry in this 
regard has, of course, been outstanding. 

The authors were struck by two sig¬ 
nificant impressions * the wide divergence 
of opinion on research pblides expressed 
by the executives of utility companies, 
and the inescapable feeling that too 
many utility engineers, as a result of their 
necessary concentration on everyday 
problems, do not have a cl)ear under¬ 
standing of what scientific research 
actually is or of what research might be 
able to do to benefit the industry. 

Areas of Research for the Utility 
Industry 

Many of the problems of particular 
significance to the electric utility in- 
dus^ may be classified under the fol¬ 
lowing areas of research: 

1. Long-range plaiming for system de¬ 
velopment. 

2. Application engineering research. 


Long-Range Planning for System 
Development 

The utility industry in the past has 
been noted for long-range planning in pro¬ 
viding for its continued growth. Present 
methods have been satisfactory, but 
rfemendous postwar growth and rapid 
industrial dianges indicate that new 
techniques of planning for the futme 
are needed and that simple extrapola¬ 
tions of load curves do not give a true 
picture of power requirements for more 
than a few years ahead. 

Forecasts of load growth show a dis¬ 
turbing diversity of opinion. Fig. 1 
shows the range of estimates of peak 
load to 1976 as an extension of the load 
curve since 1945. Some estimates are 
based on the growth of the recent past 
with a doubling of load about every 10 
years, or less, which will give a peak load 
of over 400,000,000 kw in 1976. Other 
estimates apply correction factors to 
those estimates and arrive at forecasts 
nearer 225,000,000 kw. 

More penetrating studies mus.t be 
made to analyze the factors affecting 
demand upon the utility industry. These 
will include detailed consideration of 
expected population growth and migra¬ 
tion, of the agricultural, industrial, 
residential, and transportation needs of 
an area, and considerations of how' the 
energy needs may best be met. Careful 
consideration of these and other basic 
elements will provide a much sounder 
basis for making long-range plans for 
system growth, not only for the design 
and building of a particular power sta¬ 
tion but also for planning 10, 15, or 
more years ahead. 

Paper 55-144, recommended by the AIEE Research 
Committee and approved by the AIEE Committee 
on Technical Operations for presentation at the 
AIEE Winter General Meeting, New York, N. Y., 
January 31-February 4,1966. Manuscript submit¬ 
ted October 20, 1064; made available for printing 
December 16, 1054. 

Jj E. Hobson and M. S. Oldacrb are with the 
Stanford Research Institute, Stanford, Calif., and 
W. A. Lbwis is with the Illinois Institute df Tech¬ 
nology, Chicago, III. 


August 1955 


Sympodvm: Him Can fhe UUUties Best Make Use of Modem Science? 


545 





















Rj. 1 (left). Predic¬ 
tion of peak load of 
the electric power 
industry in the 
United States, 1945 
to 1975 
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Of equal or greater interest is the prob¬ 
able total energy output of the electric 
jystems and the production in kilowatt- 
hours per capita. These are shown in 
Figs. 2 and 3. Even the most pessimistic 
^timates for 1976 show more than twice 
the present figures. This increased per- 
capita use should satisfy the dreams of the 
commercial departments but the engineer¬ 
ing departments will need to plan far 
ahead to solve the problems of Neatly in- 
leased generation, transmission, and dis¬ 
tribution. 

Of great importance in the future will 
be the caging fuel-supply picture, not 
only of individual utiUties but for the 
country as a whole. Revisions currently 
being made by different authorities in the 


Fjs. 2 (right). Pre¬ 
diction of output of 
the electric power 
industry in the 
United Stetes, 1940 
to 2000 


estimates of fuel resources make it difficult 
to predict how long they will be adequate 
for all needs at anywhere near present- 
day costs. One of the most penetrating of 
recent studies on this subject was reported 
by G. C. Furnas. 3 His analysis of the in¬ 
formation presented by Palmer Putnam 
showed that, given expected population 
^owtE and increased energy use, the 
United States and the world face a short- 
age of conventional energy sources that 
wiU beceme acute in 20 to 60 years. This 
eventuality will have serious effects on 
factors of great importance to the electric 
utilities and must be carefully considered 
in present planning. 

The total demand for energy in thii; 
country does not increase as fast as the 



demand for electric power, but is expected 
to £*™t double by 1B76 and quadruple by 
2000 A.D. An indication of what may 
be expend in total energy demands and 
population growth is shown in Fig. 4 
while the amount of energy available from 
various sources at costs comparable to 
present-day costs is shown in Fig. 6. It 
may be anticipated that new or more ex¬ 
pensive energy sources will be needed in 
the next few decades. 

The peak rate of petroleum and natural 
gas production in the United States wiU 
probably occur in about 10 years. When 
new (ffscoveries are no longer able to 
keep ahead of new demands, the available 
^pphes WiU have to be conserved and 
limited to the more exacting needs to 
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Fif- 5. Available 
sources of energy; non¬ 
renewable or capital 
sources and renewable 
or income sources 

A—Coal 
B—Oil and gas 
C—Oil shale 
D—^Tar sands 
E—Total fossil fuels 
E—World total, nuclear 
fuels 

G—^Water power 
H—Wood, farm waste, 
and miscellaneous 
I—Effective recovery 

from solar heat collec¬ 
tors 

J—^Total renewable or 
income energy sources 
K—"Total solar energy 
falling on the earth’s 
surface 


few examples of areas where improve¬ 
ments are essential include new TnatprifllQ 
for very high and very low temperatures; 
materials for use in nucdear power applica¬ 
tions and insulating materials suitable for 
the bctra-high-voltage systems which will 
undoubtedly be needed in the future. 

Discussion with utility executives and 
engineers has shown that much more 
work of this character has been done by 
certain leading utilities than is generally 
appreciated. It is also recognized that 
the manufacturers are making significant 
contributions in this area and will 
continue to do so. However, it is the 
authors’ feeling that more active partici¬ 
pation by the utilities would produce 
important apparatus improvements that 
could result in over-all economy for the 
industiy. 

Research in Operation of Utility 
Systems 


which their application is particularly 
suited such as liquid fuel for automobiles 
and ^ aiiplanes, and gas for residential 
heating. The remaining needs will have 
to be satisfied by using lower grades of 
petroleum residues and by the increased 
and more eflicient use of coal, lignite, and 
other solid fossil fuels, or by nuclear and 
solar energy. A possible means to release 
oil for power station fuel is the develop¬ 
ment of batteries or other storage devices 
for economically using electric energy in 
operation of vehicles. 

The weakest part of the present position 
is a lade of fundamental knowledge of 
combustion processes, and that weakness 
can be overcome only by research of a 
basic or fundamental nature. Detailed 
research and economic studies of load de¬ 
mand and fuel use in a given area are local 
problems peculiar to the company or 
companies in the area, but the basic prob¬ 
lems of fuel availability and fuel process¬ 
ing are of such magnitude and over-all 
importance that they could be under¬ 
taken by the energy-using industries as a 
whole, possibly through an industiy asso¬ 
ciation or other organizations which have 
such research as one of its major objec¬ 
tives, Support for industry-wide work 
of this type may properly come not only 
from the utilities but also from the sup¬ 
pliers of fuel and the manufacturers of 
equipment. 

Application Engineering Research 

Equipment supplied by the manufac¬ 
turers makes use of the best information 
available to the manufacturers concer ning 
the requirements of operation. It is well 


known, however, that after machinery is 
put into service difficulties usually develop 
that were not anticipated. Improved 
methods of determining and evaluating 
important characteristics are required. 
Investigations to improve knowledge of 
operating conditions and effects of en¬ 
vironment can minimize these difficulties, 
reduce maintenance expense, and improve 
the design of subsequent equipment. 
Such studies are especially important 
when the equipment is so large or complex 
that it must be assembled at its final loca¬ 
tion without trial operation under con¬ 
trolled factoiy conditions. Investiga¬ 
tions of this type may properly be called 
application engineering research, which 
has been conducted in an excellent manner 
by many utilities. It consists of surveys, 
collection of infomation and data, lab- 
oratoiy and field work, operation of ap¬ 
paratus under actual plant conditions, 
careful analysis of results, and co-ordina¬ 
tion with similar work by other utilities 
and by ^e manufacturers, followed by 
distribution of results for the benefit of 
all. Some problems of this type will re¬ 
quire more detailed and extensive study 
than many utihties are prepared to g^ve, 
but they could be undertaken by tech¬ 
nical com^ttees of the industiy, either 
alone or with the aid of colleges or research 
organizations. 

In some cases, the. research may re¬ 
quire the services of scientists or engineers 
in special fields not normally employed by 
utihty companies. It may be necessary 
to obtain information or to develop ma¬ 
terials not now available. Thus, special 
laboratories and staffs may be needed. A 


Much has been done in investigations 
regarding the stability and control of 
interconnected systems: the proper pro¬ 
tection of systems against disturbances 
sudi as lightning, and the protection of 
system operation against the effects of 
sudden loss of generation. However, 
there is a growing awareness that, with 
the continued growth and expansion of 
utility systems, research on the problems 
of system operation is necessary and that 
many of these problems pose a real chal¬ 
lenge for further improvement. 

Not only are the ordinary operating 
problems of interconnected systems be¬ 
coming more intricate but the require¬ 
ments for operating the entire system at 
maxunum economy become so cmnplex 
that conventional methods of calculation 
are becoming inadequate in many cases. 
New computing techniques are required* 
for the quick and accurate determination 
of operating conditions for mini-m iiTn sys¬ 
tem losses and for the allocation of those 
losses to particular generating stations. 
There is, as yet, no clear understanding 
of the principles which will permit the 
ready determination of the most economic 
use of water power in systems which have 
substantial amounts of both hydroelectric 
and fuel power supply. Because of the 
increasing complications of power sys¬ 
tems, the trend toward automatic opera¬ 
tion of the systems for maximum econ¬ 
omy is clearly evident. 

Only a few utilities conduct research on 
the effects of weather on the operation of 
the utility system; this subject could be 
the basis of discussion to show how 
meteorological research could pay big div¬ 
idends in guiding operation and loading 
of the utility system and in preparing for 
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emergencies. The Weather Bureau per- 
oras a good service in providing the basic 
mfomation, but the the utility should 
be better ^epared to apply that infor¬ 
mation to Its own particular conditions. 

Another problem seems to be the lack 
of a clear-cut basis for determining the 
proper financial arrangements for power 
interchange between interconnected sys¬ 
tems. In the administrative side of the 
uti ity business, the best utilization of 
busings and computing machines in the 
handling of customer billing, inventory 
control, and other data processing has 
not been fully realized and further re¬ 
search is justified. It seems evident that 
a much better understanding of the eco¬ 
nomics of replacing obsolescent equipment 
IS desirable. In the establishment of 
rates, there is not yet an adequate and 
accepted basis for allocating the cost of 
seivice to various kinds of load, thereby 
fuhy justifying rate differences for sepa¬ 
rate classes of customers. 

It would sem that better answers to 
tmese and similar problems would result 
m enonnous savings because of the large 
volume of the utility business and would, 
tterefore, justify extensive research ef¬ 
fort by both utilities and manufacturer. 
Manufacturers of large apparatus have 
contnbuted importantly to the solution 
of system problems when the results af¬ 
fected the characteristics of apparatus or 
machines. Similarly, manufacturers of 
computing and business machines may 
be expected to participate extensively in 
research le^ng to the development of the 
most effective types of such machines for . 
u^hty use. Because of the complications 
of mathematical and computing prob¬ 
lems involved in many of these studies, it 
would ^ that research organizations 
.and colleges, which have groups of spe¬ 
cialized personnel, could be used appro- 
Pnately, effectively, and with mutual 
advantage. 


There is no reason to believe that the 
same is not true in the electric utility 
industry-. Many examples can be given 
where utility partidpation in the planning 
and testing of apparatus in the develop¬ 
ment stage has been extremely beneficial. 

When the manufacturers are not ready 
to undertake or carry forward desirable 
developmpits, the utilities may very 
properly im'tiate and conduct such proj¬ 
ects alone, at least until they secure the 
co-operation of the manufacturers. In 
short, apparatus development must be a 
co-operative endeavor in which the users 
have an important function that is not 
always fully appredated. 


Research for the Future 


•Apparatus Development 

Many utility executives have stoutly 
, maintamed that utiHty companies should 
apparatus development, 
but should use what has been offered by 
m^ufacturers at a price which in¬ 
dudes the cost of research and develop¬ 
ment. It IS the belief of the authors that 
tte primary responsibfiity of the utilities 
development is to make sure 
W ^ f ? properly done for the best 

interest of the utilities. Experience in 

other mdustnes has frequently shown 
research progmms are less effecti^ 

If ah int^s^d parties do not partidpate 
actively m the planning of the work ^the 
analysis, and evaluation of the results. 
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The kinds of research and development 
diseased in the foregoing are of direct 
and immediate interest to electric utiMty 
companies, but in several instances it has 
been pointed out that all the essential in- 
fomation is not available and progress 
^ be impeded if new and more pene¬ 
trating i^oimation and data are not de- 
fiddr^ ^ technical and economic 

There are several areas of knowledge on 

which the industiy rests where the under¬ 
lying sdentific phenomena are unknown 
md investigation may 

point to a broader understanding of the 
physical phenomena and lead to new and 
entirely unexpected developments. Ex- 
pm^ce of other industries indicates that 
effective research on such problems may 
open up entirely new possibilities which 
will have tremendous advantages to the 
industry. Although the need is not so 
apparent, tte returns may be greater than 
for re^ar^ that is directed within nar¬ 
rower limits. 

The important feature that these areas 
of research (for essential infomation or 
for underlymg phenomena) have in com¬ 
mon IS lie necessity for a careful scientific 
approach in which the abilities and skills 
of scientists in several fields such as chem¬ 
ists physicists, metaUurgists. and mathe¬ 
maticians as well as economists and per¬ 
haps even biologists and psycliologists 

may be needed to make the work effective 

Several research areas for essential in¬ 
formation in which the results may be im¬ 
mediately appKed have already bem 
suggested. Other basic problems of equal 
raportance to the industry could be 
uatued. ^as of research where the in¬ 
dustry IS m need of broader fundamental 
knowledge have been mentioned in pre¬ 
vious papers.1.1 These included a com- 
prehenave study of insulating materials 

Detter and to prepare the way for the de 
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velopment of new and more effective in¬ 
sulating materials; a more precise under¬ 
standing of the factors affecting corona- 
a better understanding of magnetism.' 
leading to possible improvements in 
magnetic materials; a scientific under¬ 
standing of switching, the electric arc and 
electrical discharges, in gases, liquids and 
solids; studies of other methods of con¬ 
verting enerp into electricity; investiga¬ 
tion of possible new methods for electric 
enerp storage, conversion, and trans¬ 
mission; new knowledge regarding the 
properties of steam at supercritical pres- 
smw and temperatures; and the possi- 
bihties for further improvements in com¬ 
bustion of fuels. 

It IS true that a few electric utilities are 
^ready quite active in some research 
fi^ds either by their own engineering, 
technical, or laboratory staffs or by spon¬ 
soring work at universities or research 
organizations. Particular mention may 
be made of the study groups engaged in 
e development and investigation of nu¬ 
clear power possibilities. Others have 
ea y undertaken the installation of 
stemn generators and turbines operating 
mtlie supercritical range. In most cases, 
Aese have been spectacular projects and 
ave great publicity value because of 
their promise of large returns. It is tlie 
belief of the authors that many of the 
I^s spectacular projects are of broad 
sig^ficance to the industry as a whole, 
and have great potentialities for improve- 
ment but are now receiving inadequate 
attention under present conditions. 

If substantial improvement is to be 
made in the conduct of desirable research 
a smtable mechanism must be established! 

In the foregoing, several different methods 
tor conducting research were discussed, 
and some are in actual use. The manu- i 
factimers of apparatus as well as others 
outside of the power industry have con- ' 
ducted much of the basic research but 
me amount of such research that can be 
financed on the prospect of early return 
m apparatus improvements or can be 
justified from the standpoint of public 
relations is definitely limited, and the 
au^ors believe that the existing methods 

of financing are insufiScient. • 

Most of the electric industiy research 
projects have been of definitely limited 
dimation with the expectation that they 
will be tenninated as soon as specified 
goals have been reached. From a long 
r^ge point of view the benefits of con¬ 
tinuity of ^ort and thinking are lost al- 
mough their valiie has been demonstrated 
m other industries, e.g., the chemical 
industiy, many times over. 

The importance of a cohesive group of 
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scientists and engineers, covering several 
areas of training and experience, assigned 
full time to the study of the industry¬ 
wide research problems becomes evident. 
It should be the function of such a group 
not only to evaluate continuously the re¬ 
search program of the utilities but also 
to examine and make recommendations 
for the research conducted by manu¬ 
facturers, colleges, and research organi¬ 
zations, whether sponsored or not, and to 
observ’e contributions from foreign coun¬ 
tries, Its members should be ever seek¬ 
ing new ideas and the adaptation of old 
ideas to new situations. Such a group 
would form the liaison between the ap¬ 
plication engineers of the industiy and 
the fundamental scientists who would be 
most effective in carrying on the more 
fundamental work. This co-ordinating 
group could be in a position to participate 
in the placing of contracts for sponsored 
research, either directly on behalf of an 
industry association, or in the guidance 
of individual utilities in the sponsorship 
of work in which the company was par¬ 
ticularly interested. The essential belief 
of the authors is that the implementation 
of basic research through temporary com¬ 
mittees of engineers who have primary 
interests in other directions will not pro¬ 
duce the most effective results. 

It has been tacitly assumed in the fore¬ 
going that any such co-ordinating re¬ 
search group would have to serve the 
entire industry and would most surely 
have to be supported by some form of 
industiy association, either of the utilities 
alone, or of the utilities and manufac¬ 
turers together. Experience in other 
industries and in the conduct of war re¬ 
search has shown that research scientists, 
particularly in experimental fields, are 
most productive if they have suitable 
laboratory facilities at their disposal to 
try out new ideas in early stages and to 
check questionable parts of the work done 
by others, even if all of the work is not 
done under their direct supervision. 

Reasoning along these lines led to the 
suggestion of an industry-supported lab¬ 
oratory in which the basic and funda¬ 
mental research activities could be con¬ 
ducted. A research budget in the order 
of 1/1.0 per cent of the gross income of the 
electric utility industry was suggested as 
being appropriate after an early develop¬ 
mental period. 

General Comments and Summary 

Several different phases of the research 
program appropriate for the electric 
utility industry have been discussed and 
several methods for accomplishing the 


necessary research have been outlined. 
It is believed that no single method or 
form of organization, to the exclusion of 
others, would be fully effective or most 
satisfactory for the conduct of the various 
classes of research. The needs are 
many, and the type of problems suggest 
the possible method of approach that 
may be most appropriate in each case. 
The research subjects suggested as exam¬ 
ples have been more or less arbitrarily as¬ 
signed to the different phases of the pro¬ 
gram but they might have served equally 
well as examples of some other class of 
activity. However, consideration of all 
the different research activities needed 
seems to show that co-operative action 
among the utility companies with the 
m^ufacturers of equipment, the sup¬ 
pliers of fuel, and in special cases even 
with other groups is essential if a full 
measure of success is to be reached. 

The long-term objective of any research 
program is to make possible improve¬ 
ments in the delivery of electric energy 
at lower cost, recognizing fully that the 
electric utility industiy deserves to pros¬ 
per only if it can deliver energy more 
economically in a form which can be more 
conveniently utilized than competitive 
forms of energy delivery. Therefore, 
economic and scientific researchers must 
bear in mind economic considerations in 
the evaluation of improvement and in 
the consideration of alternatives. When 
research is conducted through short-term 
projects with a specific end in view, it be¬ 
comes exceedingly difficult to give prop.er 
consideration to all the background eco¬ 
nomic factors. To give effective con¬ 
sideration to these aspects, it is essential 
that there be continuity of planning, 
guidance, and supervision of the over-all 
research program. 

The reaction of college faculties to the 
ideas and suggestions for a broader and 
more extensive research and dcA^elopment 
program have been expressed in the fore- 
Soiog. The authors have previously 
indicated their belief that expanded re¬ 
search would have a salutary effect on 
college graduates and further their 
interest in the utility industry. Under 
present competitive conditions it is not 
sufficient to explain to college faculties 
and students that the utilities have chal- 
len^ng problems, but this situation must 
be illustrated by action and results if the 
better men are to be attracted into the 
industiy in adequate numbers to meet 
the growing personnel needs. The es¬ 
tablishment and sponsorship of appro¬ 
priate research projects in college labora¬ 
tories, and the active participation of 
utility engineers and co-ordinating scien¬ 


tific groups in the planning and conduct 
of these research projects can well be 
the means of restoring or creating interest 
in the power field to the college staffs and 
students. Otherwise, the gradual drift 
in emphasis in electrical engineering edu¬ 
cation will continue toward the electronic 
and communication fields, to the point 
where any special emphasis on the needs 
of the power industry will be as unheard 
of as specialization in electronics and 
radio was 30 years ago. 

In comparing the electric utility indus¬ 
try with other industries, it appears re¬ 
markable that the industry has been able 
to avoid the establishment of some form 
of central research organization when so 
many other industries, with less reliance 
on technical background, have such or¬ 
ganizations in existence. In a recent 
report^ it has been pointed out that 
nearly 60 trade associations have well- 
staffed laboratories, for the conduct of 
technical research and that roughly 300 
associations have invested their funds in 
scholarships at engineering colleges; fel¬ 
lowships, etc., .at research institutes or 
the National Bureau of Standards; co¬ 
operative research in university labora¬ 
tories; or privately owned commercial 
testing laboratories for various forms of 
research activities. 

Although tlie electric utilities as regu¬ 
lated monopolies subject to government 
control do not have the same competitive 
urge as manufacturers, the need for 
continued improvement in their service 
to the public is just as great, and methods 
which have been fotmd extremely effec¬ 
tive in other industries should not be 
passed over by the electric industry with¬ 
out convincing proof that direct research 
activity would not more than justify its 
costs. Any doubts that the electric utili¬ 
ties are in a competitive field in their pri¬ 
mary function as suppliers of energy are 
dispelled when attention is called to the 
importance given to any means that will 
result in lower investment cost per kilo¬ 
watt capacity of equipment, or will reduce 
the cost of operation and maintenance. 
The competition between electric utility 
energy delivery and other forms of energy 
delivery and the competition between 
various areas of the countiy for industrial 
growth and the location of new plants 
make clear that the industry is subject to 
all of the forces of competition, and every 
means which will result in better service 
at lower over-all cost must be utilized for 
best results. Any private utility that 
does not heed this premise becomes a vul¬ 
nerable target for public power, whether 
municipal, utility district, or federal. 

The experience of many industries has 


August 1955 


Symposium: Row Can the Utilities Best Make Use of Modern Science? 






















coad^dy that loag-tenn re- 
S and inteffigeatly eon- 

4 ^-?. a P»y tronendoas 

teportant projects 
^ only be brought to fruition if arried 
on nn^termptedly, ™th continu^;^ 

>»flagging 

fa.th rathe ultimate result. ShortS 

’ brggest returns can he 
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treads and revolutionary developments in 


human progress. The authors cannot 
fuicept the beUef that the electric utility 
industry is so mature that it has no need 
for iiew methods, but only for improve¬ 
ments on existing methods. With the de- 

pletion of existing fuel resources becom¬ 
ing dangerously imminent, with nuclear 
power upon the threshhold, and with the 
^allenge of solar energy as the ultimate 
means of meeting man’s need for energy 
when other sources are either exhausted 
or uneconomical, the pioneering spirit 

m«<? ’^^“ties 

TW industry. 

The tool of the rndustrial pioneer to^ 

scientific and economic research, and 


the electric utility industry must find the 

continued 

growth and success. 
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l^s and propose seme solutions. I be¬ 
lieve that the necessary step which must be 
taken is to find reasonable and acceptable 
ways in which funds can be set aside for 
carrying out the recognized research prob¬ 
lems. 


Howard P. Seelye (The Detroit Edison 
pimpany, Detroit, Mich.): The authors 
have nmde an excellent analysis of the op¬ 
portunities for research which are open to 
the electric power industry. There is no 
question that there are many fields in which 
inve^igation will not only be worth while 
but will be essential if the industry is to 
maintain its position as a progressive force. 
In looking over the rapid progress which has 
been made during the past 50 years in 
stunulating the use of electric power and in 
adequat^y meeting the demands so pro¬ 
duced, it cannot fairly be said that the in¬ 
dustry as a whole has been laggard in its 
research. Much of it has been done by the 
mmufacturers of course, much by the oper¬ 
ating utilities, and much by co-operative 
effort. There is also a great deal of research 
work under way today as is witnessed by the 
progress being made or planned into new 
ar^ of temperatures, pressures, high 
voltage, atomic power, and others. No one 
^ say just how much the utilities should 
have done or should be doing. The measure 
IS the need for discoveries and how well that 
need is being filled rather than what per cent 
of income may be spent. 

It is believed that the utilities could justi¬ 
fiably increase their activity in the research 
field, particularly in the direction of cor¬ 
relation and co-ordination of what is now 
being done, stimulation of more attention 
to those items which are of particular con¬ 
cern to the operating companies rather 
to the manufacturers, and publicity for the 
efforts and results. The organization and 
plans of the Edison Electric Institute are 
directed toward just such a program. It is 
believed that this could eventually meet 
the essential needs >of the situation which 
the authors are pointing out. It would 
seem much too early, however, to consider 
the development of another independent 
industry laboratory or of much of the very 
long-range undirected type of investigation. 
There are many laboratories and organiza¬ 
tions now in existence ready and willing to 
undertake such work. Perhaps the in¬ 
dustry laboratory might some time be 
found neceissary, but for the present much 
valuable progress could be made by proper 
correlation, direction, and support of pro¬ 
grams using the existing facilities. 


J. Stuart Johnson (Purdue University, La- 
fayette, Ind.): There are many phases of 
this topic which might be discussed at this 
time. However, I would like to emphasize 
just one point concerning the stimulation of 
student interest in the power fif»1d It is, 
in my estimation, almost a certainty that 
unless some means is devised to attract 
paduating student engineers to the utility 
industry, it will soon be apparent that only 
the men who could not locate jobs else¬ 
where will enter this industry. Granted, 
there will probably always be a few good 
men who are interested and enthusiastic 
about the power industry, but these are 
not nearly enough to man all utility com¬ 


panies. Many companies have not yet felt 
this shortage of quality workers, or if they 
have, they may have attributed it to the 
national engineer shortage. I am convinced, 
as one who has observed at firsthand the 
swing in student interest, that this is not 
the cause. 

Any debate concerning the relative re¬ 
sponsibility of the utility and the manu¬ 
facturer in matters of research and develop¬ 
ment becomes entirely academic in the light 
of the fact that the manufacturer is not 
going to have power men for design either. 
It may be said it is his responsibility to 
create the interest. But who gets hurt if 
improved equipment is not forthcoming? 
He can probably turn his manufacturing 
efforts into other directions quite profitably. 

The power industry is one of the most 
vital parts of our industrial America. I am 
deeply concerned over the possibility of its 
being unable to perform adequately its 
functions in years to come, lacking the best 
personnel available, and the most highly 
developed equipment possible. The pro¬ 
posal made by the authors for the estab¬ 
lishment of a research program as individual 
and/or group effort represents a very real 
method of bringing about student stimula¬ 
tion as a natural by-product of its un¬ 
questioned economic contribution. I sub¬ 
mit, however, that it will be a most profit¬ 
able by-product. 


G. B. Tebo (Hydro-Electric Power Com¬ 
mission of Ontario, Toronto, Ont., Canada); 
The authors quite properly emphasize the 
need of the electrical industry for more 
scientific knowledge , to be gained chiefly 
through additional manufacturers’ research, 
and through utility-sponsored research. 
But possibly too little emphasis has been 
placed on the changes which should take 
place in both the attitudes and facilities of 
some in<ffvidual utilities if the benefits of 
this new information are to be fully realized. 

Failure to attract engineering graduates 
into utility work will not be corrected by 
simply having the utilities encourage more 
research in the manufacturers’ laboratories. 
Even a central utility-sponsored laboratory 
or a particular commercial laboratory will 
seem very remote to the graduate entering a 
distant utility. Nor will the flow of re¬ 
search information from these laboratories 
be of much value to a utility which lacks 
interest in the application of advanced 
sci^tific methods to its own immediate 
problems. 

^me utilities have recognized that unique 
fields for profitable research exist within 
their own organizations. The logical action 
for such a utility was to hire a few people 
framed m research methods and have them 
assess the immediate problems by planning 
a research program to deal with them. 
Tms sometimes led to procurement of 
laboratory facilities, and the nnoTpus of a 
r^earch establishment was created. Its 
size depended on the size of the utility 
s^ed, and on its ability to produce results 
of value to that utility. 

On the surface, the idea of individual 
company laboratories may look like un¬ 
necessary duplication. Actually, the ex- 
companies operating such 
faalibes indicates that the work consists 

M problems particular 

to that utility and that any findings of 


industry-wide interest are readily ex¬ 
changed through the efficient industry 
assoriations and little tendency exists to 
duplicate the research work of apparatus 
manufacturers. 

Many examples could be cited of lucrative 
research projects which can best be per¬ 
formed in the utility’s own laboratory, such 
as: 

1. An improved method of predicting 
daily peak load for a 3,000,000-kw system 
improved the accuracy of prediction by 1 
per cent. T^ was accomplished by estab¬ 
lishing certain local illumination-load re¬ 
lationships and applying advanced statis¬ 
tical and machine computation methods to 
available data. One year’s saving in cost of 
spinning reserve repays the cost of the in¬ 
vestigation many times over, 

2. A study of wood preservation sus¬ 
tained for the past 26 years in the labora¬ 
tory, in test plots, and in actual service has 
brought this science to a high state of effec¬ 
tiveness. The prolonged life of more than 
1,000,000 poles in service pays handsome 
dividends to this company. Although the 
basic results of this pioneering effort have 
been of value to the whole industry, only 
in tlie utility’s own laboratory could the 
local conditions of weather, soil, and pole 
species be fully recognized. 

3. A striking saving in lubrication costs 
on a 360,000,000-dollar construction project 
was mad^ by a co-operative effort of the 
construction, research, and purchasing 
departments. The lubrication recom¬ 
mendations of the major oil companies were 
studied, available materials were tested, 
requirements were simplified, and bulk 
purchases were negotiated. Over the 6- 
year life of this project, tangible savings on 
purchase of lubricants were estimated at 
more than 600,000 dollars. This was 
pos.sible only because of the utility labora¬ 
tory's long experience in the investigation 
of lubrication problems. 

In facing the question raised by the title 
of this symposium, we should not overlook 
the opportunities for research within each 
utility. Nowhere else will be found the 
same intimate knowledge of the problems, 
the same sense of urgency in seeking solu¬ 
tions, or the same opportunities to try out 
and observe the solutions in actual opera¬ 
tion. This will not retard, but should actu¬ 
ally stimulate, the research activities of the 
manufacturers, the commercial laboratories, 
and the universities. Such local laboratories 
could constitute the chief source of problems 
for a central utility-sponsored laboratory. 
They would also provide an essential means 
of digesting and applying the results of 
pooled research to the operations of their 
own companies. 


Frank E. Sanford (Commonwealth Asso¬ 
ciates, Inc., Jackson, Mich,): The authors 
are in substantial agreement with many 
others concerning the essential nature of 
research for the electric utility industry, 
but ^ey have found a wide divergence of 
opinions on policies and lack of a clear 
understanding of the possibilities for in¬ 
creased research. 

Perhaps the big questions may be sum¬ 
marized as: how to create a more favorable 
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m the beginning, investments in research 
must be made with the expectation of a 
future return. However, if that return is 
not achieved in the long run, research is not 
justified. In this sense, research expendi¬ 
tures at the present time are in the nature of 
an msurance policy directed toward lower 
costs in the future. It is of course not rea¬ 
sonable to look at each research project in¬ 
dividually, because some projects will be 
successful, while others will not be. How¬ 
ever, in the long run, a research program 
must pay for itself in lowered cost, or it 
should be discontinued. If this principle of 
research is once established, there s^omo 
little question about the justification of 
modest research charges as operating ex¬ 
penses, in the expectation of future bene¬ 
fits, just as higher installation costs can be 
justified for more efficient units because later 
the operating costs will be reduced. We be¬ 
lieve that regulatory commissions can be 
persuaded of the logic and justice of tTiic 
position. We are confident that, when the 
utility managements themselves are firmly 
convinced of the responsibility of utilities 
for supporting a broader research program, 
the regulatory bodies can be and should be 
persuaded to authorize the necessary charges. 

Mr. Seelye believes that is is much too 
early now to consider the development of 
an independent industry laboratory or much 
of the very long-range undirected type of in- 
v^tigation. We would certainly agree 
with him that the need for a laboratory 
supported by tlie industry should be de¬ 
veloped gradually, and thfit it would 
not be prudent to rush into the construction 
of elaborate laboratory facilities as the first 
step. However, it is our belief that one of 


the desirable early steps is the development 
of a research planning and co-ordinating 
staff for the industry as a whole that can 
Iwk toward a more intensive investigation 
of the longer range and more basic problems 
of the industry which do not now appear to 
be receiving adequate attention. As the 
work of such a group becomes more effective 
the need for laboratory facilities in certain 
directions will undoubtally become acute, 
and. at that stage it will be time enough to 
initiate laboratory facilities. We do not 
contend that any great amount of research 
should be undirected. There is a place for 
exploratory research into new areas with 
no preconceived objectives, dictated pri¬ 
marily by the interest and curiosity of the 
.investigator. Research of this type can be 
most effectively done in college laboratories 
where research for basic new knowledge is a 
principal objective. However, when early 
discov^ies indicate interesting phenomena 
that give some promise of practical appli¬ 
cation, it becomes possible to develop a co¬ 
ordinated and carefully planned program of 
research to explore the possibilities. It is 
primarily in the latter area that an industry 
research organization and laboratory will 
eventually prove indispensable. 

Prof. Johnson has emphasized the need 
for stimulating the interest of students in the 
power industry and it is most helpful to 
have his favorable opinion regarding research 
efforts for this purpose. 

Mr. Tebo is particularly concerned about 
the relation of the research program to 
the manpower needs of the industry. We 
certainly do not contend that an isolated 
and separate research laboratory, spon¬ 
sored by the industry, will so change the 


industry that engineers in great numbers 
will be attracted to all of the operating 
companies. However, it is our feeling that, 
if the industry accepts its full responsi¬ 
bility for an aggressive and forward look¬ 
ing research program at all levels inr-iitriing 
a central organization for attacking the 
broader problems and a more aggressive 
research attitude in the companies re- 
prding their immediate problems, the work¬ 
ing conditions within the companies will 
gradually be changed all along the line, 
and recruiting problems will become far less 
difficult. In short, the spirit of research 
becomes a method of doing business that will 
permeate not only the research organization 
but the engineering and business organiza¬ 
tions as well, and will tend to bring the 
industry in step with a modem age that 
considers research essential to progress. 

We agree with Mr. Sanford that there is 
now a definite need for a further look at the 
research requirements of the industry, and 
this review should be thorough, careful, and 
far-reaching. A desirable starting place is a 
survey of the research in progress a. 
broad evaluation of the possibilities aiid 
needs. We believe that this evaluation 
should most certainly include a careful 
study of the responsibility for the long-term 
research needs of the industry, 

A survey of this type will largely indi¬ 
cate the best methods for accomplishing 
the desirable research. We agree that the 
most effective method of accomplishing the 
desired results will undoubtedly make use 
of all of the existing research tools, and we 
feel sure that an industry laboratory will 
gradually prove an indispensable part of the 
ultimate program. 


Research in the Electric Power industry 

L. R. GATV 

FEU-OW AIEE 


Synopsis : The electric power industry and 
the research it has done and is doing are re¬ 
viewed briefly and areas of research which 
should be pursued more aggressively are dis- 
ciissed. The industry must provide the 
highest service reliability at the lowest cost 
consistent with sound practice. Any re¬ 
search that holds promise of fostering this 
objective should be carefully considered and 
encouraged either directly or indirectly. 

T here is no question of the need for 
research. It is the key that has un¬ 
locked many secrets of nature for the 
benefit of mankind. There is every 
reason to believe that new developments 
and knowledge will dwarf the progress 
made up to date. It was research that 
created the electric power industry and it 
is proper to examine what part the utility 
industry should take in an aggressive 
research program. Certain types of 
research have been and are being con¬ 


ducted by the utility industry and these 
will be continued and expanded. There 
are other types of research that have no 
place in a prudently managed utility 
company and these will be avoided. 
Between tliese two is a broad band of con¬ 
troversial activity that must be carefully 
considered. 

Many Kinds of Research 

Research is defined by Webster as a 
I'careful or critical inquiry or examination 
in seeking facts or principles; diligent 
investigation in order to ascertain some- 
The author has divided research 
into three groups and defined them as 
■follows: “Fundamental research” is seek¬ 
ing knowledge of the fundamental laws 
of nature without regard to the usefulness 
of the knowledge. “Basic research” is 
taking this knowledge of natural laws and 


applying it for the benefit of mankind. 

Applied research” is seeking ways to 
improve a product, reduce its cost, or 
broaden its usefulness. 

Research Being Done by Industry 

Considered in the light of this definition 
a substantial amount of research is 
being carried on by the electric utility 
industry. Much of this research might 
have been carried on by industrial 
concerns or by universities but was initi¬ 
ated by the utilities before other groups 
became interested. Many of these proj¬ 
ects should have been included in the 
category of research but were not so 
classed. These include work in the tech¬ 
nical and scientific areas and frequently 
extend well beyond the scope of work 
usually associated with this industry. 

A few of the research projects now 

Paper 55-14§, recommended by the AIEE Research 
Co>^>ttee and approved by the AIEE Committee 
on Technical Operations for presentation at the 
AIEE Winter General Meeting, New York, N.Y., 
January 31-February 4,1066. Manuscript submit- 
ted October 26, 1054; made available for printing 
December 9, 1064, 

L. R. Gaty is with the Philadelphia Electric Com¬ 
pany, Philadelphia, Pa. 
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-acttve or completed within the past few 
years are listed here. This partial list 
indicates the variety of problems being 
investigated by research supported either 
ful^y or partially by electric power 
utilities. 


^aphitization of steam 
^ mvestigation of the phenom¬ 
enon of graphite migration and means of 
prevention was sponsored jointly by the 
Edison Electric Institute (EEI) and the 

2. Branch circuit overcurreht protection* 
An investigation of the characteristics and 
requirements of branch circuit protection 
was sponsored by EEI and ABIC and w^ 
conducted m co-operation with the Under¬ 
writers laboratory. 

research* 

S operation 

J^steSr pipe-type underground cable 
^t^ were mvestigated by EEI and 

EEI^?I+*'p“^ " 0 *^*“* The joint AEIC/- 

JiEI Heat Pump Committee has sponsored 
severe stuches of various phases of the prob- 

commlIt^“‘^*'^ storage media. ^The 
carrying on a preliminary 

5. Steam contamination: This research 

govern the introduction of impurities into 
steam from the water in the boiler and the 

o^^^M those ImSritt! 

by “’'“sP^'Kored 

tuVWnA manufacturers, and 

manufacturers and involved funda¬ 
mental studies in a little-known brand of 
physical chemistry and the development of 

new measuring techniques . 


there have l^n many carried on by 
various technical committees of industry 
organizations. This industry is unique 
m its policy of free interchange of infor¬ 
mation among its member companies. 
Troubles and errors are frankly dis¬ 
cussed and all information is made avail¬ 
able to other companies having the same 
problems or equipment. A catastrophe 
may occur on one system and within a 
matter of hours it is known and the 
details are given to other companies. 
These troubles are discussed and anal 3 rzed 
at con^ttee meetings. In addition 
innovations, improved methods, better 
utilization of equipment and, economic 
simphfication are discussed and the full 
^oty is made available to, all interested 
This atmosphere of frankness and mutual 
interest has created a committee organi¬ 
zation of unusual effectiveness. It per- 
^ts the entire industiy to benefit from 
tne pioneering of each member and allows 
the group to go forward with accurate 
scientific knowledge. Without this free 
interchange the progress to higher voltage 
larger units, greater capacities, higher 
temperatures, and pressures would have 
been much slower. The industry does 
not call all this activity research but it is 
included in the definition given in this 
paper. 


Progress Through Co-operation 


In addition, active research has been 
carried on in the following fields as well 
as othCTs not enumerated: Electronic 
accounting machines for billing* arti 
fiaal resuscitation; load charactoistics- 
furnace performance factors; atmospheric 
contamination; high-temperature steam 
generation; welding; andfiyash. 

Engineering Section of 
AEIC has been veiy active in explorinv 
many factors which affect cable rating 
life, and operation and has received ex¬ 
cellent co-operation from the cable manu- 
l^actunng companies. Preliminary work 

°° investigating the 
possibility of using extra-high-v^e 
cable. With presently available insulL 
tion, It appears as though cable would 
ave a very low load rating at 345 kv 
and could cany no load at 380 kv be- 
cause of high dielectric loss. Research 
which jjomted the way to a substantially 

low« dielectric loss in the cable insulation 
would^prove the perfonuance of exist- 
^/abl^ ^d permit an extension to 
vdtages m the 300-to 400-kv range 
In addition to these direct projects 
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There are various needs that must be 
wttghed and evaluated. The utility 
industry needs a healthy and agressive 
equipment manufacturing industry. 
Both of them need alert and forward- 
looking groups of technical educational 
iMtitutions, which provide the lifeblood 
of both mdustries through the new talent 
tat .strained. A virile and progressive 
educational program contributes to prog- 
ress, so ways must be found to keep edu¬ 
cational institutions solvent to attract 
^d hold outstanding teaching staffs. 
One way of doing this is to authorize 
research projects that will provide finan- 
aal support and equally important, will 
stimulate interest in the power industry. 

The electric utility industry has just 
passed its 75th birthday with every indi¬ 
cation of a continuing dynamic growth 
ahead. There is a chaUenge for the best 
teclmical and managerial talent to carry 
on its traditions and fulfiH its obligations. 

of the reasons for this success is an 
e^^dy close relationship between the 
u 1 y engineers and the engineers of the 
equipment manufacturers. Through the 
years a co-operative partnership has 
^own up between these two groups that 
has resulted in unprecedented progress 
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in new and better products with ever 
mcre^ing efficiency and reliability. The 
elec^c utility industiy could not have 
reached its present stature without the 
developments that have stemmed from 
tms teamwork and the research and stand- 
^dization that has been made possible. 
New designs, higher efficiency, greater 
economy, better reHabflity, and simplic¬ 
ity of operation have all resulted from this 
pa^ership and have permitted cheaper 
and more reliable electric power to become 
one of the miracles of industrial expan- 
sion. Aff groups have shared in the bene- 
fite of this teamwork and any program 
of research must hot interfere with it. 

'^^10 equipment manufacturing industry 

has provided research laboratoy facih- 
ties and personnel to carry on an aggres- 
sive program of research which includes 
metallurgical, chemical, electrical, ther¬ 
modynamic, and other fields. This has 
m^y advantages to the manufacturer 
Md his customers. It makes available 
the results to a wide group, it strengthens 
the sponsor, it provides excellent facilities 
^ talent to investigate a 

problem that may develop suddenly in 
connection with new products or new 
applications, and it provides lower costs 
for the manufacturer that can be passed 
on to the customer along with a better 
product. Competition tends to increase 
the effectiveness of this arrangement 
and makes it far more productive than a 
single research center supported by many 
sponsors. There is nothing that pro¬ 
vides a greater incentive than having a 
competitor get a temporary advantage 
through improvements in his product. 

This r^earch program must not be up¬ 
set. It is proper that certain types of 
research should be conducted by the manu¬ 
facturer and not by the purchaser. The 
customer should not be expected to do 
tne research to improve the product he 
IS purchasing, although he should make 
sure the product is the best for the appK- ' 
cation he has in mind. 

^ industry today is producing a 
kilowatt-hour for less than half the fuel 
required 30 years ago. This has not 
been brought about by any one group 
but through the combined efforts of the 
manufacturers of all types of equipment 
and the wfflingness of the utility in- 
dus^ to pioneer by purchasing and op¬ 
iating this equipment. The utilily 
mdustry has been willing to pay the costs 
of the necessary research and take the 
risk of ^pensive changes. The field 
modifications made in co-operation with 
the manufacturer have made many 
contributions to progress and scientific 
knowledge. There appears no other 
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feasible way of doing this type of research 
—a 1,000,000-pound-per-hour boiler can¬ 
not be set up in a university laboratory 
for research purposes, and small scale 
models do not yield typical results. This 
activity is not called research but it should 
be. That is undoubtedly one of the 
things that could have been more widely 
publicized in the past. 

There are many similar projects which 
must be undertaken on a full-scale 
field basis and the research work is done 
after operation starts. Naturally tliere 
are many components that must be de¬ 
signed, analyzed, tested, and modified 
in the shop before fabrication, but the 
over-all operation of the device cannot 
be accurately determined from, com¬ 
ponent information. The necessary field 
work and many modifications are fed 
back into the manufacturer’s design 
group and used to improve future prod¬ 
ucts. This type of research makes a 
substantial contribution to the knowledge 
of the art and to the welfare anrl pros¬ 
perity of the utility business, but does not 
get included in the discussion of research 
activities. 

Even though a great deal of research 
and promotional activity is being carried 
on by the utility industry and by indi¬ 
vidual electric utility companies there is 
certainly ample room for improvement 
and a substantial expansion in the amount 
of activity. ID)mamic and continuing 
expansion in the industry suggests that 
an increase in the level of research 
activity would be appropriate. There 
are many cogent reasons why the in¬ 
dustry should be providing a more 
progressive research program. One ob¬ 
vious reason is that inherently the 
utility industry must obtain a long life 
from its plant investment. Industrial 
concerns are able to write off equipment 
on a short-term basis, but this is out of 
the question for major plant investments 
of utility companies. Any research ac¬ 
tivity that will contribute to longer use¬ 
ful life and lower annual cost is highly 
beneficial. 

New* Sources of Energy 

There is a new source of energy coming 
to the front—atomic energy. More of 
the national scientific talent is devoting 
itself to atomic energy for war and peace 
than has ever been devoted to a single 
project. The utility industry is vitaUy 
interested in this field and is actively 
conducting research in many directions. 

A large number of electric utility com¬ 
panies are participating in one or more 
study groups investigating atomic energy 


in all its peacetime power-producing 
aspects. Chemical, metallurgical, ther- 
mod 3 mamic, mechanical, and economic 
factors are weighed and investigated. 
This work is being done in the laboratories 
of universities, industrial concerns, and 
research foundations. The recent 
dianges in the law will permit greater use 
for peaceful purposes. The utility in¬ 
dustry is now well advanced in its knowl¬ 
edge in this field and fully expects to 
continue on to the installation of large- 
scale atomic-energy applications. 

The conversion of solar radiation to 
electric energy has been improved and 
widely heralded. How does this affect the 
utility industry? Some of the semi- 
scientific writars have envisioned a solar 
converter on every housetop with un¬ 
limited power available for all household 
uses including heating and cooling of the 
home. It can be said without fear of 
contradiction that with present knowl¬ 
edge, materials, and costs this is only a 
dream. But as research adds to knowl¬ 
edge and provides new materials the 
dreams of the visionaries are often real¬ 
ized or exceeded. Certainly the utility 
industry must keep abreast of all new 
developments in this field. There may 
be other new forms of energy or energy 
conversion that win appear in the future. 
When these are discovered through re¬ 
search, the electric utility industry must 
be ready to use them to supplement the 
older forms of energy conversion. This 
may require a research program to apply 
the knowledge and m^e the energy 
commercially useful but the industry 
should not embark on a program of 
fundamental research to discover such 
energy sources. 

Progress Through Dissatisfaction 

The progress made in the past 50 
years can be attributed to dissatirfaction. 
Customers are eternally dissatisfied with 
what they have and want something 
bigger and better. This dissatisfaction 
extends into the factories and utilities 
which are always striving for better 
machine tools, better quality control, 
and better working conditions. The 
utilities are dissatisfied with the service 
they render, with the equipment they 
buy, with the engineers educated by the 
umvarsities, with the cost of equipment 
and the operating expenses, and are al¬ 
ways sedcing more reliable and economical 
devices that will be simpler and safer to 
operate. 

This dissatisfaction is healthy pro¬ 
vided the desire is for something better 
and not just for something different. 


Hobson and Lewis^ were dissatisfied with 
the amount of research that was being 
sponsored in universities by utilities and 
had justification for it. Their paper was 
a provocative and able statonent of one 
of the important problems facing the 
electric power industry. Very little has 
been done through this channel and much 
more should be done. But it would be 
most unfortunate if this did not meet two 
requirements: first, it must be research 
which will help the utility industry to 
move forward; and second, it must be 
the type of research that can be done 
properly and effectively by the univer¬ 
sities. DuBridge® points out the ad¬ 
vantages of research, the needs for re¬ 
search, but, above all, the importance of 
doing the proper kind of research and not 
merely experimenting for the sake of 
obtaining financial support. Research 
in a university can make a ^bstantial 
contribution to the understanding of 
natural laws and act as a stimulus to 
additional research by other groups. 
The author is dissatisfied with the amount 
of research the industry is doing, but is 
also dissatisfied with the reliability of 
service rendered and with the costs 
achieved. If such research were to make 
a substantial improvement in the service 
reliability or a substantial reduction in its 
costs, then the problem of the university 
research groups would be to find facilities 
and staffs to keep up with the research 
projects thrust upon them. 

Industries hiring technical men have 
indicated dissatisfaction with both the 
quantity and quality of the engineers 
being educated. The electric power in¬ 
dustry urgently needs a steady flow of good 
engineers capable of growth and devdop- 
ment. It is essential to stimulate the 
interest of the teaching staff as well as the 
students in the opportunities ahead in 
the power field. One of the easiest and 
most effective ways of doing this is to 
provide research projects that will pro¬ 
vide financial support for the institution 
and for the staff and mental stimulation 
for the staff and students.. There are 
many advantages in such a program, the 
least of which is that it could be self- 
supporting and might pay off in sub¬ 
stantial direct benefits. In addition, it 
provides financial support for the im¬ 
provement of physical facilities, helps to 
obtain and hold superior teaching staffs 
that could not be held otherwise, and 
creates a real interest on the part of the 
men who are training and advising the 
students. Consequently, this will re¬ 
sult in a more adequate flow of well- 
educated engineers interested in the power 
business. Such a plan would also pro- 
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vwfc a pool of consultants conversant with 
dectac power industry conditions who 
™dd be available when unexpected 
problems anse. There have been many 
««« where such consultation was des¬ 
perately needed but was not avilable or 

was unknown. 

Wide Range of Power Industiy 

The electric utiKty industry is only a 
part of the power industry. The field 
mdudes the equipment manufacturinff 
industry and all large industries such al 
mass transportation, automotive manu¬ 
facturing. mining, and much of the enter- 
taniment and communication field. New 
te^niques in the electrometallurgical 
field require tremendous amounts of 
power. The aluminum industry has 
some of the largest hydroelectric de¬ 
velopments in the world. Television 
and radio require large blocks of power 
^d color television will greatly increase 
this dernand. The power requirements 
of the fabncating and manufacturing 
indus^ increasing steeply with the 
need for higher product output with lower 


costs and fewer men. The large factories 
have extensive power distribution sys- 
tos built in with the requirement that 
they must be flexible enough to meet 
future changes in manufacturing tech¬ 
niques and power requirements. 

Co-operative teamwork between the 
power industry and the educators will 
proinde handsome benefits to both 
p^es. Research provides a medium 
tough which this can be done. There 
IS a broad mutual interest between the 
educational institutions, manufacturers 
contractors, and utilities. This mutual 
interest should provide a strong incentive 
to work out a reasonable solution bene¬ 
fiting all parties. 

Future of Industry 

A brief review of the forecasted growth 

m electric power use by many experts 
presents a challenge of the first magnitude. 
E^u if it is assumed that the growth 
will slow down and the load will double 
each 15 years, there will be eight times the 
load by the year 2000. The efficient 
supply for customers at that time will re¬ 


quire new knowledge in the fields of 
generation, transmission, distribution, 
utilization, accounting and record keep¬ 
ing. Some of the problems are common 
to other industries but some are unique 
with the public utility industry. The 
sooner this knowledge is available the 
more healthy will be the growth. 

Research by the electric utility in- 
ustry is essential and a way must be 
found to strengthen and expand the re¬ 
search being supported by the industry. 
A tremendous job lies ahead even if fore- 
casts of future growth are only partially 
fulfilled and every tool must be utilized 
to assure that this job is done well. 
Research wisely conceived and properly 
channelled will assist in this sound growth 
and help assure that capable technical 
personnel is available to the electric utilitv 
industry. ^ 
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Discussion 


(Pennsylvania Power & 
Light Company, Allentown, Pa.): Mr 
^tys paper contains some thou^t-^ 
provoking revelations on the need for rt 
search m the electric utility industry and 
Sty what the eLtric 

^ ^ field of re- 

I believe, however, that it might be inter- 
Mting to mention a few specific examples of 
v^t some of the utilities are J 

and what is being accomplished 
^le research of some natme cHher 
be« conducted by utilities for maSy y^r? 
t IS only since the war that many utilities 

have organized special research sStois 
jvisions, or departments where spedialized 
personnel carry out research activities 
^hampered by schedules and the pr^uS 
of meeting scheduled dates. Pressure 

Utilities have co-operated with 
ffEE'^h professional societies such as 

bSS of Mechanical 

^ Amencan Society for 
Twting Materials in some of their resLrch 
activities among which are the study of the 
properties of steam at high pressure and 
characteristics of metals 
Md alloys subject to high tempiSmS 
Md resistance of metal and alloys to high 

of th€ outstanding examples of tlip 
^^aon of the electric 
m pioneermg research is the curr^ 

Of the world’s first oommeSal^ 

atomic power plant soon to be ooSS^S 

oOK^aon with the Atomic bS ?.!® 

is owned ntility This 

B the Duquesne Light Company plit tob^ 
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pow^ed by a pressurized water reactor 
In ^dition to the active construction of a 

one leading 

y, more than 50 other utilities are 
^yely Stndying the ppssibiuaes p^ 

nS* tonstrucaon of plantf to 

utuize atomic power on their system 

LifffPennsylvania Power & 
bas special research di- 
viaons in the mechanical and electrical engi- 
neenng departments. These groups have 
conducted long- and short-ra5r?es^mh 

2ru^tion° 

tag tata?iTd o* operat- 

m the high-voltage interconnection of large 
capacity utility systems to obtain the most 
^Gnomical use of the fadlities ksSled b? 

ment of lightnmg protection for high-volt- 

tSse nrS^'®“ ®”swers to 

toe problems are now used almost univer- 

SeSi’ c^^Pauy began the develop- 
meut of equipment and procedures for the 
h^dhug and burning of small-sized anthra- 
^ by-product and formerly 

are the largest user of anthracite in the 
wor d, both stoker and pulverized methods 


Sympo^m.- a« ermu. B^ Maie Use ^Modern Sden^f 


developed and used as a re¬ 
mit of our research. We developed a new 
desi^ of thaw shed using hot water instead 

badly SS 

cars Of coal to permit rapid unloading. 

+u ^ electrical field, co-operating with 
equipmenrom rt 
sear^ has assisted in the development of a 

mse for the industry. This development 
was supplemented by a fault-current inter- 

sX“„i‘p' Penn¬ 

sylvania Power & Light Company system 

f ^ S . available heavy- 

duty fuse We initiated and pioneered as 
a result of considerable research, a new prS 

?he7ne?^ air-break swkehes. 

Sc ^P^^b^'^tions prepared as a result of 

siSs ®“"‘*'^ 

in rTi» f effected improvements 

We hnT^^ manufacturers, 

studv JfT considerable work on the 

bS on a theimal 

oasis rather than name-plate rating as 

have several other large utilities. Th^ 

rentin'* resulted in a material 

r^uction 111 cost per kilovolt-ampere of 

Sd InT,^ capacity required to serve the 
^ *be need for addi- 

during 

the past 2 years in the development and 

^ procuremmt^J aTe 
quate 69-kv air-break switches for breaking 
magnetizing and network load current and, 

^ a (tot result of this research, our sub¬ 
station designs have been modified to effect 
savmg in the cost of switching 
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Immediately following World War II, 
after considerable research and study we 
were able to develop standard designs for 
substations; on any project we have been 
able to select an available design from seven 
standard types to fit any condition required 
on the system from 4 to 220 kv. This not 
only substantially reduced the cost of the 
stations but facilitated installation of rush 
jobs during the critical, years foilowing the 
end of World War II, These designs are 
not permanent. They are under continu¬ 
ous study and are modified from time to time 
as improvements develop as a result of re¬ 
search. 

Another project we have in process of re¬ 
search, in conjunction with the equipment 
manufacturers, is the establishment of an 
adequate thermal rating for high-voltage 
fuses which is somewhat indeterminate at 
the present time. This study has not yet 
been completed. 

I think too little emphasis has been placed 
on the great value of research organizations 
within the utilities’ own forces and too little 
publicity has been given to the fine work 
that many of these groups are doing in the 
various utilities. The close co-operation 
between these groups and the manufac- 
tim^s engineers in developing improved 
equipment for safety, for greater reliability 
and for more economical installations has 
not been given the publicity it deserves. 

As Mr. Gaty points out, most of the prog¬ 
ress that has been made in the past 50 years 
can be attributed to dissatisfaction. I hope 


that we never become so satisfied and com¬ 
placent that we will no longer find any need 
for these research groups that are doing so 
much, in co-operation with manufacturers’ 
engineers, for the improvement in manufac¬ 
ture and utilization of electric equipment. 
It is not possible to stand still. We must 
go forward and continued and more intensi¬ 
fied research will drive us forward and at 
an ever increasingly rapid rate. 


Eric A. Walker (Pennsylvania State Uni¬ 
versity, University Park, Pa.): The com¬ 
panion paper by Hobson, Lewis, and Old- 
acrei offers a research program to the power 
industry, which has as one of its themes the 
suggestion that a central research laboratory 
for the industry should be started. Mr. 
Gaty says that the power industry is doing 
a great deal of research, both by itself, 
through certain organizations it supports, 
and also through the equipment manufac¬ 
turers. I believe there is one important 
question which has not been answered. 
“Do the power utilities need more and bet¬ 
ter engineers than they now are getting?’’ 
and, if the answer is affirmative, then. 
“Why?” 

I would like to suggest that the power 
companies make a statement on the number 
of 4-year engineering graduates they need 
over the next 10 years to make it clear to the 
educators that a market exists and to allow 
the educators to design a curriculum to fill 
that market. It would be very helpful if the 


power companies could indicate quite clearly 
the type of work they expect these engineers 
to do. The more clearly this can be done, 
the better job the engineering educators 
do of filling the order. Lastly, it would be 
extremely helpful if the power companies 
would indicate what they think is necessary 
in a 4-year educational program to make such 
students acceptable to the power industry. 
I believe they should link the courses and 
material they would expect the student to 
cover with the jobs they would expect him 
to fill. With these data in hand, I am sure 
that the educators would be much better 
fortified to try to steer some of their better 
students into the public utilities. 

Rbpbrbncb 

1. Implbmbntation op a Rbsbaroh Program por 
THB Blbctric Utility Industry, J. E. Hobson, 
W. A. Lowis, M. S. Oldacro. AIEE Transactions, 
vol. 74. pt. Ill, Aug. 1966, pp. 548-63. 

L. R. Gaty: The discussers emphasize the 
importance of better understanding and co¬ 
operation between the electric power indus¬ 
try and the engineering educators. A re¬ 
search program by the electric utility indus¬ 
try would be helpful but will not in itself 
correct the unhe^thy situation now exist¬ 
ing. Inauguration of an over-all industry 
research program should not be delayed but 
cannot be counted on to give more than tan¬ 
gible evidence that the industry is progres¬ 
sive and forward-looking and, therefore, 
attractive in providing a career for engineers 


Manufacturer’s Research in Relation to 
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E ngineers have a twofold function. 

They must find ways to increase the 
value of present products, and they must 
develop new products. Similarly, any 
healthy industry must accomplish these 
same two functions and certainly the elec¬ 
trical utility industry is no exception. 
Since research and development are vital 
to the manufacture of products of in¬ 
creased value and the creation of new pro¬ 
ducts, adequate work of this character is 
essential to the continued growth of the 
electrical utility industry. Thus, the 
question becomes immediately not one 
of justifying research and development 
but rather one of determining the appro¬ 
priate areas for research and develop¬ 
ment to support the utility industry, of 
deciding how much should be done, and 
of finding out who can best do the work. 

With respect to the interests of the 
electrical utilities, appropriate areas for 
research and development include: 


Utilities 


J. BAIRD 

MEMBER AIEE 


1. Basic scientific knowledge. 

2. Power generation. 

3. Power transmission and distribution. 

4. Power system analysis. 

6. Power utilization. 

To decide how much work should be done 
in these areas, the present situation is 
reviewed briefly. The availability of 
adequate amounts of electric power at 
reasonable and constantly diTninisViing 
costs has been a major factor contributing 
to the high standard of living in tbis 
country. The electrical utility industry 
has performed an amazing feat in reduc¬ 
ing the average cost of domestic electric 
energy by 32 per cent^ in the last 16 
years, a period during which the cost 
of living has risen by 93 per cent.* In ’ 
adifition to cost reduction, there has been 
an increase in value of the electrical utili¬ 
ties product through significant improve¬ 
ments in reliability, voltage control, and 
frequency control. 


Though this is an accomplishment of 
which to be proud, continued progress 
dem ands continued research effort. This 
work will be done by the utilities, consult¬ 
ing engineers, universities, independent 
research groups, and the equipment 
manufacturers. In this paper the elec¬ 
tric equipment manufacturers’ place in 
research and development programs of 
concern to the utility industry will be 
examined, by describing typical activities 
in each of the five areas outlined in the 
foregoing. Since conditions surrounding 
research and development in the industry 
are not expected to be appreciably dif¬ 
ferent in the futmre than at present—if 
the special situation of atomic energy de¬ 
velopments can be considered sepa¬ 
rately—^the pattern of manufacturers, 
research and development now in prog¬ 
ress should be a reliable guide for the 
future. Since the industry is expected to 
expand, it can be assumed that the 
amount of research and development will 
increase proportionately. 

This paper is based on certain funda- 

Paper 55-245, recommended by the AIBK Research 
Committee and approved by the AIEE Committee 
on Technical Operations for presentation at the 
AIEE Winter General Meeting, New York, N. Y., 
January 31-February 4, 1955, Manuscript sub¬ 
mitted December 8, 1964; made available for print¬ 
ing March 14, 1955. 
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JnentaJ premises. These are as follows) 

ie equipment manufacturers 

position to make sub- 
jMtial contributions in research and 
evelopment for the utility industry. 

motivation of 

genAthiv atfrf only the equipment for 

graeratmg and transmitting power but also 
the eqavment that uses tWs p^r ^ 

of <^erate in a competitive climate 

iarl applied re- 

tn nh a^^aaee development is applied 
of manufactarers 

to ^ a^‘^lent position 

Jlectrical manufacturers have 

Sth^Ah 1"^®* contributions, 

mthough they are aware that these eon 

mMt“^"“ f ■™‘'' ‘'J' encomage- 

m^t and active co-operation from tiie 

the utilitim“Lve”l2umS ”Sd T* 

^h specif 

tenst.cs superior to that in production 


ment” is advanced development engineer¬ 
ing induding the development of an en- 
sipcming model of a device. 


Basic Scientific Knowledge 


Because of the competitive situation 
m the manufacture of electric equipment. 
It can be anticipated that the manufac¬ 
turers wiU continue to expand their re¬ 
search and development activities in 
toost ev^ phase of work applicable to 
the electncal mdustiy as a whole. This 
IS essential if they are to increase the 
value of their products and develop new 
producte—a necessity for survival in a 
competitive economy. 

This is not to say that the manufac¬ 
turers do not welcome research programs 
sponsored by the utilities. They realize 
ttat m view of the ever-expanding ho¬ 
rizons of science there is need for much 

equipment 

manufactwers are not in a position to do. 

Nor is It the purpose of this paper to 
say that aU areas vital to the growth of 
the industry are being adequately covered 
by existing research and devdopment 
progr^s. This symposium explores ways 
m which research of specific interest to 
e utihties may be accomplished. In 
this paper the type of work done by the 
manufacturers in these five areas is dis¬ 
cussed, and how much, on the evidence 
of recent accomplishments, can be ex¬ 
pected from the manufacturers in the 
future. 

Herein, research wiU be considered to 
mean the quest for new knowledge, new 
processes, and newmaterials. It indudes 
basic scientific research with no definite 
device or appKcatiou in mind, and ap¬ 
plied research in which the feasibility of 
applymg saentific priudples for a spedfic 
purpose IS proved. The term “develop- 
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Conductors, insulators, and magnetic 
matenals are three basic building blocks 
tor aU electric equipment. The nature 
o their behavior has never been wholly 
undemtood. Today in the dectricd 
manufactunng companies’ laboratories, 
Mere is a large amount of research devoted 
to obtaining better understanding of the 
nature of conduction, insulation, and 
magnetic phenom ena 

Probably no utility wfll ever operate 
My equipment at 440 degrees Fahrenheit 
elow zero, yet much research work is 
being done on the phenomena of super¬ 
conductivity below this temperature At 
temperatures near absolute zero, some 
metals lose all their resistance and refute 
many commonly hdd tlieories of conduc- 
lon. Newknowledge of super-conductiv¬ 
ity may give a better understanding of 
how electricity is conducted at room tem- 
p^atures and provide new information 
about the basic structure of matter. 

Considerable progress has been made 
recent y in undemtanding the funda¬ 
mental nature of insulators and, if history 
IS any guide, this work should eventually 
provide the basis for the development of 
better insulating materials. When chem¬ 
ists learn how molecules of various sub¬ 
stances affect the characteristics of syn¬ 
thetic ^electrics, they may be able to 
synthesize improved solid, Hquid, and 
^eous insulators. A related area of 
b^c electncal research, with broad im¬ 
plications for utilities, pertains to corona 
phenomena including the effect of corona 
on insulation. Results now being ob¬ 
tained should provide necessary back¬ 
ground for the improvement of IZy 
pieces of electric equipment. 

. magnetic materials now 

m use are the result of equipment manu¬ 
facturers’ research and development pro- 
grams. While, these materials are vastly 
supenor to their predecessors, there is 
st^ appreaable room for improvement 
which can only be brought about by con¬ 
tinued work in the laboratories of the 

world. Forexample, todayamuchbetter 

tmderstaudmg has been gained of the 
baac mecham-sra of ferromagnetism, yet 
m the manufacture of electrical steels 
there is incomplete undemtanding of how 
ma^etic properties are influenced by 
vajous factor such as rolling temperature 
and gram size. 

Significant work is being done in the 
area of the structure of metals. The ob¬ 


ject is to determine why metals behave 
as they do, with emphasis on failure undei 

stress.^ the study of certain important 
matenals, test samples with small cross 
secrions have, under some conditions, ex¬ 
hibited much higher strength per-unit 
area than large pieces of the same geo- 
metncal pattern. The need for knowl¬ 
edge of this phenomenon increases directly 
Witt the demand for larger equipment 
Mdhigherdesignstressea. Single^aystal 
filaments of a large number of different 
metels and compounds have been grown 
^nd submitted to extensive physical 
tests. In the case of iron, strengths of uo 
0 1,000,000 pounds per square inch have 
M “ single-crystal filaments. 

While this strength is currently of little 
engineering value because of the smaU 
size of the filaments, it may lead in- 
tectly to the development of new high- 
stagth, high-temperature alloys with 
vitd applications in the utility industry 
Only a few examples of the manufac- 
timers research programs of direct or in¬ 
ject benefit to the utilities have been 
discu^d. There is also important re- 
search m the development of new light 
sources, arc phenomena, electron irradia¬ 
tion of materials, semiconduction, and 
nucle^ science—just to name some of the 
more important. 

Power Generatioii 


tu vmuie, Best Ma^e Use of Modern Sciencet 


An area where the contribution of th< 
electncal manufacturers can be readilv 
measured is the development of improved 
steam-electnc generating equipment. A 
agnificant portion of the real cost-cut- 
ting enjoyed by the consumer of electric 
power has come about through increased 
steam-electric generating-plant efficien¬ 
cies Fig. 1 shows a plot of the trend of 
coal consumption per kilowatt-hour for 
ste^-electric generating plants in the 
Umted States during the past 60 years. 
The upper curve shows the average coal 
consumption rate of all plants while the 
lower curve shows the coal requirements 
of the best plant in service in any particu- 
Iw year. These two curves are based on 
the utilization of coal with the heating 

value of 12,600 Btu per pound. Con¬ 
tinued improvement in steam-electric 
generating station efficiencies is inti¬ 
mately tied to research in such fields as 
metallurgy and combustion, and to the 

development in equipment designs. 

In addition to basic research, there is a 
large amount of work in the fields of ma¬ 
terial and process development as well as 
work to extend the knowledge of the en- 
^eering sciences, all directed toward 
improv^ent of power generation eqtup- 
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ment. Examples of this are the search 
for new materials, for new knowledge of 
how better to apply available materials, 
and for improved dynamic, thermody¬ 
namic, and mechanical designs. Study of 
fuel combustion recently has been em¬ 
phasized in the research and development 
laboratories of the United States. This 
may lead to self-pressurized combustion, 
eliminating induced and forced draft fans 
as well as reducing boiler sizes. The 
search continues for new thermal cycles, 
with increased value to the customer as 
the goal. Work on the commercial gas 
turbine falls in this area. 

At least a brief comment must be 
made on the application of atomic energy 
to the utility industry. This differs from 
the areas mentioned in the foregoing in 
that the major research expenditures are 
being made by the Federal Government, 
and the magmtude of these expenditures 
is so very large that atomic research by 
manufacturing companies would be small 
in comparison. Governmental restric¬ 



tions, while necessary, have also limited 
freedom of effort in this area. Despite 
this fact, the electrical manufactur¬ 
ing companies are attempting to stay 
abreast of the field and to create a pool 
of trained manpower through two ap¬ 
proaches: conducting government-spon¬ 
sored atomic energy research, and ex¬ 
pending their own funds to solve specific 
atomic energy problems. 

Transmission and Distribution 

Two foundations upon which the 
modem utility system has been built are: 
economical and reliable transmission of 
power over appreciable distances at a 
reasonable cost, and economical systems 
for local distribution. The electrical 
manufacturers have devoted, and will 
continue to devote, much time and 
money to research and development in 
this area. In the past, this work has re¬ 
sulted in improved insulators, new under¬ 
standing of corona phenomena and arc 
phenomena, and fundamental knowledge 
of power transmission and distribution 
system problems. Typical developments 
have provided high-speed and high-capac¬ 
ity circuit breakers, lightning-arrester im¬ 
provement, and transformer designs com¬ 
bining greater reliability with less cost, 
weight, and volume. 

The equipment manufacturers’ labora¬ 
tories for development of transmission and 
distribution equipment are unparalleled. 
They include high-voltage generators 
capable of producing simulated lightning 
strokes, high-current surge generators for 
studying the effect of lightning currents 


on transmission line equipment, short- 
circuit current generators for studying 
switchgear performance, high-capacity 
testing transformers, facilities for trans¬ 
former noise studies, and equipment for 
development and testing of new materials. 

Much remains to be done in the study 
of transmission and distribution. Exam¬ 
ples are investigations of radio noise sup¬ 
pression and the development and ap¬ 
plication of improved dielectrics, mag¬ 
netic materials, and economical designs 
for higher capacity circuit breakers that 
will almost certainly be required in future 
system interconnections. The develop¬ 
ment of a computer for remote reading 
and automatic billing of all types of 
utility meters offers an engineering chal¬ 
lenge. However, it appears doubtful 
that the present general pattern of trans¬ 
mission and distribution will be upset, 
although possible extension of under¬ 
ground systems making use of improved 
dielectrics and cable construction must 
not be overlooked. 

System Analysis 

System ansdysis, or system planning as 
it is frequently termed, is an area where 
the electrical manufacturers may be of 
hdp to the utilities, but where responsi¬ 
bility inherently rests with the utilities. 
Utility effort in this area, on the part of 
their own engineering staffs or through 
the services of consulting engineering 
firms, is advantageous to manufacturers 
since such studies normally point the 
need for the development of improved 
system equipment. 


Even though basic direction for system 
analysis must come from the utilities, 
the engineering staffs of the equipment 
manufacturers are able to make appre¬ 
ciable contributions because of their 
specialized experience and facilities. For 
the utility to obtain maximum advantage 
from such service by the equipment 
manufacturers, it must maintain a com¬ 
petent staff capable of understanding and 
contributing to the solution of system 
analysis problems. 

While most utilities individually sup¬ 
port system analysis operations, co-opera¬ 
tive research and development among 
groups of utilities has been evident. This 
is being done to some extent at present 
for regional planning, in the use of net¬ 
work analyzers, and in the solution of 
other operating problems of mutual 
interest such as the economics of high- 
voltage transmission interconnections. 

The complexity of the technical and 
techno-econwiic problems, many of which 
have political overtones, is constantly 
increasing. There has been a new tool, 
or perhaps it is more accurate to say con¬ 
cept, developed immediately prior to 
and during World War II which holds 
much promise to improve the effective¬ 
ness of managers by applying a systema¬ 
tic approach to management problems. 
Thus the manager may base his decision 
and action on facts developed through a 
systematic method rather than on per¬ 
sonal experience. It is essentially the 
application of engineering techniques to 
the problems of management. This 
method has become known as operation- 
research. 
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nn definitions of 

op^atio^ research given, perhaps be- 

1 IS a method nonnally consisting 
that it/difficult?" 
Motq comprehensive definition. 

^■Z “ M- 

methnrt research is a scientific 

method of pronding executive depart- 
^nts mth a quantitative basis for deei- 
ZTrolT"'^® operations under their 

sea.^n“*^?fv™® operations re- 

could be said to be the application 
01 the engineering method of problem- 
ohmg to the problems which arise in 

es^t^r' engineering method 

essentially consists of: 

1- Stating the problem, 

2 . Gathering all available data and facts. 

i ? conceptual model which 

matic^^ ^ ' necessarily, mathe- 


Considerations Governing Research 
Eiqienditures 


4. Where pertinent, solvine thf» 

applying of boundary conditions 
to obtain a relationship of variables 

5. Interpreting results in view of enn, 
pkteness of data and simplifying assump- 

operations re- 
m-e being used by the 

wl£h knowledge 

may be successfully applied to 

"ns that np to the pm^Ttime 

have been considered too chaotic, com- 

s^SionsT“, 5 ““ 

solutions based oh personal experience.* 

Power Utilization 

The very rapid increase in power con¬ 
sumption has been a major factor in the 
lower cost of electric power. For example 
increased demand for power and the inter- 

systems have per¬ 
mitted the installation of larger generat- 

la”^t:^d”- V ^ 

labor and mamtenance costs 

Both the wider use of existing devices 

Mdthedevelopmentof new devices which 

depend upon eiectricity for power have 
Mutabuted to the load growth. Devices 
unpi^t new load bnfldem in- 

hoM television, house- 

hold clothe dners, and the heat pump 
In the_mdjmtrial and commercial are^ 
developments such as new light 

^^,Kghtingt«hniqnesand„w 

cdnSutT? processes 

contobute to power demands. Manv 

2 ^ese devices .have been the product 

and devlp. 
ent ^orts, thus serving the interest of 
both manufacturer and utility. 
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Manufacturers of electrical equipment 
generaUy have taken a very broad view 
of the indirect benefits resulting from 
development expenditures 

^res be assigned to particular products. 
This has resulted in large and continuing 
expenditures in areas where the major 
retwn comes through general expansion 
of the dectneal industiy. Such efforts 
have included inf addition to fundamental 

1 V «1 sciences, theoret- 

cal studies on power system stability 
studies on the vulnerability of trans¬ 
mission lines to lightning damage, the 
continuing program for improvement of 
residentid and industrial lighting prac¬ 
tices, and many others. 

research expendi¬ 
tures permit better integration of pro¬ 
s' indusion of work 

hich could not otherwise be done. For 
example, work on improved dielectrics is 
supported by continuing studies onle 

on corona effects 
n dielectncs. However, the liberal poli¬ 
ces place an increased burden on the 
wwS* of the personnel directing the 

From the manufacturers' viewpoint 
there appear to be many areas where re- 
^development expenditures by 
the utilities would be more fruitful than 
m direct equipment development nro- 
gt;ams of the type cairied on ^the Zl 
tncal manufacturers. One of the many 
samples of utility research was the study 
of ste^-boiler water treatment, a pro- 
that effectively augmented the work 
n boiler and turbine design conducted by 
the manufacturers. In addition to this 
type of research, dosdy correlated with 
manufacturers’ efforts, there will continue 
to be many system problem.s in connec¬ 
tion with the expansion of the country’s 
power requirements. Solution of system 
dependent on 

ducted programs con 

ducted by the utilities. 


Symposium: 


Looking Ahead 

development programs 
may be divided into two general clSsifi- 
^tio^; an evolutionary atea. and an 
area wh»e new concepts alter the basic 
"" particular task is accom- 
phshed. This latter could be thought of 
^ a revolutionary area. The evolu¬ 
tionary category might include all im- 
provements in existing classes of equip¬ 
ment even though some of these might 


involve revolutionary concepts applied to 
the improvement of an old idea or device 
such as the magnetic floating of watt- 
hour meter rotors. 

It IS much more difficult to estimate or 
even guess what revolutionary progress 
will be made in the electrical utihty field. 

here is no difficulty at .all in making up 
a long list of revolutionaiy ideas; how- 
ever, itjs not easy to evaluate which of 
these Ideas may ultimately lead to a 
practical commercial development. In 

be done 

which do not look promising for the 
near future-cither because of the state 
of the art, inherent limitations, or the 
econ^ic environment-are such items 
as sol^ energy converters for the produc¬ 
tion of commercial blocks of power, elec 
tromc refrigeration systems, household 
atomm power systems, and the use by 
utilities of fuel cells, i.e., devices for the 
direct conversion of chemical to electric 
energy'. Undoubtedly the most promis- 

mgreyolutionaiydevelopmeut at the pres¬ 
ent time is the generation of electric 
power from atomic energy.. This is a 

a great-deal of research 
and dwelopment. but there seems to be 
veiy little doubt about either the ulti¬ 
mate outcome or the economic justifica- 

Co-operation between equipment 
manufacturers and the utilities has 
brought the electrical industry to a posi¬ 
tion where it can look toward the future 
with unrivaled optimism. It is for- 
tunate that this co-operation extends to 
the fundamental levels of research and de- 
velopinent. It is safe to predict that the 
electric equipment manufacturers wiU 
continue to allocate millions of dollars 
per ye^ to research and development in 
are^ of vital interest to the utihty com- 
panies. This will be done in the com¬ 
petitive dimate of the private enterprise 
sys em where the need for demonstrating 
the worth of accomplishments is an effec¬ 
tive control to assure maximum results 
rrom research expenditures. 

References 

STA^*STAT*iti^ Utxwy Iwddstry in the United 

D.TseX%S"Tl"7l! 

New York. N. ^fSo. Sons. Inc., 

M °L,0“*^tions Research. 


a-tw Can the Utilities Best Make Use of Modern Science? 



AtJGUST 1956 



Electric Defibrillation 


W. B. KOUWENHOVEN 

FELLOW AIEE 


W. R. MILNOR 

NONMEMBER AfEE 


A pproximately loo electric 

utility employees die each year as a 
result of accidental contacts with electric 
circuits. For years manual artificial 
respiration has been the only accepted 
first-aid method for victims rendered 
unconscious by an electric shock. Anal¬ 
ysis of the accident statistics, however, 
shows that approximately a third of the 
shock victims who receive artificial 
respiration with the promptness that 
should give promise of success, fail to 
recover. There is good reason to be¬ 
lieve that many of these failures are due to 
the effects of electric currents on the 
heart. 

It has been clearly demonstrated that 
the heart is susceptible to electric currents. 
The passage of a small electric current 
through the heart may destroy its rhythm 
and throw it into a twitching state 
called ventricular fibrillation. In this 
state the circulation of the blood ceases 
and unless the heart action is promptly 
restored, death ensues. Ventricular fi- 
brillation not only occurs in the electric- 
shock field, but also in surgical cases. 
The only known metliod of successfully 
arresting ventricular fibrillation is to send 
sufficient electric current through the 
heart to stop the twitching of the muscles. 
Prevost and Batteli* reported in 1899 that 
they had been successful in arresting 
fibrillation in the dog’s heart by sending 
either a capacitor discharge or an alter¬ 
nating current through the heart. In 
their work they opened the chest and 
place the electrodes directly on the surface 
of the heart. 

The a-c method was' studied by 
Kouwenhoven and Hooker* who reported 
their success with the method and de¬ 
veloped apparatus* for use in hospitals. 
With this apparatus a 60-cycle alter¬ 
nating current of 1.6 to 2 amperes, at 
120 to 130 volts, is sent through the 
heart by means of electrodes placed 
directly on opposite sides of the heart, 
which must be exposed by surgery. 
The lives of many patients, whose hearts 
go into fibrillation during surgery, have 
been saved. Beck^ reported in 1947 the 
first successful defibrillation of the human 
heart, with the complete recovery of the 
patient. 

In hospitals, the alternating resusdta- 
ting current is sent; through the ^posed 
heart either in a single application of l/4 


to 1/2 second duration or in a series 
of five or six short pulses, each approxi¬ 
mately 1/10 second in length. The latter 
method is known as serial defibrillation. 

In the field it is not feasible to open the 
chest and place the electrodes directly on 
the heart. Therefore, in a field defibril- 
lating method, the electric current must 
be sent through the heart by electrodes 
properly placed on the surface (skin) of 
the chest. In addition, the field method 
must be one that may be safely applied to 
a normal beating heart as the presence 
of fibrillation can only be detected by an 
electrocardiograph. Among the first to 
study the defibrillation problem in 
animals without the opening of the chest 
were Ferris and Williams.® They used 
sheep as the experimental animals and 
were successful in defibrillating the sheep’s 
heart by sending approximately 25 
amperes at 3,000 volts through the animal 
by means of electrodes fastened on 
opposite sides of the chest. 

The Research 

Because of the importance of this 
problem in tlie electric utility field the 
Edison Electric Institute in 1951 pro¬ 
vided funds for a study of the possibility 
of the development of a method of 
recovering the fibrillating human heart 
which would make it unnecessary to open 
the chest, a method which would be safe 
to apply in the field as well as in the hospi¬ 
tal, and the development of defibrillating 
equipment which would function in either 
environment. This study has been 
carried out at The Johns Hopkins Univer¬ 
sity, and is one in which its schools of 
engineering and medicine, and its hospital, 
co-operated. 

Experimental Procedure 

In this study dogs weighing from 8 to 
20 kilograms were used as the experi¬ 
mental animals. All of the ani-malc ; vv^ere 
anesthetized with morphine and ether. 

A tube was inserted in the trachea and 
positive pressure artificial respiration 
using ether and air was administered. 
During die periods that the heart was in 
fibrillation, the ether was cut off, so that 
the condition would be similar to normal 
artificial respiration. 

When the animal was anesthetized, the 


hair was removed from the chest with 
clippers. Two arrangements of the elec¬ 
trodes on the chest have been studied. 
In one arrangement chest electrodes, 
each 4 by 6 inches, of soft copper were 
placed on opposite sides of the chest and 
held in place by rubber bands. In the 
other arrangement the electrodes, each 
5 by 5 inches, were mounted on handles 
and held by the operator on the chest. 
These electrodes were known as 
electrodes. Cardiac jelly was placed on 
the electrodes to insure good electrical 
contact with the skin. The electro¬ 
cardiograph leads were attached to the 
four extremities for monitoring the heart 
action. 

After an electrocardiogram of normal 
heart action had been taken, the heart was 
thrown into ventricular fibrillation by the 
application of a 120-volt a-c shock applied 
to opposite sides of the chest. The con¬ 
dition of the heart was checked with the 
cardiograph. When the heart had been 
left in fibrillation for the desired length of 
time, the resuscitating current was sent 
through the heart by means of electrodes 
on the surface of the chest. Following 
this an electrocardiogram was taken to 
determine the effect on the heart of the 
defibrillating current. 

Results 

In this section the characteristics of the 
heart during fibrillation are treated first. 
This IS followed by reports of successes 
and failure and the hazard involved in the 
use of a capacitor discharge, in the use of 
a series of short a-c pulses (serial defibrilla¬ 
tion) and in the use of a single long pulse 
of alternating current. 

Fibrillation Characteristics 

If the chest is open and the heart 
visible the duration of the fibrillation can 
be estimated, to some extent, from the 
appearance of the heart. During the first 
minute the fibrillation is characterized by 
a vigorous fine twitching. The heart has 
a good tone, is of pinlcisb color, and only 
slightly or not at all dilated. At the end 
of the second minute the fibrillation vigor 
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IS notic^Iy diminished, the twitching is 
leM rapd and coarser, and the heart is 

ra^fljby. At the end of the third 
minute tte twitching is slower, coatser 
andimdnlatory. The heart is cyanotic, 
definitely dfiated. If 
fibrjfiatjon is arrested at the end of the 
third minute, the heart muscles may be 
so weakened by anoxia that it is incapable 
on Its own of beats powerful enough to 
arailate the blood. It is doubtful that 
umess the circulation is restored in 4 
minutes, there is much chance of life. 

In the operating room with the chest 
open, the hand may be inserted into the 
chest cavity and the heart squeezed or 
massaged so as to produce effective cir¬ 
culation of the blood. It is possible, by 
means of massage, to restore an en- 
feebled heart to normal vigor. In fact 
tte circulation of oxygenated blood has 

been maintained in a living human being 

for over an hour by heart massage 
Then, when the hospital defibrillating 
equipment became available, the fibiilla- 
toon was arrested by alternating current. 
The patient recovered and was later dis¬ 
charged from the hospital with all of his 
faculties. 

^ possible to massage 
h^t, but it is possible to bring the 
twit^ng ventricles to rest by the passage 
of altoating current through the chest 
even though fibrillation has continued for 
3 or more minutes. In such cases it may 

be popible to drive the heart by the ap¬ 
plication of small electric impulses® to the 
surface of the chest, and thus aid the 
weakened organ in re-establishing the cir¬ 
culation of the blood. 


that if the charging voltage was 600 or 
more volts and the energy stored in the 
capaator was at least 6-watt-seconds that 
the ^s<*arge was effective in stopping the 
fibrillation, and the heart would resume 
nomal beating. These results agree 
with those of Mackay and Leeds.® 
Capacitor discharges of 6 to 12 watt- 
sTConds at 600 or more volts were sent 
through the exposed heart in 57 experi¬ 
ments, in which the heart was allowed to 
remain in fibrillation, without massage 
for a period of 1 to 3 minutes. In these 
tests there were 32 successful recoveries 
and 26 failures. 

Closed Chest 


Capacitor Discharge 

^ capacitor discharge for 
defibr^atmg the heart is an intriguing 
one, l^cause of the wide use of portable 
^scharge apparatus in the 
flashhght photographic field. There is 
however, little information in the litera- 
ture on the effects of capacitor discharges 
on the heart.7 Therefore, a series of 

with the chest open and the heart ex- 

po^d. In another series of experiments 

t^ts were made with the electrodes on 
the surface of the intact chest. 

Open Chest 

A total of 136 experiments were made 

^owed to remain in fibriUation without 
^sage for a period of about 30 seconds. 
The ^p^tors ranged in size from 4 to 
45 microfarads and the charging voltages 

from 160 to 1.000 volts. rtwalloS 
662 


With the information obtained from 
the ^peiiments on the exposed heart 
^pe^ents were carried out on dogs with 
the 4 by 6-inch electrodes on opposite 

f Capacitors 

of 60, 76, 100, 176, 225, and 1,250 micro- 
arads, charged to voltages of from 4,000 
to 460 volts, were discharged through 
Ae chests of 36 dogs whose hearts had 
b^n in fibrillation from 20 to 60 seconds 

resuscitations 

and 22 failures. It was found that if the 
heart had been left in fibrillation for more 
than 25 seconds the chances of a successful 
recovery were very slight. 

Hazard Capaotor Discharges 

In addition, it was found that dis- 
ch^ges of this magnitude might result in 
ather cardiac standstill or ventricular 
fibnnation, when sent through the intact 
^ests of animals whose hearts were 
beating normally. 


^tigate all of these parameters, and 
there is a possibility that there exists some 
umque combination that may prove effec¬ 
tive. All new suggestions and ideas are 
bemg investigated. 

Serial Defibrillation 

All of the serial defibrillation experi¬ 
ments were made with the electrodes on 
the do^ chest. In the initial tests, 
alternating currents of 8 to 10 amperes 
were sent through the chest, in a series of 
pulses, each of approximately 6 cydes’ 
dmabon. They were applied by hand, 
at the rate of one pulse per second. 
These were effective in arresting the fibril- 
ation, and special electronic equipment 
was cons^cted for applying the pulses of 
a feed duration at an accurately con- 
trolled rate. 

Hazard Serial Defibrillation 

The serial defibrillating current was 
applied to eight dogs whose hearts were 
beatog normally. Results were sur¬ 
prising. In six of these cases, the applica¬ 
tion of serial defibrillation threw the 
dogs hearts into fibrillation. The further 
study and use of serial defibrillation was 
before abandoned, because the hazard 
it offered to the normal heart. 

A-C Defibriliation 


Capacitor Paildres 

Whenever a capacitor discharge failed 
to anrest ventricular fibriUation, recourse 
was had to alternating current. It was 
tound that in many instances, the fibriUa¬ 
tion could be arrested by a resuscitating 
current from the 60-cycle supply lines, 
even when two or more successive 
^pacitor discharges had failed. There¬ 
fore, our attention became focused on the 
use of al^nating ctiirent for defibrilla¬ 
tion. This does not mean that the 
capaator discharge method has been 
completely abandoned. At intervals 
capacitor discharges of various circuit 
parameters are tried to determine their 
effectiveness. To date, this phase of the 
work has not produced any encouraging 

There are, however, an infinite number 
of capacitor discharges avaflable and, in 
addibon, there are combinations of ca- 
pacitors with inductance, that may be 
effective. It has not been possible to in- 


lu this method the defibriUating current 
was sent through the chest of the animal 
m a single continuous application lasting 
about 1 second. The current was sent 
toough the chest in either the transverse 
^ection, that is from the right side to 

T, longitudinal, or 

head-to-foot, direction. Electrodes of 
soft copper, each 4 by 6 inches in size. 
WCTe fastened to the sides of the chest by 
rubber bands for the transverse direction. 
A pair of 6-inch by 6-inch soft copper elec¬ 
trodes mounted on handles, and known as 
hand electrodes, as shown in Fig. l were 
J«ed for the longitudinal current path 
One hand electrode was placed on the up- 
p^ end of the bre^tbone at the neck and 
the other hand electrode on the stomach 
pressing upward against the diaphragm. 
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Chest Electrodes 


The passage of a 60-cycle current of 8 
to 12 amperes at 480 volts was found to be 
a good method of arresting fibriUation. 
In all, 107 experiments were made on 
dogs using this method. The hearts of 
these dogs were allowed to remain in 
fibrdlation for various lengths of time. 
Artificial respiration using air was main¬ 
tained during the period of fibrillation 
and. the anesthesia was not turned on 
again until the heart had resmned beating 
and the pulse could be detected. The re¬ 
sults of the 107 experiments are given in 
Table I. This table shows the duration 
of fibrillation before the resuscitating 
current was sent through the chest, the 
munbCT of dogs tested, the number of 
cases in whicli fibrillation was stopped, 
and the number of dogs that recovered 
completely and were returned to their 
cages alive. The fibrillation was stopped 
by the alternating current in 68 per cent 
of the experiments. If the resuscitating 
current is sent through the animal within 
IV4 minutes after the fibrillating shock, 
the chance of a successful recovery is a 
60-50 one. If it takes 2 minutes to apply 
the current, the chance of success is very 
slight. 

In cases where the resuscitating current 
stopped the fibrillation, but effective 
beats failed to follow, it is believed that 
the application of small stimulating elec¬ 
tric currents to the surface of the chest 
may aid a weak heart to re-establish the 
circulation. 

A-C Hazard Chest Electrodes 

The hazard involved, in the use of a 
single continuous pulse of 60-a-c resus¬ 
citating current of 8 to 12 amperes was 
studied by appl3ring it to 43 dogs whose 
hearts were functioning normally. In 
no instance was there any injury, and a 
number of the animals were kept for from 
one week to two months before being used 
in subsequent experiments. Autopsies 
showed no gross evidence of any trauma. 
The temperature rise in the heart was less 
than 1 degree Fahrenheit and, under the 
skin at the center of the electrodes 11 to 
12 degrees Fahrenheit. 


Table I. RcsuscHated AltemaHng Current, Transverse Direction 


Chest Electrodes, Each 4 by 6 Inches, on Opposite Sides of the Chest 



ti-odes, which were smeared with cardiac 
jelly, on the skin of the animal. One 
electrode was pressed against the upper 
end of the breastbone at the neck and the 
other just below the floating ribs was 
pressed upward against the diaphragm. 
Both electrodes were held either on the 
mid-line or very slightly to the left of it. 

To date 58 tests have been made with 
tlie hand electrodes. In only four of 
these did the resuscitating current fail 
to bring the twitching heart muscles to 
rest. The resuscitating current values 
have ranged from 4 to 6.25 amperes at 450 
to 600 volts, 60 cycles. If the heart has 
been in fibrillation for 1 minute, the length 
of time that the resuscitating current was 
applied was about 1 second j for 2 minutes 
of fibrillation, approximately 2 seconds. 

The results obtained with the hand elec¬ 
trodes are given in Table II. With these 
electrodes, the fibrillation was stopped in 
93 per cent of the experiments. Eight of 
these dogs, however, lived for only a few 
minutes after the heart had started to 
beat again. Perhaps these could have 
been saved, had there been equipment 
available for driving the heart. The 
same observation applies to other dogs, 
whose he€^ were at standstill following 
the application of the defibrillating 
cturent. 


Hazard Hand Electrodes 

The resuscitating ciurent has been sent 
through the bodies of eight normal dogs 
for periods from 1 to 2 seconds without 
causing any injury. In addition, a 
number of dogs, which had been used in 
several successive experiments, have been 
autopsied, and no evidence of gross 
trauma has been found. 

Promptness 

The question naturally arises: “How 
soon must the resuscitating current be 
current be applied if it is to be effective?” 
The answer is: “The sooner, the better.” 
At 1 minute the chance of success is nine 
out of ten; at HA minutes one out of 
three; and at 2 minutes, only one out of 
seven. These chances may be bettered 
if the heart can be effectively driven by 
an artificial pacemaker. Promptness in 
getting to the shock victim is just as im¬ 
portant here, if not more so, than it is 
in starting artificial respiration. 

Time is important to the human brain, 
which is a delicate mechanism. If it 
does not receive oxygenated blood for a 
period of 6 minutes, it may deteriorate to 
such an extent that should the shock 
victim be successfully resuscitated, he 
will live on as a mentally deficient in- 


Tablc II. Resuscitating Alternating Current, Longitudinal Direction 

Hand Electrodes, Each 5 by 5 Inches, One on Breastbone at Neck and the Other on Stomach 
Pressing up Against Diaphragm 


On the basis of 43 successful experi¬ 
ments, one cannot state that the method 
is absolutely safe to apply to a man whose 
heart is beating normally. The chance of 
its causing accidental death are, however, 
less than one in 1,000. 

Hand Electrodes 

The hand electrodes were not attached 
to the animal. The operator, wearing 
rubber lineman’s gloves, held the elec- 
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resuscitation is essential. 


* piuraptness. 


Sxininiary 

This paper may be summarized as 
loUows: 

stooSnt discharge method of 

drtbriUation method using 
f”*?® “* sHcmating current was found to 
be dangerous to normal hearts. 

the defibrillating 

ntncles was a single application of 60- 


Syl'SSS* 

tu effective direction of flow 

through the chest of the defibrillating a-c 
longitudinal, head-to^foot 
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Discussion 


^•1 R*dley (Cutler-Hammer, Inc 
Milwaukee. Wis.): For years I ha;e been 
a^ously awaiting this report which tells 

a Rood* cb^*“® ‘'r constructed which has 
a good chance of saving the life of a victim 
of; accidental electrocution in which the 

fibrillation 

application of even the more 
SSLtem '“t “'a-od of 

At the experimental laboratory where I 
^ employed, there are about 60 engineers. 

new college graduates arrive who 
cannot ii^ediately learn how to Sle^he 

“ working with voltages 
persons in the last few 
WonTaT^ “ Milwaukee 

begun wiSi£u“ 

spring sted‘lSp'tiS,^'|^r a“‘tpiw 



Bs. S. . I>rinelpl, of yl.ldlu,.„rf.c. ,|„amde 

flneV***Ih “'d *"** '**'** *"•'*** •>oxerjrrt!y 

MW MU, e.,di.o J.,,^ „ .. 

instant use at all times 
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°”iy ti^e necktie 

sh W and under- 

birt unbuttoned or ripped open. With 

lon^ p/d left shoulder, the 

long end lying against the body with the 

jerbelow^hJ'l^*^ contacting the abdomen 

rW* position the lower 

pressed against the abdo¬ 
men by his body weight while the upper elec- 
trode is pressed against the back^of the 
shoulder close to the neck and held by the 
spring pressure. In this position, the back 
pressure-arm lift method can be b^n aS 
continu^ with only a momentary interrnp- 
tion while the countershock is being ap3 

mt'Su*?l T “• ’’ 5 ' “ iisb 

“WPS* ‘be side of tbe 

arms of the man who is applying the 
resuscitation. If no pulse can S dSited 
^acountershuckmustbegiyeu, 

have required 10 countershocks, ^e 
bfe was sav^ after 23 shocks. BspecUUly 
where severai shocks are required it is neces- 
to mamtain the resuscitation, for re- 

XtSlZJ" osy- 

«srs^”u.reiio“u.r^^^^ 

at^nrn^ surfaces, I propose to covS^ 
Pl=«rod“TlaSs 

^d^T* springs whose upper 

^d ends are cyhndricaUy curved so i to 
™ke contaM through a range in 

o fmTif™’’- ThesespL^Sj 

^itS b^h" “ ““'rial not 

aitected by the cardiac jelly which lines a 

Se spring-covered side of 

the elTCtrode while standing by for use at 
an unknown date. ^ ^ 

In a laboratory it is easy to provide a 
circmt which shall be constantly aUve with 
a capacity ad^uate for the step-up tr^s- 

vo^'*^ S^^th ^^***^^^ ^ amperes at 600 
m lt ®“®®^®P^‘“ary win require about 
10 amperes at 240 volts, the coSrol shoSd 

volt r ^ contactor with a 120- 

volt coil, operated by a timer which can be 
set for any value of time from 1/10 to 2 

cSt. defibrillating 

tofier information relative to the 
ons^ction of countershock equipment 
will be appreciated by the writer. 


Kouweniwven, MUnor—EkctrU D<^llation 


sSev^'iSI, , CaUfomia 

SsRh. 'i 5 ^ destined tc 

be a bench mark in countershock resuscita- 
tion for human victims of electric shod? 
accdents. Although the paper is largelv 

nf 'sperhnii 

th? ^ evident that 

rionTn^if''® practical appUca- 

omV haman bemgs is in the immediate 

pS?’ lav R desirable that the 

?Sf • \ *?’‘°P®^ foundation for both 

^ technicalities. 

It IS only natural to anticipate that anoH- 
^tion of defibriUating. shocks to human 

^ unsuccessful. In the un- 
tounate event of failurt the querton is 
Wti ** shock—the 

S defibrillating 

Ti,» responsible cause of death?'* 

wib to the effect tiLt 

pAn*- elwtrodes employing a single 
contmuous pulse of 60-cycle a-c resusdte! 

causing accidental 
aeath is less than one in 1,000 may be 
questioned on ^e basis of the expe^ental 
tbn ®°”tained in the paper. Elabora- 
Sabi?'' be exceedingly 

The minimum shock Ukely to cause 

™mcutoabriHationisofgreathnp«rSn« 

Ammcan Standards Assodatloa 

iSeZt on Electric Fences. 

Attempts are currently under way to de- 

spedfying the 

maximum aUowable output from electric 
ISe" Publication of iS 

energy, current, voltage, 
and shock duration j'ust producing ventri- 

«lar fibrifcuoa for both 60 Ky,S*ar^d 

ohoJ?'”“n?’ riMharges with electrodes 
?i““* i”” *?' «* *>>' body with the 

appreciated 

by aU of us working on this problem. 

resulta^w”®"®?^ translation of 

r^ults obtained on animals to human beings 

IS at most conjectural, and it would be en- 

ohase^f^rt°^ authors to discuss this 
phase of the problem with spedal regard 
to closed-chest conditions. In the past it 
as been genially believed that the shock 
intensity required to stimulate the heart is 
roughly proportional to both body weight 
^ basis it would 
«^**^^* defibrillating current for man 
might be two to three times the values re- 
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ported. Such currents might be destructive 
to tissues, and the corresponding voltages 
hazardous to the operator. On the other 
hand, even if no adjustment for weight is 
made, it would appear that the fibrillating 
toshold values (obtained from conversa¬ 
tion and correspondence with the senior 
author) are so much in excess of the output 
from commercial intermittent electric fence 
controllers that the hazard from a single 
shock from these devices would appear to 
be entirely negligible. This leads to the pos¬ 
sible argument that a material increase 
in the allowable output would be justi¬ 
fied^ to increase the effectiveness of these 
devices, and that safety can be virtually as¬ 
sured by simply increasing the off period 
between successive shocks so as to reduce 
to the vanishing point the probabiUty of 
a 2-year-old child ever being subjected to 
what the authors term serial shocks. 

The authors are to be complimented on 
their persistence and time-consuming efforts 
to find the best possible solution to this most 
difficult and important problem. Un¬ 
doubtedly counter electric shock is the most 
promising development in resuscitation for 
idctims of electric shock accidents since 
the development of methods of artificial res¬ 
piration. 


Livingston P. Ferris (Ashton Plantation, 
Lecompte, La.): After a lapse of some 
years, it is good to have further experimental 
data concerning the effects of electric shock 
upon the heart, particularly its benign effect 
m reviving the heart from ventricular 
fibrillation ^ing from accidental electric 
shocks and, in rare instances, during surgery. 

As a member some years ago of the 
Safety Committee, I urged renewed research 
along these lines as the only hope for sub¬ 
stantial improvement in our record of 
resuscitation from accidental electric shocks. 
The author would agree, I believe, tliat these 
urgings had some influence on the initiation 
of the inv^tigations reported on today. 
Therefore, it is with regret that I am not 
present to participate personally in 
discussion. 

With reference to the experiments on 
sheep mentioned in the author’s fifth para¬ 
graph, the 3,000 volts was open-circuit be¬ 
fore connection to the animal. Our power 
supply was heavily overloaded and regula¬ 
tion very poor, so the voltage across the 
aniinal dropped to about 900. This volt¬ 
age is of interest only in estimating power 
supply requirements. Current alone is 
the significant measure of the shock. Fig. 
17 of reference 5 of the paper gives a com¬ 
plete oscillographic record of a typical de- 
iibriUation test including before and after 
cardiograms, shock, currents, and voltages. 

The Kouwenhoven-Milnor tests were all 
c^ried out on dogs weighing from 8 to 20 
kilo^ams. Our tests were made on seven 
species of animals ranging in weight from 
about 1 to 100 kilograms. Our objective 
was to determine the relation of threshold 
fibrillating (not defibrillating) current to 
body weight and heart weight and to em¬ 
brace the body weight of man. Figs. 4 and 
5 (see reference 5 of the paper) show the 
results. A more than two-to-one difference 
in fibrillating current for sheep and dogs is 
indicated. We did not study the effect of 
body weight of different species on defibrillat¬ 
ing current because our study was primarily 


directed at detemiining danger limits of 
current, and we could not carry- the study 
of defibrillation nearly as far as desired. In 
the absence of contrary experimetal evidence 
it would seen reasonable to expect that 
defibrillating as well as fibrillating current 
would depend to some extent upon body 
wdght of the species of animal. The main 
point I wish to make on the authors’ paper is 
that their defibrillating current for dogs 
should not be assumed optimum for man, 
and that further animal experimentation 
should be carried out to determine the 
effect of body weight. Before settling upon 
a value of current for reUable defibrillation 
of the human heart, further tests are in 
order on animals as large as sheep. While 
our study proved that 25 amperes of 60- 
cycle current for 1/10 second was effective 
for defibrillating the sheep heart, I hope that 
the optimum current will be less, perhaps 
much less. It is important to find out, and 
there is no way but by experiment. 

Further tests should also explore the 
effect of duration of the defibrillating shock. 
There is certainly no advantage in pro¬ 
longing the defibrillating shock more than 
necessary. I have been of the opinion that 
defibrillation required only the arresting of 
all muscular activity in the heart for some 
minimum time by a current sufficiently 
strong to overpower the disorganized forces 
acting on the individual fibers, then their 
simultaneous release to resume their natural 
tendency for co-ordinated action. If this 
be a true picture, it is a threshold current 
we must exceed for reliable defibrillation, 
rather than the prolongation or repetition of 
shock. The defibrillating shocks used and 
proposed by the authors seem much too long. 

If there is evidence that a lower current of 
longer duration can accomplish what a high 
short-duration shock does, the longer dura¬ 
tion may be preferred because of the re¬ 
duced power requirements. I do not see 
such evidence in the present paper. 

The authors report increasing the dura¬ 
tion of the defibrillating pulse with the 
duration of the preceding fibrillation, 1 
second of pulse per minute of fibrillation. 
What evidence is there that increased 
duration of fibrillation requires a longer 
defibrillating pulse? Dr. King, one of my 
associates in the Columbia-Bell Laboratories 
studies, advises that he sees no physiological 
basis for such a relationship. 

In further studies to determine the 
optimum characteristics of a defibrillating 
shock for man I should like to see the fre¬ 
quency of the current included, though I 
regard this as less important than other 
factors. But should we have to build 
special generators for field administration of 
defibrillating shocks, we might as well build 
them for the optimum frequency, if there is 
a substantial advantage to be gained over 
the common standard of 60 cycles. 

The authors did not obtain encouraging 
results with capacitor discharges. There 
are so many circuit parameters that perhaps 
the right ones have been missed. The 
advantage of the capacitor discharge 
method, allowing the required energy to be 
stor^ slowly from low-powered circuits and 
discharged rapidly, may be great enough 
to warrant more thorough investigation 
before final discard. In view of the dis¬ 
couraging results thus far obtained, it seems 
des^ble to pursue first the a-c method to its 
optimum characteristics. If the a-c power 


requirements turn out to be much lower than 
expected, then this method may be pre¬ 
ferred for simplicity over the capacitor dis¬ 
charge method. 

The authors report tests on what they 
term “serial defibrillation,’’ a series of five 
or six short shocks of about 1/10 second dura¬ 
tion occurring at intervals of about 1 second. 
They do not recommend it but report some 
hospitals using this method. I can see no 
r^son for or advantage of “serial defibrilla¬ 
tion’’ over a single pulse which may be re¬ 
puted if observation shows failure. In 
principle, serial defibrillation seems analo¬ 
gous to interrupting artificial respiration 
to give the lungs a rest. Should one of the 
^rly pulses succeed in stopping the fibrilla¬ 
tion, there would be some danger that later 
pulses would start it again. Furthermore, 
if we consider the use of defibrillation equip- 
ment in the accident field without the pre¬ 
caution of a cardiographic check, then repe¬ 
tition of the pulses would increase the danger 
of causing fibrillation when it did not pre¬ 
exist. This is due to the mathematical 
increases in probability that one of the series 
of pulses will strike in the sensitive T-wave 
(partial refractory) phase of the cardiac 
cycle. In this connection reference should 
be made to Figs. 13 and 15 of reference 5 of 
the paper. I believe this explains the 
danger reported by the authors of “serial 
defibrillation’’ shock applied to normal 
hearts. 

The improbability of a random short 
shock of 1/18 second or less occurring during 
the short sensitive phase of the heart cycle 
is an important reason for trying to limit 
the defibrillating shock to as short a dura¬ 
tion as possible. This is particularly true 
for accident cases in the field where electro- 
cardiogmphic checks of heart condition seem 
extremdy difficult. This advantage com¬ 
bined with the decrease in liability of fibrilla¬ 
tion with high currents might warrant con¬ 
sideration of countershocks being given by 
well-trained personnel without check of 
heart by cardiograph. However, the danger 
of setting a normal heart in fibrillation 
should first be more thoroughly studied by 
further tests, once the optimum defibrilla¬ 
ting shock is found. 

In operating-room use of defibrillating 
apparatus, the misapplication of defibril¬ 
lating shocks to a normally beating heart 
should present no problem. The subject is 
in expert hands, under constant observation 
and it should not be too difficult to add an 
electrocardiograph to normal equipment. 
Defibrillating equipment could be built-in or 
portable. It should be provided with 
safety switches and signals for protection of 
patient and operating personnel, and spark- 
proof for prevention of explosions. 

When nearly 20 years ago we cautiously 
suggested the use of countershock apparatus 
in accident cases with the precaution of 
electrocardiographic checks on the heart, 

I remember the rather emphatic opposition 
of some resuscitation experts. This may 
have set back necessary studies many years. 
Fortunately, studies are under way again. 
There is much still to be investigated and I 
hope the fundamental studies will be con¬ 
tinued until safe, reliable defibrillating 
equipment and practices are available for 
field ^ cases and operating rooms. With 
continued close co-operation between tlie 
medical and engineering professions, I am 
confident that this objective can be attained. 
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Donald A. Kcken (Ministry of Labour and 

r j ^^^®n>ooI, England): 

First, dealing with detaUs of the paper, it is 

wfknown method of ar- 
induction of com- 

P > y injection of common materials, 
su^ as ammonium chloride. The diffi- 
culty is that these materials have to be re- 
irrigation. Fischer 

wnrt^ ^ sreat deal of 

work on chemical control of fibrillation and 
ttey reco^end the injection of acetyl 
^ohne which by producing a temporary 
nerve block, brmgs fibrillation to a stop 
In a ^ort time, the acetyl choline is hydro- 
tS? “^°P^°*icts which act as stimulants. 
Tim method has been well proved by ex¬ 
periments. , 

^1 the information upon which the article 
IS b^ IS apparently deduced from experi- 

"^lidity of compari- 
TOn between dogs and human beings is ex- 
tremely doubtful. Experiments which have 

and nerves 

different anunals respond in a widely 
different manner and I suggest that much 
more information is necessary on the valid¬ 
ity of comparisons between the subjects 
and human beings before the results can be 
^d human bemgs before the results can 
be of vdue. Much information on the 
^ects of dectric current on animals has 
been proved not valid for humans, 

paper that when ven- 
tocular fibrillation obtains, blood circula¬ 
tion ceases and death ensues. It is not 
always tme that blood circulation entirely 

fibrillatmg rhythm a weak heart beat of low 
frequency has been detected which would 
produce some blood circulation. Further 
Jelhnek suggests that fibrillation itself may i 

eliminated, though not i 

with the lower order of animals. It does < 

occur with monkeys. 

The methods suggested, whUe they might 

elimination of fibrillation, are t 
likely to have serious side effects. My in- t 
vestij^tiom mto fatal accidents suggest r 

® fibrillation is overemphasized t 

^d that a considerable number of deaths s 
blocks rather than to fibril- b 

possibility of causing a nerve block h 
by currents of the magnitude suggested in 
h ^® “ considerable and tl 

Thf ^ resort. in 

in cases of electric cs 

sho^ should be to ventilate the lungs and di 
to cause blood circulation. The use of ti 
h^h-frequency clients to stimulate heart ar 
beats h^ been tried, but the general appli- ht 

cation of current is difficult. Much silver £ 

techniques are essential for any widespr^d S 

and tte method shooW deal S S 

more gently with the effects of electric he 
shock on human beings. 

^ carried out on pai 

rocking-stretcher tech- ] 

mque not only as a ventilator for the lungs vol 

aa aimin'* f cfrtainly adequate, but also onl 
It bafb “ducmg blood circulation. troi 
Sf ^ considerable elec 

?• Circulation does result from 1 71 

aw^hcation of the rocking-stretcher S Hk 

Z: stationary. 

^ and humans, alona 

tiae lmes of that being done by Djomno^ elec 


Paris and that already done by Frdhlicher 
m Zurich is, in my opinion, essential. 

The recommendation made by Djourno 
IS one worthy of attention: when a patient 
IS unconscious from electric shock a hollow 
needle should be inserted into the wall of the 
heart. If the hemt is beating feebly this 
be used to inject a heart stimulant. If 
tte h^t is fibrillating it can be used to con¬ 
trol the fibrillation either chemically by the 
use of acetyl choline or electrically by the 
mduction of tetany. This method is much 
less h^rdous from the point of view of 
side effects than is the external application. 


we applied the defibrillating current for 1 
second to a heart that had been in fibrilla- 

rIAtl rr\i» 1 yt_ • 


tt and W, R. Milnor: 

The electrode-mounting described by Mr 
Radley is an interesting one and should be 

... His arrangement with one electrode 

1 on the shoulder and the other on the 

- abdomen mvolves a long current path and 

- this may require an increase in voltage to 
X- produce defibrillation. 

2 *• *'e““®end repeated appKca- 

s tions of the defibrillation current. In cases 
y s,n electrocardiograph is available 

r “ “ot defibrillated by the 

application, a second application 
e not true 

* plastic sponge about 1 
inch thick between a backing piece of in- 
sulatmg material and the electrode A 
■ spiral groove will be cut in the copper elec- 

^ the plastic 

> cardiac jelly is used it is not 

electrode surface with 

the utmost importance that 
respiration be started as soon as 
possible and that it be maintained con¬ 
tinuously, except during brief periods re¬ 
quired for the application of the defibril¬ 
lating current. 

Profesor Dalziel is correct in his state- 
application of a-c defibrilla- 
tion to humans by doctors and laymen will 
f? * failures as well as successes. We feel 

M method of defibrillation 

should be J^t tried in hospitals. It should 
be remembered that there are many more 

fibrillation annually in 
hospitals than there are in the field. 

thf question 

in I experimental animal 

selected be- 

^Me of the large body of evidence from 

showing 

physiology of the dog is 
analogotw m many ways to that of the 
uman he^ We are not convinced that ] 
body weight itself is an important factor in 

able that the current passing through the 1 

aPPh^ and the resistance of the f 
paffiway, is the most important factor. ^ 

In open-chest defibrillation the same 0 

?75 inchef^Td S^^oralSs ^ 

kiloirJ^^S. ranging from 7 to 20 hi 

kilograms, no difference was found in the m 

response to defibrillating shocks. ° f 

eleSrS^in^the 
electrodes on the opposite sides of the chest. 
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rno tion for 1 mmute. Using the hand dec¬ 
ent tiodM, we have been studying the effect 
ow of reducmg the duration of the current flow, 
me and find that durations of from 0.3 to 0 6 
his sec^d are ample to bring the twitching 

" ^ 2 m 

be Many authors, including Mr. Ferris 

sensitivity of 

ch the heart to electric shock varies during the 
of cycle. In the authors’ study of the effects 

‘^'?<^ges, it was recognized 
t^t If the sensitive phase was known, the 
shocks could be timed to pass through the 
r. dog during that period and that the time de¬ 
le shortened, 

e f the animals 

le was from right foreleg to left foreleg. One 

d discharges were sent 

d through the bodies of 18 dogs without find- 
o mg any correlation between the energy in the 

discharge, its position in the heart cycle 
L- and the occurrence of fibrillation. Undei^ 

5 the conditions of our experiments, therefore 

e no sensitive phase could be demonstrated. ’ 

We have only studied two frequencies as 
^ source of defibrillating current, namely 
e 60 and 400 cycles. The higher frequency 
^ current has been studied on 22 animals and 
IS not a satisfactory source of supply for 
this purpose. 

It is our opinion that defibrillating equip¬ 
ment should be designed to use the standard 
conm^cial frequencies because of their 
availability A convenient and inexpensive 
source of defibrillating current is a 2-kva 
low-impedance transformer with primary 
vohage taps ranging from 120-2,400 volts 

Ferris, as 

stated m the paper, that a capacitor defibril- 
mor would possess advantages. During 
d years we carried on intensive experimental 
capacitor studies, commenced in 1949, and 
we me still trying out new ideas and sug- 
gestions. Unfortunately we were not suc- 
cessfffi in developing an effective capacitor 
circuit for defibrillation. 

Mr. Picken states that there are many 
ways m wWch fibrillation may be arrested, 
^y, WOTkmg on drugs as a means of 
stoppmg fibrillation, found them to be in¬ 
fective. Fischer and Frdhlicher carried out 
th^ experiments with acetyl choline on the- 
isolated, paused heart. We have experi- 
mented with this drug on dogs with their 
hfrtsm place and their circulatory systems 
intact. In none of our experiments, under 
ffie^ conditions, were we able to stop 
fibrillation with acetyl choline. 

While it is not possible to transfer directly 
me results of animal experimentation to- 
f mans, there exists a mass of medical evi¬ 
dence showing that the cardiovascular sys- 
to of the dog is analogous to that of man. 
for example, the same voltages, airrents,. 

Md ^cuit conditions, which in 1933 were- 
found to be effective in defibrillating the 
dogs hearts* are used today in hospitals- 
on h^an hearts. When the human heart 
filsnllates the effective circulation of the 
b ood ceases, and unless the circulation is- 
promptly restored death will ensue. 

We have experimented with monkeys and 
have confirmed Jellinek’s finding that the 
monkey’s heart of ten recovers spontaneously 
from fibrillation. In general this is true 
of animals with small hearts. 

We have not had a single instance of the 
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passage of the defibrillating current through 
the current pathway that we are using, 
causing any side effects. The method has 
be^ successfully applied to one human 
being whose heart went into fibrillation 
while undergoing anesthesia. 

It is impossible to state accurately how 
many cases of ventricular fibrillation occur 
annually as the results of electric shocks. 
The Accident Prevention Committee of the 
Edison Electric Institute report that among 


utility employees there are approximately 
50 electric shock deaths each year, where 
artificial respiration was started with the 
promptness that should have ensured a 
successful recovery, but failed. 

The rocking-stretcher technique men¬ 
tioned by Mr. Picken, should produce some 
circulation of the blood. The needle tech¬ 
nique is an interesting suggestion. We 
suggest, however, that the shaft of the needle 
be covered with insulation, except for a 


small area near the end. Then if the needle 
is used as one electrode the current will be 
more closely confined to the heart. 
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The Use of Probability in the Design and 
Operation of Secondary Network 
Systems 
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T he purpose of this paper is to pre¬ 
sent a method of investigating the 
probability of the various types of outages 
which can occur on a secondary network 
system. Briefly, the results may be used 
in two ways: 1. To determine the princi¬ 
pal causes of these outages. 2. To com¬ 
pare the effect of changes in operating 
procedure and system design on these 
outages. 

Conclusions 

With the aid of probability, it is possi¬ 
ble to calculate the probability of occur¬ 
rence of secondary network equipment 
outages, their frequency, and their dura¬ 
tion. The data needed for a probability 
study are the individual network equip¬ 
ment outage rates. If these data are 
not available for the system to be studied, 
industry records of the equipment outage 
rates may be used. Placing these data 
in the equations shown will enable the 
system designer to calculate tlie proba¬ 
bility of occurrence of system outages for 
the present and future systems. 

Description of System 

The secondary network is a low-voltage 
a-c distribution system. It is principally 
an underground system used to feed com¬ 
mercial areas; see Fig. 1. All loads, 
large and small, are connected to a com¬ 
mon 120/208-volt grid supplied with 
power through judiciously located net¬ 
work transformers. These transformers 
are connected to one of two or more pri¬ 
mary feeders which ate so interlaced that 


D. R. NELSON 

ASSOCIATE MEMBER AIEE 

no two adjacent transformers are supplied 
from the same feeder. On the secondary 
of the transformer is a network protector 
containing a fuse, an air circuit breaker 
and a relay. The relay operates the 
breaker by tripping it on reverse power 
flow and closing it when the voltage on 
tire transformer secondary is greater tban 
that on the grid. This network unit 
(transformer and protector) is located in 
a vault either singly or with several other 
units. Where several units are located 
in one vault it is called a multiunit vault. 

The network system provides a high 
order of service to all customers, because 
all the loads and all the network units are 
connected to a common grid. The outage 
of any network unit means that its load is 
transferred to the remaining units. Be¬ 
cause of the impedance of the intercon¬ 
necting grid cables the principal portion 
of this load would be carried by the adja¬ 
cent units. In a multiunit vault or spot 
network vault these adjacent units would 
be the remaining energized units in this 
vault. 

System Design 

The system must be designed with a 
knowledge of the outages that may 
re^onably occur on the system and the 
ability of the remaining energized units 
to carry the total load. In this the sys¬ 
tem designer has two distinct problems: 

1. of supplying power to the system, and 

2. of supplying power to the grid at the 
various load locations. 

The problem of supplying power to the 
system is concerned with the distribution 
of large amounts of power over the pri¬ 


mary feeders to the many network tmits. 
The designer must determine how many 
feeders are required to supply the load for 
all reasonable operating conditions. In 
this case a knowledge of the probability 
of feeder outages is required. 

The second problem is to transform tbig 
power from the primary feeders to the 
grid. In multiunit vaults several net¬ 
work units are solidly tied together to one 
bus. The problem here is to provide ade¬ 
quate transfonner capacity to carry the 
load on this bus during normal operating 
conditions. Hence a knowledge of net¬ 
work unit outages is important. 

Definition op Terms 

A single-contingency outage is defined 
as tlie outage of one unit of a group of 
units. A double-contingency outage is 
the simultaneous outage of two units in a 
group of tmits, and a triple-contingency 
outage is the simultaneous outage of three 
units in a group of units. The term out¬ 
age as employed here is intended to mean 
tlie failure of a piece or pieces of equip¬ 
ment to carry its share of the system load. 

Approach to the Problem 

The explanation of the use of proba¬ 
bility to investigate network system out¬ 
ages will be mainly accomplished with 
examples. These examples are not in¬ 
tended to be typical for all systems, but 
are used only to show how to apply the 
principles of probability to determine the 
network system outages. 

Probability 

The application of the theory of proba¬ 
bility involves the determination of the 
chance of an event occurring in a given 
manner. Likewise, the theory of proba¬ 
bility can be applied to determine the 
chance of two or more events occurring in 

PapM 55-160, recommended by the AIEE Trans¬ 
mission and Distribution Committee and approved 
by the AIEE Committee on Technical Operations 
for presentation at the AIEE Winter General 
Meeting, New York, N. Y., January 31-February 
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NETWORK transformer 


reduced by 50%. The frequency of in¬ 
spection is therefore the principal factor 
m the probability of network protector 
outages. 

2. Faults can occur on a feeder with the 

^ure of a cable, a joint, or a transformer. 



multi-UNIT , V 

VAULT ' 


12^/208 
VOLT GRID 


FiS- 1. The secondary network system 


a parti^ar combination, if the proba¬ 
bility of the individual events is known 
Two mportant fundamental theories of 
probability are: 1. The total probability 
of mutually exclusive events is equal to 
the sum of the individual total probabili- 
ties. 2 The probability of two or more 
independent events occurring simul¬ 
taneously is the product of the individual 
probability. 

Mutually exclusive events are events 
that cannot occur at the same time 
wh^eas independent events are events 
tnat can occur simultaneously. 

Probability of Individual Events 

Determination of the probability of a 
single event occurring is rather simple. 

^ an event occurring 


of concern here are those which leave the 
protector open when it should be closed- 
i.e., leave the network protector’s trans- 
foimer disconnected from the system. 
Using data published by the Edison 
Electric Institute.! the probability of net- 
work protector outages can be determined 

!f period 1944 to 1946 

the Edison Electric Institute report* on 
a-c network operations records 0.046 
Mimes per protector per year. This in¬ 
dudes failures to open and failmes to 

blowings. Of this 
total 64.9 per cent (%) were failures to 
dose, making 

0.649X0.045-0.0292 faUures to dost ptr 
protector per year 


, uic system 

^ -te Msoaated protective equipment 
The feeder failure rate can be detenniued 
from individual failure rates of feeder com¬ 
ponents as published in Edison Electric 
Institate reports. If a primaiy feeder 
were 2 nnles long, had 30 joints and was 
connMted to 14 network transformers, its 
total failure rate would be: 

Cable failures per yea^*0.068 X2 

Joint failures per year=:0.0?6$30 ^ 

Transformer failures per year ^ 

0.00274X14 transformers = 0.038 

0.324 


P_ number of times t he event occurs 
number of times the event occurs plus 
the number of times the event could 
occur but does not occur 

Ass^ing that an event occurs 10 days 
dunng a year and will not occur the re- 
mai^g 366 days of a year, then the 
probability of its occurrence on any par- 
ticxd^ day will be P= l O/ClO-f-366) which 
equals 10/365 which equals 0.0274. 

^ proba¬ 

bility of system or vault outages is to de¬ 
tente the probability of individual 
equipment outages which will lead to 
outages. There are 

ffe network unit (cause diseonnec- 
^n of ^ network transformer from the 
.griuj. These are:: 

3. F^der maintenance. 

I. Nei^;pr6tectarfaa^^ 
several different types. The only^types 
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For use here these failure data must be 
placed on a time base. To do this the 
means of detection must be examined 
Bemuse of ^e inherent interconnecting 
load-supporting function of the network 
gnd It IS assumed that only a vault in¬ 
spection or a supervisoty system would 
determine whether a protector is open 
when It should be dosed. Where super¬ 
visory systems are not employed the 
burden of detection falls upon individual 
inspections. If these occur once a year 
an average outage period for each failure 

might be 6 months. The outage rates 
would then be rates 

Failure to close=0.0292 X~ days 
2 

=6.34 days per protector per year. 

The associated probability of any net¬ 
work protector being out of service at any 
tune would therefore be 


Total failures per feeder per year: 

Assuming that approximately 2 days 
wodd be required to locate and dear the 
fault and return the feeder to service, the 
d^s of outage per year would be 0.3^4X 
2-0.648 days per year. The probability 
of any feeder being out of serv ice because 
of fault at any time during the year would 
tnen be 

jp _ 0-648 days per y ear 
365 days per year 

3. Feeder maintenance outage is the 
planned removal of the entire primary 
feeder and its assodated units from serv- 
ee or the purpose of maintenance work, 
^suming that the total time a feeder will 
be out of service for maintenance during 
aay one year is 2 days, the probability 
of any particular feeder being out of serv¬ 
ice for maintenance at any time during 
. the year will be 

n _ 2 days per year 

' iiTdaysperj^i:-®-™^ 

Probability op Several Events 

Knowing the individual probabilities; 
i.e., P, probability of network protector 
outages. Pa probability of feeder fault 
outages, and Pj probability of feeder 
maintenance outages, it is now possible 
to determine the probability of outages in 
the vault of iV"units (see Fig. 2) as follows: 


p _ 3.34 days pe r year 
366 days per year 

If detection measures were conducted 
every 6 months, this probability would be 
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Pi = probability of network protector being 
out of service 

Pa “probability of a primary feeder being 
out due to a fault 

Pa “probability of a primary feeder being 
out due to maintenance 
probability of a network unit being 
out of service Pa=»Pi4-P2+P, 

P<?“ probability of all N units being in 
service 

Pjf “probabiUty of M out of N units being 
out of service 

Pj\r“ probability of all N units being out of 
service 
Pg“(1-P^^ 

Pi I Pa 3 -nd Ps are mutually exclusive 
(see the Appendix) in that only one can 
occur at a time. Therefore, the total 
probability of a network unit being out of 
service in a vault is simply the sum of Pi, 
Pa and P 3 to give P^, the probability that 
one network unit in a vault will be out 
of service. Likewise, 1 - P^ is the proba¬ 
bility of one network unit being good or in 
service. 

The probability of having two network 
units out of service in a vault is an in¬ 
dependent event, as each can occur simul¬ 
taneously. Therefore the probability of 
having two network units in service is 
(l~Px)* • .while the probability 
of having two network units out of serv¬ 
ice in a vault is (PJ (P^). . . Based 
on this, equations can be presented which 
will express the probability that an outage 
will or will not occur in a given vault. 
For example, assume N units are in the 
vault and it is desired to know tlie proba¬ 
bility that all units are good. The proba¬ 
bility that all units are good is 

Po“(l-Px)^ 

The probability that M out of N units 
will be out of service is 

Pm=>(Pa)"(1-Pa)^~^N^ N-M 

Tire combination factor N°N—M simply 
accounts for the number of ways in which 
this particular combination of outage 
can occur (see equation in the Appendix). 
This equation can be carried on until the 
probability of all units being out of serv¬ 
ice would be 

Pw“(P.i)'^ 

These general equations are presented at 
the beginning of this section. 

Examples 

The 4 -Unit Vault 

The easiest way to describe the use of 
the probability equations is with the aid 
of examples. First, assume that it is de¬ 
sired to determine the probability of the 


various outages in a 4-unit vault. The 
equipment in this vault has the values of 
individual probability determined earlier 
(Pi “0.0146, P2= 0.00178 and Pg* 

0.00548). 

The types of outages, their probability 
equations, and their calculated values 
are as follows: 

Pi “0.01460=probability of network pro¬ 
tector being out of service 
Pj “0.00178“probability of a p rimar y 
feeder being out as result 
of a fault 

Pj “0.00648“probability of a primary 
feeder being out due to 
maintenance 


Px “ 0.02186 “ probability of a network unit 
being out of service 

Po=(allgood) =( 1 —p^4 =0.91537 

Ps“(oue out) ={Pa){1-Pa)\Ci 
„ , “0.08183 

Pn“(two out) “ {PaW-Pa) hCi 
„ , “0.00274 

PT“(tliree out) “(Px)*(l-P,i) 4 Ca 
„ “0.00004 

P4“(four out) ={PAy “0.00000 


0.99998 

The probability of all combinations 
should equal 1 . 0 . 

The probability of having at least three 
units in service is: 

Po “0.91537 
P5=0.08183 


0.99720“probability that least three 
units are in service 

The probability of having at least two 
units in service is: 

Pg “0.91537 
Ps=0.08183 
Pn “0.00274 


0.99994“probability that at least two 
tmits are in service 

The value of the probability for each 
event occurring is a number less than 1 . 
One way to consider these numbers is 
that they tell the per cent of the time a 
certain event will occur. For example. 
Pa all good, equals 0.91537 or, on the 
average, all the network units in tins 
vault will be good 91.537 per cent of the 
time. Likewise, 8.463% of the time, one 
or more units will be out of service. Add- 
ing P a and P« evaluates the time that at 
least three units will be in service. Simi¬ 
larly, adding P 0 , P^, and determines 
the time that at least two units will be in 
service, These values from the foregoing 
equations are 99.72% and 99.994% of 
the time respectively. 

The 4 -Feeder System 

Suppose it were desired to detennine 
the availability of feeders to transmit 
power to the grid or, conversely, to de¬ 


termine the probability of feeder outages, 
particularly multiple contingency outages. 
Since a network protector outage will not 
disconnect a complete feeder from a S 3 rs- 
tem, its occurrence can be ignored for tliis 
investigation. If the system to be 
examined had four feeders, the associated 
probabilities of outage, employing Pj 
and Ps as defined earlier, would be as 
indicated as follows: 

Pt “0.00178“probability of a primary 
feeder being out because of 
a fault 

Pi “0.00548“probability of a primary 
feeder being out due to 
maintenance 


Pj 1“0.00726“probability of a network 
unit being out of service 
Po“(allgood) “(l_i>^)4 “ 0.971278 

Pa “ (one out) “ (1 \Pa\Ci 

„ , “0.028404 

Pd “ (two out) “ (1 -P^) *(Px)»<C2 

„ , “0.000318 

Pr“(three out) =>{l-PA){PA)hCz 

_ , = 0.000000 

P4 “ (four out) “ (P^) < =,0.000000 

i.000000 

The probability that at least three 
feeders are in service is calculated as 
follows: 

Po=0.971278 
Ps“ 0.028404 


0.999682“probability that at least 
three feeders are in service 

In comparing the results of calculation 
on a 4-unit vault and the results on a 4 - 
feeder system, it is obvious that the 
values of probability of outages have been 
considerably reduced. Outages are more 
likely in the vault because of the value of 
the Pi probability of a network protector 
being out of service. The comparison 
indicates the need for a higher ratio of 
transfonner capacity to load than feeder 
capacity to load. This is not the whole 
story, as an isolated outage confined in 
one vault on the system is not as serious 
as an outage of two whole feeders on a 
system. 

Variation of the Protector Outage 
Time 

The principal reason for the protector 
as a cause for a double-contingency outage 
is the duration of its outage following its 
failure to close. Assuming that the pro¬ 
tector is going to be supervised so that its 
average outage time will not be '6 months 
but will be the same average duration of 
2 days as that for a feeder maintenance 
and a feeder fault, then the probability Pi 
(protector outage) is reduced from 0.0146 
to 0.00016. This will reduce the value of 
PA (probability of a feeder outage) from 
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0.02186 to 0.00742. The results of calcu¬ 
lations in the 4-unit vault using the re¬ 
duced protector outage time are: 

Pi “0.00016^probability of network pro- 

P 2 -0.00178«=probabUity of a primary 
feeder being out because of 
a fault 

Pa =0.00648*probability of a primary 
feeder being out due to 
maintenance 

•Px =0.00742 * probability of a network unit 
being out of service 

^G«(allgood) *(1-P^)4 = 0.97066 

P5«(oneout)=(l-P4)»(P^),C-i =0.02906 

Pn=(two out)*(l-.p^)s(P^)2^Ci*0.00033 
(three out) =(1 -P^(P^)s,C 8 = 0.00000 

P 4 ( fourout ) =( P ^)4 = 0.00000 

1.00004 

The probability of having at least three 
units in service is as follows: 

Po* 0.97066 
Ps=0.02906 

0.99971= probability that at least 
three feeders are in service 

Now, all the units are good on the aver¬ 
age 97.066 as compared to 91.637% of the 
time from the calculation of the 4-um‘t 
vault. The probability of having at 
least three units in service in this vault is 
now 0.99971, which is about the same as 
the probabiKty of having only two units 
in service, or 0.99994 in the 4-unit vault. 

The 3-Unit Vault with Protector 
Outage Time Reduced to 2 Days 

An interesting comparison can now be 
made using the reduced protector outage 
tnne of 2 days in a 3-unit vault as com¬ 
pared to the 6-month protector outage in 
a ■^unit vault. Following are the proba¬ 
bilities of the contingency outages in a 
three-unit vault: 


The probabihty of having at least two 
in service is 0.99984, which is about the 
same probabiUty, 0.99994, of having two 
units in service in a 4-unit vault. Thus 
the additional supervision of the protector 
in reducing its average outage time from 
6 months to 2 days practically has re¬ 
duced the need of having the fourth trans¬ 
former in this multinetwork vault. 

No-Feeder Maintenance 

Up to this point no restriction has been 
placed on the occurrence of feeder main¬ 
tenance. The equations have allowed 
feeder maintenance to occur in a sirnilgt 
fashion to feeder faults. As all four 
feeders can be taken out for faults, so the 
equations have allowed all four feeders to 
be taken out for maintenance. This is 
not the case in practice, as most systems 
will not take a feeder out of service for 
maintenance during peak load periods 
because this outage might lead to a 
double-contingency outage during a criti¬ 
cal period. 

The probabilities calculated in the fol¬ 
lowing assume that a feeder will never be 
taken ^ out of service for maintenance. 
This is the other extreme operating condi¬ 
tion as compared to unlimited mainte¬ 
nance. Comparing the results of the 4- 
unit vault calculation and the results of 
no-feeder maintenance, shows that there 
hM been a reduction in the total proba¬ 
bility of contingency outage of only 
0.02062, assuming that no feeders will be 
taken out of service in a 4-unit vault for 
maintenance purposes. 


Pi *0.00016*probabiUty of network pro- 

Pa *0.00178"probability of a primary 
feeder being out due to a 
fault 

Pa *0.00648*probability of a primary 
feeder being out due to 
maintenance 

F^*0. 00742 "probabffity of a network 
_ . ^it being out of service 

Po*(allgood) *(1-P^« *0.97791 

Pa*Coneout) *(l-P^)*(P^),a* 0.02193 
Pn*(twoout) *(l-P^)(Pj 2 ,ci=o .00016 

-Py»(three out) *(P ^3 =0.00000 

1.00000 

The probability of having at least two 

units in service is as follows: 

Fe“0.97791 
Fs* 0.02193 

0.99984"probability that at least two 

units are in service 


Pi —0.01460"probability of network pro- 
n tector being out of service 

Pa —0.00178"Probability of a primary 
feeder being out due to a 
fault 


F.i=0.01638"probability of a network 

n / „ « of service 

Po*(all good) = 

(1-Fx)< *0.93699 0.91637 

x'a=(one out) * 

_ (f“Fi)*(Px)4Ci *0.06246 0.08183 

Pn* (two out) = 

„ /f*~Fx)*(P4)*4C2" 0.00166 0.00274 

Pr* (three out) * 

„ (f~F^)(FD*4Cs *0.00001 0.00004 

P« “(four out) =P,i 4 ==0.00000 0.00000 

1.00001 0.99998 

The figtues in the last column are from 
the calculations on the 4-unit vault. 

Po*0.93699"(all good from above for no 
maintenance) 

Po*0.91637=(four-unit vault calculations 
all good for unrestricted 
maintenance) 

0.02062"reduction in probability of 

outages with no feeder main¬ 
tenance 


o Limited Feeder Maintenance 

^ A more realistic approach is to assume 
^ that a feeder will be taken out of service 
^ for maintenance if no other feeder is out 
^ of service due to a fault or maintenance. 
^ This places a restriction on maintenance 
^ outages that can occur. For example, 
some double-contingency outages are 
caused by a feeder fault (Pa) and a feeder 
maintenance outage (P 3 ). If a feeder is 
not removed from service following a 
1 feeder fault, then Pa (probability of a 
feeder fault) will not be followed by P® 

[ (probability of a feeder maintenance). 
But Ps (feeder maintenance) can be fol¬ 
lowed by Pa (feeder fault) to lead to a 
double-contingency outage. Thus, with 
this type of restriction on feeder main¬ 
tenance certain of the combinations lead¬ 
ing to the various degrees of contingency 
outages must be corrected. 

For example, in order to correct tlie 
probability figures of the 4-unit vault 
calculation to conform to the new main¬ 
tenance restriction, the terms (Pj) must 
be expanded as is accomplished in limited 
feeder maintenance. Certain terms must 
then be moved from one contingency to 
another, according to the effect of this 
maintenance restriction. The terms 
which must be moved are underscored in 
the following. 

The terms for the outages expanded are: 

Po=-(1-Pa)* =(i_p^)4 

P8=‘PA(l-PA)hCi *(Pi-f-P 2 +P 3 )(l- 

F/>=Px®(l-PA)*4C2*(Pi2-f-P22-t^,^f!^ 

2PiPa+2P^,+2P,P,)(i 

Pr*P4»(l-Px)4C’3 =(Pi3+Pj,3+P3»^ 

SPi^Pa +3 Pi»P2 -t-3P2«Pi -I- 3 P 22 P 3 -f- 
3F3*^+WP2-^6 Pj^,)(1 -pm 
P 4 * Pa=( not of value) 

Terms to be added to Pg are: 

Prom Pz> * j^P3*+_^^(2P3P,) J x 

(1-Pa)*4C2*0.00026 

(1-Pa) 4C3* 0.00000 
Terms to be added to P^; 


, . P 3 +P 3 




P 2 +P 3 


■(GPiPzPa) (1-Pa)4C3 

I 


*0.00003 


Values of 4-unit calculations corrected 
for the maintenance restrictions are as 
follows: 
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Po»0.91537 

0.08183 +0.00026 
jPi> =*0.00274+0.00003 - 0 
Pr «=0.00004 - 0.00003 
Pa = 


=»0.91637 
*0.08209 
.00026 * 0.00261 
* 0.00001 
0.00000 


0.99998 

For example, (Pa)^ in P^ cannot occur 
as only one feeder will be taken out of 
service for maintenance at a timp So 
this term (Pa)^ must be moved from 
double-contingency outage to Ps single- 
contingency outage. The terms 2PiPi in 
Pja will not occur 100% as a double¬ 
contingency outage. If Pa feeder fault 
occurs first, Pa maintenance cannot occur. 
If Pa occurs first, then Pa can occur and 
lead to a double-contingency outage. 
Thus a portion of 2PaP2 must be moved 
from Pd to Pg. This portion or fraction 
depends on the value of Pa and Pa. As a 
double-contingency will not exist if Pa 
occurs first, then [Pa/CPa+Pa)] (2PaPa) 
is tlie portion of these terms to be sub¬ 
tracted from Pd and added to P^. Other 
terms are handled in a similar fashion in 
the limited feeder maintenance calcula¬ 
tion. 


Interpretation of Results 

As it has been pointed out, these proba¬ 
bilities can be expressed in tenns of per 
cent of a year or years. From the calcu¬ 
lation on a 4-feeder system the probability 
of a double-contingency outage is found 
to be 0.000318. Multipl3dng 0.000318 by 
365 determines the average days outage 
per year 

365(0.000318) *0.116070 day per year 

This term does not mean that there will 
be 0.11607 day of double-contingency out¬ 
age each year but rather, on the average, 
this outage will occur 0.11607 day per 
year. For example, this might mean a 
double-contingency outage of 1.1607 days 
every 10 years or 11.607 days every 100 
years. Obviously, if the double fault 
occurs only once every 100 years, this 
type of fault will not worry a system de¬ 
signer; whereas a fault of 0.11607 day 
(2 hours, 48 minutes) each year may be 
of long enough duration and occur fre¬ 
quently enough to be planned for by the 
system designer. Thus the frequency 
and duration of the probabih’ty of the 
faults is important to know. Using the 
4-feeder S3^tem calculation as an example, 
the duration and frequency will be found. 


tenance outage occurring on a 4-feeder 
system. Each of these individual out¬ 
ages Pa and Ps occurs for an average of 
2 days duration. When the individual 
outage durations are known the average 
duration of any contingency outage can 
also be determined. For the double con¬ 
tingency with each individual outage 2 
days long the average double-contingency 
outage time will be 1 day long. This can 
be expressed as 

average duration of outage 

D\ + 

where 

A “average outage duration of one of the 
failures 

X>2 “average outage duration of the second 
failure 

For the 4-feeder system calculation 
each duration Ps and Ps is 2 days and the 
average duration of a double-contingency 
outage is 1 day (2X2)/(2+2). Dividing 
0.11607 into this 1-day duration will deter¬ 
mine the average years to obtain an 
average double-contingency outage of 1 
day, or 1/0.11607, or 8.5 years. This 
means that for this 4-feeder system there 
will be a double-contingency outage of 1 
day every 8.5 years. This same princi¬ 
ple can be carried on into other examples 
to determine the average number of years 
between faults of a certain duration. 

Interpretation of Unit Outages in a 
4-Unit Vault 

Unfortunately the calculation on a 4- 
feeder system is by far the easiest to 
exaanine as only two individual faults 
(maintenance and feeder) each having a 
2-day individual duration make up the 
duration of an average double-contingency 
fault. For the case of the vault exam¬ 
ined for the 4-unit vault calculation 
there are six combinations which make up 
the total probability of the double-con¬ 
tingency outage time. Among the six 
combinations (see Appendix) there are 
three different average fault durations. 
Thus the total probability of a double¬ 
contingency outage (0.00274) is made up 
of several different durations. To exam¬ 
ine each term, (P^)a must be expanded 
as in the following interpretation of re¬ 
sults. 

Pd * (Px) K 1 —P ii) *4^2 *double contingency 

(Pa)**(Pi+P 2+P*)* 

Pd “(P.i) ®(1 -P^ hCi = (Pi2+P22+P,»+ 

2P,P2+2PiP3+2P2P3](1 -Pj^hC^ 


Interpretation op System Feeder 
Outages from 4-Feeder System 
Calculation 

The 4-feeder system calculation consists 
only of feeder faults and feeder main- 


The duration of the individual faults are 
as follows: 

Pi*protector outage average 6 months 
P2* feeder maintenance outage average 2 
days 

Ps*feeder failure outage aveiage 2 days 


The duration of the averag^e double¬ 
contingency faults is: 


1 . 


PiPi 


6X6 

‘ 6+6 


36 

or =s3 months or 91 days 


2. P2P2* 
PsPs* 


2P2P3 * 
3. 2PiP2J« 


2PiP3 = 


2X2 4 

2+2 4 


1 day 


90X2 180 


Probability of the three different double¬ 
contingency faults cause the total Pd. 

1. Ph*(1--Pa)*4C2 *0.00122 

2. P2P8* +2P2P3) (1 -P^) \Ci »»0.00030 

3. (2P1P2 +P 1 P 3 ) (1 -Pa) « 0.00122 

Years between the three different double¬ 
contingency faults are 


1 . 


91 

0.00122 X (365) 


=204 years between 
double - contingency 
fault of 91 days’ dura¬ 
tion due to PiPi 


2 . 


3. 


1 

0.00030X(366) 


1.96 

0.00122 X(365) 


»9.17 years between 
double - contingency 
fault of 1 day’s dura¬ 
tion caused by P2P2+ 
PiPz-\-2PiPi 

'4.41 years between 
double - contingency 
fault of 1.96 days’ 
duration caused by 
2P1P2+2P1P, 


The six combinations are listed under 
items 1, 2, and 3, and are made up of 
three different durations of faults, one of 
91 days, one of 1 day, and one of 1.96 
days. Solving for each of these indivi¬ 
dually the results are: 

1 double-contingency fault of 91 days occurs 
every 204 years (due to Pi) 

1 double-contingency fault of 1 day occurs 
every 9.17 years (due to P 2 and Ps) 

1 double-contingency fault of 1.96 days 
occurs every 4.41 years (due to Pi, P2, and 
Pz) 


From this it can be seen that although 
the protectors themselves are major con¬ 
tributors to the double-contingency proba¬ 
bility, these double contingencies caused 
by protectors are separated by many 
years and hence are not as important as 
some of the more frequent double-contin¬ 
gency faults. Of course, the protectors 
also contribute alopg with feeder faults 
(2P1P2) and feeder maintenance (2PiPi) 
to average 1.96 days of faults evary 4.41 
yehrs. 


Summary 

Thus it is possible not only to calculate 
the probability of any contingency of 
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faults on a network system or in a net¬ 
work vault, but also to obtain the average 

duration of these faults and the average 
years between their occmrence. Dif¬ 
ferent systems or different operating pro¬ 
cedures can thus be compared on the 
basis of reUabihty as weU as economics. 

The calculations have used the same 
probabdity of outage (P^ for each pri- 

r I systems some 

eeders have older equipment and may 

be exposed to more faults than new feeders 
with new equipment. Then it was as¬ 
sumed ^at these faults occur equally at 
any period of the day or night, or at peak 
oa or light load. These assumptions 
WCTe made in order to simplify the calcu¬ 
lations. 

It must be recognized that probability 
ony expresses average conditions. It 
m^ht take 1 year or 200 years to reach 
certam average conditions. Some checks 
have been made on an actual system, and 
It was found that the values obtained 


were reasonably consistent with what oc¬ 
curred on that system. 

Appendix 

treated the faults Pu 
Pi Md Pa (mdmdual outages) as inde- 

p^dent events. After considera^ble diSuL 

« h KM- that these individual 

of eqmpment. such as the simultaiSSs 
^rr^ce of the disconnection of a net- 
network protector failure and 
the disconnection of the same network 
^ the primary feeder 

Itisai^t?o£ 
outeLT^? difficulty is causing the 

outage. In practice, it does not matter 
because the outage would rarely, if ever 

both typXf 
aimcufty. Therefore, smce the recorded 

individual rates Ire 
determmed do not or cannot account for 
this possible simultaneous creation of a 




outage, they will probably 
as mutually exclusive events. 

combina 

- - factorial N _ 

factorial a X factorial (iV—a) 

N * total number of units involved 
a ““jmbM of aader consideration 
U-e., either being in service or out of 
service) 

The six combinations are: 


1. PiPi 

2. PjPj 

3. PsPs 


4. P 1 P 2 

5. PiP, 

6 . P 2 P 3 


Ref ere 


nces 


Operations, 1947—1049 nif 
RY.fInMitute 

8. Multiple Continobncy Outaobs tw s 
Secondary Network. N. M. SrSte D n 


Discussion 


(Consolidated Edison Com- 
In York, N. Y.): 

earlier authors refer to an 

PwS CoSI at the American 

v^uS S ? p ® ^ the 

in/in. * j were treated as 

independent events, while in their presem 

AsTs?^^?'* tf mutually exclusive 
events. As I see it, when they are treated 

as md^endent events the comiLlTional 
probabdity will include a factoTror Tto 
® probability that 

sloe ”ot happS' 

Smce this factor q or some power 

wdl not m g^eral differ greatly from unity^ 
the numencal results obtained for the combT' 
n^onal probabilities will not be verv 
diff^t whether Pi. P*. and P, are treated 
f “dependent events or as mSlv 
exclusive events. Am I correct in 
comparison? I feel that it ic : 
jee apparantly tiXfe'LSeTaSS 

as to Which assumption is correct 

enn^iio K,®authors devoted 
considerable attention to the case of twn 

for'^h^“* service, a valuable point siLe 
fo^ constitutes the basis 

J.U y®fcm design. The treatment of tii#> 
three probabilities Pj, p» and P oc ■ 

Simple breakdown of the ^ 

to drai te™ 

vSrk Q ^ ^^’dt taken out for 

to "i-it out on failure 

tu Close and one feeder in the samp -o-a,,!* 

daSlV” *■ out foj 

work and a second feeder in the same 

jromy o^t on fault, and 5. two feeders 

double contingenev into 
tiMo% corapoucnts b very valSwfdnra 
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® Comparison of their 
relaftve importance as a guide for impr^e- 
mwt in system design and operation that 

j probable frequency of the 

double contingency. 

In the paper, treating P,, p, and P ao 
mutually «duaiv=. they L lumped ,3 

Sd *°*®' PtolmbilWea 

then an attempt is made at separation 
by a reaping pf terms. The mSS 
matiral justification for this reerouDinv 
end swung of tetms from one toTd S 
bllity to Mother b not very obvionV tmd 
rather complicated, especially if it 

mthm^^f^e„te. The treatment 
K- K 1*8 as mdependent events 

Dane? ^’^‘^ors followed in their earlier 
paper, seems to avoid these difficulties 
and since there is some doubt as fo wS 
assumption is correct. I would p^eflrto 

Th/^’ independent events. 

The calculation of the combinational 
th? ^e.various events enumer- 

tHra the operatmg statistical data for 
outages of cables and equipment from 
must calculate P,, which is the 
t^f ®^‘bty that a network pro- 

on ? j 0 “t of service 

tSifSatT? average percentage of 

tune that a feeder is out for work or main- 
tenance. These will vary widely for differ- 
syst^s. and even for different 

factor^^ ^ system. The 

^tors which are responsible for these 

tS len^h '^^ bles , 

the length of feeders, the type and aee of 

network eijulpment, and the^neral opmt- 

SL“'f 1°” if ni^STto 

Slc/Xu""* “"“Action or Jail° 
work, more frequently and for 

^ ^*^a than 

maS f ^aichiations which we have 

we^aiff System, 

we have found it advisable at times to us^ 


different values of P* and P, in an attempt 

some of these diff^- 
euMs m design and operation. 

average proba- 
bibty that a network protector fails to 

by ^d^L^“pW b^7 “sed data published 
1 Q 4 R^^ Electnc Institute for 1944 to 
^ network operation. From 

of the calculated that 2.92% 

Tha^L P’^o^e'^tors fail to closl 

Sy T needed for the proba¬ 

bility calculations is the percental of 

open when 

y should be closed, assuming that one 
^Id walk in on all the protectors at the 
obtained over a 
pmod of time should, of course, be corrected 
““t® inspected, and if 

faeftw for the 

* mspections are not made at a 
ui^onn rate but may be lumped during 

w^Ser*^? determined by 

vT K ** ofber system work. Also, it 
recognized that network pro- 
®bown con- 

sid^ably higher rates of faffures. and it may 
“fo account for 

some of the network areas affected. 

on comment briefly 

^bich is used in this 
nrnKrK^r* *^^^L®®®*^^ ^bc average statistical 
g5^®bility that a feeder will be out of 

1^5, nf” Pae feeder the 

^Posure IS an important variable. 

op^ting conditions 
SdH? ®y®fc“ cause 

thell*?h3“ If it is true 

then that Pj is subject to substantial 

average value, the 
contmgeucies of higher order 
^ “”Ii^y as probability 
calOTlations based on a constant value of 
■i i would mdicate. 
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the mdmdual types of outage should be 
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treated as independent or mutually exclu¬ 
sive events will depend upon the definition 
and means of recording these events. 
They may be treated either way depending 
upon the data available. Because, after 
considerable discussion of the matter, it 
was felt that most utilities would probably 
define and record their occurrence as 
mutually exclusive events, they are treated 
as such in this paper. 

If we define a feeder outage due to feeder 
maintenance as the removal of a feeder 
from service for planned or anticipated 
maintenance, and a feeder outage due to 
fault as a completely unanticipated or 
unplanned occurrence, it is apparent that 
the two events cannot occur simultaneously. 
Therefore, they are mutually exclusive 
events. The outage of a network trans¬ 
former due to network protector failure is 
not a^ clear-cut independent or mutually 
exclusive ^ event. If a network protector 
failure exists in a vault, thereby excluding 
its transformer from service, and a sub¬ 


sequent feeder outage removes the feeder 
from service, it is apparent that the oc¬ 
currence of one event in no way affects 
that of the other. Therefore, the events 
^re independent and not mutually exclusive. 

If the network protector failure is known 
to have occurred before the feeder outage, 
the outage which it creates will probably 
never be distinguishable as an independent 
event. The matter of recording an outage 
will probably be that it was caused by one 
or another type of diificulty, but rarely, if 
ever, as caused by two types of difficulties. 
Thus, unless a particular effort is made to 
evaluate outage cau.ses involving network 
protector failures as independent events, 
the matter of detection and recording will 
invariable be that of mutually exclusive 
events. Therefore, all three types of 
outages have been treated as mutually 
exclusive events in the paper. The ac¬ 
curacy of any calculations is naturally 
dependent upon the accuracy of the data 
available. This not only refers to numerical 


a.ccur^y with regard to the particular 
situatioii in question or particular types of 
apparatus and conditions in question, 
but also to the proper allocation of the 
outage causes as independent or mutually 
inclusive events. If accurate data are not 
available and no distinction is made in 
recording the detection of outages between 
uiutually exclusive and independent events, 
the over-all accuracy of the calculations 
will probably be just as good, if the outages 
are treated as independent events, as it 
might be if they were treated as mutually 
exclusive events. 

There are a great many factors which 
can be taken into account to make the data 
and calculations more accurate. Un¬ 
fortunately, the inclusion of these factors 
also makes the calculations more com¬ 
plicated. For a true picture of the condi¬ 
tion, where accurate data are available, it 
may be placed in the equations defined, or 
a modification thereof, depending upon 
the conditions to be met. 


Balancing Double-Wye High-Voltage 
Capacitor Banks 

O. R. COMPTON 

ASSOCIATE MEMBER AIEE 


O ccasionally doubie-wye-con- 

nected high-voltage capacitor 
banks using neutral-current relaying have 
sufficient residual ciurent flowing in the 
neutral to cause improper relay opera¬ 
tion, thus endangering the capacitors. 
This paper summarizes the problem, 
establishes limits for the maximum al¬ 
lowable residual neutral current, and 
presents methods for balancing the capac¬ 
itor bank, if necessary, to reduce the 
residual neutral current to the allowable 
limit. 

When a large, high-voltage capacitor 
bank is composed of multiple series sec¬ 
tions per phase and a sufficient number of 
parallel capacitor units per series section 
to meet the minimum bank size require¬ 
ment, at least one capacitor tmit may be 
removed from any series section without 
encountering voltages in excess of 110 
per cent (%) of rated voltage on the re¬ 
maining capacitors. 1 However, the loss 
of two or more units in any one series 
section can produce dangerous' over¬ 
voltages within the section in which the 
units are lost.i>* 

Protective relaying is often used to give 
indication and/or trip the bank when a 
sufficient number of units are lost within 
one series section to cause the voltage ap¬ 
pearing across that series section to ex¬ 


ceed 110% of rated voltage. i Since the 
majority of power capacitors used in the 
United States in high-voltage banks are 
manufactured with a 0 to -j- 15% toler¬ 
ance, there may be sufficient inherent un¬ 
balance to cause the protective relay 
scheme to operate prematurely or not to 
operate at all when needed, depending on 
the magnitude and phase angle of the 
residual current.* 

In addition to unbalance caused by the 
variation in capacitance of individual 
units because of the 0 to 16% manufac- 
turing tolerance, unbalance may also 
arise because of; 

1. Units in upper tiers operating in higher 
ambients owing to warm air rising from 
lower tiers. 

2 . Capacitors in top tier being subject to 
direct sunlight will operate at higher in¬ 
ternal temperatures than units in lower 
tiers. 

3. Units m top tier casting their shadows 
on lower tiers, thus causing units in lower 
tiers to operate at a relatively lower internal 
temperature. 

Specifically this paper deals with 
double-wye-conuected banks using neu¬ 
tral-current rela 3 nng since it is the most 



to other schemes which are also insensi¬ 


tive to external system conditions and 
yet extremely sensitive to unbalanced 
bank conditions. This was also the type 
of relaying used on the Virginia Electric 
and Power Company’s banks which were 
balanced by the method presented in this 
paper. 

It is our purpose to present a basis 
for tlieoretically establishing a satisfactory 
maximum allowable neutral residual 
current and two methods of balancing dou¬ 
ble-wye-connected capacitor banks when 
it is found that the initial residual neutral 
current exceeds the maximum allowable 
limit. 

Nomenclature 

Zh “ impedance of phase section in which one 
or more units in one series section has 
been lost 

Z'n, =* impedance of normal phase sections 
number parallel units per series sec¬ 
tion 

iV™ number of series sections per phase sec¬ 
tion 

A “number of units lost in one series sec¬ 
tion 

Ai=per cent of units lost in one series sec¬ 
tion 

Jo “total bank current to phase in which K 
units have been lost 
/oi “iionnal total bank current 
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units removed from that section 


percent of units ^removedtooS 

ONE SERIES SECTION 

wxtal cuirait v«m 

«»«.». of onto ^ 

section 


7i-ctOTMt in phase section in which K 
units have been lost 

“current in remaininv 
phase sections >^ning 

£*source line-to-neutral voltages 

Phase-to-phase voltage 
/ voltage across series with K units lost^ 

secC unL 

normal conditions 
•/at => neutral current 

^“'“TTuoST?' from 

one umt being removed from too 

section of ^ phase 

iar«=actual neufral current when one unit 
™ved frmn top section oH 

iif-acM TMidual neutral cmtent with aU 
umts m service 


Detennination of Maxinium 
^owable Hesidtial Neutral 
Current 

^ Nomany the neutral relay is set to 
^np midway between the values of 
cutTMts theoretically obtained 

^ber^u ifr^um pemiissible 
^tion are lost. The mmdmum per- 

mssible number of units lost is defined as 

ttemammum number tbafcan be lost in 
one series section without the voltase 
across that section exceeding lio% of 

rX ™s »iLy 

side to prevent premature relay opera- 
T' maximum 

ad<ii«onaI um’t in 

the^e series section is lost. 

series temoved from one 

sates section may be detennined by the 


'n'^’-ssulting neutrai 
‘”*5''''‘^'‘®>»i“dfortbeIossof 

secrior^'ra 

secbon by the curves in Fig. 2. The 
ge derivation of equations for Figs. 1 and 2 
“■ Hvd^“ ” Appendixes I and 11 respec- 

1 to^'e m"? *'*«• ^ “>so be used 

rela^S*^ approximate neutral 
“ double assume a 

drable-wye-coanected bank made up of 

. P’'“' aU 

t pataUel units per section. From Fig 1 
be determined that the maxima 
1 J^"*‘®“.“*athatmaybelostisone. 
When two umts in the same series section 

l<Bt, the bank should be relayed off 
PShtral-current relay 
ho^d be set to pickup at a value of cur- 
ut equal to the loss of approximately 
one and oue-half units or loss of (i.s/g) 

onpL~ft®trf' curves 

diate a relay setting of 1.8% of total 
Dank current. 

ouSot'’''‘‘^n'“"* ‘oW bank 

current may be specifically determined by 

150 

Marimum Allowable Nonnal ( 

ResMt^ Neutral Current With ^ 

All Umts in Service ^ 

p 

Itc^bereadilyseenthatundernonnal ^ 

onditions the maximum neutral residual n 

<»«at must be something less than ^ 


5 •‘'"“■““betweenthetheoret- 
E .““b-al currents obtained when the 

a ^um pennissible number of units 

a the maxminm permissible number 
I plus one unit are lost. 

6 maximum 

« 1 ^ one-fourth of the difference in 

S MMible numto of units and the mLi- 

O ■‘osi:. ihe maxnnum allowable residual 

150 

'• Tm \ 

bw(--l)+g 

..oi'^“''*l”‘^”'“^"““b'™ableresid- 
^ cumn wonld provide ample margin 
I .S“”a‘ Mse tripping and at the same 

su^e degree of balance. Theresidual 
nratral-cureent component because of the 
“‘P^'‘uuce of units allowed 
y the 0 to -f 15% manufacturing toler- 
^ 1^1 remain essentially constait for 

frdei^; ‘be cesidualneu- 

tral current may vary to a slight degree 

^tise of the difference in iuirnal^p- 
temperatures caused by the ef- 
ect of upper tiep operating in higher am- 

Variations in capacitance caused by 
h eperatiug temperature 

“Uldbc substantial since the capacitance 
of an ^ard-treated capacitor decreases 
approximately 1 % for every 16 - to 20- 
degra-centigrade rise in internal operat- 
mg temperature. Experience has shown 

units m the top tier can easily op- 
erate with internal temperature of 6 to 
10 degrees centigrade above the internal 
temperature of units in the bottom tier 

w a Wgb-voltage capaci- 

tOT l^s are so arranged that the effect 
0 different internal operating tempera- 
tures IS distributed throughout the bank 
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so that the approximate respective bal¬ 
ance is maintained. However, there is 
ample margin to allow for some degree of 
changing unbalance caused by different 
internal operating temperature when 
the value of maximum allowable residual 
current specified in the foregoing is 
maintained. 

Field Balancing of Double-Wye- 
Connected High-Voltage Banks 

The following discussion describes the 
general procedure incorporated to bal¬ 
ance the no. 4 and no. 6 double-wye-con¬ 
nected 24,760-kilovar 108-kv 3-phase 
capacitor banks at the Virginia Electric 
and Power Company’s Peninsula Substa¬ 
tion. Both banks are identical in design 
and are shown schematically in Fig. 4. 
Bank no. 5 is shown in Fig. 6. Each 
bank is made up of standard 26-kilovar 
4,160-volt single-phase distribution capac¬ 
itors with 16 series sections per phase n n/l 
11 parallel units per series section. 



Fig. 5. No. 5 capacitor bank. Peninsula Substation 


The resulting voltage rise across a series 
section caused by the loss of one capaci¬ 
tor within that section is 9%, as deter¬ 
mined from Fig. 1. Since the loss of two 
units in the same series section results in 
a voltage exceeding 110% of rated capaci¬ 
tor voltage, it is necessary to relay the 
bank off when more than one unit is lost 
in the same series section. 

The theoretical neutral-current fiow- 
ing when one and two units are lost is 
0.24 and 0.51 ampere (amp) respectively. 
Therefore, the neutral relay is set to 
pick up at (1/2) (0.24+0.61) or 0.376 
amp. Likewise, the maximum allowable 
residual neutral-current limit is estab¬ 
lished to be (1/4) (0.61-0.24) or approxi¬ 
mately 0.07 amp. Assuming that the 
maximum allowable residual neutral- 
current limit is established at 0.07 amp, 



Fig. 4. Schematic of capacitor bank design 


the resulting neutral currents would 
range between 0.24±0.07 and 0.61d=0.07 
amps if one and two units were lost re¬ 
spectively. The exact v4lue of the result¬ 
ing neutral currents when one or two 
units are lost depends on the particular 
phase group in which the units were lost 
and the magnitude and phase angle of the 
residual neutral current. 

Each bank was energized to detennine 
the initial residual neutral current. It 
was found that the initial residual currents 
were 0.296 amps for bank no. 4 and 0.265 
amps for bank no. 6. It is obvious that 
these magnitudes pf residual neutral cur¬ 
rent would cause false relay operation. 
For example, in bank no. 4, the loss of 
one unit in any one of the six phase groups 
could cause a resulting neutral current of 
0.24±0.296 amp. With the relay set at 
0.37 amp, the bank could be easily relayed 
off unnecessarily. Similarly, with two 
units lost, the neutral current in bank 
no. 4 could range between 0.61 ±0.295 
amp, and this could result in two units 
being removed without encountering sufiB- 
cient neutral current to pick up the relay 
and thus endangering the remaining units 
in the series section containing the lost 
units because of overvoltage operation. 

The following steps constitute the 
general procedure followed in balancing 
the no. 4 and no. 6 banks at the Peninsula 
Substation; 

1. Detennine the magnitude of initial re¬ 
sidual neutral current. 

Detennine phase angle of initial residual 
neutral current. 

Detennine ^e phase sections contribut- 
mg to the initial residual neutral-current 


and capacitance change necessary to reduce 
the residual neutral current to within the 
maximum allowable limits. 

4. Interchange high and low capacitance 
units to accomplish the capacitance change 
dictated by step 3. 

Magnitudb of Initial Residual 

Current 

The magnitudes of the initial residual 
currents were determined by energizing 
each bank and measuring the neutral 
current on the secondary side of the 1-to- 
1 neutral current transformer. The ini¬ 
tial residual neutral currents were 0.29fi 
and 0.265 amp respectively for banks 
no. 4 and no. 5. 

Thasb Angle of Initial Residual 

Current 

Neutral-current measurements were 
made on each bank with one capacitor out 
of one section of one phase group. This 
test was repeated six times to enable the 
phase angle of the initial residual neutral 
current to be determined by graphical 
analysis. It would, of course, have been 
possible to determine the phase angle 
with fewer measurements. For each 
test the bank was normal except one 
capacitor was removed from the series 
section nearest the neutral in a different 
phase group each time. The results of 
these tests are shown in Table I for bank 
no. 4. 

It was calculated that the phase group 
in which the one unit was removed would 
supply a 0.24-amp neutral current in 
phase with the line current. Therefore, 
six vectors, each 60 electrical degrees 
apart and each with a magnitude of 0.24 
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Neutral 
Current, Am p 


■4—top phase.... 
S-—top phase.... 
C—top phase.... 
•4—-bottom phase. 
•B—bottom phase., 
C —‘bottom phase.. 


..0.3S5 

.0.110 

.0.5.30 

.0.365 

.0.560 

.0.215 


— TOP PHASES 
^— BOTTOM PHASES 

-RESULTANT 

< -NORMAL NEUTRAL 

Rs. «. N<u(nl c«IT«rt phMo, 
before Interchange 


were plotted, as shown in Fin 6 

in^tude only was measured for 
eaCJl Ol th<» e-iv _e 


r.t + 1 . . ^ measured for 

f the SIX conditions where one unit 
WM remove, as described in the fore¬ 
going. This magnitude was the vectorial 

s™ of tte 0.24-amp in-phase compo'nt 

plus the component produced by the 

mre“n^? “oMauco (initial residual 
current) at an unknown angle. 

re a radius equal 

to tl^e .mtial residual current, as found in 

of an^2°'”®'-““‘* at the head 

wn in-phase phasor, that circle 

^ be the locus of aU possible total neu- 

A second circle 
with a radius equal to the total neutral 
™tre„t with its center at the ori^te 
to™ which will also be the locus of M 
possiHe total neutral currents. These 
^0 mrdes intersect at two points; oi 

For example, in Fig. 6, a circle with 

ra*us equal to/noreial is drawn with the 

of phasor as the center. Then 
a second circle is drawn with the center 
at the origin and a radius equal to the 
toW neutral current measured ^lien Zl 
unit IS removed from the A phase top 

I intersect at the 

head of phasor Tara and, at a second 

town from the head of phasor I.- re 
two “'*™=<=ting points will be 

pliastm. These phasors are equal in 
ute 180 electrical 

apart m ^le. This procedure if re 

Sfes group and it 

becomes apparent whieh is the correct 

S76 


dirretion for the normal unbalance-cur- 
rent phasor. 

The graphical analysis for determining 
the ph^e-angle relationship of the initial 
t^idual or normal unbalance current is 
*oTOmPig.6forbankno.4. This cur- 
ent was found to be 0.295/270® amp 
An analysis of Table I will re^■:^hat the 
o one unit from any section in B- 
bottom ph^e or C-top phase, of bank 
no. 4 would have produced a circuit- 
breaker trip with a relay setting of 0.37 
^p. In the remaining phase groups 
wo or more capacitors would have to 
be removed from the same series section 
to produce a circmit-breaker trip. 


Phase Grouips Contributing to 
Unbalance 

^ no_ 4 shows that the neutral current 
WM high on B-bottom phase and C-top 
p^e when one capacitor was removed 
^ these respective groups. The neu- 
M current was equal in both A-top and 
^-bottom phase groups when one capac¬ 
itor was removed from either of these 
groups. 

anf fre P^e 

contributed equally to 

current, i.e., 0.295/2 
0.148 amp was contributed by each of 
^ese phase groups. The phase angle be- 
^een B-bottom phase and C-top phase 
IS about 30 degrees above and below the 
initial residual neutral current. There- 

component con- 
tobuted by B-bottom phase and C-top 
phase equals (0.148/cos30®) or0.17l amp 
If 0.24 amp equals the theoretical neu¬ 
tral current produced by the loss of one 

Table II. Neutral Currents After First Inter- 

D_I. k. t ^ 


-wiupuueni equa] 

the current produced by the equiv^en 
loss of 0.171/0.24 or 0.71 of a unit. Thi 
indicates that a balance could be obtainei 
by moving 0.71/2 or 0.35 of a unit fron 
- op phase to 5-bottom phase and 0.31 
U-bottom phase to C-tof 

Calculation of Number op Units to 
Interchange 

Bach unit contains approximately 4 o 
microfarads (mf) of capacitance; tiere- 
necessary to interchange 

(0.35) (4) or 1.40 mf between the 5-phase 
andC-phasegroups. Todeteiminewhich 
0 interchange, a capacitance bridge 
was used to measure the capacitance of 
units in tte top and. bottom tiers of phases 

unit capacitance 
was t^en of each individual unit, start- 

the 

until ' procedure was continued 
unW a sufficient number of high and low 

f 1.24 mf from 5-top phase to B-bottom 
phase and from C-bottom to C-top phase 

mspectivdy. To accomplish this cha^e 
in 20 units were interchanged 

-®-phase and 18 units in the C 
'“terchange was com- 
pleted a check was made of the residual 
neutral current and it was found to be 

r<»n T+t! ’'’’'"as necessary to 

repeat the balancing procedure. 

The results of tests taken to determine 
tte phase^angle of the residual current 

tIZ tt £ ^“^^"rehange are shown in 
e . Pig, 7 shows the graphical 
analysis for determining the new residual 
^utral current to be 0.13/182® degrees 

An analysis of Fig. 7 indicated that an 
additional transfer of 0.84 mf was needed 
from 5-top phase to 5-bottom phase. 


tiocation of 

Unit Removed 

Neutral 
Current, Amp 

4—top phase... . 


•B—top phase. 


C —top phase. 


^ bottom phnsfk 


■^“""bottoin nfifl.QA 

^“^bottom pbase 
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The 0.84-inf change was accomplished by- 
interchanging 12 additional units in the B 
phase. The residual neutral current was 
checked after the second interchange and 
was found to be 0.046 amp which is within 
the maximum allowable residual neutral 
current of 0.07 amp. 

The same procedure was used to balance 

bank no. 5. The initial neutral residual 
current was 0.265 amp. After inter- 
dianging 26 units in B phase and 18 units 
in C phase the residual neutral current 
was reduced to 0.098 amp. A second 
interchange of 12 units was made in C 
phase whidi reduced the residual neutral 
current to 0.072 amp, which is considered 
satisfactory. 

Substation Operating Procedure 

It was first decided to lower the system 
voltage at the Peninsula Substation each 
time the banks were energized for a neu¬ 
tral-current measurement test to offset 
the voltage rise caused by the capacitors. 
This required considerable time for system 
co-ordination bdore each test and, as a 
result, tests proceeded rather slowly the 
first day. Since it required only approxi¬ 
mately 3 seconds to make each current 
measurement, it was decided by the sys¬ 
tem operator that no voltage drop would 
be required before energizing the bank. 
The voltage reduction is more harmful 
than the 3-second voltage rise. After 
this change in procedure was made, neu¬ 
tral-current measurement tests were con¬ 
ducted very rapidly. 

When making capacitance measure¬ 
ments prior to selecting specific units to 
interchange, it was found that approxi¬ 
mately four umts had to be measured for 
capacitance for every two units inter¬ 
changed. In bank no. 4, 100 units were 
measured before selecting 50 to inter¬ 
change ; 112 units were measured in bank 
no. 5 before selecting 56 units to inter¬ 
change. It required 4 days to attain 
the proper balance on both banks. 

Balancing With Phasemeter and 
Wattmeter 

Since the original balancing of the 
capacitor banks at Peninsula Substation, 
a simpler method of determining the 
phase angle of the neutral current h^ 
been developed. Either a phasemeter 
can be used to compare the phase angle 
of the neutral current with a reference 
potential, or a wattmeter for comparison 
of real power derived from the neutral 
current with each of six referience poten¬ 
tials. A circuit is used as illustrated in 
Fig. 3. The residual neutral current and 
one of six potentials are utilized as input 


quantities into a phasemeter and a watt¬ 
meter; see Fig. 3. The six potentials axe 
60 electrical degrees apart. With these 
quantities, it is possible to determine -the 
phase angle of the residual neutral cur¬ 
rent and then proceed with the balancing, 
as discussed in the foregoing. 

The wattmeter may have an applica¬ 
tion in normal operation. It is the prac¬ 
tice of the operating department to in¬ 
spect the capacitor installation once a 
week. This inspection is for blown fuses 
and other discrepancies. Since there are 
almost 4,000 capacitor-unit fuses in the 
installation, the inspection is quite time- 
consuming. A single-phase wattmeter 
might be installed on the control panel 
for each bank. A blown fuse woidd cause 
a rise in the residual neutral current of the 
bank which would be indicated on an am¬ 
meter on the control panel. If the in¬ 
spector notes a rise in the residual neutral 
current, he would proceed to apply the 
different potentials to the wattmeter with 
a rotary s-witch. By noting the maYiminn 
wattmeter indication, he could determine 
which phase group has a blown fuse. 
The equipment for this installation would 
not be expensive. 

Conclusions 

The following conclusions are based on 
the characteristics and procedure for 
balancing high-voltage double-wye-con¬ 
nected capacitor banks: 

1 . Double-wye-connected high-voltage 
banks may have sufficient initial residual 
current to cause improper operation of the 
neutral-current relay used to prevent over¬ 
voltage operation of capacitor units when 
an excessive number of units are lost in one 
series section. 

2. ^ The normal residual neutral current 
with all units in service is the result of: 

.A® +15% manufacturing tolerance 

of individual capacitor units. 

b. The variation in the capacitance of 
units due to different unit temperatures re¬ 
sulting from capacitors in the top tiers oper¬ 
ating at higher ambient temp^tures tTi qi^ 
those in the lower tiers. This is because 
warm air rises from below; the top tiers 
get direct sunlight, and they cast their 
shadows on the lower tiers. 

3. It may be found necessary to balance 
the bank by shifting individual capacitor 
unite to reduce the residual neutral current 
to within an allowable limit to permit proper 
neutral-rela.y operation. The mfl Yim iitn al¬ 
lowable residual current is specified as one- 
fourth of the difference between the neutral 
ciments obtained when the maximum per¬ 
missible number of unite is lost and the per- 
m^ble number plus one additional unit. 

4. Shifting unite will counteract unbalance 
caused by 0 to -^-16% manufacturing toler¬ 
ance. Unbalance caused by item h in con¬ 
clusion 2 usually may be neglected providing 


the bank is arranged so that changes in 
capacitance caused by different internal 
operating temperatures will be equally dis¬ 
tributed throughout all six phase groups. 

5. Double-wye-connected capacitor banks 
may be easily balanced in the field by naing 
the following procedure, when it is found 
that the initial residual neutral current ex¬ 
ceeds the maximum allowable value speci¬ 
fied in conclusion 3: 

a. Determine magnitude and phase 
angle of initial residual current. 

b. Determine phase groups contribu ting 
to unbalance and calculate magnitude of 
capacitance change in the various phase 
^oups necessary to reduce the initial re¬ 
sidual current to near zero. 

c. Balance bank by interchanging high- 
and low-capacitance unite to achieve cal¬ 
culated capacitance change necessary to 
attain proper balance. 

6. Balancing in the field can be eliminated 
if proper consideration is given to the Preb¬ 
le by the engineers designing the bank. 
If the phase groups are balanced on paper 
and a strict unit placement program is ad¬ 
hered to during field erection, there should 
be no problem of tolerance unbalance. 

7. A single-phase wattmeter or a phase¬ 
meter can be used to determine which phase 
group contains a blown fuse on a large 
bank. 


Appendix I. Determination 
of Neutral Current 


The following equations can be written 
by inspection of Fig. 8 

7nl+7ns+/Bj—=0 

(3) 

is + J«4 +/n6+7^=0 

(4) 

Ins '^Ini 

(5) 

Solving equations 3, 4, and 5 for Tv 


T Tttl iji 

2 

(6) 

Neutral current in % at normal total bank 
current is 

100 

(7) 


Normal total bank current when 
is 


( 8 ) 


1a 



Fig, 8. Currents in double-wye-connected 
capacitor bank 
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Fig. 9. Cuirents in 
equivalent delta* 
connected capacitor 
bank 


ana neglecting voltage 


angles 








Substituting equation 8 into equation 7 


3 (Zi,-Zn) 
2(5ZL+2n) 
However 
-jXcN 


100 


^ , Xnh 100 

Vc/.v -- 

2E 

(9) 

By inspection of Fig. 8 

7a“7ai-f-//, 

(10) 

Zi+Zn 

(11) 

/ «/ 

" '" w. 

(12) 

Substituting equations 11 and 
equation 6 

12 into 

A _x 

*BCI , ^ 

(ZL+Zn) 

(13) 

To solve for convert double-wye net¬ 
work (Fig, 8) to delta network (Fig. 9) 

Zi - Z^ +Zn) 

4Zi 

(14) 

2 ^Zt+Zn 

(IS) 

2 ^Zt-i-Zn 

(16) 


M 

^ _ -jXcjN-l) —jXc 
M ^M-K 

Substituting equation, 
equation 22 




150 


a»(f-i)+5 


(26) 

(27) 

(28) 

27 and 28 into 
(29) 


Equation 27 in terms of % units lost is 


6 


/lOO \ 

'(ir-v+® 


(30) 


Appendix II. DeJcrminaHon of 
Rcsutting Overvoltage 


fni 


M-jXc) 

, /ai(-i>rc) 

2 .1f 


By inspection of Fig. 9 

/•••/i—7i 
/ -fifa 

From equations 15 and 16 

SubsUtution equation 19 into equation 18 
1 


(17) 

(18) 

(19; 


«ai (33) 

Substituting equations 31 and 32 intn 
equation 33 “ 




100 


■Foi (M-K) 

Substituting equations 8 and 2*5 infn 
“angS*^ -d im! 


** y C-®** ~ -Eea) 


( 20 ) 




'**■■'"* may ba 


(^i+Zr,)(M-K) 


100 


£a**V‘'3£ 

F«a*««\/3£ 

^ja*E 
Z» 


U 


( 21 ) 

( 22 ) 

into 

(23) 


Substituting equations 27 and 2R 
equation 35 ' ^ 

^ ^ 600il/i7 

^‘^iU-K)+sK (3«) 

Equation 36 in terms of % unfe io,t ^ 
60,000iV 


%C/ 


Sobslitutin, eqmttion 15 into uqnation 23 
3ig>£ 

^-1 (24) 

S-b«itntinea,mrtion24in.,a,aationl3 

(25) 
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E. C. Starr (Bonneville Power Adiuinistra 
tion, Portland, Oreg.); \VV have faiitu 
Mr. Compton’s excellent analysis <»f doulile 
wye capacitor-bank currents very iriteresf. 
ing since it cxtciuls certain e<ujs«lerution‘ 
which led us to a somewhat tlilTerenf form 
of 115-kv bank arrangement in IPIP. Ai 
that time wc were considering two hanks of 
capacitors with roughly the same rating as 
those described in the paper. One fact that 
immediately unpres.sed iis was that a lanisi 
tivity problem was apparent in anv relaviiig 
scheme inteniled to Imek up the imltvidtial 
fuses. Whether relaying was attemptetl l*v 
current or voltage f<j ground or lwtw»'en 
floating neutrals, the % overvoltage tlc- 
veloped corresponded roughly tt» tlie % of 
units removed from one layer, and the 
relaying quantity wa.s disttirhiaglv small. 
This promised to he further aggravated hv 
tte natural fundamental mdmlance la- 
tween legs and hy harmonics, ami inrush 
and external fault currents In the cum* of a 
grounded neutral. 

In view of the great sensitivity required 
of any relay under these eonditbns we 
were reluctant to place any more relmiice 
or protection than necessary on relaviiig. 

A small change in calibration eoultl iiermit 
sustained overvoltages. It seemed to us 

(31) vX.! Pos.sibiUty of avoiding over.. 

a<? ‘‘ttpacitor units 

as possible m parallel pcT layer to avoid the 

(32) ove"rvSS 

le^ than 0.1 % per year. On this haHts. and 
wth inpectioii intervaks of 1 week or less 

'we^tavf i« very low.’ ‘' 

.^®ve adopted the gromided-neutral 

S?w?rToP?r" r/ having 25- 

raiovar Z.OOO-volt capmntors proteeted hv 

“s'^thf 

wye jias the advantages of statiori 
protection and reduced recovery voHaae 

cS‘li-Ha^Ivlnraie S 

haimoni?s”^Tho “irush and 

t ■ 1 ^ high 

fnnrtf^ 1 ^ ^**^*8*“* “^.-Utral-eurrent trans- 

telephone ^«rt>on 

effective ^he primaries have In-en 

d^Sri^t 

of overeurelmVday!^^'''^’''*' 

g>^oups of from ^*00*^ to *^30 
parallel per pjias'f The^ <.*apaeilors in 
three fuse-s hi™ • , ‘^six-etaney of 

layer of 20 in an ^hmiig 1 week in one 

1.000,000 ycis^ ^On^ I*! less «,«„ 0,,^^ ^ 

inclined to qtStion ««• 

-lays, althouV 

’'«>/ written «d 

™thod of balMcton™ bl^tvo b"'!,'"''’!'' 

age capacitor banks ^ Ingh-volt- 

therefore. „ot intended 
very fine work to discredit hfe 

that since more 

capacitor banks are %h-voItage 

consideration should ht ^^pphed, careful 

*-edme.bodt,rsiXrSm“’‘’'‘'’'*- 
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Much experience has been gained by 
utilities and manufacturers sinrp high- 
voltage banks were first used to any great 
extent a few years back. Much of this 
experience has been acquired since the bank 
referred to by the author was first designed 
and built. In view of this experience, it 
seems worth while to pose two questions: 

1. Is relay protection to prevent over¬ 
voltage across individual capacitor units as 
a result of losing units in any particular 
series section justifiable in- view of the 
probability of damage and the expense and 
difficulty involved in attaining an effective 
relay system? 

2. Is it wise to break an individually 
switched capacitor bank into two paralleled 
single-wye banks with line terminals con¬ 
nected to a single circuit breaker and neu¬ 
trals interconnected? This connection is 
often referred to as a double-wye bank. 

It may be worth while to clarify the 
nature of tlie relay protection we are dis¬ 
cussing. It should not be confused with the 
use of normal overload relays to protect the 
bank and system against the effects of 
bus faults occurring between the capacitor 
units and the circuit breaker. Nor should 
it be confused with the protection against 
case-bursting and service interruption 
afforded by individual capacitor unit fuses. 

Tliis particular t 3 q)e of rela 3 ring is usually 
thought of as providing protection against 
the contingencies of; 

A. Overvoltage on individual capacitor 
units as a result of losing a given percentage 
of units from any one single series section. 
This may result since, as units fail and are 
removed from any one series section, tlie 
impedance of that section increases. How- 
since there are many sections in series, 
the ^ect of the increased impedance in one 
section does not decrease the phase current 
in the same proportion. The result of the 
slig'htly reduced current flowing through a 
more markedly increased impedance causes 
a resulting higher voltage to be impressed 
across the remaining units in that section. 
This condition is difficult to detect and 
protect against. It is, however, an im¬ 
probable occurrence if the bank is periodi¬ 
cally inspected. There are considerations 
in design which can further reduce the 
already small probability of incurring dam¬ 
age in this way. 

B. An arc over across a series section as 
the result of a foreign object initiating a 
short circuit. As witli any high-voltage 
equipment with exposed buswork and 
terminals, it is possible for foreign objects 
to initiate an arc. The difference between 
tliis and most equipments is that the arc is 
not line to ground or line to line, but is 
across only a portion of the line-to-neutral 
voltage. As a result, the phase current 
may not be increased sufficiently to cause 
normal overcurrent operation of the circuit 
breaker. 

Based on observations and experiences 
shared with many high-voltage capacitor 
users throughout the: country, we feel that 
contingency A can best be avoided by: 

1. Designing the bank with as few series 
sections and as many parallel units in each 
section as possible. This can be done by: 

a. Making each individually switched 


bank as large as possible based on the 
allowable voltage step. This, of course, 
also reduces the investment in switchgear. 

b. Adopting the single-wye bank in 
preference to the double-wye bank. 

c. Using as high a capacitor unit voltage 
rating as is available as a standard that will 
divide evenly into the required phase 
voltage of the banks. The small present- 
day difference in cost between medium- 
voltage (2,400 to 4.160-volt) and high- 
voltage (4,800 to 7,960-volt) capacitor units 
make this suggestion economically sound. 

2. Periodically inspect the individual 
capacitor fuses which serve to remove as 
well as indicate a failed unit. When a 
failed unit is detected, it should be replaced 
along wiffi the fuse as soon as practical to do 
so. It is felt that effective relaying to 
protect agmnst this contingency is difficult 
to accomplish and may not be economically 
justifiable. 

Contingency B may be a worth-while 
consideration particularly on grounded- 
wye banks where it is relatively inexpensive 
to accomplish. On grounded-wye banks, 
the protection can be effected by a relay 
system requiring a medium-voltage current 
transformer, a current relay incorporating 
inverse time-delay characteristics and a 
third-harmonic filter, and spark-over gaps 
connected across the current transformer 
primary. The gaps are to protect the 
current transformer and secondary circuit 
from the high voltage which might other- 
wire appear across it when the bank is 
^tched on and off the line. Such a circuit 
is indicated in Fig. 10. On ungrounded- 
wye banks, the protection is similar except a 
potential transformer and a voltage relay 
are used. 

Although the current or the voltage, as 
the care may be, is affected by system bal¬ 
ance and capacitor bank balance, the cir¬ 
cuits are relatively free from misoperation 
when set to protect against contingency B. 
The reason for this is that the relay need not 
be set nearly as fine as if designed to detect 
contingency A. 

Most systems proposed are bared on 
detecting the voltage at and/or current 
flowing through the neutral connection. 
The conditions at the neutral are neces¬ 
sarily dependent upon the vector angle and 
magnitude relationship of the impedances in 
each phase or leg of the capacitor bank. 
The overvoltage condition is, however, 
largely the result of the change in imped¬ 
ance in a particular series section. There¬ 
fore, with all systems proposed, except more 
expensive methods which measure and com¬ 
pare the voltages appearing across 
series section (quite expensive), the relays 
can operate m any of three different ways: 

They may operate as desired to 
guard against a predetermined overvoltage 
appearing across a single series section. 
This operation would be assured if all suc¬ 
cessive unit failures occurred in the same 
series section. This is a very improbable 
occurrence. 

2, They may operate to relay the bank 
off the line when it is not necessary to do so 
from an overvoltage consideration. This 
may be called false operation and is likely 
to oc^ much more frequently than opera¬ 
tion (1). This may occur when; 

a. Successive faults occur in the samA 


phase, leg, but in different series sections 
(more likely than in same section). 

b. Successive faults occur in different 
phase sections such that the resultant 
vector^ effect on the neutral causes relay 
operation (also more likely than failures in 
same section which might ca us e over¬ 
voltage). 

c. Change in balance of capacitor bank 
because of temperature variations between 
one part of the bank and another. (Re¬ 
ferred to in paper). 

d. In^ care of a single-wye bank, the 
relay (being set sensitively to detect opera¬ 
tion 1) may operate on a slight unbalance in 
system voltage. This is a point in favor of 
the double-wye connection. 

3. The relay system may not operate 
when an overvoltage is applied in a par¬ 
ticular series section as the result of the 
balancing effect of other failxures in other 
phase legs of the bank (or banks in the ras e 
of the double-wye system). This is, just as 
operation 1, an improbable occurrence as a 
result of the high reliability of modem power 
capacitors and the inspection practices of 
most operators. It does, however, indicate 
a considerable limitation on relay m e thods. 

As pointed out previously, the single-wye 
bank has the disadvantage over the double- 
wye bank in that a sensitively set relay 
would be affected by S 3 ^tem voltage un¬ 
balance. There are, however, certain ad¬ 
vantages of the single-wye bank which may 
well overshadow this one disadvantage. 
These are: 

1. Twice as many units are placed in 
parallel in each series section. This means 
that twice as many units must fail in a 
particular section of the single-wye bank to 
cause the same overvoltage which might 
result from a given number of failures in a 
section of the double-wye bank. 

2. The initial cost of the single-wye bank 
is usually considerably less than that of the 
double-wye bank. 

It is, therefore, a worth while conrider- 
ation that the single-wye bank be used in 
preference to the double-wye bank and that 
the value of relay protection to guard 
against individual unit overvoltage be made 
on the basis of its need, cost, and reliability. 

By taking advantage of the added bene¬ 
fits of the single-wye bank, by switching 
high-voltage banks in as large increments as 
practical from a voltage step consideration, 
by making use of as high-voltage standard 
capacitor units as possible in ori^al de¬ 
sign, and by initiating a periodic bank in¬ 
spection procedure, it is my feeling that the 



Fig. 10. Schematic of high-voltage capacitor 
bank showing protective relay circuit 
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satisfaction from 
^eir high-voltage capacitor banks. Al- 
^ough I have strayed from the basic topic 
of this paper on balancing, I felt that tiie 
^^ussion would be of interest, since the 
toe bdance IS only required if relaying to 
P otect contmgency A is being considered. 

cu ^ Conipton: Mr. Starr and Mr 
Shepp^d are both advocates of the single 
grounded-wye-connected design for capw- 


itor banks of large size, and I appreciate 
thw comments very much. As 1^. Starr 

f *>est form of overvoltage 

protec^on is obtained by using as ma^- 
capamtors as possible in parallel and this is 
characteristic of the smgie-wye 

if •» indnstry 

a a paper were prepared by Mr. Sheppard 
expanding the thesis he propounds £ his 

Electric and 

i-ower Company capacitor instaUation has 



-- uxc nieinoas described in 

my ^per, we plan to contmue operation as a 
donble-wyebank. Pntiue instSSS S 

^o^ded^-wye^nnTcted^ capacitor bS 
telephone interference 
whm-e telephone toU lines are in the vidn J? 
This problem will need additional explOTa- 

inS single-wye bank can come 

too general usage. 


Coincident-Outage Probability 
in Secondary-Network Vaults 


DAVID N. REPS 

ASSOCIATE MEMBER AIEE 


gINCE the advent about 30 years ago 
of the 120/208-volt secondary-net¬ 
work system of electric power distribution 
m c<^er<aal areas of cities, both load 
density and the prevalence of large, con¬ 
centrated loads have continued to in- 
^ease. T^s load growth has in turn 
® growing tendency for 
added mcrements of network-system 
capability to assume the form of multiple- 

network-transformerinstallations. More- 

ovw, the coming popularity of 266/460 
volte as another secondaiy-network utili¬ 
zation voltage wiU accelerate future needs 
for midtiple-transformer, spot-network 
installations.^ 

The allowable loading of a multiple- 

instaUaL 

may be based on the loss of one network 
unit or on the coincident loss of two net¬ 
work mute. In the event of such contin- 

pncies involving the loss of network units 
in a partK^ar vault or group of neigh¬ 
boring vaults, the network units rem4- 

capable of cariymg the load. Network 
pk^g and design must therefore in- 
clude evaluation of coincident-outage 
“t^oA-tramifonnl 
tw rt slKmld be such 

ttat the occmreuM rfwhet it considered 

«>i»cident outs«e 
of Mtw^OTi umts does not place service 
contuMutyio jeopardy, 

gate the hkeldiood of the loss of one net¬ 
work unit or the concurrent loss of two or 

^ network ^ts out of a multlw 

thfs nv-Atv ^ previous paper* 

oatages of the pmnaiy feeders serving the 


neiwork units was discussed for network 
ystos in general. This earfier analysis 
dealt with the factors which govern^ 
^eqi^ of prhnary-feeder capability 
. standpoint of primaiy-feeder 
.^tage ^elihood. The preset paper 
extends the probabflity analysis of net- 
voA system capability into the network- 
unit vaults. 

C^ses and Effects of Network- 
Unit Outage 
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Reps- 


K modern secondary-network unit con- 
sists of a transformer which steps down 
prunaiy-feeder voltage to utilization 
oltage, and a network protector located 
m the low-voltage leads of the network 
^ansf^er; see Fig. l. The network 
protector is a special type of circuit 
^eaker equipped with relaying which will 
trip the circuit breaker in the event of re- 
verse power flow, or automaticaUy close 
^e break^ if the voltage across the open 
p otectoris such that power will flow from 
the prraaiy feeder into the low-voltage 
network. The network protector also 
contains a set of fuses, one in each phase. 
Smee the network-protector circuit 
e^er can trip only on reverse power, 

thefusesserveasameansforinterrupting 

ct^nte that are not interrupted by the 
network-protector dreuit breaker or other 
means. 

A primary-feeder fault results in tbe 
« ^■everse-power flow, of the 

network protectors in all the units sup. 

S’' inten- 

de-cuergizaaon of a primary feeder 
oy tripping its circuit breaker at the 
^urce results in the opening of the net- 
work protector in eveiy unit supplied by 



that feeder, due to reverse magnetizing 
^ent flow from the low-voltage system 
to the network transformers whose pri¬ 
mary feeder is de-energized. 

A network unit is unable to carry load 
If Its primary feeder is deenergized, or if 
Its network-protector cireuit breaker is 

01 ^. Network-unit outage will also t«- 

Mt from Mown network-protector fuses, 
but the eff^ of this cause of outage on 
the probability of network-unit outage is 
relarively small and will not be considered 
m this paper. 

The probability of outage to a network 
umt IS the stun of the probabilities of its 
primary feeder being out of service and its 
network protector being permanently 
open after having failed to dose. Each 
o me other possible causes for network- 
^t outege, such as blown network-pro- 
ector fuses, has a certain probability 
and they all can be lumped into a single 
value and added to the feeder-outage and 
protector failure-to-close probabilities to 
obt^ the total probability of outage for 
that umt. 

^ndary-network system designers 
and operators may prefer to deal with 
outage probabilities in terms of their 
ikely frequency of occurrence expressed 
in unite of years rather than with pure 
probability numbers which are often diffi- 
wlt to vis^ize in terms of the quantities 
that can be obtained from network op- 
^a^g experience. Hence, in the prob- 
abibty an^yses of this paper certain 
approximations are introduced which 
permit coincident-outage frequency of 
network unite in the same vault to be 
^pressed in terms of such quantities as 
the number of network-feeder outages per 
year and the number of times per year 
that a network protector is found unable 

to dose during a routine vault inspection. 

A secondary-network system is gener- 

Papw 55-l<Sl, recommended by the AIFP Tran.. 

Site and approved 

Meeting. New Vorir is:^ ^SE Tenter General 
lOfiK \jr prkj JTdiiudt^^ Sl^Pcbruarv 4. 

1965, Manuscript submitted October 2 fi ioka. 
made available for printing December 6 . 1964 ^ ’ 
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FiS* 1 (left). 
Part of a second¬ 
ary-network sys¬ 
tem, showing six 
primary feeders 
interlaced among 
network vaults 
housing one, 
two, three, or 
four network 
units 

Fig. 2 (right). 
The probability 
that a single net¬ 
work feeder out¬ 
age will affect 
one of the unib 
in a particular v- 
unit vault 



NUMBER OF NETWORK FEEDERS - n 


the coincident loss of two, or more, net¬ 
work units in any one vault or neighbor¬ 
ing group of load-sharing units may re¬ 
sult in overloading the units remaining 
in service. The equations and computa¬ 
tion methods presented in this paper 
make it possible to evaluate the risk of 
coincident outage of network units in 
vaults or groups of neighboring units. 


ally so designed that the loss of one pri- 
^ATy^Teeder cu'cuit can be sustained in- 
defimtely without excessively overloading 
the network units remaining in service. 
During such a feeder outage, single net¬ 
work units in certain vaults throughout 
the system are de-energized. In any one 


of these vaults, there is also some small 
probability that the network protector in 
one of the other network units will be 
open and unable to dose. A network 
protector that has failed to dose can in 
no way damage its network unit, which 
will be unable to cany load. However, 


Outages of Primary Feeders 
Serving a Vault 

When one or more interlaced primary 
feeders are concurrently out of service, 
vaults located throughout the network 
area are affected. For example, during 
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the simultaneous outage of two feeders 
some vaults may as a result lose two net¬ 
work units. Other vaults (usually a 
arger number) lose one network unit 
Jhxle va^ts not served by either of the 
e energized feeders lose no network units 

outages. From 
methods described in the preceding paper* 

lihood the frequency of occurrence of 
comcident feeder outages can be evaluated 
for any network system, in terms of one 
following factors, all of 
which influence or are influenced by sec- 

ondaiy-network design: 

1. Total number of primary feeders. 

2. Total mileage of primary-feeder circuit 

^^nmnber of accMtetal feeder outage 

Lr aocideatal feedtr outaeos 

per 100-mile-years of feeder circuit. ^ 

total soSodided feoder-outaga tim. 

feedj»r toure 

M of these^determinauts of primaty. 
taifr <»»a<Ient-oatage Itelihood 
tomato ae network system as a wide. 

neta on such 

“®*“«»«ons can be ex- 
to mdnde coincident-outage likeli 

hood of the network mtits in »y^*' 

5S2 


nombfT". ““toining a certain 

number of network units, or a given 

group of units operating in parallel and 
m neighboring vaults, are sup- 
plied by a certain number out of the total 
number of feeders to the network. In 
very large multiunit vaults* or in a group 
co^aining a relatively large number of 
neWk units, every one of the network 

Por instance, 
four network 

units located m a particular vault would 
each be served by one of the total number 
of four network feeders. More often 
however, even in multiunit vaults or 
groups fewer than the total number of 
network feeders are represented. Sys- 
t^-mde feeder-outage probabilities ap- 
phcable to all the network feeders as a 
whole must be modified to apply to the 
fracfaon of the network feeders serving a 
particular vault or group of imits 
The curves of Figs. 2. 3, and 4 are for 
e purpose of adjusting primary-feeder 
outage probabilities, computed for the 
entue system, for application to primary 
feeders serving an individual vault or 
group of network units. These curves 
can be used to find the probability for a 
or the coincident outage 
of two or more feeders to the same vault 


-- LUC yauiif 

ProbMlUy in Vault. 


or group of network units when a spe 
fied number of feeders serving the enti 
network are out of service. The curv 
we applicable to a wide range of syste 
design parameters. Specifically, th( 
eo\^r the following ranges: up to 20 pi 
maiy feeders to the entire network; oi 
to SIX network units within the same vaii 
or group; the outage of one or the coinc: 
dent outage of two or three networ 
feeders; the loss of one or the coinciden 
loss of two or three network units is th 
same vault or group as a result of net 
worWeeder outages. The method usee 
for deriving these curves is outlined ii 
Appendix I. The following example wii: 
Illustrate one use for the curves of Figs 2 
3, and 4. - 

Example: Coincident Feeder 
Outages IN THE Same Vault 

A network vault contains four units 
semd by four different primary feeders 
out of a total of ten feeders to the entire 
network. 

Il fraction of the total number of 

toes during which two network feeders are 

wiU the two 
t"” o' tta four Krviu, 

2- For what fraction of the total number of 
2-feeder outages will just One of the de- 

Mwgized network feeders be one of the four 

to the vault? 
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1. For this case n = 10, y=4, jfe=2, and i = 

2. From Fig. 3, the probability read from 
the k<=‘2, i;=4 curves for n-\Q and t=»2 is 
£^10,4.2,2*0.16. Thus the probability that 
both the affected feeders in a 2-feeder out- 
a^ serve this vault is 0.15. Stating this 
another way, only one in 6.67 2-feeder out¬ 
ages will involve two feeders to this vault. 

Suppose that methods® used for comput¬ 
ing the average frequency of occurrence for 
the coincident outage of two network feed¬ 
ers give a period of 10 years for the network 
in this example. Then the average number 
of years between occurrences of the coinci¬ 
dent loss of two feeders to this 4-unit vault 
is CIO) f6.67) =66.7 years. 


2. To determine the fraction of the total 
number of 2-feeder outages that will involve 
just one feeder to the vault in question, the 
curves of Fig. 2 for » = 10, t/=4, A=2, and 
«=1 are used. The probability for *=1 
when A =2, »=4, and « = 10 is E/io. 4 , 2 ,i = 
0.66. Thus slightly more than half the 2- 
feeder outages Avill involve one of the feeders 
to this vault. The average number of years 
between occurrences for the loss of one feeder 
to this vault as a result of the coincident loss 
of two network feeders is £10/0.56) =17.9 
years. 


since the open protector may be in a 
multiple-unit vault in which the loss of 
one unit does not result in overloading of 
the other units; or if the open jM“otectcr 
is located in a single-unit vault, then the 
neighboring network transformers are 
fully capable of sharing load via the 
secondary mains without serious decrease 
in the voltage at customers’ loads. 

For a particular network system, the 
accumulation of reliable data on net¬ 
work-protector failure-to-close frequency 
may be impossible because of the rela¬ 
tively small likelihood of such occurrences 
when compared with the frequency of 
primary-feeder outages; or because infre¬ 
quent or aperiodic network vault inspec¬ 
tions malce it impossible to determine the 
average time duration of such outages. 
In the absence of data accmnulated for a 
given system, data published by the 
Edison Electric Institute®"* may be used 
to obtain reasonable order-of-magnitude 
estimates. 


From the preceding example it can be 
seen that the curves of Figs. 2, 3, and 4 
serve to determine feeder-outage proba¬ 
bilities in individual vaults throughout 
the system when feeder-outage proba¬ 
bility for the network as a whole is given. 
This approach, which is first to consider 
network-feeder outage likelihood and then 
vault-feeder outage likelihood, can be 
very useful in secondary-network system 
design because it readily permits quick 
outage-probability evaluation of alterna¬ 
tive network plans utilizing different num¬ 
bers of interlaced primary feeders and 
the number of network units in vaults. 

Ketwork-Protector Failure to Close 

The high reliability of modem network 
protectors has made network-protector 
failure to dose purely an academic con¬ 
sideration in the determination of coind- 
dent network-unit outages for smaller 
systems. For very large systems, how¬ 
ever, the likelihood of a protector having 
failed to dose somewhere in the system 
may warrant attention. Should such an 
outage exist in a vault where a second 
network unit is out of service because its 
primary feeder is de-energized, two net¬ 
work units would be coinddentally out of 
service in that vault. 

A network protector that cannot dose 
may be detected under two circumstances; 
first, customers in the vidnity of the un¬ 
loaded network unit may complain of low 
voltage; second, during a routine inspec¬ 
tion of network vaults the open protector 
will be discovered. The likelihood of de¬ 
tection in the first way ordinarily is small. 


Equations are derived in Appendix III 
for estimating the likelihood for the fail¬ 
ure to dose of a network protector in a 
vault, or a group of units in which one, 
or more, other units are out of service 
because of primary-feeder outages. The 
following example will illustrate how the 
equations can be used. 


Example: Feeder and Network- 
Protector Coincident Outage 


Suppose that the network system in 
the previous example contains 100 net¬ 
work umts. The estimated number of 
network-protector failures to dose is one 
per year. The average duration of such 
an outage is three months. 

1. During a 2-feeder outage of 66.7 years 
average frequency, what is the likelihood 
that, in a 4-unit vault that has lost two 
feeders, one of the two remaining units will 
also be unable to carry load because its net¬ 
work protector cannot close? 

2. How often will it be that a network pro¬ 
tector in that vault cannot close during one 
feeder outage in the vault of 17.9 years aver¬ 
age frequency? 

1. For this case the quantity y in equation 
24 is 3 months, or 0.26 year. Substituting 
into 24 


r(4-2) 


(2)(1)(0.26) 

100 


=0.006 


where r( 4 -j)=0.006 is the years-per-year out¬ 
age rate for the two remaining protectors in 
the 4-u^t vault. Hence, from equation 26 
the period of years between occurrences for 
the loss of three network units in the vault, 
as a result of the outage of two network 
feeders, and the coincident failure to dose 
of a network protector in one of the two re¬ 
maining units, is 

fp 66.7 years ^ 

•MO ,4, 2 , ( 2 + 1 ) = Q —*13,330 years 


2. The period of years between occur¬ 
rences, for the loss of two network units in 
the vault, as a result of the outage of two 
network feeders (one of which serves the 
vault), and the coincident failure to close of 
a network protector in one of the re maining 
three units is found as follows: Substitute 
y=0.26 and (v—t) =3 into equation 24, 


r(4.-i) 


(3)(1)(0.25) 

100 


=0.0076 


I’m ,4,2,(1+1) 


17.9 y ears 
0.0075 


=2,400 years 


In the foregoing example it will Ibe 
noted that the likelihood for the outage 
of a primary feeder to a network unit in a 
vault, while another network unit in that 
vault is out of service because its network 
protector failed to close, can be reduced 
by shortening the time duration of net¬ 
work protector outages. This can be 
accomplished by more frequent network 
vault inspections for testing the operation 
of network protectors. The average 
time dmation of a network protector out¬ 
age will be one-half the period between 
inspections. By substituting values for 
network-protector and primary-feeder 
outage frequency applicable to a specific 
system, coincident network-unit outage 
frequency within any given vault can be 
evaluated. 


Conclusion 


The likelihood of coinddent primary- 
feeder outages in a network system is in¬ 
fluenced by several determinants of net¬ 
work system design. These design factors 
also influence coinddent-outage likeli¬ 
hood of primary feeders within the same 
vault or a specified group of network 
units. Through the use of the equations 
and cicrves presented in this paper, the 
probability of coinddent outage of net¬ 
work tmits within any given vault, or 
group of units, can be evaluated from 
primary-feeder and network-protector 
outage data or experience for the network 
system as a whole. Such methods of 
probability analysis are very useful in 
secondary-network system planning, be¬ 
cause they readily permit quick outage- 
probability evaluation of alternative net¬ 
work plans utilizing different numbers of 
interlaced primary feeders, and different 
numbers of network units in vaults. 

Ifomenclature 

»* number of network feeders 
V =number of network units in one vault 
JV=total number of network units in system 
F=total number of vaults in system 
■IV'n.e* number of network units in an n- 
feeder system with v units per vault 
Fit, »* number of vaults in an n-feeder sys¬ 
tem with V units per vault 
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prtoary feeders simultaee- 
^ ously out of service 

*-nme^ of pri^ out of service 

in one vault 

rv^ue^ork-protector failure-to-close prob- 
r ^ -AT-unit system 

r,-network.protector failure-to-close prob¬ 
ability for a p-unit group 
o»number of network-protector failures to 

^ «^^®se per year for the entire system 

y=>the outage-time duration of a network 
n , that fails to close, XT 

^’^-probability for the simultaneCout- 
age of k network feeders 
?^*-av^age period between occurrences of 
the simultaneous outage of k network 
feeders, years 

probability that a p-unit vault 
wdl have * of its feeders out of service 
when A out of « network feeders are 
out of service 


^n.r.fc.<*the probability that i feeders to a 
p-unit vault are simultaneously out of 
service / « 

r,«time period between failures to dose of 
a network protector in a group of p 
network units, years 
time period between coinddent 
y^ra ^ * feeders in a p-unit vault, 

Appendix I. OrteseProbabilrty 
Of feeders Servins a Vault 

Suppose that attention is centered on a 
particular network vault, or group of net¬ 
work units, containing the number v units 
out of a total of N units, in a systei. sc^ 

by »interlaced primary feeders. Tht(N-v) 

remammg network units in the s^steS 


may be considered to have imaginary bound- 

they arrdl 

m groups of p per group. The total numb^ 

thirtotr^^^K^T^/"- The fraction of 
number of groups affected in the 

^ P«“ary-feeder outage is also 
a contingency occur- 

Consider network systems supplied bv « 
cmnpletdy interlaced primary f^dL 
where n may have a different integral value 
for each system considered 

-1.2. 3. 4,... 

Suppose that in each system, the network 
umts are m groups of p, where p may have 
any integral value 






''6,1 =6 
\l,l,l = V6 


HgigHlBBiB H* 
iillBHB BBMIil 

BbbibbIhbbbw 

HBBBBBlHBBBB ai 
ilBBBHHMB HB 
5BBBBBIbebbb bi 
BBBBBBIhb bbbb 

§BBBBbIbb§bhb i 
siiBBElHaBBBE 

■BBBB Bl BaSBH B 
' ■■BgBBBBBBBBBl B aBBBBj i 

■*wbI 


%S “ 30 
%2,l,i = 5/15 
“6,2,2,1 “ 8/15 

“6,2,2,2 “ 1/15 

%2,3,1 = 9/15 
%2,3,2 = 3/15 


%lt. = 15 

%k = 60 

“6,4,l,l = 
%, 4 , 2 ,i “ 8/15 
%,4,2,2 = 8/15 

%4,3,1 “ 3/15 
"'5,4,3,2 - 9/15 
"6,4,3,3 “ 8/15 


■BBBDB, 

.b bb 

SBBBBBi 


- 60 0 , 11 , 3,3 ' 

"6,3,1,1 '“/so 
”«,3,2,1 " i2/ae 
'fe,3,a,2-Vso, 

"«,3,3,1 ■ ’^20 

‘fe,3,3,2 - S/20 

n 5 r %3,3,3*=-/2° 

uontalnlnj onounH "***™*^.^^ Tk« But syrtem lin vaulb 

fir . 1 * * •y*tein four (v=4). For each mvsT' *" 1 ? »y»tem three (v=3), 

Sr.r?"? F«.m UiX^lM comblnaSon. of 

«"Kt by v«io« prt„..y.h,j„ oul.,^™ '™f»" of 'ohl n.Bb« of 

p«b.b,iHy o, ..y 


->,2,3,4..,. 

No two units in a group of p may be served 
Pnmary feeder. In an »- 
containing groups of network 

m^imum possible number of groups for 
w^ch no two groups will be served by the 
ame combination of p out of « feeders 
This number of different groups is given by 

V ~ 

pI(»-p)I (i) 

number of network units in F„, 
vaults, each contaming p units, is 

■^n,»=F„,e(p) 

a hypo- 

thetical secondary-network system served 
by « pnmary feeders. Each vault contains 

supplied by a different feeder. The total 
number of vaults in the network is F . 
^d the total number of network units’is 

suffer outages 

bToXf ^ out of n feeders may 

be out of service at the same time, where 


etwork feeders occurs, various vaults 
tooughout the network area will have none, 

SSin^ de-energized. 

>^ng ^ch a concurrent outage of k 

>=0,1,2,3, ... 

itvori^k (7) 

In this hypothetical JV-..unit. F«4.- 
network system in which 
wch vault houses p units, the fraction of the 
total number of vaults in which i feeders are 
lost durmg a network-wide outage of ife feed- 
represented by the symbol 

( 8 ) 

^ ^ «-feeder sys- 

tem mil lose i out of p units as a result of a 

comcident outage of ife out of « feeders. 

Equations can be written for eiqiressmg 


in Secondary-Mtwork Vaults 
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Vn,v,M in terms of the two network design 
parameters n and v; the number k of net¬ 
work feeders simultaneously out of service; 
and the number i of affected feeders to a 
specific vault or group of network units. 

To illustrate how such equations may be 
developed, consider the case of 6 -feeder net¬ 
works ( 7 z= 6 ). Four different 6 -feeder sys¬ 
tems will be examined. In the first system, 
network units are individually located 
In the second they are in pairs 
(t;*a2). In the third and fourth systems, 
network units are arranged in groups of 
three fw=»3) and four Cv“ 4 ) respectively. 
For all systems let the six primary feeders 
be numbered I, II, HI, iv, V, and VI. 

® lists all the different combinations for 
six feeders serving vaults containing one, 
two, three, or four network units, such that 
^ system no two vaults are served by 
the same combination of feeder munbers. 

After the possible combinations of feeders 
serving a yault with v network units are 
tabulated ^ in Fig. 5, the number of vaults 
losing i units when k out of six feeders are 
lost can be obtained by inspection. From 
an examination of other cases similar to 
those tabulated in Fig. 6 , but for other 
values of n and v, the following equations are 
obtained: 

For ^ = 1 , * = l 

rr _ 

ForA=2, i=l 

TT 2(«-2)! 

For^=2, «=i=2 

j-r _— 2)1 

iVn,,Xv-2)\(n~v)\ 

For k~3, «=>! 




rr _ _ 3(«-3)! 

V„,„)(i;-2)!Cn-i»-2)I 
For ^=3, «=2 

rr _ _3(»-3)I 

(Vn,vXv-2V.(n-v-l)\ 

.ForA=s3, *=3 

TT (»- 3)i 

Values for Un.k.v.t computed from equa¬ 
tions 9 through 14 are plotted in the curves 
of Figs. 2, 3; and 4. These curves shoyr the 
probability (,Un,k,v,ii for losing i out of » 
feeders in a given vault should k out of n 
network feeders suffer coincident outages. 

Suppose that the probability for the simul¬ 
taneous outage of k network feeders is P*. 
^Methods for obtaining P*, are discussed in 
tlie first probability paper.* Then the 
probability for i feeders to a iz-unit vault 
being simtiltaneously out of service because 
Of coincident feeder outages is 

Rn,v,k,i^(.PkX^n,v^,i) (15) 

In the previous paper* the average num¬ 
ber of years between occurrences of ftie coin¬ 
cident outage of k network feeders is called 
T*. Hence for an individual vault, or 
group, containing v network units, the period 


in years between occurrences for the coinci¬ 
dent outage of i network units because of k 
simultaneous network-feeder outages is 

^n,»,k,i-— -years ( 15 ) 

Assuumptions 

The Malyses in Appendixes II and III are 
approximate, and are based on the following 
assumptions: 

1. The total number N of network units 
in the system remains constant regardless of 
the number of primary feeders or network 
units put of service, i.e., N»l. 

2 . Over a very long period of time, 
network protector will experience the samo 
number of failures to close of equal time 
duration. 


Appendix II. Probability of 
Nctworic-Protector Failure to Close 

Consider a network system with a total 
number of N network units. For most sys¬ 
tems in which coincident-outage probabil¬ 
ity is sufficiently large to warrant consider¬ 
ation, a single network unit represents a 
^all fraction of the total number employed, 
i.e., iV»l. It will be assumed that the 
loss of one, or even several, network protec¬ 
tors still leaves very nearly the same total 
number in service. Hence for the purpose 
of the following analysis it is assumed that 

N^N-1)^N-2), etc. (17) 

For the entire system, let the number of 
network-protector failures to close be the 
quantity a per year. Then the average 
failure-to-close rate per protector is a/N per 
year. The average number of years be¬ 
tween failures, for a given protector, located 
anywhere in the system is N/a years. 

Let the average time interval between in¬ 
spections of a network protector be ( 2 y) 
years. Assuming that a protector dis¬ 
covered unable to close is immediatdy re¬ 
paired or replaced, the average length of 
time during which a faulty protector re- 
m^s open is y years. Hence the proba¬ 
bility that somewhere in the system a net¬ 
work protector is open because it cannot 
close is 

rif—a{y)=ay (Igj 

If attention is centered on a particular 
a-unit vault, then the failure-to-close prob¬ 
ability for the network protectors in that 
vault is 


The period between such occurrences is 
^ 1 N 

~ years per occmrence ( 22 ) 
09 va ' 

T# is the average number of years between 
the occurrence of a network-protector failure 
to close in a group of v units in a system of 
N network units experiencing the quantity 
a network-protector failures to close per 
year. 


Appendix III. Primary-Feeder 
and Network-Protector Coincident 
Outage 

The average time period between occur¬ 
rences of the coincident outage of i primary 
feeders to a »-unit group is given by Tn.v.k.* 
years in equation 16. From equation 21 
the number of occurrences per irear- for the 
failure to close of one of the network pro¬ 
tectors in the remaining (»—*) units in that 
»-unit group is 




(v—i)a 


occurrences per year 


The duration of each such occurrence is y 
years. Hence the total time, in years per 
year, that such a condition will exist in the 
group of (v—i) units is given by the prob¬ 
ability 


(v—i)ay 


(»-*X V 

y=-^y) 

years per year 


Hence the averag^e period between occur¬ 
rences involving the coincident loss of i pri¬ 
mary feeders and one network protector out 
of the remaining fp—f) units in a ir-unit group 
is 

T «,i),»,(i+i) =» ^”’*’*** - years (25) 
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"When it fails to close, a network protector 
will remain open y years. Hence the aver¬ 
age number of occurrences per year in a 
»-unit vault is 
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Discussion 

G. H. Arapakis (Consolidated Edison Com¬ 
pany of New York, Inc., New York, N. Y.): 
Referring to equation 15, this expression 
gives the outage probability of finding one or 
more network units in a p-unit vault out erf 




































■ r . ii !.* due to the outage of one or more 
iiV'h-tn from a group of « feeders to a net- 
Uftrk area. However, the author fails to 
pithst osst that if we wish to find the total 
i>ro?iability of i units out of service in a v- 
sisisr vault, and this is the result of practical 
iuieriist to us in system design, the exprcs- 
• ion given by equation 13 must be summed 
up far values of to *=» as follows 

Pio’jability of / units out of service in a »- 

k = n 

unit vault , 

kt^n 

k = i 

For example, in a network area supplied by 
u total of 10 feeders, to find the probabiUty 
of one unit out of service in a 4-unit vault it 
would require theoretically the summation 
erf nine terms, although practically the 
ixtunmation of the first two or three terms 
fields a sufficiently accurate answer, 
birailarly the probability of two units out of 
6t‘rvice will require eight terms, etc. 

1 would like to point out, however, that 
^ j supplied by v munber of 
difierwit feeders, the total probability of one 
or more network units out of service due to 
feeder ^tages can be calculated very simply 
on the basis of the outage probabiUty of the 
r-lwders supplying this particular vault 
inde^ndently of the n feeders to the net- 
w'ork area, as follows 

Total probability of i units out of service in a 
v-unit vault due to feeder outages 


where p =* average outage probability of any 
one feeder from accidental causes. (This 
will depend on the average length of a 
feeder, and therefore on the size and extent 
of the network area.) This expression 
should equal to the summation of terms 
given in this discussion. While I have not 
proved this equivalence in general terms, I 
am satisfied that it is true from a number of 
numerical examples for which I have com¬ 
pared the two expre^ons. 

In general, as I have pointed out, we are 
interested only in the total probability of 
finding one or more network units out of 
service in a particular vault. While the 
mathematics developed by the author are 
correct, I do not see what is to be gained by 
breaking up this total probabiUty into a 
summation of terms when it can be calcu¬ 
lated very simply and very quickly as one 
term from the equation which I have given 
here. 


become 


k saZ 


9^t 


David N. Reps: Mr, Arapakis points 
out an important addition to Appendix I 
The curves of Figs. 2, 3. and 4 give the first 
three terms of the summation to obtain tlie 
tot^ probabiUty for finding i out of v 
feeders to a given vault out of service. For 

r ® ^ IQ-feeder 

.®^ation representing the 
total probability for finding one feeder out 
of service would be 

*»io 

»(Pl)C f7l0,4,l,l) + 

*='1 

(^*)C£^«.4 .*.i) + . . . +C-Plo)(i/i0.4,10.») 

^om 2, pio,4,1,1 =0.4; from Fig. 3 
Oio.i.w=0.6S; from Fig. 4, £fio. 4„,4 io.i 


y ' (Pk )( fpMtkii ) •" o.'i/*! I (i.rMy’s j M 

k^i 

Mr, Arapakis also points ou(. uurl 
so, that the tenn.s eontainiiig /*,. f»,f - 
add negligibly to tlie summation, 
the probability for having mute than rbf. 
feeders simultaneously tmt of lervtir j 
e.\'treinely small. 

The reasons for my having i hoM-n riu 
particular way in which 1 pnvimti ueivvofk 
vault multiple-outage prolmbiliiv mrifer**! 
are severalfold. Much of the work fhai t 
being done in seeomlury-iieiwotk Hvatvtn 
engineering design and ecouomii- amiSy-i, 
involves eoiisideratioii of higher wt-ojitliii'y 
voltages, multiple-bussing of network ii«if 
and higher priinary-feetler voltage-^, Sio b 
changes are best Investigated through Jim 
use of what I call “hj’jmthetieal equiviih’fir*' 
systems which exist only on paper, bui ««Xf r 
winch the engineer has full eontrol of ihe 
v^iables. One e.\tremely imiiortmit varj. 
able of network ilesign is the mimlM i of 
pninarjr feeders. F'or instanei-, hu rea-ang 
the feeder voltage permits the use of « 
fewer total number of hs-ders. Tf»r, 
change affects not only network de'.ign nml 
c^t but also feeder-outage probability, 
no* f have taken in pfr'a'iiring 

htd,work-vault outage 
probability information lemLs itstdf to iv>r 
nJtermitlve netivoifc 
ncSc ‘Approach imt o»|v 

Ci! quK.stion •‘What witl 

happen m an existing network svstein^’^ 

S^tem 

system that dws not yet exist;*" 
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combined shafts and the thrust-bearing 
parts. Because it is a physical impossi¬ 
bility to machine all mating pieces to 
zero tolerances, the turbine and generator 
shafts are checked in more than one rela¬ 
tive position and when the best possible 
combination is determined each piece is 
match-marked at the coupling so that 
this same relation can be obtained when 
the field assembly is made. In addition 
to this, the generator manufacturer is 
made responsible for the final field align¬ 
ment of the rotating parts. 

Turbine Erection 

For each machine the turbine has been 
purchased for installation by the TVA 
forces and the generator has been pur¬ 
chased installed by the generator manu¬ 
facturer. Prior to start of erection the 
Authority submits to each interested 
party copies of a suggested method of 
erection for comments and suggestions. 
The differences, if any, are ironed out 
and in this manner erection procedures 
and methods which are satisfactory to all 
parties are outlined in advance. 

Because a good alignment of machines 
of this type necessarily includes the em¬ 
bedded parts and because once the parts 
are embedded it would be extremely 
expensive to change them, the construc¬ 
tion specifications treat each piece in 
detail, usually giving the size, weight, and 
relation to control lin^ and elevations. 
If special bracing or bolting is required 
this is discussed in detail, with necessary 
references to drawings. No concrete 
forms, braces, or rods are allowed to come 
into physical contact with the part or 
parts being embedded. Concrete vibra¬ 
tors are not allowed to be used in areas 
where there is danger of the vibrator 
striking the supporting jacks, screws, 
rods, braces, or the part itself. During 
the pacing of the concrete around the 
embedded parts it is usually necessary 
to spray water on the inside surfaces of 
the parts in order to hold to a mmimum 
the distortion caused by the heat of the 
setting concrete. Concrete placement 
schedules are arranged to minimize this 
heat and any unbalanced thrusts. Peri¬ 
odic checks of the plane and concentricity 
of the parts are made as the erection pro¬ 
gresses. To the uninitiated it might 
appear that such caution is unnecessary, 
but some of the necessity for good align¬ 
ment can be appredated when it is real¬ 
ized that the horizontal running clear¬ 
ances between the turbine runner and 
the stationary parts range from 12 to 
126 mils and that normal relative speeds 
between these two parts range up to 


75 milep per hour for some of the smaller 
clearances. 

Once the embedded parts are in place, 
the remainder of the machine diould be 
installed around these parts; therefore 
the turbine runner is set in place in the 
best possible relation with the embedded 
parts. The turbine diaft is set pliunb 
and the face of the top flange level. The 
turbine runner and shaft are usually set 
about 0.750 inch below the final running 
position and.are supported in this posi¬ 
tion by brackets built in the head cover 
for this purpose on propeller turbines and 
by the lower part of the runner which 
rests on a flange in the embedded parts on 
Frauds ttubines. The distance below 
the final running position is determined 
exactly by measuring between two ma- 
diined surfaces in the turbine assembly. 
This dimension is used by the generator 
erector in pladng the generator parts 
at the correct elevation. 

Generator Erection 

With the foundation concrete in place 
and with the turbine parts installed as 
just outlined, the generator manufacturer 
can proceed with the erection of the gen¬ 
erator parts using the location of the 
turbine shaft flange as a control point 
for both horizontal and vertical dimen¬ 
sions, irrespective of previously estab¬ 
lished control lines or datum planes. 

The soleplates for the generator-bear¬ 
ing bracket are set in place and grouted 
in using the position of the top flange of 
the turbine shaft to determine the loca¬ 
tion, both vertically and horizontally. 

The generator-bearing bradcet, diaft, 
and thrust-bearing assembly is made in 
the erection bay or on some convenient 
floor accessible to the powerhouse crane. 
For this purpose the bearing-bracket is 
placed on simulated soleplates and the 
shaft and thrust bearing are installed 
with the shaft resting on the thrust bear¬ 
ing. After the bearing and shaft have 
been adjusted and positioned with respect 
to the bracket, the entire assembly may 
be set in place on the permanent sole¬ 
plates. The exact location of the gen¬ 
erator shaft is determined from the posi¬ 
tion of the turbine shaft flange which has 
been accurately located prior to the gen¬ 
erator erection. 

When the generator shaft is in position 
directly above the turbine shaft and at 
the correct elevation, the generator shaft 
is rotated so that the shaft flanges can 
be bolted together in the same relative 
position, as indicated by the factory- 
placed match marks. To prevent dam¬ 
age to the permanent bolts the two 


flanges should be pulled together with 
temporary, loose-fit bolts, with the use of 
at least half as many bolts as there are 
bolt holes in the flanges. When the 
flanges are together the permanent bolts 
are installed and prestressed by stretching 
so that the torque necessary for any 
condition of loading can be transmitted 
through the coupling by the friction on 
the flange faces. 

The combined shafts are then set ver¬ 
tical with the turbine runner positioned 
correctly with respect to the stationary 
parts, the generator stator is centered 
about the top portion of the generator 
.shaft and the stator frame is bolted to 
the previously placed soleplates. With 
the stator round and correctly located, 
the soleplates are grouted in. The dowels 
between the soleplates and the stator 
frame are installed after the final align¬ 
ment is completed. 

The rotor, previously assembled in the 
service bay, is set in place and bolted to 
the generator shaft. Care must be exer¬ 
cised in placing the rotor so that the 
stator coils are not damaged. When the 
generator erection is completed, but be¬ 
fore the guide bearings are set, and thrust 
pot closed, or the rotation dieck made, 
the thrust shoes are diecked for equal 
loading. This should be done by an 
approved method acceptable to the cus¬ 
tomer and the manufacturer. To avoid 
the disadvantages involved in tilting 
the bearing bracket to plumb the shaft 
assembly, the shoe loading should be 
done in such a manner as to. leave the 
shaft vertical and at the correct elevation 



Fig. 1. Over-all dimensions of rotating 
elements 
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Fig. 2. Rotation check data 


adjustments are com- 

Rotation Check 

TOi^tliegeneratorpartsare assembled 

togetter ,t ,s essential that a tnechamW 
«ep.by^tep rotation check be made oi 
tte entne rotating element. To make 

it is necessary to 
W four tovy plumb bobs around the 
at the 9o.degree points. Eadr 
tob m snp«nded in oil by a fine piano 

the combined shaft as possible. 
The supporting the bobs should be 
Vpr^tely the same distance from 
tte shaft (±1/4 inch), andlocatedso flrat 

they mn not interfere with the loS 

^te whenfc shaft is beingC^ 
one position to the next. The 

58$ 


rangement should be such that a tram 
rod can be used in conjunction with a 

Z ^ I operator can teU when the 
^aUest possible reading is obtained be¬ 
tween the shaft and the wire. 

At the zero position readings are taken 
the sh^t to each plumb wire at a 

eiavatioos. 

^ wdl de^ue whether m- not the 
^t a^bly is straight and vfrtical. 
The rotating element is then turned me- 

^mcaUy 90 degrees at a time andsimilar 

taken at the 90-, 180-, 270-, 
and SfiO^egree positions. To avoid ea^ 
side movement or sliding on the 
tt^-beanng surface it has been found 
^ble to ret up four guide shoes while 
tte dei^t B bring turned; there shoes 
^to backed away from the guide 

ujrface before readings are taken. 

To avoid errors in reading the microm- 


diucrom- readily access 


etere and in recording, it has been fonnc 
d^ble to check the quantities bj 
adding opposite readings (see the tabula 

froninFig.2; thesumofi\r + 5or 1^+ 

fu “ ‘^.®!!!”® '“■ from zero 

through 360 degrees at any given eleva- 

bon) and by plotting the shaft centere as 
fach check is made. It is extremely 
^<^t that the rotating element be 

Jw interference and 

“at It IS hanging free from the thrust 

durmg the period when check 
readings are being mg de. 

Fig. 2 shows a typical rotation check 
mangement with check readings and 
^Its^ It will be noted that L thh 
^ tte shaft center, as determined 
im toe plumb bobs on opposite sides, 
a throwHjut circle on the lower 
end of about 0.0056 inch and that the 
shrit IS straight from top to bottom. 

throw^l as deter- 
mmed by this method is limited under the 
^^toutmct to a quantity de- 

T*0.00076(L/J2) 

where 

r=throw-out circle diameter, inches 

llTdi^^ thrust-bearing runner plate, 

face of 

guMeT ^ of turbine 

If the shaft throw-out is limited to the 
mo^t allowed by this equation the 
shaft alignment wiU usually be satis¬ 
factory; however, in no case is the actual 
throw-out circle aUowed to be as much 
M the minimum clearances between the 
turbine rtmner and the stationary parts. 

•f.i 5 circle is greater than 

either of these above quantities, the 
r^edy for each individual case is de¬ 
cided as the occasion arises. However, 
wo of the more common remedies are; 

. rotating the runner plate with re¬ 
spect to the thrust collar, and 2. tight- 
enmg the coupling bolts on one side of 
the coupling flanges, 

When the throw-out circle has been 
determined, the main-shaft guide-bearing 
centos me set so that the shaft center 
will be held in the center of the throw- 
vertical within a tolerance 
of 0.001 mch in each 5 feet of shaft 
length. 

^ position 

and with the guide bearings in place, 
refmence points ^e established in the 
turbme head cover and the generator 
mam bearing bracket. These points 
are cmefuUy placed so that they are all 
eqmjstant from the shaft surface and 
readily accesable for future use without 


August 1966 






excessive dismantling of the unit parts. 
Records in triplicate are kept of all im¬ 
portant settings, clearances, and toler¬ 
ances. 

Immediately following the completion 
of the assembly a thorough and complete 
inspection of the entire unit is made by 
all interested parties to determine that 
the unit is in starting order. All starting 
procedures, tests, etc., are under the 
direction of a co-ordinator who is familiar 
with the construction, erection, and op¬ 
eration of the maohit ip. 


During the mechanical run it is de¬ 
termined if the generator rotor will re¬ 
quire additional weights for balance. If 
balancing is required it is desirable that 
this be done before the heat run is started. 

Conclusions 

The satisfactory and successful opera¬ 
tion of any mechanical unit requires good 
alignment of the various parts. 

Assuming a correct design, any instal¬ 
lation in which the mechanical alignment 


is correct will give trouble-free service 
mechanically, whereas an installation 
which is not in correct alignment will 
give continuous trouble in the overheating 
of excessively worn parts, overstressing, 
fatigue, and it may be a contributing 
factor to many other troubles. 

Good alignment raises production and 
lowers production cost due to reduced out¬ 
ages for expensive maintenance and re¬ 
pairs. Good alignment can be obtained at 
Uttle or no extra cost writh proper schedul¬ 
ing. 




Discussion 

William J. Rheingans (AUis-Chalmers 
M^ufacturing Company, Milwaukee, 
Wis,): The paper is a timely one, since the 
hydraulic turbine sections and the large 
generator and converting apparatus section 
Electrical Manufacturers Asso¬ 
ciation are now working on standards for 
the alignment of vertical hydroelectric units. 
Since one of their problems is the question of 
rotational checks, it was interesting to note 
that the TVA insists upon rotational checks 
for all their units as a means for determining 
proper alignment. 

The author’s remarks regarding proper 
scheduling of parts and proper alignment 
checks m the shops are of great importance 
in obtaining proper alignment of vertical- 
shaft hydroelectric units. 


J. F. Roberts (AlUs-Chalmers Manufactur¬ 
ing Company, Milwaukee, Wis.): This 
paper is an indication of the amount of 
careful work that the TVA has done to 
connection with its great number of hydro¬ 
electric installations. 

As units get larger and larger, it becomes 
more and more difficult to hold to extremely 
accurate tolerances which are required, 
particularly in thrust-bearing surfaces and 
coupling faces. It is only by taking greater 
cai'e, as outlined in the paper, and carefully 
checking these units before they go into 
operation that satisfactory operating results 
can be obtained. If surii precautions are 
not taken, then the penalty is either exces¬ 
sive wear on turbine and generator bearings, 
or excessive strain with possible mechanical 
troubles or even broken shafts at a later 
date. 

The success which the TVA has had by 
developing this method of alignment and 
rotation checks has been a tremendous help 
to the industry, and similar methods are 
being adopted by many other users of this 
type of equipment. It is particularly de¬ 
sirable when one part of the equipment, 
such as the turbine, is fumidied by a differ¬ 
ent manufacturer from the generator. A 
careful check of this type serves to locate 
the source of any minor inaccuracies and 
they can be corrected before any troubles 
arise, and without setting up a 3-way argu¬ 
ment between the various manufacturers 
and the customer. 

The tdierance for shaft throw as given by 
the equation in the paper is practical on 
shafts which are relatively short but, as the 


author points out, on long shafts this may 
result in a possible tolerance greater than 
the bearing clearance, in which case we 
must either rely on flexibility of the shafts 
and some benffing, or else the scraping of 
the thrust-bearing surface, in order to get 
even closer tolerances. 


J. Fisch (S. Morgan Smith Company, York, 
Pa.): The procedure used by the TVA 
has been applied to numerous installft tions, 
It is assumed that it has given satisfactory 
results in all cases. The practice noted in 
the section “Turbine Erection” to work out, 
in advance, a method of erection satisfac¬ 
tory to all parties concerned is to be highly 
recommended. No doubt progress of field 
work can thus be accelerated and kept 
under good control. 

In one section “Generator Erection" 
temporary bolts are prescribed to pull the 
coupling flanges together. It is believed 
that this is an unnecessary refinement when 
the final bolts are machined to provide 2 to 3 
mils’ clearance in the flange holes in accord¬ 
ance with American Standards Association 
standards. 

As noted in the section “Rotation 
Check," straightness of the shaft is deter¬ 
mined from the four wires with pltunb bobs. 
During rotation, \rire readings are necessary 
only at the zero- and 360-degree positions. 
The throw-out circle at the turbine bearing 
can be established by “milking" from tram¬ 
mel points in the bearing housing during the 
four positions. 

It should be mentioned that all of these 
^gnment checks are made before the rotor 
is dynamically balanced. Balancing may 
affect the painstakingly obtained ini tial 
alignment. 

Rotation checks apply primarily to units 
with Ejugsbury-type thrust bearings. Ex¬ 
treme care must be exercised when rotating 
large units in order to avoid thrust-bearing 
damage. 

Numerous units with spring-type thrust 
bearings have been installed without rota¬ 
tion check. After plumbing of the shaft, 
the unit is brought up to speed and the rotor 
balanced. During coasti^ down in ^eed, 
measurements with indicators are on 
two of the stationary thrust-bearing ^oes 
to determine the vertical oscillations or 
wobble. This wobble is an indication of the 
p^endicularity of the thrust runner face 
with the shaft axis. Experience has riiown 
satisf^tory ojieration if the measured 
amplitude of the wobble does not exceed 
0.002 indh. 


R. B. McKeeby (General Electric Company, 
Schenectady, N. Y.): The author has 
made a worth-while contribution to a sub¬ 
ject on which there, is little published in¬ 
formation. There has been real need for a 
method which could be applied practically 
in the over-all alignment of the hydroelec¬ 
tric unit. Not so long ago, the industry 
relied on a relatively few seasoned and ex¬ 
perienced erectors, most of whom were in 
the employ of the turbine or generator 
manufacturers. These men command our 
respect for their accomplishments, which 
were often made under very difficult local 
conditions. The majority had many years 
of training, and were experts in their field. 
Men representing the two manufacturers 
would turn over to the operators a satis¬ 
factorily operating unit. They kept records 
but these were usually closely gmarded and 
not accessible to the operating and mainte¬ 
nance people, who were thus left with very 
little knowledge of the unit they would be 
expected to maintain. 

For this and other reasons an industry 
standard is needed to cover the erection of 
hydroelectric units. I am sure that the 
author’s paper will encourage others to 
record their practical experience in this 
field, thus leading eventually to an industry 
standard. 

The paper deals with vertical-shaft units 
where the thrust bearing is located below 
the generator rotor and with only the 
adjustable shoe type of bearing, one of the 
four types of thrust bearings in use today. 
The T^VA has nine units using the spring 
thrust bearing which is not adjustable. 

The author devotes considerable space to 
the difficult and time-consuming rotational 
check. We have found that rotational 
checks improperly conducted sometimes 
give misleading information. In some 
cases, this procedure has failed tO reveal a 
misalignment, and the result has been the 
formation of iron oxide which cannot be 
tolerated in any thrust-bearing housing. 
It is not uncommon to find slow speed 
rotors of large diameter out of balance as 
much as 200 pounds on completion of the 
assembly work. We have demonstrated on 
several units that placing 200 pounds on the 
rim of a rotor when the shaft is hanging free 
and supported only on the thrust bearing 
will cause the turbine guide-bearing journal 
to swing out of position 10 to 20 mils. 'Ihis 
is due principally to the flexibility of the 
thrust-bearing supporting bracket. If a 
rotational check is made on such a unit 
before it is balanced, the results can be 
meaningless, even though a satisfactory 


August 1956 


Norris—Alignmefit of Vertical-Shaft Hydro Units as Practiced by TVA 


589 






































balance weights will tip the rotor 

mils ^ ^ 40 

St oa tbe throw 

thnSt “‘^cation of the runout of the 
hrust runner, or straightness of the shaft 

“ “ static bLS:!' 
SSS entire unit to be in static and 

shaft indirS^*^’ ‘^“P^^ement of the 
^id?? ^ operation by the turbine 

“ tiiequal 

lo^g of this beanng as the unit roties. 
2ies condition usuaUy 

‘'^‘■btaring 
r^Plts of a rotational check are of 

bS 'f ^ it has 

been m ^tisfactory operation where it is 

^own that the geneiator aS SbU 

hSbeSuidT*^ This method 

SubW„ f ^ “ locating 

time “ a «“t in operation for somf 

&veral unsuccessful attempts have been 
made to make rotational checks on larger 

^ in o 

weight total 

2 0mnnn rotating element is over 
2,000,000 pounds and the thrust bearing is 

poS*^ 4,000.000 

po^as. AH tiiese factors must be kept in 
mmd in planmng for the future in regJd to 
an industry standard for dieSS^tt° 
alignment of these units, oneciang the 

V number of hydroelectric 

SsfoTISSf "“xh^^ 
subject iustifi^ more ^aTrs^S'a^'tht 
e y discussing alignment techniques. 


v^caJ ^ects the operation of the unit as 
long as the guide bearings are well center#>d 
with respect to the shaft 


be contended 

SSt’^e'iT 

bearing loc^?bS^r5S° ^ 
ato most of the generators Wo^ 

melT “ majdmnnt throw-ont of only 0 00076 

SSt «aterBiT?L 

-whA« ^ is mdeed a very small value 
wh^rt IS considered that some of the 
coH^ ate nearly 9 feet in diameter^ 

^aU tolerance is made possible only by tie 
use of the most accurate +'«^a «r ^ ® 

ta^and n^thods of qnS^^rT^” 
sbS ia each 6 feet of 

line indicates tte hSh*5” “ vertical 

■aqaested by the antho^?”«f^ quality 
r i,™ a™aa m the erection of 

^ tWvrniation 

affected by chamwao +t » vertical ime is 

«-eand.hetheraIarger:^SS1^t“ 
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Pa )• (Eliott Company, Ridgeway, 

lined K f^^tion procedures out- 
Imed have been tried and proven on suA a 
wde size range of machines, they should be 
of int^st to a great many people 
Undoubtedly, several deviations in the up 
procedures could be brought out but SS 
o d probably be minor departures from 
ttc^^Hnc <,f action. W^^i„,°S 

thi Whou® ?““*“* foundations or 

toe whole power plant have thrown an 
entn-e turbine-generator unit considerably 
out of plumb with no harmful effect upon 

c^wTete 2f are 

S? misahgnment from founda- 

slating was detrimental to operation 
W^t.“‘ ‘he hnpo^c^°5 

brS^procedure is for the um- 
breUa-type of generator only. i would like 
to en^ge upon the subject to point out that 
the motion of an umbrella-type generSS 
smd Its turbine can be co-ordin?ted tfr^sSf 
m less total erection time tha^ls toe cat 

ttbint generator and 

turome of the same rating. 

Let us consider a large unit the staw 

o^rs* “fiSTs^ 

Stiht location wm have to°be 

of th? f I-*"®® machined stationary parts 
of toe turbine. In either case 

temporary t 

MeSwhfl?t°*’ of the winthng. 

Memwhile, the rotor is assembled and the 

for toe ^ ®®affdd 

tvie wS l>alcony 

type, which leaves most of the oif onat, r ^ 

^ to the turbine. .ShnSSTJS 

mac^e’s lower bracket, thrust, and giSe^ 
bewng assembly, and shaft can be 
bled in an erection area. 

and 

bearing, and oil pot asse^hfs 

canbe put together at this time 

nr^A^c ‘^®":.,^® umbreUa construction 
proceeds ^eedily as outlined by the author 

togetoer^th^T’ assemblies go 

^ ^®^eJs being trani 

iSv^thoT assembly. Ri- 

exciterfs) me 

or ^® generator rotor hub 

or shaft as center. ” 

asSihSfalignment of the stationary 
!ff®“^°hes of the suspended type on ^ 

tigh? be done with the aid of a 

by plndng the lower l^St 
•’5^* “^bhM to 

fSler" “■ ‘k' 

andrtI'’’T’ most then be removed 

podS. ”NSt 

baolrin Upper bracket is put 

ba^ in place; the thrust block and bearing 

«^® rotor felow^l 

pliS 1 ^ operation on, the shaft cou- 
P g up, alignmg, and rotation check are 


^c^plished approximately as described 
in toe paper. The exciter(s) can then ho 

6««rator shaft S 
turust block as center. In general aftA,. 
comparing the erection of tL two 

tTOr5°^’ *^® umbrtik 

a ®®“®rat°r and turbine required less 
elapsed erection time because: 

+oi‘ be spent simul- 

taneously on the generator and turbine 

“®®‘*®^ ^ter toe tutotae 
shaft IS set in position turoine 

qnhad^ «» large parts is m. 

part of them ,n order to place the rotor. 


^vraa q^ccjc aTo the umbrcUa ti 

Units as J>racH^ fy rVA 


fndV?*'!*' .''^‘appreciate the interesting 

Z^T ^ 

rtPP^i the impoSTof ^ SS 

^ng and ahgnment chectc uta n • s 
Mr cnecjcs. We agree with 

Roberts comment regarding the ea«a 
f“” “^^a'ao with Us observatio^ in reSlS 

Using undeisize 
regida^^^ maxmum assurance that the 

a.ferTm^e^rs^^L'Snron'^ 

bTS 7 s?^.hS 

between pate yofe 
tioiml equipment and careful nlanning 

r^eiSrtr”"''””* So^ 

■Tirf r,*'” ‘™™»ag to four wires gives 

lSn.rS^? ? ^“at and 
fbe shaft throw-out circle as 
wmpared to tramming to the bearing hous- 

intocafS’?”®”* “ Pse of an 

sSng ton? oscillations on a 

have “ informative. We 

metofS^ s^aent experience with this 

usefulness. 

the comments in regard to 

^ds^?T dosely guardli n£ 

SrfArii ^ These gentlemen de- 

methods outlined in toe p^r^ p^y oSy 
or bue t^e of bearing since they have K ee n 
succe^fuUy used on both toe Kingsbury 

sunnot4A/^ + ®u several spring- 

caStions ^at?® Jbanngs. The usu J pri 
cautions taken to avoid unequal weight 

ha^be^Tn'^H®? toe rotor rim 

tom ® ® balance such 

SfetS ”??? materially 

^ected provided toe methods outlined in 

toe paper are foUowed. 

in observations are interesting 

dore^fA??^”^ P^tices required to meet 
twi We have operated units 

that do not conform to the 0.001 inch in 

1?"^* '®”^' beliere toa“ 
telA«t,AJ^'”^ alignment is obtained if this 
t^ce IS maintained during the initial 

oomments, comparing erec- 
rion procedures of toe conventional design 
^SaK?® "P^*'®lla-fype of generator, iS 

tbc mbmlift^?^’ 
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tent for. economical long-distance trans¬ 
portation. The status of these alterna¬ 
tive methods would normally be reviewed 
in the light of possible new developments 
although no present justification is ap¬ 
parent. 

Cost of Hauling Coal by Rail 


LOOK to the future of electric power 
* ^ markets and resources in the west¬ 
ern states shows several problems dif¬ 
ferent from those in the eastern states. 
These problems offer a special challenge 
to engineers. In contrast to the East 
where most load areas adjoin one another, 
the West is composed of widely separated 
load areas located in drainage hasitis 
where the economies which could not be 
sustained by the natural rainfall are sup¬ 
ported by use of water from moun¬ 
tainous areas. Coal, used to produce 
most of the eastern power requirement 
and in many cases relatively close to 
major market areas, is also ab undant in 
the West, but is located a considerable 
distance from the basin markets. Hydro 
power has in the past supplied most of the 
western needs, but in some areas the elec¬ 
tric load has already exceeded this re¬ 
source. 

It appears desirable that the electrical 
industry continue investigations of com¬ 
paring electric transmission with other 
means of transporting energy stored in the 
conventional fuels tmtil economic pro¬ 
duction from other sources, such as atomic 
and solar energy, and tide and wind ac¬ 
tion, is assured in suflfident quantities to 
obviate this need. Of the four possible 
new sources of energy, production from 
nuclear reactions appears to offer the 
most promise. 

The power demands in the Northwest 
have been met almost entirely from hydro 
power, while in northern and southern 
California the industry has had to produce 
in increasing amounts power from steam 
plants largely supplied by oil and natural 
gas transported through pipe lines, 
However, the future use of these fuels in 
enormous quantities under boilers may be 
limited by such already apparent factors 
as increasing cost of exploration, esti¬ 
mated future demand in relation to new 
discoveries, and increasing value of these 
resources for other uses. That these fac¬ 
tors are recognized is shown by the fact 
that new west-coast power plants are 
being built with provisions for burning 
coal. 

Atomic fuel having the highest energy 
content per pound wotild appear to be 
ideal from the standpoint of transporta¬ 


tion over great distances in the West, if 
and when production costs become com¬ 
petitive with energy produced from hydro 
and conventional fuels.i When it is 
considered that atomic production of elec¬ 
tric power is not now competitive a nd 
may face a relatively long period of de¬ 
velopment in comparison with the time 
it takes the electric load to double, at 
present rates of growth about 10 years, 
it appears advisable to investigate the 
use of the large supplies of western coal 
which lie along the Rocky Mountains. 

As an example, consider the southern 
California load center whidh is taken as 
the principal load concentration in an 
area including Arizona and southern 
Nevada. Assuming continuation of the 
long-time growth rate, it may be neces¬ 
sary to supply by 1976 from thermal gen¬ 
eration the difference between 12,500,000- 
kw peak load and 3,100,000 kw of hydro 
power representing the ultimate hydro de¬ 
velopment for this area. In 1960, the 
peak load was 3,900,000 lew with 2,320,000 
kw supplied from hydro resources. 

The estimated annual energy require¬ 
ment would be approximately 71.2 billion 
kw-hours, including some 16.4 billion kw- 
hours supplied from falling water. The 
balance, or 64.8 billion kw-houre, if sup¬ 
plied from thermal generation using coal, 
would require about 22,600,000 tons of 
coal annually. Fig. 1 shows the location 
of coal resources in eastern Utah with 
existing rail lines and possible transmis¬ 
sion-line routing to southern California. 

Coal, or oil and gas made from coal, 
could be transported to power plants in 
southern California by several methods, 
among which shipment by rail appears at 
present to be the only practical one. 
Coal has been moved comparatively short 
distances by hydraulic pipe line using a 
water camieir, and by conveyor belt, but 
these methods are not considered prac¬ 
ticable for the long distance and type of 
terrain involved. The conversion of coal 
to oil or gas for pipe-line conveyance as 
developed today is still too inefficient to 
compete economically with moving energy 
either by rail or by transmission line. A 
large portion of the energy in coal would 
be lost in the conversion, and gas pro¬ 
duced from coal has too low a heat con- 


Several excellent papers have been 
published which make a general com¬ 
parison of electric transmission versus 
methods of transporting fuels.*—* A 
problem of concern has been the proper 
charge for hauling coal. It appears de¬ 
sirable to use specific freight rates for the 
transmission scheme and the rail haul 
under comparison. 

Following are 18 principal factors used 
by the Interstate Commerce Commission 
in determining freight rates:® 

1. Cost of service to the carrier. 

2. Value of service to the shipper. 

3. Value of the article. 

4. Nature of the article—^whether crude or 
finished, liquid or dry, etc. 

5. Risk in handling the article. 

6 . Distance of haul (mileage scales). 

7. Bulk (size) and weight of the article 
(density). 

8 . Whether special facilities or extra 
services are required. 

9. Expense at terminals. 

10. Volume of traffic, and periods of 
movement. 

11. Method of packing and protecting 
the article. 

12. Rates on similar articles moving 
under similar circumstance and conditions. 

13. Rates of competing carriers. 

14. Competition between producing cen¬ 
ters or markets. 

16. Whether or not the rate will be con¬ 
ducive to an increasing movement of the 
article. 

16. Prospects of cars being returned 
loaded or empty. 

17. Rates account fourth section of the 
Interstate Commerce act. 

18. Loading (per car). 

An exhaustive study should be made 
considering how these factors have been 
interpreted. Item 13 indicates that the 
existence of or obvious feasibility of com¬ 
petitive electricaly transmission could in 
itself be a dominant factor in establishing 

Paper S5-184, recommended, by the AIBB System 
Bnsdneering Oommittee and approved by the 
AIBB Committee on Technical Operations for 
presentation at the AIBB Winter General Meeting, 
New York, N. Y., January 31-Pebruary 4, 1966. 
Manuscript submitted July 16, 1964; made 
available for printing November 24, 1954. 

H. D. Bunkins is with the Bureau of Reclamation, 
Denver, Colo. 
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roadmg increase. 

Heiner, tte author of an exceUent paper 
» ^nonucs of coal for west^oast po^ 

SX r ““T'** tnmaportetion 
M tte <^p«t method.* and felt that 

fPf for hauling coal co„I^ 

rate now a movements. This 

tote ^rt. only to coal to be loaded 
mtp banfcsM for water shipment and was 

™ ^ *” “ "I*® the papS 

was written. 

A rough approximation of the cost of 

by rail may be made from 

tte followmg 19S2 rates from Price 

Utah, to Los Angeles, Calif: ’ 

Sl^ c(^ domestic rate, $ 6.70 per ton 


A &(^ed ^ ^ per ton was 

^ “ tte stady and the transportation 
0 ^ per fcw-hour was computed to he 
about 2.19 mins for a coal hkviT a he« 
patent of 11.700 Btu per po^^^* 
to content of the coal in aH parts of the 

mea would have to be SZW 

“•J^mheatcontend 



--w-awaa vuais wouia re- 

mote ueariy constant This figure 
mdudes^ annual cost of step-S S 
formers from generator voltage to 230 tv 

fe^to-^^riistribution. for*L^S» 

eleetric transmission. The 
^ «f locating large new power 
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^ts away 6^ heavily populated 
^ and for mmumzing the number of 
tto Imes through and around load 

^ hM ^y made the use of 230 tv 
economical for load-area trunk linoB . 

Fig. 2 shows the indexes for cost of con- 
tocbou of transmission lines and snbsta- 
tious compared with the export freight 
to from the Rocky Monntos to tte 
1940 as the base year. 
^ “astruction costs more than 
d^blM whde the export rate increased 
only 36 per cent (%), 

nu^*“^* to Of coal an- 

brail would require extensive 
«w mvrataent. as may be seen by the 
to ^t m 949 the railroads had onfy 
^ment rolhng stock to move appmxi! 
mately 2 , 000,000 tons of coal per year 
^ Ut^ Md Wy,^g to the west 

^ A deternnnation should be made 

^Vwhetha extensive new railroad in- 
w might require an increase in 
grates antd the rail cost index wen- 
more m Ime with the construction cost 

i^’ “Ptoimately double the 
1940 rate for hauling coal instead of in- 

^g only 36%. if the 1940 rate of 
*A26 net ton were doubled, the cost 
iM transport would be 3.67 mills per 
kw-hour on the same basis as the 2.19- 
mill cost estimate. 

tot the full reqmrement. including 
aorttem t^oruia. which would undi 

S^n^*r*‘“ “ additional 

12,600.000 tons annuaUy. it may be wefi 


ta considff the merits of reducing the 
transpmtation load by means of electrii 
transmission. ^ 

Qualifications of Electric 
Transmission 

a/*“* I’'* ™to that 
electric transmissiou scheme with 
m^-mouU. plant, would have to ^eri 
0 ^ basic requirements: first, it must 
^ economic competition offered by 
rail t^portation of coal; second it 
muri be effidMtly integrated technicdly 
and eimnamicany into the load-area 

^ersrtaation. beginning with theiJS 

to until a reasonable future time when 
toging econoimc or technical factors 
^t change the trends in plaiming; 

„ ■ '* provide reh'ability of servire 

OTparable with having the plants in the 
to areas Md. in addition, yield side 
totfta m addition to strictly economic 
m te^cal advantages such as could 
to from placing administrative control 

the^! ““y transportation faciHties in 
the hands of the electrical utility. 

toorit^y. long-distance transmissiou 
on the basis of trans- 
tong bA energy rather than as a 
power at low- 

to facto Tie h-nes between power 
tontially to interchang- 
^ lew have usually been short, and bufit 
With a minimum of investment. 

To meet the qualifications to bulk 
^tossion. three principles of design 
X accepted. The first is ta 

oromt loadings to 
work the ttoer steel which represetoi a 
^m^rbon of the im'tial investment 
tot efficiently, limitatioiis on this dr- 
tot loatog are transient stability power 

tot and the cost of extra equipmrat such 



Bunkin^A Look to ike Ful«re „f Pcaer Transmssion in iHeWe^ 


iVij-ej-xrSS&fS « o - fti w V 
-2;S222 2 2®>o>w»o»« 

year “ ” ” 

compared with coit indexes for consfructfon 
of transmission lines and substations 


August 196i 





LOAD AREA 

SOUTHERN CALIFORNIA 


_ ^ 230 KV. 500 KV 

See Note C I ixv. 

r-'-^ I 4200 MVA. I 

(g) -^MA/Q®iMl200^«^^^ 

“finnni-mn ^ 


60001-100 


COMPENSATING AND SWITCHING 
STATION AT MIDPOINT IN LINES 


3600 MVA of 
Series Capacitors. 

500 KV. /500 KV 

J-443o|-4500 ^•»^50oj-46nf 
+ 200 l-?nfin "'-TlOO 1-500' 


Loodil^ 

+6;200l 

I.OOZ^ 


0.94Z115* 


+200 -2050 

+60 
+196^ 
t.Q4/+42» g 


^ +60 1 
^16101 
lo.96Zt25® 


GENERATION 
EASTERN UTAH 

,'See Note A 
\500KV. 

^ I 4700 MVA. 
+47001 . /■ 

—11—(< 

I.05Z139: 

K 

''See Note B 


2000 MVA of 1600 MVA ot 
Shunt Shunt 
Reoctors Reoctors 


Rs. 3. T«n«.W«. of 4,«>0fl00 kw « 500 k, ov« .1, lino. 6 «, »il« Ions, comp„.rt«l to 300 „,|., 

/^ower shown In megawatts above the line and In megavars below the line. A positive sign Indicates flow from a bu« 

peratmg voltages shown in per unit of designated bus voltages. Angles given with bus voltages relative to 230.|cv load area bus The 
C-Receiving svstem"rr:/e between sending station voltage and Leivin^stat^^^^^^ 

system impedance, and load. Synchronous condensers included in equivalent. Total equivalent 

load supplied by hydro and steam generation in load area and 500 -lcv transmission equivalent 


as series capacitors and extra switching 
stations required to maintain transient 
stability at increased loadings. The sec¬ 
ond is to maintain a high transmission load 
factor in order to transmit the greatest 
amotmt of energy commensurate with 
the cost of stand-by capacity in the trans¬ 
mission system. The third is to mini¬ 
mize electrical losses commensurate with 
additional investment required in con¬ 
ductors and towers. 

problem then, like most engineer¬ 
ing designs, becomes one of first deter- 
mimng the technical means, then balanc¬ 
ing between the technical and economic 
factors. In this case, available solutions 
to the problems associated with long¬ 
distance transmission make such a proj¬ 
ect technically feasible. A number of 
papers on electric transmission show that 
the economic solution is approaching the 
point where electric transmission of bulk 
energy from mine-mouth plants may 
become less costly than hauling coal to 
load-area plants. *“+ 

Technical Features .of Electric . 
Transmission 

A transmission ^stem that might be 
considered typical on the basis of present- 
day technology was studied for trans¬ 
mitting up to 4,200,000 kw from eastern 
Utah, approximately a 600-mile air-line 
distance to Los Angeles, Calif. The total 
estimated load of 12,600,000 kw would be 
supplied principally from 3,100,000 kw 
of hydro capadly, 6,200,000 kw of steam 
capacity in the load area, and 4,200,000 
kiv of steam capacity at the mine. Only 
a-c transnaission was considered* A 
more complete analysis of the problem 


should include d-c transmission. 

To establish completely the practica¬ 
bility of sipch a large electric transmission 
system, extensive engineering and eco¬ 
nomic studies would have to be morlp 
Studies made for this paper were of an 
exploratory nature to determine the pres¬ 
ent competitive position of electric trans¬ 
mission with respect to rail-hauling of coal 
in the Far West. 

Description 

Fig. 3 ^ows a schematic layout of the 
plan studied with power flow and volt¬ 
ages. For purposes of discussion, this 
scheme is divided into four components: 
The sending-end ^stem, transmission 
lines, the compensating system, and the 
receiving-end system. 

Sending~End System 

The sending system might consist of 
several large power plants of frcan 1,600,- 
000 to 2,000,000 kw each, located at ad¬ 
vantageous points in the mine area, with 
step-up transformers connected to linpp 
at transmission voltag^e. These would 
coimect the plants to a centrally located 
switching station which would be the 
staxtmg point of the transmission ^stem 
to the coast. 

The generators and prime movers, it is 
expected, would be the largest and most 
efficient available, of around 300,000 kw, 
with heat rate down to 9,600 Btu’s per kw- 
hour or less, based on present-day designs. 
Extra units would be installed to allow 
for a maintenance schedule. For this 
study, actual cost of production within 
the plant was assumed to be the ga+nA 
whether the plant was located in a load 
area or at the mine. 


The basis used in estimating tlie number 
of circuit breakers required at the switch¬ 
ing stations to allow for tie breakers and 
spares approximating present design prac¬ 
tice was V-/i times (line breakers plus 
transformer breakers). The interrupting 
duty of high-speed sending-end breakers 
might reach 30,000,000 to 40,000,000 kva. 
The industry has built circuit breakers 
capable of interrupting 26,000,000 kva at 
330 kv, and there is no indication that the 
limit has been reached.^ 

Transmission Lines 

For transmitting 4,200,000 kw, six 600- 
kv transmission lines were assumed with 
busses at the sending end, mid-point, and 
receiving end. For cost estimates, single¬ 
circuit steel tower construction was as¬ 
sumed based on light loading. T f ine 
mileage was taken as 110% of the point- 
to-point distance measured from a map 
to allow for variations in the routing. 
A duplex arrangement using two steel- 
reinforced aluminum-cable conductors 
of 1,690,000 circular mils per phase was 
used. Detailed studies might ^ow that 
a bundle arrangement having more con¬ 
ductors per phase and a larger total size 
would be more economical. The use of 
bundle conductors overcomes the prob¬ 
lem of corona* and reduces the series com¬ 
pensation required, while larger conduc¬ 
tors reduce the energy loss. 

The choice of voltage would be affected 
by a number of factors, such as distance, 
magnitude of load, number of intercon¬ 
necting stations, and technical and eco¬ 
nomic feasibility. Considering the dis¬ 
tance and magnitude of load in this study, 
a voltage in Lbe extra-high-voltage range 
was indicated, and 600 kv was selected 


August 1955 


Hunkins A Look to the Future of Power Transmission in the West 












without mating detailed cost comoari 
sous which would be made for a mom 
comprehensive analysis. 

The highest voltage line in operation 
o ay IS in Sweden where 400,000-volt 
transmission delivers large amiunts o 
600 «aes fr™. power ptoJ 

forSOOivdceslt^jf^-t 

tion, but this difBcuItv maer ^ 

hv be overcome 

by the toe the appHcation foreseea in 
this paper occurs. 

For distances greater than about 350 
m the ca® of these studies which 

+ 1 , . been determined that 

represents a 

Siflt maximum power 

that should be transmitted per line » A 

InJff ^ provides a suise-hnped- 
nce loading of about 626,000 kw to a 

^“ucto liue. AdupIex^X 

roo.SS^t",'^ ““ 

1976“l,^“^ ®^o tio total 

1976 load would be 625,000 kw. For the 

purposes of this study and on the biis of 

preset ^pansion of steam-power generat 

n?!i expected to be sup¬ 

plied by local plants and the other hi 

^e remote plant located S t^ 

mines in eastern Utah. On this basis a 
lor aoout 2 */, yean, and the loss of a line 

abihfy of the system to meet peak loads 

^e^ostT* “^ 1 °“ ““Pfeto circS 
were lost, it would represent only about 


6.6% ofthe 1976 area load on peak, This 

would be less than the extra power tlto 
^d be transmitted on overlL in addi! 
^ to the expKted reserve capacity of 
the load area itself. 

oect ““■®^°“^ble, therefore, to ex- 

be ^tirely practicable for power 
^^smi^ou in the future when the need 

for very Ingh-capadty long-distance trans¬ 
mission lines devdops. 


Compensating System 

The results of this study indicated tihat 
a single compensating unit combined with 
a swtdung station at the mid-point of the 

SIX trai^ission lines would provide an 
economic transient power limit and 
plete voltage control from no load to fuU 

The compensating unit shown in Fig 2 

^ted of a series capacitor ^thshto 

rotors on either side to foim a pi-type 
circuit comparable to the equivalLt^pi 
circuit for a transmission line used k 

caoS? ^th the 

capacitor m series and inductive react- 

1 bue frcan its physical 

300 miles. The constants were sdecS 
to provide a surge-impedance loading 

dose to that of the line itself. Ma^g 

ae shunt reactor on the output end ofthe 
smes capacitor larger (with lower admit¬ 
tance) than the one on the input side 
“ transmission volt 
compensating station. The 
amount of compensation could be ex 

rSc tte magiumy component 
constant, or 66 % of the line 

The design of the compensating system 
™ not ^ed to detomine whSt^ 
ducng tte si® of the shunt raact^ 


3 I. 


200 


1.86 Mi Ms/KWH', 


a!!££!:rv-i..-:z:j^oxv 


^00 finn 

loading per line 


94 


megawatts^*^ 


Rj* 4. Determi¬ 
nation of economic 
loading 
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w^d improve the economy of thi 

scheto. The shunt reactora were neces 

seiy to totrol voltages at heavy as wel 
M light load, however, as the heavy-loac 

^vepower,f*;r, of 

■tor, (topensating the line to 300 mfles 

w® about 626,000 Idlovars. Even ^2 
tbf capacitors distributed at thiS 
high voltages resulted when shunt 
^towere not used at some point along 
une. An mterconnection with a 
^wer system which would nonnally ab 
tob^bve pwer at heavy load Lild 
■vduce or eliminate the need for these 
AMttw way to reduce these 
■tote would result if the transient sta- 
power tout were high enough to 
POTOt operation weh above the Lge- 

~f? of conductora having 

togher resistance-reactance ratio in the 
^of010,reduc«ltheneedtotte 

rf component 

voltage drop at heavy load tended to 
the voltage rise at theItnto 
rf the hue created by flow of restive 

“f the line. 

However the high losses resulting from 

w^ “ 6 h.resistance conductors 

would not be economical. Reactive 
^ty would probably have to be 

voltage ^ underexcited machine opera- 

station a the purchase of shunt 
reactors were to be avoided 

the®^ 2 -i’T '“■ ““peosating 
100 200 em "“'a*” '^“valent lengths of 
'.f Compensa. 

MW.* provided a transieut sta- 

toit of about 760,000 kw per line 

uTar tir “PP“ted to be 

^ the gnomic point in amount of 
compensation. 

The stu(^es indicated that one inter- 
me(hate switching station would be ade- 
quate rft^ three or more hues are built 
m parcel. The initial system would re- 
q^e thr^ switching stations, two of 
whi(* co^d be eliminated and the equip- 
ent used at the centrally lobated switch- 
mg station as more lines were built. 

Receiving-End System 

The long transmissiou lines would ter- 
nunate at a receiving switching station 

to Sn w be stepped down 

230 kv for subtransmission in the load 
area or the extra-high voltage Knes ex¬ 
tended to other step-down points in the 
area The load kilovars would be pro¬ 
vided as dose to the load as posable by 

synchronous condenser or static capad- 
tors.^ The transmission lines did not 
requn-e kilovar support at full load. 
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I/iNB Loading and Transient Stability 

Studies of economic line loading and 
transient stability were made to develop 
a workable and economical system. The 
first general approach was to compensate 
the line reactance until the voltage angle 
from sending to receiving end was about 
30 degrees, which would occur for an 
equivalent length of about 300 miles. 
Experience has shown that several lines 
in parallel will usually maintain transient 
stability for severe faults up to about 30 
degrees between the sending- and receiv¬ 
ing-end voltages. 

Rconomic L/ine Loading 

The receiving-end load on this system 
was then varied in steps from about 
350,000 to 900,000 kw per line. For each 
increase in power, there was a corre¬ 
sponding increase in the kva rating re¬ 
quired for terminal transformers and 
series capacitors at the compensating sta¬ 
tion as well as an increase in the tinp 
losses. Although the amount of series 
compensation remained the same in 
ohms or equivalent length, the kva rating 
of the capacitors increased with the square 
of the current. The annual cost of equip¬ 
ment plus losses was computed for each 
loading and divided by the kw-hours that 
would be deh'vered in a year, assuming the 
average line loading at 80% of capacity. 
This gave the costs of transmission in 
mills per kw-hour, which are plotted in 
Fig. 4. The minimum cost occurred for 
a loading of 700,000 kw per line. 

Several of these curves were obtained 
in the course of the study with the use of 
different amounts of line compensation. 
Compensation to an equivalent length of 
300 miles was selected because the eco- 


Fig. 6 (right). Effect of total g 
load and number of lines on cost ^ 


-Loading limited by transient stability 

■-Transient stability higher than 

economic loading. See Figure 4 


1.86 Mills/KWH.. 


_ [Number of soo kv. lines- 

80 Vo Load foctor 


1000 2000 3000 4000 5000 6000 

TOTAL POWER TRANSMITTED-MEGAWATTS 


nomic line loading shown in Fig. 4 was 
found to be dose to the minimum cost of 
transmitting energy. Compensating the 
line to an equivalent length of 200 miles 
increased both the level of the cost curve 
and the distance between the minimum 
cost point and the transient stability 
limit. Studies also indicated that re¬ 
duction in compensation toward an 
equivalent length of 400 miles might re¬ 
duce the level of the cost curve a small 
amount, but would probably reduce the 
stability limit to the point that a seventh 
circuit would be required to transmit 
4,200 megawatts. 

Transient Stability 

After the curves of economic loading 
were obtained for normal power flow, 
transient stability studies were made to 
determine the amount of power that 
could be carried through severe distur¬ 
bances such as short circuits on one high- 
voltage line. The power limit for six 
lines was found to be 750,000 kw per line, 
which was in excess of the economic load¬ 
ing shown by Fig. 4. In view of the most 
economic loading and to have some mar¬ 
gin below the 750,000-kw stability limit, 
the loading of 700,000 kw was considered 
to be a reasonable loading for the cost 
analysis. 

Transient stability limits on power 
transfer were also determined for other 
than six lines. In each case, the rela¬ 
tionship of economic loading and transient 
stability determined the maximum load 
^d amount of compensation to be used 
in estimating costs. One switching sta¬ 
tion was used for the 6-line case, and as 
many as t^ee switching stations were re¬ 
quired for the. 2-liue case which would 
probably represent the initial system. 

In the case of six lines, three switching 
stations were not required. The cost of 
the two additional switching stations with 


the six lines increased the level of the 
economic curve and did not appreciably 
increase the power limit. 

Future studies of this problem should 
consider means of increasing the tran¬ 
sient stability power limit for less than 
four lines. Etching out a portion of the 
shunt reactors at the compensating sta¬ 
tion during the critical period of the 
swing would reduce excitation require¬ 
ments of the transmission system a-nd in, 
crease the height of its steady-state power- 
angle curve. The series capacitors could 
^so be rearranged by high-speed switch¬ 
ing to provide increased compensation 
during the swing.« 

To be coiiservative, 3-phase faults were 
assumed near the 500-kv sending bus with 
4-cycle clearing of the faulted line and 
no reclosing. Fig. 5 shows a typical set 
of swing curves in which the practical 
power limit was determined for the 6-line 
transmission system which was 660 miles 
long and compensated to an equivalent 
line length of 300 miles with one switching 
station at the mid-point. 

Economic Features of Electric 
Transmission 

The economics of electric transmission 
from remote mines may be divided into 
two parts. The first is associated with 
the broader plarming and the second 
directly involved in the design and opera¬ 
tion of the lines. Emphasis is placed on 
the influence of the various cost factors, 


Broad Planning 

Proper planning of the division of gen¬ 
eration between the load area and the 
mine would be expected to make a smooth 
transition from all generation in the load 
area to production of a large portion of 
the base-load energy at the mines. An 
increasing proportion of the load-area 
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Sub- 

Trans- 

Annual Charge 

stations, 

% 

mission 
Lines, % 

Interest_ 



Amortization of investment 
Replacement of equipment.' 
Insurance,, 

....0.89... 

•...1.62..., 

...3.00 
.. .0.89 
...0.74 

Subtotal, 


■.0.12 

“aintenance.. .2.1S 
.. 

..4.75 

.. ♦ 

«07 « P*" “»«*• 

9107 per mile. 

each additional line. 


generation would be put on peaking serv- 
as^the number of liues is increased 
and existog equipment becomes less effi¬ 
cient. When new peaking capacity be- 
conies necessary in the load area, costs 
^g t be reduced by designing specifically 
for low-load factor operation just as in the 
^e area special emphasis would be 

ComM factor operation. 

Consid^able study would have to be 
made along these lines in establishing 

the feasibility of such a scheme 

Fig. 6 shows that transmission costs 
juld be higher during the initial stag^ 
of the project when fewer Knes are in 
operation. The dashed portion of the 
curve up to fom: transmission lines in 
pm^d re^esents maximum line-loading 
^Inmted by transient stability. Itisbe^ 

that the ^abiUty 

^ power transfer in this range conld 
intteased with resulting decreases in 

cost by methods discussed under 
transient stability. 

Design and Operation 

in 1“*®“ **=*'5'“™l™d 

^ tr*“ of the lines 

4 . “* OMoonuc loading 

Md transmission-load factor, and 4 . thf 
initial costs of construction. 

Annual Charges 

• charges used in this study 

™^t. replacement of equipment, in- 

^ operation and maintenance 
as shown in TaMa t -nTi. 
nAr/vaJ e expressed in 

percentages and multiplied by the re 

construction costs, the annaal 
^ over the life of the project 
"t Operation and i^iS^ 

IS often expressed on a unit cost h. 
doHarspermileoflineorper^IS^ 

tion capacity. oi sta- 

annual charges 

Id a tianamssion load factor of 80% 

•-00^ of electrical transmissibn^ 

* estimated cost by hauling coal at a 


height rate of tS.IB per ton, 2.19 rmii. 
per kw-hour, would be 18% higher. 

The feasibility of electric transmission 
woffid bear heavily on the annual charge 
that could be obtained. The over-all 
^ual charge used for this study would 
be about 6.5%, and the break-even point 
with hauling coal at a freight rate of 
i»d. 15 per ton would be about 7.6%. The 
break-even point for hauHng coal at a 
rate equal to twice the 1940 export rate. 
$8.52 per ton, would occur for an annual 
^ge of about 14.6% with a transporta¬ 
tion cost of about 3.67 miUs per kw-hour. 

, ' ‘*»ge used affects not 

ody the feaabflity of the project but also 
the economic design of system com- 
poi^ts M indicated in the recent paper 

(OVTC) project..* It was pointed out 
that for annual charges of less than 8% 
normally accepted economic relationships 
to design can be altered. For a lower 
annual <harge. greater initial investnaent 
can usually be justified, such as for larger 
^nductors, to attain higher transmission 
efficiency. These factors emphasize the 

mportance of thoroughly investigating 
the economic situation before the engineer 
can begin his work. 


I*'; Lo»m In p„ Cent o 

Smtfnj-fod Poww for Sl« Lln« Compen. 

Safed ta 300 KiUl... ■vaa g s - 


System Component 

Power Loss in 
% of Sending 
Power 

Step-up transformers. , „„„ 

fo^I^-^ connecUng trans'- 


step-down autotransformers 

1.244 

Subtotal (station lossesl 
Transmission line l*r 

Corona. .. 

... 2.934 
. .. 7.000 

Subtotal (line losses!. 

Total. . 

... 0.254 

.. 7.264 
..10.188 


can begin his work. 

Cost op Electrical Losses 

Table II shows the electrical losses in 
^“iP^aents of the system 
^died. The over-aH efficiency of the 
tran^ssion system was computed to be 
about 89.8% with 27.5% of the annual 


cost of transmission attributed to supply, 
ing electrical losses. The importance ol 
usmg an economic conductor size is 
mphasized by the fant that nearly 69% 
of the losses occurred in the transmission 
conductors. 

The aimuel cost of generatmg equip¬ 
ment plus fuel costs were included in de- 
‘““umig the cost of losses. For esti- 
i^ting the effect of increased annual 
wg^ on the cost of trmsmission, the 
cost of losses was increased accordingly. 

Economic Line-Loading and 
Transmission-Load Factor 

The maximum economic line-loading 
^ highest annual transmission-load 
factor on the lines yields the lowest cost 
per kw-hom of energy delivered. 
^Economic line-loading for six lines has 
been discussed, and it was found that the 
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minimtim cost of transmitting energy oc¬ 
curred for a receiving power of 700 mega¬ 
watts per line with a safe margin in tran¬ 
sient stability. For the initial two 
that might be built, the cost of transmit¬ 
ting energy would be greater, as shown 
on Fig. 6, because of the limiting factor 
of transient stability on the power that 
can be transmitted economically. The 
effect of increased costs in the initial sys¬ 
tem would have to be investigated to de¬ 
termine whether it could be absorbed in 
anticipation of savings as the number of 
lines increases. In this respect, the time¬ 
table of installation of new lines becomes 
important. 

Fig. 7 shows the effect of transmission¬ 
load factor on the cost of electrical trans- 
nussion. An increase in load factor from 
80 to 90% would decrease the cost of 
transimssion to about 1.66 mills per kw- 
hour, or approximately 10.7%, based on 
the annual charges used in this study. 

Initial Construction Costs 

In the following are listed the initial 
costs of construction (1952 estimates) 
used in this study. The increases in these 
costs since 1940 in relation to the increases 
in the cost of hauling coal were discussed 
under the section on cost of hauling coal 
by rail. 

Transmission line (single circuit, including 
right of way and clearing), «73,370.00 per 
mile. 

Step-up transformers, 11.10 per kva. 

Step-down transformers for shunt reactors, 
11.10 per kva. 

Autotransformer 600-230 kv, 16.60 per kva. 
Circuit breaker and bay, 420,000.00 each. 
Lightning arresters, 7,600.00 per position. 
Series capacitors, 27.60 per kva. 

Shunt reactors, 7.20 per kva. 

Synchronous condensers, 11.40 per kva. 

Table III gives the percentage of total 
initial cost for each of the major types of 
equipment in the transmission system 
in terms of the initial construction cost. 
The transmission line and station costs 
were each near 50%. The higher annual 
charge for station equipment, however, 
made the cost of stations approximately 
46.5% of the annual cost of transmitting 
energy with 27% for transmission lines ^ 
and 27.5% for electrical losses. ] 


Table III. Initial Cost of Equipment and 
Lines in Per Cent of Total Cost for Six LineS/ 
300-Mile Compensation 


Type of Equipment 


Costs in % of 
Total Cost 


Terminal transformers... 19.52 

Circuit breakers. .!.!!!! 4^54 

Series capacitors. 14! 26 

Shunt reactors with step-down trans¬ 
formers... 10 59 

Lightning arresters. 0.03 

Synchronous condenser at receiving 

. 3 47 

Subtotal for stations. 62.40 

Subtotal for lines. 47.60 

Total.100.00 


Conclusions 

1. On the basis of these comparisons, it 
appears desirable that continuing study be 
made on the feasibility of electric tnms- 
mission as compared with other means of 
moving energy stored in Rocky Mountain 


coal ov^ long distances between the mines 
and major western load areas. 

As a result of increasing cost of exploration 
for oil and natural gas, estimated future 
demand in relation to new discoveries, and 
increasing value of these resources for other 
uses, coal may become a major source of 
electric energy to meet increasing loads 
prior to economic production by other 
means such as atomic and solar energy or 
tide and wind action. 

2. The existence, or apparent feasibility, 
of electric transmission as a competitor 
with rail-hauling of coal could become a 
factor in determining and regulating coal 
freight rates. 

3. Considering that extensive new railroad 
investment might be required to meet 
future requirements for hauling coal, careful 
investigation into the future of freight rates 
between Utah and southern California 
would be warranted. 

4. On the basis of the very large physical 
increase in railroad facilities that might 
be required, principally for hauling coal, 
reducing this requirement by using electric 
transmission becomes an important con¬ 
sideration. 

5 . Electric transmission over 660 miles is 
apparently within present-day technology. 
Development of new equipment for main¬ 
taining control near abnormally large 
concentrations of generation during S 3 ^steni 
disturbances and for operating in the extra- 
high-voltage range, above present usage, 
appears possible. 

6. The practical limit on transmission-line 
loadmg over long distances appears to be 
restricted by transient stability for the 
first few lines built in parallel and then 
principally by the annual cost of equipment 
plus losses. 

7. On very long lines requiring series 
capacitor compensation and without inter¬ 
mediate load points, shunt reactor com¬ 
pensation may be necessary to limit voltage 
rise even at heavy load.- 


8. ^ After several parallel lines have been 
built for long-distance transmission, satis¬ 
factory stability performance appears pos¬ 
sible with only one intermediate station 
containing both the compensating 
intermediate switching equipment. 

9. The influence of annual charges on the 
cost of dectric transmission indicates that 


! detailed investigations should be made on 
the economic factors involved. 
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Discussion 


(Stanford Research In. 
Statute, Stanford. Calif.): The change in 

West and^ the 

oortant become an im- 

p rtant factor in an area now dependent 

Ss Tf natural 

«as IS the most miportant point of the 

“ preLited on the 
^vailabiHty of v^ous 

2^. ^^.nsporting different forms of 

Papers on the economic energy source 
Zi^ “T fairly ^oroS 

4 - 1 . making comparisons of 

from °tth^^ deHvering energy abstracted 
from other papers. The author goes 
presentation, in outliSng 
factors to be considered in a complete 
Se considering in detS 

the technical question in highH::aDacitv 
electric ^nsmission. It see^sTsSe to 
vidS^fo^^* electnc fadKties can be pro- 
Ijf!? f any reasonable extension beyond 
preset capacity and distance of tins- 
therefore more attention 
d be paid to the economic factors. 

AU this suggests the need for a compre- 

f active part 

sunSt ^ economics of energy 

^Pply to an area. InitiaUy, individud 
technical'^’commfrte^ 
could study vanous parts of the problem 
^d co-or^ate their activities to fecure a 
comparative analysis. The industry should 

Sd" on ^ 

amed on a coutinmng basis to obtoiti 

com^Uve data oa the oo4 S 
used in the vanous sources, and also to 

supply in the fatoe is artSToaf 


Po3r (Pennsylvania Water and 

Power Company, Baltimore, Md.)- The 

one. A bold look 
to the future is the way to achieve real 
progr^. It is realized that this report is 
survey of uncerSi; Cure 
S a few factors coC^o 

wmparable reUability is doubtful 
with e^ of the author’s two alternatives 

In th'fwSr ^ ? of tlds discussion). 

^1-?®,.P^oblem of mamtaining comparable 

economical solution 
btained by: l. providing additional 

2 area, or 

in generating capacity 

m toe load area, over that proposed in 

mouth-of-mine steaiJ^ 
^atog plants or by other means, the 
hio-Tio same: investment costs are 

highw than they would be on the basis 
“fepaper. DependiSontoe 
evaluation, toe mouto! 

+ 1 ^^ 1 . appears on the basis of 

may ^ factor 

may not have been evaluated. 
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th^ ^.a^onsfration of toe justification for 
the high-load factor as assumed in the 
SecS/” evaluation of the costs of 
ca.crgy transmission with the 
^‘c “ost 

importance in such an evaluation. ^ 
In considering the economics of annual 
^^ng-charge rates, the fofiowing com- 
rn^ts are not mtended to be against the 

Vk interest, in advocat- 

.^^e’^^ce ^ of economic laws, the 
VKfiation of winch can never be in the 

Ce economics is a natural 

force that will exact its own penalties in 
one way or another if its laws are violaSd 
TJu^aUy the problem is presented as that 
erf determining the relative economics S 

toe form of fuel over already existine- 
facihties and on the other handL elei^if 
energy over facilities that must be built- 
whweas, in the paper the problem is that 
relative economics of 
fransporting energy over facilities not 
only required to be built for electric en- 
^gy transmission but also largely required 

\ The diffeiences, however, are in 
fundamentals. 

Charges for fuel transportation for the 
usual case are properly based on filed tariffs 
or on whatev^ other arrangements may hi 
transportation complies. 
However, the author’s case is not so cle^I 

ooLr f^ ^®Sard, without a definite pro¬ 
posal for a^ngements as to fransporta- 

4 . consideration should be 

^en to what the possible freight rates or 
tr^sportation charges might be. 

^ complicated process. 
Neverthdess, smee for the author’s condi- 
transportation faciUties can 
move but a small portion of the total fuel 

n^dS't additional facifities are 

n^ed to move the major portion, it may 
transportation charg^ 

would be based largely on the actual costs ’ 
of providing such services, i.e., the annual 
canymg charges, operating, 'and S 
ten^ce costs of such new facilities 
l^on what basis, then, private or so- 

government financing, should the 

Mnual can^g charges be determined?- 

rfwtransportation charges are pri^ 
^cted on pnvate financing and the elertric 
f^«-"imission costs on govemmSt 
^anemg. However, it is just as logiSl 
to reverse the assumptions, and base^e 
foel transportation charges on government 
fiuaiicing and the electric energy ^ns- 
costs on private 

is concdvablc of 
more economy m transporting fuel than in 
tr^smitting electric Sergy^Sr toan 
as suggested in the paper, 
conflicting results are 
untenable. One of the alternatives must 
thaT economical, independent of 

^e assumptions. The basis for the cal- 
^taons must be compatible with the facts 

b! ’ should 

be decided as to which alternative is really 

the more economical, rather than the results 
^ow^ to be a by-product orth? 
sumptions. 

A partial solution is to assume the fuel 
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fransportation and toe electric energy 
trmsmission both on toe same basis of 

Sr?r government financing 

With such an assumption it is possible but 
far ess hkely that the fuel transportation 
wo^d be mdicated as the more economical 
with one basis of financing and the trans- 
imssion of electric energy with the other 
toan with different bases of financing, as 
IS assi^ed in the paper and then as con¬ 
sidered in toe foregoing. 

It is obvious that in all cases government 
mancmg results in apparently lower costs 
thM pnvate financing for the same job 
p^icularly with high investment costs! 
This rmses the question as to what magic 
to^e IS m government financing and 
M to why It is not used for every under! 
l^ng thus raising aU our standards of 
ivmg because of the resulting lower prices. 
Actually, there is no magic in government 
feancmg, since the true costs or carryinr 
charges are toe same as in private financing 

an aUowMce S 

nsuaUy made mterest only, the taapayer 
toereby assuming the equity risk. Pur- 
toer, the tax provision in the allowance 
for carrying charges is grossly inadequate. 

analysis, we may assume 
no pubhc debt and all government financing 
Tr. ^,P^y-“-yo«-go basis, for which there 
would be no interest charges. Would the 
government-financed 
projects then be zero? The answer, of 
course, IS that it would not. The only 
rational evaluation is at the rate placed 
on It in the market place for undertakings 
of ^ilar risks where it is voluntarily 
available from those whose money it 

oublic*«^ *”+ 1 ,^® P^e, the general 
pubhc s or the taxpayers’. The fact that 

toe government may raise some of its 
money by borrowing cannot change this 
consideration in the slightest. Certainly 
money made available involuntarily by way 
of taxM for a given project costs at least 
M much w that made available voluntarily 
by way of investments for the same project 
. wto equally competent management in 
both cases. 

Next should be considered the treatment 
of taxes m the determination .of the carrying 
charges. The noninclusion of an aUowance 
or t^es with respect to government 
finanang does not result in a reduction in 
toe trim cost of the project as an alterna- 
tive. Rather it merely shifts the burden 
to the taxpayers and this cost item is 

4*^®“ P^y tax 

DiUs. Or, to say the same thing another 
way, toe nonpayment or noncharging of 

over-all economic 
benefit to the public generally. 

Thus, the relative economics of alterna¬ 
tive projtots are correctly determinable 
only on the basis of private financing in a 
free market. Whether or not toe govern¬ 
ment is to finance the project, or whether 
rates diarged for the services provided 
are higher or lower than if based on actual 
costs, are mattere of public policy and axe 
not proper considerations in the determi¬ 
nation of the relative economics of alterna¬ 
tive facilities (see reference 3 of this 
discussion). 

Rbkbrbncbs 

Production. C. W. 
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2 . Gbnbratino Rbsbrvb Capacity Bbtermikbo 
BY THE Probability Method, G. Calabrese. 
AIEE Transactions, vol. 66, 1947, pp. 1439-50. 

3. Discussion by C. W. Watchom and F. A. 
Allner of Allocation op the Tennessee Valley 
Authority Projects, Theodore B. Parker. 
Transactions, American Society of Civil Engineers 
New York, N. Y., vol. 108, 1943, p. 210 


Paul H. Jeynes (Public Service Electric 
and Company, Newark, N. J.): The 
paper is an excellent long-range appraisal 
of an interesting situation. It contains 
one serious weak point, which apparently 
is realized by its author, concerning the 
details of the economic comparison. 

The author states that the annual 
charge used affects not only the feasibility 
of the project but also the economic design 
of system components as indicated in the 
recent paper on the OVEC project (see 
reference 19 of the paper), and, in con¬ 
clusion 9; “The influence of annual charges 
on the cost of electric transmission indicates 
that detailed investigations should be made 
on the economic factors involved.” 

This discussion undertakes to supply the 
results of such detailed investigations of 
annual charges. The author lists annual 
charges as: interest, amortization of 
investment, replacement of equipment, 
insurance, and operation and maintenance. 

It is not clear why both amortization of 
investment and replacement of equipment 
should be included. The investment in 
the initial facilities results in annual 
charges for return on that investment, 
plus depreciation expense for those initial 
facilities during their lifetime. When they 
are replaced, the capital money invested 
in the replacement results in annual charges 
for rehira on that capital money, plus 
depreciation expense for the replacement 
facilities, during the lifetime of the replace¬ 
ment facilities. But during the lifetime 
of facilities currently in use there is never 
an annual charge for futme replacements; 
annual costs of future replacements do not 
begin until the replacements are made, 
i.e., when they are actually "used and 
useful.” 

Nor is it clear why taxes are not men¬ 
tioned. Utilities encounter a variety of 
taxes, all of which have to be recovered in 
revenues. Besides federal income tgy 
there are usually real estate, franchise, 
and the so-called payroll taxes; in addition 
there are often state income taxes, personal 
property taxes (sometimes applied to gross 
receipts in lieu of property), and sales 
taxes or other levies on gross receipts. 

The estimate of interest at 3% is not 
unreasonable, but interest ordinarily con¬ 
stitutes only about 26% of the total return 
that must be earned on a project of this 
kind. That is, a retiun of about 6% may 
be reasonably antidpated, although some¬ 
what more might be required to induce 
investors to commit their capital to this 
apparently risky venture. About 60% 
of that capital probably would be rais^ 
by means of bonds, at about 3% interest. 
That accounts for 0.03 X0.60 =$1.60 of 
the $6 annual return per $100 invested. 
The other 4.60% would represent return 
on equity, which is subject to income tax. 
Federal income taxes, at current rates, 
would approximate 3.97% of the gross 
investment. 
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The author’s estunate of amortization 
of investment at 0.89% apparently is based 
on a 50-year life, no-salvage value, no 
dispersion of retirements, and reserves 
reinvested in the enterprise at 3%. Ac¬ 
cepting the 60-year life estimate, fliwsiitning 
zero net salvage, and assuming reinvestment 
in the enterprise at 6% (as just discussed), 
the depreciation annuity would be 0.34%, 
i.e,, if no dispersion of retirements is as¬ 
sumed, all property units retired exactly 
at age 60, none earlier and none later. 
However, if the more reasonable assump¬ 
tion is made of 50-year average life, some 
items having shorter and some longer 
lives, that flgure would be increased sub¬ 
stantially. For a typical survivor curve 
like the Iowa type S^, and assuming re¬ 
investment at 6%, the annual cost of 
depreciation would be 0.86%, or practically 
the same as suggested by the author. 

Accordingly, a minimum estimate of 
annual costs would seem to be as follows 
(for substations, and similarly for trans¬ 
mission lines) 


Return..6.00% 

Depreciation. 0.89% 

Income Tax.3.97% 

Insurance. 0.12% 

Operation and maintenance.2.16% 


Total.13.13% 


as compared with the author's 7.78%. 

Utility economists frequently arrive at a . 
figure in the neighborhood of 15% for this 
purpose, about double the figure suggested 
by the author. Of course, such a rate 
changes the picture entirely. 

There is one conclusion that is definitely 
proved by the author’s figures, although I 
am sure that this was not his intent. If 
we assume government financing at 3%, 
with no taxes, we certainly could put the 
competing railroads out of business, unless, 
of course, we also socialize the railroads, 
finance them at 3% interest and omit 
taxes. On that same basis we can also 
take over the steel industry, the petroleum 
industry, the automobile industry, or any 
other capitalistic enterprise intent on earn¬ 
ing a reasonable return for its owners, and 
subject to taxes on that income. Com- 
psirisons on that bas^is are occasionally made, 
with the pretense that they are "economic” 
comparisons. 


W. R. Johnson (Pacific Gas and Electric 
Company, San Francisco, Calif.): This is 
an interesting academic study of future 
powa- needs in the West. The technical 
assumptions upon which the transmission 
scheme is based are substantially an 
extrapolation of present developments in 
this country and abroad. 

The author refers to the OVEC financing 
with total annual charges for interest, 
taxes, insurance and amortization to run 
less than 8%. The OVEC has a long-term 
government contract for sale of power to 
the Atomic Energy Commission at a high 
annual load factor and has consequently 
been able to obtain financing at a low cost. 
It SCOTS unlikely that equally favorable 
conditions for low-cost financing can be 
assumed for the Utah-Califomia trans¬ 
mission discussed in this paper. In spite 
of this, in Table I the author uses fttimiqi 
charges of only 6.63% for substations and 


4.75% for lines, excluding operation and 
maintenance which are likewise not in¬ 
cluded in the OVEC 8% figure. It is 
evident this economic anal 3 ^is is based 
upon the use of public credit to obtain low 
interest rates, and of a tax subsidy in 
addition by the total omission of tax costs. 
How can such costs properly be compared 
with railroad freight rates which reflect 
both the cost of taxes and of private 
financing? 

Failure to compare costs on a comparable 
basis may result in the misallocation of 
resources and the use of less economical 
alternatives. A theoretical engineering 
study such as this should be completely 
objective in both its technical and economic 
approach to the problems under considera¬ 
tion if it is to be a real contribution to 
electrical engineering. 

The inclusion of more representative 
annual charges would increase the trans¬ 
mission costs as shown in Fig, 7 on the order 
of 76%. Instead of 1.86 mills per kw-hour, 
as indicated for 80% load factor, a figure 
of 3.2 mills would be more appropriate. 

In conclusions 3 and 4 the author in¬ 
dicates that "...extensive new railroad 
investment might be required to meet 
future requirements for hauling coal...” 
and that "On the basis of the very large 
physical increase in railroad facilities that 
might be required, principally for hauling 
coal, reducing this requirement by using 
electrical transmission becomes an impor¬ 
tant consideration.” The implications of 
these two conclusions are unwarranted. 
The concentrated delivery of large volumes 
of coal to a few terminal points is well 
suited to railroad haulage; it would develop 
gradually and would not require extremely 
large or sudden increases in railroad 
facilities or investment. 

Finally, it should be pointed out that 
the informed opinion of today is that 
within 20 years 10 to 15% of the electric 
power generation will be from atomic 
plants, and that in the last quarter of this 
century most new generating capacity will 
be from such plants. Estimates of fuel 
costs for these plants are well under even 
the transmission cost alone as indicated by 
the author. Atomic plants of this charac¬ 
ter would operate on base load, leaving the 
hydro and higher fuel cost plants for peak¬ 
ing operation. Such development would 
tend to make economically obsolete the 
mouth-of-mine, coal-fueled plants with very 
long transmission distances. 


H. D. Hunkins: The author appreciates 
the discussions and finds substantial basis 
for agreement with many of the points 
discussed, among them, the suggestion by 
Mr. Oldacre that the AIEE should take 
an active part in the studies of the eco¬ 
nomics of energy supply. Such a pene¬ 
trating analysis should, through research, 
bring out new techniques in the handling 
of coal fuels and methods of transporting 
energy. It should, through the democratic 
process of free discussion, result in a maxi¬ 
mum working of the economic law ably 
discussed by Mr. Watchorn, 

In first considering the preparation of 
the paper, it was dear to the author that 
the annual charges used in the original 
study made in 1962 were near a minimum. 
It was also noted that the relationship 
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betw^n the freight rate index for haulms 
co^ from Utah to the west coa^ and 
md« of construction cost for the year 
1952 were very much out of line with tiSt 
prevaihng m 1940 as illustrated by Fig. 

Sm<x coal freight rates are regulated by a 
commssion, and the i^oads^ve bin 
«,nto„U3,y applying for Tta 

if increas^de' 

railroads for hauling coal 

restorJ'^b?^* would occur tending to 
est<^ balance between the indexes of 

Sst W compar J 

wifb based on a low annual charge 

a freight rate that is also considered 
low, and extrapolates these figures fo? c^ 

Sft 

because in fiuaocin* a 


ot many major components over 
“ recognized 

that all components will not have the same 
hfe span or a life span necessarily c^! 
spending with the life of the project. The 
amount charged annually during the life of 
the project for replacement of equipment 

operiion and 

mmntMance and is expected to replace 

wW^^f those components 

whose hfe span is less than the life of the 

pro;e«. It is notM that tic reZ=2.2t 

Item for substations was 1.62%, while for 

. thS't a properly constructed steel 
tower Ime would have a life expectancy of 
60 yems wfoch would decrease Sie repkee- 
At this case. 

rerflZi^f includes the 

equipment item as defined 

S fovStoZ amortization 

Sd Z depreciation, 

and obtains a figure considerably lower 


than the sum of the two items shown ii 
foinZ’# believed that this result 
ontf f ^ method used foj 

computmg ann^ charges in this papa 
does not permit reinvestment of fund* 
accruing from depreciation allowance oi 
amortization of investment. Mr 
states that his figure is based on suchZ- 
mvestment. ® 

references to the time that 
mlv b?^ production from atomic fuels 
may be available, at a very reasonable cost 
IS encourapng from the standpoint of 
sapplymg future loads. Are thie how- 
ev^, sufficient assurances today of this 
fn vf warrant abandonment of 

mvesfagafrons mto the use of coal in the 
»^th philosophy that railroad 

or r^ nauling? And can it be said ms+ih 

and^U^^^" mouth-of-mine pk^ts' 

and transmission lines would become ob 
solete before the end of their uSS^e? 


An investigation of the Economic Size 
of Steam-Electric Generating Units 

>^SOCIATE Alffi ^’MARA 
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J. R. STEVENSON 
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THIS paper records the method of 
■ analy^ and the results obtained of a 
study made to determine the optimum 
econoimc size of steam-electric generating 
umts riiat should be added to a poTl 
s^tem. Fetors such as the size of sys- 

^ate of load 
inst^ed cost of larger generating 
f ^ maintenance pro! 
^and ^e effect on the transmission 

generating 

have been taken into account. The 
^ticability of designing and building 
very large generating units has not been 

If su^ large units can be economi- 
equipment manufac- 

^dS^ developing them. 

Studi^ of type based on probabil- 
ity methods mvolve an extremdy large 
number of numerical calculatioi Jd 
would not be practical without the aid of 

^°wer 

Committee «»e AIEE 

York, N. Tt Meetiag, New 

script Manu- 

for prmtias jJecember S 1964 .®^' aade available 


His hoped 

ttat the procedure given in this paper 
will provide utiHty engineers with a tool 
for detennimng an optimum plan for gen- 
system additions to an individual System Studied 


^ he economical! 

justified on a system, 

decreasing gain in invest 
mmt cost and operating costs as unit size 
mcrease. units that are a larger perc^Z 
of syst^ size can be justified more easfli 
on smaller syste™ „„ 

sains from lariei 
Wilts. It appears that the rate of increase^ot 
the maximum size of units may slow down 

eccL^r ^ mdic^tion that the maximiml 
economic size of units has been reached yet 

n.eja^Ss^'g.:') “sSirt IT 7 


^ »■ O'M..., 

Company, Scte^Sly.N* ®en«al Electric 
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Conclusions 

Based on the assumptions made in this 
study the foUowing trends may be noted 
from the results presented; 

most aconom! 

smn is to add units of between 10% 

of tte size of the system studied. The s W 

sizfhZZ''®®* (iw) versus 

size is the determmiug factor ratbpr tba., 

the absolute values of LesZeStS 

doll^sZ7tr^ “vestment cost in 

there will 

this “centive to use units above 

3. Any increase in the forced outage rate nf 

^e^JwiUsWupthemov^rt?.:^ 

norr^l‘l^ ^'‘tes of load growth 

encountered, the rate of loS 
growth of a system has no appreckble effect 


MeU^, O'Mar.. „/ Ge„. 


2,000 inw total generating capabflity w< 
^s^ed, consisting of 12 26-mw unit 
20 50-mw umts, and 7 100-mw units A 
units making up the basic system and a 
units added to the system were assume^ 
to be of the unit scheme type, i.e., singl 
boiler turbine-generator set. It was as 
smed that the transmission system wa 
adequacy designed to cany the fuU out 

put of the generating stations to the loac 
areas. 

Egiansiou of the system was earned 
out from the basic system of 2,000 mw to 
a system of approximately 10,000 mw. 
In this expansion four basic patterns were 
investigated: 

1. 8% to 6% expansion. The size of units 

^ fo 5% of the- 

total installed capacity of the system. This. 

S"' haS system of 

fo *be system 
^ ^ 160-mw unit. 
T^ size of tmit would be added every time- 
new generation was required, until the unit 
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Fig. 3. Unit size as function of total generation with 15% to 10% 
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Unit size as function of total generation with 10% to 7% 
expansion 


size was approximately 5% of the total 
system generation or, in this case, until the 
system generation totaled 3,200 mw. 
When this point was reached, the next unit 
added would be 8% of 3,200 mw or approxi¬ 
mately 260 mw. 

2. 10% to 7% expansion. The size of 
imits added was kept within a band of 10% 
to 7% of the total capability of the system. 

3. 16% to 10% expansion. The size of 
units added was kept within a band of 15% 
to 10% of the total capability of the system. 

4. 260-mw expansion. The size of tmits 
added was initially kept within a band of 
8% to 6% of the total installed capacity of 
the system up to units of 260-mw capacity, 
after which the system expansion was 
continued with 250-mw units regardless of 
system size. 

To simplify the calculations, the unit 
sizes actually used were not exactly in 
accordance with the percentage bands 
just indicated. The sizes used were as 
follows and are shown in Figs. 1-^. . 

1. For 8% to 6% expansion, the unit sizw 
were 150,250, 400, and 600 mw. 

2. For 10% to 7% expansion, the unit sizes 
were 200, 300, 400, 600, and 900 mw. 

3. For 16% to 10% expansion, the unit 
sizes were 300, 600, 800, and 1,200 mw. 

4. For 250-mw expansion, the unit sizes 
were 150 and 260 mw. 


Fig. 4 (above). Unit 
size as function of total 
generation with '250-mw 
expansion 


Assumptions 


1. The standard of reliability of the power 
system was such that sufScient generating 
capacity must be available so that the 
probability of loss of load would be 1 day in 
11 years. 

2. The combined forced outage rate was 
2% for the generating unit (combined boiler 
and turbine-generator set). This is in line 
with recent experience on generating units. 
To^ determine the effect of possible lower 
reliability of very large units, a forced out¬ 
age rate of 3% was assumed in some cases. 

3. Each boiler-tiu-bine-gerierator unit on 
the system would be out of service for 20 
weekdays a year for planned maintenance. 

4. The variation in system weekday peak 
load throughout the year was a straight line 
from 100% to 80% as shown in Fig. 6. 
This is reasonably typical for most power 
systems except for some systems in the 
south where the summer and winter peaks 
are approximately equal. 

5. The installed cost of new generation 
varied with imit size as shown in Fig. 6. 
Above a size of 200 mw two cost curves 
were used, one with constant cost per kw 
from 200 mw up to the largest size consid¬ 
ered, and the other showing a continuing 
decrease in cost per kw above 200 mw. 

Fixed charges on the investment were 
12% per year. 

7. Operating labor cost in mills per kw- 


hour varied with size as shown in Fig. 7. 
Maintenance cost in mills per kw-hour 
varied with size as shown in Fig. 8. 

8. ^ The heat rates of the various sizes of 
units were as shown in Fig. 9. Above 200 
mw, the heat rate was assumed to be con¬ 
stant as it was thought that these larger 
units would all use the maximum practical 
steam conditions and that no improvement 
in heat rate would be realized only from 
increased size. It is realized that tmit heat 
rates, particularly m the larger size units, 
will almost certainly continue to improve 
in the future and this improvement will 
make the use of larger generating units more 
attractive. 

9. The fuel cost 26 cents per million Btu. 

10. The load duration curve of the system 
was as shown in Fig. 10. This curve is 
based on a system load factor of 60% which 
is typical of many large power systems. 

11. The fuel and operating costs of imits 
kept on spinning reserve with negligible 
load factors were neglected. 

Method of Analysis 

The method used to determine the most 
economical pattern of system expansion 
consists essentially of two parts: 

1. The determination of the reserve capac¬ 
ity required on the system to maintain the 
assumed standard of reliability for each 
pattern of system expansion, taking into 
account the following factors: 

a. Size of generating units, 

b. Forced outage rate of generating 
units. 

c. Weekday peak load duration curve. 

d. A planned maintenance program. 

2. The application of the assumed cost 
factors to each pattern of expansion (taking 
into account the reserve capacity required) 
to determine the most economical pattern 
of expansion. 
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The fohowing is a brief outline of the pro- 

stetT carrying out the two 

steps A more detailed procedure is 
given in Appendix I. 

For each combination of generators 
of the old 

ande^newgeo- 
^t^Th *? ^ in nccordLe 

K patterns of expansion, 

the probabihty of availability of particu- 
founts of generation was deter¬ 
mined, This was done for each pattern 

of expansion using a 2 % forced outage 
rate and also for the 8 % to 5 % and 10% 

force? P^^^c^’ns of expansion using a 
forced outage rate of 3% for all units over 
w. Since the smallest unit on the 


was 25 mw. the probability of 
avarlabihty was determined in 25-mw 
steps to the point at which the prob- 
practically zero 

{actually 0.00000001). 

It was uecessaiy to take iato account 
^ogram of planned maintenance which 
w^d requ« each generating unit to be 
out of semce for 20 weekdays per year. 
In planmng this maintenance program 
tte weekday peak load througLfXe 
year was assumed to vary as a straight 
hne from 100% to 80% as shown in Fig. 

AsfarassystemreliabiUtyisconcerned 

It was assumed that the total load can be 
nsidered as the actual system load plus 

for generation out of ser^ce 

for mamtenance. Therefore, using the 

re¬ 
ferred to, the mamtenance period of each 

ma^ne on the system was scheduled in 

load and the capabIKty of units out for 
mmntenance at any time was kept as 
umform as possible. ^ 

When this maintenance program had i 
been cstnblUhcd, three diLSt lo^ i 



- .^ruT ““““t of torn 

^MMgcnaating capacity. Using th. 
^obabihty of availability factors pre. 

w<^y determined for each combinatioi 

of ^crating units, it was then possibh 

h T?' P“ year there 
won d be rasufficrent generating capacity 
avrfable to meet the load. Prom these 

cojdd be drawn, shmlar to 
Fig. 11, indicating the probability of loss 

Of installed generating capacity. 

First, it was assumed that whenever a 
new generator was added to the system 
the system load was immediately in- 
CTe^e (either within the system or by 
sde to outside utilities) to the point 
I^obability of lossof load fgain 

seSiLw “'f'od es- 

^“‘o^ of rate of 

load growth. The next step was to as- 

^ate the load canying capabilities of 

combinations with 
a rates of load growth normally encoun- 

S!s of '^ious 

^ of load growth for the country, 

tlwM rates were chosen: load doubling 


I!l!!EWm ARE BASED ON A 100 PER CENT LOAD FAbtOR) 


i«BBnSMSSS 

fiSBSBBB—«« 


BSSBlHii 


UNIT SIZE-MW 

fl«. <5. Invedment cod « ^ 


1200 -I 0 



fZ 






(THESE COST! 

are based 

T-' , . 

---- - 

ON A 100 PER CENT LOAD FACTOR) 








I 

. 

— 




u 











1 

Ai 







HPwiwam 


UNIT SIZE- MW 

R». 8- co« „ ^ „„„ 


la 

lu npoo 
S 

!; ippooi 


^ eoo iis- 
UNIT SI2E-MW 


Rs- 7. Operatins cost as function of unit size 



600 

UNIT SIZE MW 


-— wsia size 

. function of unit Size 

S^ensor^^conon^ si^ u„Us 


August 1955 





Fig. 10 (left). Load duration curve .300r 


20 40 60 

TIME-PERCENT 


Fig. 11 (right). Probability of loss of 
load as function of load 


15% TO 10% EXPANSION 
2% OUTAGE 
SYSTEM GENERATION* 
2000 BASE -I-1 <300) UN IT 
- 2300 MW 

LOAD CAPABILITY* 1826 
PERCENT GENERATION 
REQUIRED* 125.96 


in O, 10, and 15 years. Starting with a 
basic system of 2,000-mw capability of 
generation, the load for each year was cal¬ 
culated for each rate of load growth until 
the system load was approximately 10,000 
mw. In order to adhere strictly to a 1 
day in 11 years loss of load probability, it 
was necessary in some cases to add a large 
block of generation when only a few addi¬ 
tional mw of reserve were required. To 
be practical, in these cases, the standard 
of reliability was reduced to a minimiitn of 
1 day in 7 years. No maximum standard 
of reliability was specified. 

Table I shows the costs and the method 
of calculating the total annual cost of 
generating power in mills per kw-hour. 
These costs are based on the assumed 


curves of Figs. 6, 7, and 8 for investment, 
operating, and maintenance costs. Some 
of the units of the basic system were 
figured at a different investment rate than 
that shown in Fig. 6 as it was assumed 
that most of the basic system was in¬ 
stalled at a time when investment cost 
was lower. 

The operating costs as determined from 
Table I are dependent upon the utiliza¬ 
tion factor for the various machines. 
Utilization factor can be defined as the 
ratio of the kw-hours actually generated 
in a year by a particular machine to the 
maximum kw-hour capability of the 


1700 1750 1800 1850 

LOAD-MW 

machine. To calculate the utilization 
factor of each machine, a system load 
duration curve was assumed as shown in 
Fig. 10. This curve is based on a system 
load factor of 60%. It was assumed that 
each new unit added to the system would 
be base loaded. With a maintenance 
period of 20 weekdays per year and a 
forced outage rate of 2%, each new unit 
could supply about 90% of its total kw- 
hour capability. By filling in the area 
under the load duration curve with the 
generators associated with a particular 
load, the utilization factor for each size 
machine on the system was determined. 


Generator 

Size, 

Mw 


Table I. Method of Calculating Total Annual Cost of Generating Power 

Mills per Kw-Hour for Each Generator Size^Base Cost (Total Capacity-Kw Divided by Peak Load-KwXLoad Factor) 


Fixed Charges-{-Operating' -f-Maiate- 

nance-H 


Inrest- 
ment 
jCosts, 
g'per Kw 


140.OOt 
120.OOt 
128.601 
138.00 
130.00 
126.00 
121.00 
116.00§ 
113.00 
110.00 
106.00 
104.00 
100.00 


140.00 

120,00 

128.60 

138.00 

130.00 

130.00 

130.00 

130.00 

130.00 

130.00 

130.00 

130.00 


Mills per 
Ew-Hour, 
12%(8 per 
Kw)10V8,760 


1.91781 

1.64384 

1.76164 

1.89041 

1.78082 

1.71233 

1.66763 

1.68904 

1.64920 

1.60684 

1.46206 

1.42466 

1.36986 


Mills per 
Ew-Hoor 


Fuel 

Costs (UF)* 


Mills per 
Ew-Hoor 


Mills per 
Ew-Hdor 


Case 1. 8 per Ew Costs Taken from Fig. 9 


Base Costs 


Mills per Ew-Hour 
per Machine 


Ho. Machines X Machine 

X_ Rating, Mw 

Peak Load X Load Factor 


> Mills per Ew-Hoor 


-I- 3.76000{UF) 
-t- 3.60000 (UF) 
-I- 2.40000 (UF) 
+ 2.31998 (UF) 
+ 2.27500 (UF) 
+ 2.27600 (UF) 
+ 2.27600 (UF) 
+ 2.27600 (UF) 
+ 2.27600 (UF) 
+ 2.27600 (UF) 
+ 2.27600 (UF) 
+ 2.27600 (UF) 
+ 2.27500 (UF) 


3.61781+3 
2.74384 +3 
2.66164+2 
2.66041+2 
2.36082 +2 
2,22433 +2 
2.12363 +2. 
1.98904+2. 
1.91420+2. 
1.82684+2. 
1,72206 +2, 
1.67466+2. 
1.68986+2. 


.76 (UF) 
.6 (UF) 
.4 (UF) 
.32 (UF) 
.276 (UF) 
.275 (UP) 
.276 (UF) 
276 (UF) 
276 (UF) 
276 (UF) 
276 (UF) 
276 (UF) 
276 (UF) 


X NX 
X NX 
X NX 
X NX 
X NX 
X NX 
X NX 
X NX 
X NX 
X NX 
X NX 
X NX 
X NXl 


26/peak loadXO.i 
60/peak loadXO.i 
100/peak load X 0. i 
160/peak load X 0.1 
200/peak load X 0.1 
250/pcak load X 0.1 
300/peak loadXO.i 
400/peak loadXO. I 
600/peak loadXO. I 
600/peak loadXO.i 
800/peak loadXO. ( 
900/peak loadXO. ( 
,200/peak load X 0. ( 
Total mills per kw-; 


Case 2. Same as Case 1 Except That Investment Cost for All Units Above 200 Mw Eept at the 200-Mw Level 


1.91781 

1.64384 

1.76164 

1.89041 

1.78032 

1.78032 

1.78032 

1.78032 

1.78032 

1.78032 

1.78032 

1.78032 


+ 

+ 

+ 

-i- 

+ Same as 
+ case 1 
+ 

+ 

+ 

+ 

-f* 


+ 

+ 

+ 

-i- 

+ Same as 
+ case 1 
+ 

- 1 - 

+ 

+ 

-f- 

+ 


+ 

+ 

+ 

+ 

+ Same as 
-f- case 1 
+ 

-f- 

+ 

+ 

+ 

+ 


’"UF stands for utilization factor. 

TBased on old costs. 

iSased on three generators at $100 and four generators at $160. 
§ Based on present and estimated future costs. 


■ 3.41781+3 

■ 2.74384+3 
> 2.66164+2 
- 2.65041+2 

' 2.85082 +2. 
' 2.29282 +2. 

■ 2.24682 +2, 
2.18082+2. 
2.10082 +2. 
2.06082 +2. 
2.03082 + 2. 
2.00082 + 2. 


76 (UF) X 
5 (UF) X 
4 (UF) X 
32 (UF) X 
276 (UF) X 
276 (UF) X 
276 (UF) X 
276 (UF) X 
276 (UP) X 
276 (UF) X 
276 (UF) X 
276 (UF) X 


Same as case 1 
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Fig. 16. Effect of increase in outage rate for 8% to 5 % expansion 
(case 1 investment cost curve) 
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Fig. 18. Effect of increase in outage rate for 8% to 5% expansion 
(case 2 investment cost curve) 
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Fig* 19. Effect of increase in outage rate for 10^ to 7y!& expansion 
(case 2 investment cost curve) 


Fig. 17. Effect of increase in outage rate for 10% to 7% expansion that for this condition expansion with 

(case 1 investment cost curve) 260-inw units is generally most econom¬ 

ical. 

ment, operating, and maintenance costs crease as the size increases. For the The results shown in Figs. 14 and 15 
® .. . assumed conditions the cost curve using indicate that the most economical pattern 

• 1 system-size falls of system expansion is very dependent 

ing the load for the four diffCTent patterns bdow the cost curve using units of 10% on the investment cost of larger generat- 

A apparent that the future 

bihtyofbssofloadofexactiyldaymll above 6,600 mw. slope of the cost per kw versus size curve 

years. These ^es are based on the The effect of assuming that the installed will be a major factor in determining the 
I^e forced outage rate cost per kw of units above 200 mw re- economic feasibiUty of larger generating 

IS 2% regardless of size and that the m- mams constant regardless of size is shown units. 

stalled cost of new units continue, to de. ta Fig. 16. lliese curves indicate Ohe effect of an increase in the forc«l 
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after 200 : 


m Pow^ m miUs per kw-honr using the 

T assumptions for instaUed 

0 . cost of generation as shown in Pig. 9 . 

- This comparison is for the 8 % to 5% 

1- pattern of expansion using a forced out- 

e age rate of 2%. rcea out- 

*" i« growth 

t so the results are not 

obtained by assinmng that whenever a 
a™ generator was added to the system 
tim s^to load was immediately in- 
(either within the system or by 
point 

where the probabihty of loss of load was 1 
day m 11 years. When the load foUows a 

increase, each gener¬ 
ator added causes a peak in the cost curve, 
the magmtude of which is dependent upon 
percentap of the generator output 
that is actually required by the load. 

To effect the comparisons between the 
™ous patterns of expansion when con- 
sidermg different rates of load growth, 
present worth evaluations were utilized, 
in bnef, the present worth figure for a 
given expansion indicates the total 
^*•1* money that would have to be 
available at the present time in order to 
finance completely the Investment and 
operatog costs of the generation under 
consideration for a given period of time. 

A summary of the relative costs of the 
erent patterns of system expansion 
on a Pjos^t worth basis using an interest 
rate of 4% is shown in Table II. The 
figur^ in the table indicate the percent¬ 
age increase in cost over the indicated 
base case. Table III is a similar compari- . 

son usmg an interest rate of 0% 

The cost <'ninrkQ«B/,vi,i.. _ . yn < . 


5 ^. , comparisons given in Table 
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Fig. 22 (left). 
Effect of increase 
in outage rate on 
present worth of 
cost of various 
expansion pat¬ 
terns (load dou¬ 
bles every 10 
yean) 


Fig. 24 (right). 
Relative effect of 
penalty in trans¬ 
mission system 
cost to provide 
additional trans¬ 
mission facilities 
for larger units 



II are also shown graphically in Fig. 21 
for a forced outage rate of 2%. The re¬ 
sults for the three different rates of load 
growth all lie within the indicated band 
of results. 

Fig. 22 shows the effect of an increase 
from 2% to 3% in the forced outage rate 
of generating units larger than 250 mw. 
These comparisons are for the case in 
which the load doubles every 10 years. 

Effect of Improvement in Generating 
Station Heat Rate Resulting from 
Future Technological Advances 

In all the comparisons made so far, the 
heat rates of all new generator units added 
to the system were assumed to be as 
given in Fig, 9, and no heat rate improve¬ 


ments in this curve resulting from future 
technological advances were considered 
in the calculations. However, it 
reasonably be expected that there will be 
a continued improvement in station heat 
rates in the future as there has been in the 
past. This improvement in station heat 
rate will make larger units more attrac¬ 
tive economically. The reason for this 
is that each new unit added to the system 
will be base loaded during the early years 
of operation and so the load on the older, 
less efficient units can be reduced. The 
larger the new unit that is added, the 
greater the fuel saving realized on the 
older units and this fuel saving can be 
used to more than offset the extra costs 
incurred due to the extra reserve required 
for the larger units. 


Effect of Larger Units on 
Transmission System Costs 

In the results presented so far only the 
total costs of generating power have 
been considered. However, the use of 
very large generating units will require 
additional transmission facilities to pro¬ 
vide support in case of planned or forced 
outages of a generating unit. It is esti¬ 
mated that for a widespread, well-de¬ 
signed system the incremental cost of pro¬ 
viding such additional transmission facili¬ 
ties will be between $10 and $20 per kw 
of installed capacity for 1,000-mw gen¬ 
erating units as compared to 250-mw 
generating units. 

To explore the effect of the cost of pro¬ 
viding additional transmission facilities 



Fig. 23 (left). Effect of 
penalty In iranmission 
system cost upon pres¬ 
ent worth of system cost 


Fig. 25 (right). Effect 
of using initial system of 
1,000 mw instead of 
2,000 mw 


for the larger units, two cases were con¬ 
sidered by modifying the investment costs 
of units as a function of unit size as fol¬ 
lows: 
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TaWe VII. Probability of Availability for 
Various Generations 


(1) 

Generation, 

Mw 

(2) 

Probability of 
ATailabllity of 
the Exact 
Amount of 
Capacity Shown 
in Col. 1 

(3) 

Probability of 
Availability of 
Capacity Equal 
to or Smaller 
than the 

Amount Shown 
in Col. 1 

1,826. 

...0.00015592_ 

...0.00049096 

1,800. 

...0.00020762_ 

...0.00033603 

1,776. 

...0.00004778_ 

...0.00012741 

1,730. 

...0.00005088_ 

...0.00007903 


system composed of two 26-mw units, one 
50-mw unit, and one 100-mw unit. The 
probability of availability of capacity for a 
given number of similar units and a chosen 
fixed outage rate may be determined 
directly from the tables given in reference 2. 
Table IV gives the information for the sys¬ 
tem cliosen. The probaibility of availability 
of the combination of the 100-mw units and 
the 60-mw units may be determined as 
gpven in Table V. Similarly the probability 
figures for the complete 4-unit system are 
obtained as shown in Table VI. 

The following is an example of how the 
planned maintenance program was taken 
into account in determining the reserve 
capacity required. In this case the in¬ 
stalled capacity on the system consisted of 
12 25-mw units, 20 60-mw units, 7 100-mw 
units, and 1 300-mw unit for a total of 2,300 
inw. A selected portion of the probability 
of availability figures for this system of 


Table VIII. 

Load Band and Weekdays of 
Occurrence 

Load Band, 
Mw 

Weekdays of 
Occurrence 

1,825 to 1,800. 


1,800 to 1,775. 


1,775 to 1,750. 



generation is given in Table VII. A sys¬ 
tem weekday peak load ofl.SOO mw was 
assumed and it was also assumed that 
the weekday peak load varied linearly 
with time to a minimum weekday peak of 
80% of the maximum peak or 1,440 mw. 

Fig. 20 shows this peak load variation 
and also shows how each machine on the 
system was scheduled for planned mainte¬ 
nance for 20 weekdays per year. The num- 
b^ on each block indicates the mw capa¬ 
bility of a machine and outages for mainte¬ 
nance were scheduled so that the sum of the 
actual load and the capability of the units 
out for maintenance was as uniform as 
possible. With this maintenance schedule 
established, the number of weekdays during 
the year that the load plus the generation 
out for maintenance fell within each 25-mw 
load band was determined. 

From Fig. 26 the information given in 
Table VIII was obtained. The number of 
days per year that it would not be possible 
to meet the load was then determined as 
shown in Table IX. This gives one point 
on the curve shown in Fig. 11. 

The foregoing procedure was repeated for 
two other values of peak load; in this case 
1,750 mw and 1,700 mw are two other 


Table IX. Days per Vear Not Possible to 
Meet Load 


Gener¬ 

ation, 

Mw 

Probability 
(From Col. 

3 of X 
Table VD) 

Weekdays 

of 

Occurrence 

Days per 
Year 

Unable to 
Supply Load 

1800... 

.0.00033603X 

95 

0.031828 

1775... 

.0.00012741X 

167 

0.020003 

1750... 

.0.00007963X 

8 

0.000037 



Total 

0.052468 


points obtained for the curve of Fig. 11. 
Since the standard of reliability was 
assumed to be ability to carry the load at all 
times except 1 day in 11 years, Fig. 11 can 
be used to determine what load can be 
carried with this reliability. Reading Fig. 
11 at 0.0909 day per year gives a load of 
1,826 mw. Since the installed generation 
was 2,300 mw, the total generation ex¬ 
pressed in terms of the load was 126% of the 
load. 
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Discussion 

O. R, Bulkley (Southern California Edison 
Company, Los Angeles, Calif,): The authors 
are to be commended for a very thought¬ 
ful and painstaking analysis of this timely 
subject. Based on the assumptions given, 
it would appear that the conclusions are 
reasonable, from a strictly theoretical point 
of view. However, in considering units of 
the large sizes mentioned, it is evident that 
otlier controlling factors would limit the 
sizes that can economically be justified. 
Some of these factors are: 

1. Size must not run ahead of our proved 
progrcM in metallurgy. From recent evi¬ 
dence it seems that size has now outrun 
progress. 

2. There are limitations to the practical 
aud economic capacity of interconnections 
with other utilities. 

3. The economics used in the study 
assume that it will always be possible to 
absorb the load of a new large unit by dis¬ 
posing of the power through interconnec¬ 
tions to other companies. This becomes 
more difficult in practice as units reach very 
large sizes. 

4. The practicability of using the largest 
of perhaps several alternative sizes would 
Seem to depend on: 

a. The reserves on the prime system 
itself to cover outages. 

b. The size and firmness of reserves 
available from intercoimected systems. 


If the prime system has such reserves that 
it ^ can cover an outage of the largest unit 
without shock then there is no operating 
problem but there may be an economic one. 
If the prime system has large enough ties 
with other systems so that it could lose the 
use of its largest machine without shock, 
there may be no problem at all. If, how¬ 
ever, neither of these provisions is available, 
very large generators could be a serious 
handicap during forced outages. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, lU.): This study brings 
out a number of interesting points, including 
a demonstration that probability calcula¬ 
tions play an important part in determining 
the economic size of generating units. The 
comparisons of the various schema could 
not be achieved without the use of such 
calculations. We have been using proba¬ 
bility c^culations as one of the important 
factors in determming the required reserve 
generating capacity, and these 
are based on the methods developed by 
Adler and Miller.^ This approach not 
only gives us an idea of the magnitude of 
outages for various time intervals but also 
gives information on the probable duration 
of outages, particularly the larger coincident 
forced outages. 

assume for the general case 
mat the forced outage rates for unit-type 
mstallations of turbine generators and 
boilers would be 2%, although some calcula¬ 
tions are based on 3%. A study of refer- 
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ence 3 of the paper for operating experience 
for turbines and boilers operating at over 
1,000 pounds per square inch gauge indi¬ 
cates that the average combined rate of 
outages for the years 1960-1962, in per¬ 
centage of the time that the units could be 
operating on weekdays, is more of the order 
of 3% tlian 2%. I hope it does definitely 
get down to the level of 2% or lower that 
the authors mention. There were lower 
rates of outages in 1961 and 1952 than in 
1960, but other operating experiences before 
and after that period make it seem im¬ 
prudent to use tile relatively low rates of one 
or two years. 

As is generally known, the outage rates 
for unit-type installations are considerably 
greater than for systems where the boilers 
are connected to a common header, which in 
turn supplies two or more generators. In 
such stations, especially when there is some 
reserve boiler capacity, the outage of a 
boiler^ does not cause as great a loss in 
capacity as with the unit-type system. 
Furthermore, the older and smaller units 
have been having lower rates of forced 
outages than apparently applies for the. 
l^ge units and boilers in unit-type installa¬ 
tions. 

For several years it has appeared to me 
that the sum of the load plus the allowance 
for overhauling plus the allowance for limi¬ 
tations (due to decreased summer-time load 
capabilities) should be a constant figure 
during a 12-month period. Apparently in 
^e authors’ study the effect of limitations 
is not considered, but they may amount to a 
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in^thl “ capability, or even more, 

n ^e summer as compared to the mid¬ 
winter capability. ^ 

In connection with Fig. 26, where the 
provision for overhauling on 
SS vf ‘iaily load peaks during 

We to ^ practically fe^! 

^ done. For ex- 

year there 

may be a range m the magnitude of weekdav 
fnflt ISrof^ependC on Se 

^ Otolr darkness, temperature. 

Sr«Sf S f ® demands. 

Our studies do show that there is at present 

through the yea?in the 
» ^ peak loads. In handling the 

we buS^^i'''' and limitftions, 

e build these allowances on top of the 
monthly peak demands. ^ “ 

In connection with the previous ooint 

we do taJce a small advantage of the fact- 
totals of forced outages are 
A ^ day or two. This is 

one &st by taking into account our results 

ab^t showthar^r 

about 90% of the weekdays of a iriven 

XuflvV^'*^ have been 

bout 1 /i% or more below the monthlv 

dSi^ is then 

^ucted from the indicated owned res^e 
that is needed according to probabStv 

factors. The value 
or 1 A% just given applies for the winter 

s“S;^iXgt: -lac for 

oA?rrto^cL's:s:Sb^“;:' 

rdievmg tight situations created by large i 
smudtaneous outages. With rektivelv i 
smaller units, large simultaneous forced ' 
ouUges pnerally will not occur suddenly r 
but will be built up to their fuU magnitode t 
m successive steps in time. This m^S it I 

Spmeirt to ^ to return u 

equipment to service more quickiv than h 

ongi^y piamied, in case the toW of ^ ” 

^mds,say.toIO%ofthetotaUy^ S 

benefit of mterconnections in reducing tliA 

rese^ capacity, probability w 

be in case of a ^ ^dl line 

capacity. It is of tatei^o mteS'SI • ’ 

^ors use an increased rate of f^ oS S? 

£ 

larger umts over a period of ti^ S 
SI Ttofcal^tions nS to^‘ "I" 

iailgVSS'tfef 

onthe*sSS'bfs'eiSXrS?o”5 

outages. Two calcuTa+iftno « forced ducei 

bilities of forced outao-Ae f Proba- insta. 

of units showed that wh^A^if^T^i able 

were relatively larger 

ciy large in size, the magnitude 20% 


of the coincident forced outage was one- 
third bigger than for the case involving out- 
average sized units. The 
demonstrates the value of 
J ^Sital computer for such studies 

® number of repetitive 
probability calculations. 


Reperbncb 


Cleveland Electric 
tS Company, Cleveland. Ohio)- 

the I v^ much enjoyed this paper, which vSs 
mcisive and specific. There are ^veTS 
mt, pomts I would like to mention 

o “ Included in the investment base 

to toiudcd should 

« P<Bto. - S! 

^ The heat rate curve shown in Fie 9 
ly seems unduly pessimistic. This kind of 

jn curve has been shown for the last 26 ye^s 

tv W corripond- 

ie InstaUed at that date 

ue Certamly heat rates appreciably below that 
er shown are possible. The added comp£! 

Sf «ay well be justified 

with the larger units. ju=>Liaca 

^ csSX”'.hi“.ir?r 

J ^ unwanted accompaniment’ 

d This extra capacity is of the highest^effi- 
y ciency and does have real value. The spin 
e rung reserve consists of the older units while 
t the newest unit is fully loaded Tt,A*i 

; ?"“^ohldbocrediredfS^^tapreli|S 

J m system efficiency. The larger spinnkg 
- capMity on a system with larger Jnits S 
! q^l m case of a plant shutdIL 

Deneve that the record of the last few 

: sfflrilS‘l^‘“ are 

Is •”'»8anerators 

when applied totiall^ Tai^MiS' 

Ak * formula would indicate 

SOo'^Lwwhereas units of about j 
dOO mw appear more economical Tn o 

tw^SOO complete unitization for ? 

two 300-mw units may be iustified 'ru- ^ 

^IdbedifflcuIttodoforsfewltuSl' I 

The completely unitized 2-unit plant Iq ” 
to keep some capadty ^ uS h 

imeltouistheuoaunitiaeddlmiitptot b 

. The tune required for an overhSd or 
Sfm I “li'°^ ™“ ia but little more ” 

r^i^riSteiiLS'-?— i' 
toe“.itTdSoS“S“- - 
compmed to siLler’Il^mt 2 

hi 

mstalled capacity. The presently forese^ 
able yowth of the electric power ffiSy 
^^Id give us confidence that additions of res 

^0% or so are not excessive. res 
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on^ H. W. PhilHps (Philadelphia Electric Con, 
out- pany. Philadelphia. Pa)- ThfniL • ' 

The vesti^tes the'mok eiomtal"^^^^^^^ 

■to s^erS^^iTeo*”?^"” 

... oystem. me conclusions are reaoIiAd i,„ 

and reduction m investment cost through 
utilization of large units. The analvsis 

' tS^ consideration the fact tLt 

bsus . c mstallation of a larger unit 
. w. isolated system will, in m^dS ZZ 
““q^to.Oie spinning reserve ipadty 
Te;^^“ ® ?■'= PstmsylvaiA-S 
Jersey Interconnection during the last 2 S 

trie 

io)- forecasting have a 

vis through dTay 

v^ load forecastmg errors amounting to about 

o°ceey^8years.if6%spinnS|r2e^rk 

once every 8 years is in line with the twn 

to “alyses included in the papj^“v^li?| 
to e*;S^Tyls“V"7 ' Vss 

rs *ifP°thetical system used in the 

1- ^ ^ and I 

0% spmnmg r^erve would amount to 100 
• mw or approximately equal to the largest 
i- M initiaUy (100 mw). bS 

- ^ ° "P “y deficiency in spin- 
, nmg reserve, the daily cost for this reSZ 

» would be $9.40 per mw day. This would f 

- ? assumed that no additional spinning 
; m^rve is normaUy required on Sind^ 

wou d'bra?*r cort 

davQ apphcable for approximately 300 

nnn would amount to $282,- 

Sfffl Therefore, it seems^ 

wS? J“®tify doubling the size of^ 

largest unit presently mstaUed is equal to 

the daily load forecasting error hazard. 

These coi^Mts have been based purely 

conclusions of the 
papw to an isolated system; however few 
elwtnc utility companies are isolated today, 
ca*cmd into pooling 
through which the instaUed 
reserve and spmnmg reserve can be greatly 
^uc^ and much larger machines justified. 

J^^sey intercon¬ 
nected system having a load of aooroxi- 
mately 7,000,000 kw carries spinning re¬ 
in^" nof the annual peak 
. ... ’ ^ 316,000 Iw. This gives a proba- 
bilrty of loss of load due to dafiy load fore- | 
casting errors of once every 8 years; how- I 
ever, two of the companies in this group 
have ordered units in the 226 to 276-mw 

It tc cP®mte these 

u^s without additional spinning reserve. 

Fu^ennore, at the present time a 316-mw 

unit would be justified since it would not 
“® reserve required by the 

tody loa.d forecastmg hazard. The proba- 
bihty of losmg this unit at the time that the 
72% load forecasting error occurred (on a 
-horn peaJg would be only once in approxi¬ 
mately 10,000 years. 

Figs. 12 and 13 indicate that installed 
% would be required if the 
-i-u/o to 7% expansion rate were utilized. 


August 1966 


However, 3, 315,000 unit on the Pennsyl¬ 
vania-New Jersey ss^stem would amount to 
12Vs% of the load of the largest system and 
30% of the load of the smallest system in 
the ar^, but could be installed without 
increasing the Interconnection installed 
reserve requirement above the present figure 
of 10%. This is made possible through a 
very complete pooling agreement whereby 
the various companies pay at a very reason¬ 
able rate for any deficiency in their installed 
reserve obligation. 

It^ is felt that if the problem were re¬ 
studied, considering the possibilities avail¬ 
able through well-co-ordinated Interconnec¬ 
tion, the installation of units in the 10% to 
7% range would prove too small and that 
units of greater size could be justified. 


Howard P. Seelye (The Detroit Edison 
Company, Detroit, Mich.): A study like 
this may have some value in indicating 
trends or areas for specific investigation. 
It is unlikely, however, that it could be 
depended upon as the basis of any choice of 
generator size. Conditions are so different 
on different systems, both as to loads, trans¬ 
mission, interconnections, and construction 
costs, that a specific determination for any 
proposed installation is believed to be 
necessary. 

In general, the conclusion that generators 
of 10% to 7% of the size of the system will 
be found economical is fairly well in agree¬ 
ment with the results of specific studies on 
the Detroit Edison System whereby a 260- 
mw unit was chosen for a system load of 
2,600 mw, and a 300-mw unit as the next 
step a couple of years later. 

Figs. 12 and 13 seem to indicate rather 
higher amounts of reserve generation than 
is believed to be necessary in practice, 
iraraing from about 18% to as much as 
30%. This is probably a result of the 
method of calculation used. Studies made 
for our ^ system several years ago, nging 
probability methods, but based on the 
frequency of expectation of a combination 
outage exce^ing the load, indicated that 
within certain limits of practicability, the 
reserve required is a percentage of the load, 
which percentage decreases in an increasing 
number of units, but has little relation to the 
size of unit, provided that latter is not ex¬ 
cessive compared with the size of the sys- 
"tcm. This would indicate less reserve 
neces^y and less effect of the size of units 
'than is indicated here. The effect of pool 
operation of interconnected systems has a 
great deal of bearing on the size of unit 
which may be justified. Other assumptions 
a.s to variation of cost of installation with 
size, variation in maintenance cost, varia¬ 
tion in operation, variation in heat rate, 
etc., are all so dependent upon specific 
design conditions that it is hard to judge 
whether or not the results indicated are 
truly representative. As a general indica¬ 
tion, however, of the value of reasonably 
large units on a system, this study is in the 
right direction. 


M. J. Steinberg (Consolidated Edison Com¬ 
pany of New York, Inc., New York, N. Y.): 
This paper describes a method of analysis 
relating to the economic evaluation of 
capacity additions to an electric system. 
The paper is of timely interest because of 


the attention currently being given to the 
problem ^of unit additions with maximum 
capabilities in the range of 300 mw. This 
problem is usually resolved on 'the basis of an 
analysis which attempts to evaluate all 
factors, tangible and intangible, that infiu- 
ence the relative economics of all alterna¬ 
tives under consideration. In general, the 
comparison of alternatives will be mgfiA 
with reference to a base case, which will 
usually be the one that requires the least 
investment. Differentials of annual operat¬ 
ing savings are balanced against differential 
investments and final results are tabulated 
to show either the rate of return on added 
investment or the added investment that 
can be justified by the differential operating 
savings in relation to 'the estimated actual 
investment. 

Attention is called to a comprehensive 
treatment by Skrotzkii of the fundamentals 
involved. The procedure described by tlie 
authors follows, with some modifications, 
the procedure recommended in the Skrotzki 
paper which in my opinion merits careful 
study by those interested in this field of 
activity. 

The effect of unit size on installed reserve 
capacity requirements is of special interest. 
Although the literature on this phase of tlie 
problem is quite meager, there is enough to 
indicate that there are at least two schools 
of thought. One point of view is that unit 
size does not affect reserve capacity require¬ 
ment. This stems from the policy which 
plans capacity additions to provide in¬ 
stalled system reserve capacity equal to a 
fixed percentage of the peak load demand. 
The position taken is that no penalty 
attaches to a unit because of size, unless tlie 
size of the unit exceeds the total ins talle d 
reserve capacity. This view has been up¬ 
held in a recently published article* which 
sta.tes: “It might be inferred that a larger 
unit would require somewhat more system 
reserve to provide against its outage than 
would a smaller one. Reserve is considered 
in terms of a percentage of system load, 
however, so if this indicates an amount as 


great as the size of the unit, no additional 
amount should be necessary.. 

The opposite point of view is that system 
reserve capacity requirements increase with 
the addition of larger sized units, a charac¬ 
teristic which is generally the result when 
reserve requirements are determined by the 
application of probability mathematics. 
This is clearly demonstrated by the curves 
of Figs. 12 and 13 and confirmed by the 
cur'ves of Fig. 27 which was prepared on the 
basis of uniform size unit additions. It will 
be obsei^ed from Fig. 27 that, with succes¬ 
sive unit additions, there is an increase in 
the % reserve capacity requirement until a 
maximum value is reached, with the per¬ 
centage values decreasing thereafter. It 
will also be noted that the rate of increase of 
reserve requirement to 'the maximum value 
varies with unit size. Thus, for a given 
peak load growth, the number of tmit addi¬ 
tions will decrease with unit size, while the 
required total capacity addition will in¬ 
crease with unit size, so that the total in- 
vestmrat will also increase with unit size, 
and this increase in investment for the larger 
units must be justified by the annual savings 
which will result from the increased gener¬ 
ation and improved thermal efficiency if the 
latter is obtained. 

As between the two views on the method 
of determination of objective reserve capac¬ 
ity requirements, I favor the one which is 
based on the application of probability 
mathematics, first, because it is based on 
sound mathematical principles in use by the 
telephone industry for many years before 
adoption by several of the larger electric 
utilities, and second, because it introduces a 
discounting factor against the added invest¬ 
ment for the larger size units to offset the 
imponderables which are inherent in long- 
range estimates into the future. 

For most electric systems the annual 
generation of the initial unit addition will be 
affected by subsequent unit additions. In 
the early years of service it is expected that 
the initial unit will be base-loaded, with 
reduction in annual generation thereafter as 
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1 to 6 .... 
6 to 10.. 

11 to IS.. 

16 to 20.. 

21 to 26_ 

26 to 30.. 
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36 to 40.... 

41 to 45. 

45 to 50.....’ 


Capacity 

Factor, 


.80.00. 
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.43,39. 

.41.08. 
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.36.13.. 

.32.91.. 
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% 
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Worth 
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....2.3522.. 

...1.7577.. 
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...0.4095... 

...0.3060... 
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burden of providing additional facilities is 
larger than the probable average economic 
gain (which is intended not to mean reduc¬ 
tions in otherwise lost revenue®)'that would 
result with increased service continuity from 
the installation of such additional facilities. 
Such a bMis for the timing of the installation 
of additional capacity substitutes a corn- 
prison of more or less definite with and 
without costs as the criterion for such timing 
m place of an opinion as to a satisfactory 
level of an objective service reliability. 

Also, since the studies reported are based 
on annual carrying charges of 12%, the cost 
of money involved must be in the general 
order of 6%J It then follows that the dis¬ 
count rate to be used in the present worth 
calcuMions should also be about 6%;* 
there is no other choice, since it is just as 
e^ential for the discount rate that is used in 
the present worth calculation to be equal to 
liiat used as the cost of money in determin¬ 
ing the annual carrsdng charges as it is for 
the Ps in the equations JS=IJi and P=EI 
to be equal for the same condition as of any 
pven time,, because the relationships, in 
tteir respective ways, are equally rigorous. 
The result is that the costs of the more 
distant future would be discounted to a 
^eater extent on this basis than on the 
basis used in the paper where two discount 
rates, 0 and 4%, were used. This means 
that the tendency may be indicated for 
smaller size units than otherwise to be the 
more economical in such a study with the 
timing of the installation of additional 
capacity based on the costs to the general 
economy, as just suggested. 

Further, although the authors recognize 
the effect of load variations on the timing of 
the installation of additional capacity, they 
have chosen not to incorporate such con¬ 
siderations in their determination. The 
effect of such considerations, if included in 
the study, would be to tend to indicate tlie 
larger size units to be the more economical. 

In addition to the bases used by the 
authors for determining the pattern of unit 
sizes to be investigated, I would suggest 
that an investigation of the effect of in¬ 
creasing and decreasing percentage patterns 
of size of units may have significance. 
Lastly, although the authors found that, 
“for the range of rates of load growth 
normally encountered, the rate of load 
gi'owth of a system has no appreciable effect 
on the size of units that can be economically 
justified on a system,” it nevertheless is 
difficult to understand why the smaller size 
units would not be definitely indicated to 
be the more economical with the smaller 
rates of load growth. 
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L. K. Kirchmayer, A. G. Mellor, J. P. 
O’Mara, and J. R. Stevenson: All of the 
discussers have contributed to a better 
understanding of the problem of determin¬ 
ing the economic size of steam-electric 
generating units. 

In answer to Mr. Bulfcley's question re¬ 
garding the feasibility of building Tni»vh 
larger generating units, we have every con¬ 
fidence that continued progress in metal- 
lurgy and design skill .will make units larger 
than those now in operation economically 
feasible. Mr. Bulkley correctly points out 
that in several cases studied it was assumed 
that it would be possible to absorb the load 
of a new Imge unit by disposing of the power 
through interconnection to other com¬ 
panies. However, in Figs. 21 through 26, 
and in the conclusions of the paper, this 
assumption was not made, and the system 
load was assumed to double every 6, 10. or 
16 years. 

We are pleased that Mr. Halperin has 
indicated general agreement with our 
assumptions. Concerning his comments on 
the forced outage rate used, recent figures 
indicate that the reliability of large high- 
pressure units has been improving. We 
therefore feel that a 2% forced outage rate 
is fairly representative of most large units 
now in service. In connection with the 
treatment of maintenance outages, the 
approximations we made will provide the 
correct relative results. Also, we have been 
advised by several operating companies that 
20 weekdays per year for maintenance are 
more than adequate. 

In answer to Mr. Paulus’ question, the 
investment costs used are the total in¬ 
stalled cost of the generating unit up to the 
high-voltage side of the main step-up trans¬ 
former. The rating referred to is net 
guaranteed capability of the unit. As 
started in the paper, it is anticipated that 
unit heat rates, particularly in tlie larger 
size units, will certainly improve in the 
future. The effect of this improvement in 
heat rate is discussed qualitatively in the 
paper. Larger size units will be required to 
fully realize the potential gains resulting 
from much higher steam pressures. 

We agree with Mr. Paulus that the extra 
reserve capacity required with the larger 
generating. units has an economic value in 
displacing higher cost generation and our 
analysis has appropriately considered this 
effect. Also, we concur that the time re¬ 
quired for an overhaul or inspection of a 
large unit is little or no more than for a 
small unit. This factor is reflected in the 
maintenance cost curves of Fig. 8. 

It .is our opinion concerning Mr. Paulus’ 
comments bn the cost of complete utilization 
^most new stations are economically 
utilizing the unit scheme for units approxi¬ 
mately 100 niw and above. Also, with 
respect to plant outages, we beUeve that a 
6-unit station should prove more reliable 
than a 2-unit station. 

Mr. Phillips has commented on the effect 
of larger generating units on the required 
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spinning reserve capacity. We wish to 
point out that the only cost of providing 
reserve capacity which has been ignored is 
the fuel cost. It is felt that with the 
negligible load factors involved this is a 
reasonable assumption, partic ular ly as the 
fuel used by the spinning reserve is partly 
compensated for by the fuel saving on other 
units. 

In considering the subject of interconnec¬ 
tions, a group of operating companies may 
be considered as one system providing tiiat 
adequate interconnecting transmission facil¬ 
ities and agreements exist. Thus, the 10% 
to 7% expansion pattern referred to the 
total integrated area would be a much larger 
percentage when referred to any operating 
component of the total. 

We are pleased that Mr. Seelye has re¬ 
ported that the results of the studies under¬ 
taken by his company are in general agree¬ 
ment with the results of our paper. We 
believe that each company must conduct 
specific studies to obtain answers pertinent 
to their individual systems. 

Application of probability methods to 
choose sufficient reserve capacity to main¬ 
tain a fixed service reliability results in 
increased % reserve requirements as tlie 
unit size mcreases. This point is illustrated 
by reference to Figs. 12, 13, and 27. 

Mr. Steinberg has called our attention to 
the interesting paper on this subject by Mr. 
Skrotzki. Our approach differs funda¬ 
mentally in the treatment of reserve re¬ 
quirements. We have attempted to main¬ 
tain the same standard of service reliability 
for all types of system expansion while Mr. 
Skrotzki’s approach allows a variable 
standard of reliability as the system.ex¬ 
pands. 

Mr. Steinberg's comments on the period 
of time to be used in the present worth 
evaluations are of interest. It is our opin¬ 
ion that the correct relative picture is ob¬ 
tained by using the selected periods, and 
this opinion is substantiated in part by 
Fig. 28. 

We do not agree that minimum uivest- 
nient cost will necessarily be realized by ex¬ 
panding the initial system with 160-mw 
units, as this depends on the slope of the in¬ 
vestment curve used. It is our opinion that 
the selection of the base used has no effect 
on the relative answers obteined. 

We concur with Mr. Watchorn that the 
desirable degree of system reliability is 
largely a matter of judgment. However, 
our investigations indicate that the same 
relative answers will be obtained over a 
wide range of standards of system relia¬ 
bility. The measure of adequacy of service 
continuity as a cost to the general economy 
involves numerous intangible factors which 
are impossible to include in a study similar 
to ours. It is necessary that each company 
study their own problems and find an 
evaluation appropriate to their system. 

Mr. Watchom has discussed the interest 
rate applicable for present worth calcula¬ 
tions. We agree that the same interest rate 
should be used for the present worth calcu¬ 
lations as that used in detennining the rate 
of fixed charges. We have explored the 
effect of changes in this interest rate on the 
present worth evaluation and found that 
sudi changes had no significant effect on 
the relative answers obtained in this study. 

Our calculations on the effect of load 
variations resulting from unpredictable 
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busine^ and weather conditions, althougl 

^ accordance 

mth Mr. Watchom’s statement that the 
effect of such considerations would indicate 
larpr size units to be more economical. 

As lUustrated in the paper, the economic 
pattern of generation expansion 
will decease as systems become larger and 
toe unit costs are on the flatter portion of 
the mvestment cost curve. 


In our study, the effect of the assumed 
variation in rates of load growth were of 
secondary importance. It is realized that 
with very slow rates of load growth 
size units would be indir^ted. 

The discussions have indicated that there 
IS general agreement that probability 
metoods are a useful tool in solution of 
problems of this t 3 T>e. The more wide¬ 
spread availabiUty of digital computers 


will make probability and general studies of 
this nature more feasible by reducing the 
tune required for calculations; 

“^e effects of interconnections on this 
problem have been mentioned by several of 
toe discusses. We agree that interconnec- 
lons are toportant considerations. Fur¬ 
ther analytical and economic investigations 
of mterconnection benefits are now in prog- 
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^HE FLATIRON Power and Pumping 
^ ■ Plant is one of a series of plants utiliz- 
mg the power drop in the transmountain 
water diversion of the Colorado-Big 
Thompson Project. The Project is a 
Bureau of Reclamation development 
winch diverts water from the Colorado 
River on the western slope of the Con¬ 
tinental Divide to the eastern slope to 
provide irrigation, hydroelectric power, 
and other multiple-purpose benefits. The 
power drop of the diverted water on the 
eastern slope is shown in Fig. 1. 

The power installation at Flatiron con¬ 
sists of two 35,000-kva, 514-tpm genera¬ 
tors dnven by Francis turbines, and a 2- 
speed combination motor-generator and 
pump-turbine unit. Water is delivered to 
the turbines of the 36,000-kva units under 
a net head of approximately 1,050 feet 
and is discharged into the Flatiron tail- 
race. The water used for generation must 
^so be used subsequently for irrigation. 
To release water for generation through¬ 
out the year independent of the seasonal 
irrigation requirements, two storage res¬ 
ervoirs have been provided to receive the 
water discharged at Flatiron. One of 
the^ is Horsetooth Reservoir down¬ 
stream from the Flatiron Plant. Water 
from Flatiron flows to Horsetooth through 
a f^der canal. The remaining storage is 
m Carter Lake Reservoir into which water 
from the Flatiron tailrace is pumped by 
toe pump-turbine unit. 

It was originally contemplated that the 
i^t would operate at the same speed in 
both directions of rotation and that 
opwation would change on a seasonal 
basis mth pumping during the winter 
months and generation, as a feature in- 
adental to water releases from Carter 
Lake, during the irrigation season. How- 
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ever, the 2-speed design was adopted 
when it became apparent that the turbine 
eflidency at the expected operating heads 
could be increased materially by chang¬ 
ing to 257-rpm operation when generating. 
The value of the additional peaking kilo¬ 
watts made available by the higher tur¬ 
bine efficiency was sufficient to make off- 
peak overpumping and peak load genera- 
tion a profitable type of daily operation. 

Description of Unit 


The motor generator and pump tur¬ 
bine are combined in a single unit which 
operates at 300 rpm when pumping and 
at 267 rpm in the reverse direction when 
pnerating, The motor name plate rat¬ 
ing when operating at 300 rpm is 13,000 
horsepower, 13,800 volts, and unity power 
factor. When operating in the reverse 
du-ection and generating, the unit is rated 
at 8,500-kva output, 13,800 volts and 
umty power factor. The unit is also 
capable of operating as a 10,700 horse¬ 
power motor at a speed of 267 rpm and as 
a 10,000-kva generator at a speed of 300 

rpm; however, operation at these speeds 

IS advantageous only under abnormal 
head conditions and switching for this 
type of operation has not been provided. 
Should it become necessary to operate at 
extrme heads for extended periods, con¬ 
nections may readily be changed to oper¬ 
ate as a motor at 257 rpm and as a gener¬ 
ator at 300 rpm. 

The motor-generator is conventional 
in that the sh^t is vertical with a thrust 
and upper guide bearing located above 
the rotor and a guide bearing below the 
rotor. The thrust bearing is equipped 
with a high-pressure oil system to provide 
an oil film between bearing surfaces be- 
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fore starting to reduce the sys tem dis¬ 
turbance caused by starting. A closed 
coolmg system has been provided which 
consists of two water-cooled surface air 
cooIcts inside a metd air housing. Auto¬ 
matic carbon dioxide fire-extinguishing 
equipment is included. 

The unusual feature of the motor-gen¬ 
erator is in the method of obtaining 2- 
speed operation. There are two electri- 
c^ly^ independent and complete stator 
windings, one of which is used for 300- 

rpm and oue for 257-rpm operation. Each 

stator winding has three main and three 
neutral leads brought out of the stator 
frame. The six neutral leads are con¬ 
nected to a common bus and are grounded 
through a distribution transformer. The 
• main leads are arranged so that either 
winding may be connected to the 13.8- 
ky power plant bus. Physically the rotor 
winding consists of 24 poles. The wind¬ 
ings on these poles are all coimected in 
series for 300-rpm operation. For 267- 
rpm operation the poles are switched so 
that through the creation of phantom 
poles the effect of a 28-pole rotor is pro¬ 
duced. Five collector rings are used to 
connect the field windings to external 
circuits for switching, and thence to the 
output of a direct-connected exciter 
through a main field circuit breaker. In 
addition to changing main field connec¬ 
tions and stator windings, the switching 
scheme for changing from motor to gen¬ 
erator operation also reverses the exciter 
field connections to permit the exciter to 
build up when reversing the direction of 
rotation. 

The pump turbine operates as a cen¬ 
trifugal pump in one direction and as a 
Francis turbine in the reverse direction. 
There are no wicket gates and no gov- 
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ernor for turbine operation. The use of 
wicket gates was considered detrimental 
to pump operation and not essential for 
turbine operation. Water flow through 
the umt is controlled by a butterfly valve 
in the penstock. The pump is rated at 
370 cubic feet per second and 240 feet 
head at 300 rpm and is designed for a 
total pumping head var 3 dng from 170 to 
300 feet. As a turbine the unit is designed 
to operate at net heads ranging from 140 
to 290 feet. The pumping head will nor¬ 
mally exceed 200 feet and the pump is de¬ 
signed to obtain the best operating char¬ 
acteristics for heads, over this value. 
When the ptunping head is less than 200 
feet the pump is operated with the butter¬ 
fly valve in the discharge line partially 
closed, in order to improve pump opera¬ 
tion and prevent possible overloading of 
the motor. Otherwise the butterfly valve 
is operated full open for both pump and 
turbine operation. 

Starting, Control, and Protection 

Each stator winding has its main leads 
connected to a 3-pole gang-operated 
switch mounted in a metal enclosure ad¬ 
jacent to the unit air housing. These 
switches connect to the power plant bus 
and are used as lead selectors for changing 
from motor to generator operation. They 
may be operated by local manual control 
or by remote electrical control from the 
main control board. The switches are in¬ 
terlocked to prevent both being closed at 
the same time. They are also inter¬ 
locked so that a switch cannot be operated 
unless the field circuit breaker is open and 
both circuit breakers connecting the unit 
to the 13.8-kv busses are open. To change 
speed the main field windings and the ex¬ 
citer shunt field connections are switched 
automatically along with the switching 
of armature windings^ 

The unit is desired for fuU-voltage 
starting as an induction motor in either 
direction of rotation with automatic field 
application equipment. In the pumping 
direction the unit is started with the 
butterfly valve closed. A water-depress¬ 
ing system has been included to provide 
for synchronous condmiser operation and 
unwatering for starting purposes. The 
system operates by admitting compressed 
air to the casing and depressing the water 
surface to a levd below the bottom of the 
impeller. Tlie depressed level is main- 
tainted until the unit has been started 
and is s 3 m.chronized or while it is operat¬ 
ing as a synchronous condenser. Nor¬ 
mally the pump casing is unwatered be¬ 
fore starting in order to minimize the 
system disturbance and to reduce the 


duty on the motor windings by shortening 
the starting time. However, the unit may 
be started with the pump casing watered 
whenever this is desirable. In the gener¬ 
ating direction of rotation the turbine may 
be started by using the butterfly valve to 
control admission of water to Ike casing. 
This valve is controlled from the Tna.in 
control board. When starting as a tur¬ 
bine using the butterfly valve, the gener¬ 
ator is brought to approximately 80 per 
cent of synchronous speed under control 
of the valve. Full voltage is then applied 
to the terminals with the field breaker 
open. The rotor accelerates to near syn¬ 
chronous speed by induction motor ac¬ 
tion and field is automatically applied. 
As an alternate to this the unit may be 
brought to S5mchronous speed under con¬ 
trol of the butterfly valve and syncliro- 
nized at normal voltage using the syn¬ 
chroscope. The speed is adjusted for 
S)aiclironizing by adjusting both the posi¬ 
tion of the butterfly valve and the open¬ 
ing in a by-pass around the butterfly 
valve. 

To provide adequate flexibility the 
bussing arrangement was designed so that 
the motor-generator could be connected 
through circuit breakers to either or both 
of the 35,000-kva generators or to the 
outside system, as shown in Fig. 2. This 
switching arrangement also permits using 
all the available generating capacity for 
starting and reduces system voltage dips 
to a minimum. 

The two 36,000-kva generators at Flat¬ 
iron are equipped with automatic voltage 
regulators. However, because of the 
relatively small capacity of the motor-gen¬ 
erator, the voltage regulator was omitted 
from this unit. Machine voltage and re¬ 
active flow are controlled manually by a 
motor-operated field rheostat. Voltage 
relays furnish protection against overvolt¬ 
ages resulting from loss of load and over¬ 
speed. One overvoltage relay is connected 
across the exciter output and operates a 
field-reducing contactor which inserts re¬ 
sistance in the exciter fidd circuit in the 
event of exciter overvoltage. This is sup¬ 
plemented by a relay energized by machine 
terminal voltage. Operation of this relay 
trips the generator field circuit breaker. 
Anoverspeed switch automaticallymitiates 
closure of the butterfly valve if excessive 
overspeeds occur from eitho- loss of power 
or loss of load. Upon loss of power while 
pumping, the unit will rapidly decelerate 
to zero speed and will reverse and run 
away in the opposite direction. The 
overspeed switdi will then operate to 
dose the butterfly valve. However 
under this condition no overvolinge 
problem exists. The voltage will decay 


to nearly zero with reducing speed but 
will not build up with speed in the reverse 
direction because of exdter residual. 
Field failure, incomplete sequence, and 
out-of-step relay protection are provided. 
Operation of any of these rdays trips the 
13.8-kv circuit breakers. Differential re¬ 
lays are connected to operate for faults 
within either stator winding. A sensitive 
overcurrent relay furnishes protection for 
faults between the motor and generator 
stator windings. 

Plan of Operation 

During abnormal water years the 
combination unit may be operated for 
extended periods as either a pump or 
a generator. When the water supply is 
normal and the water surface elevation of 
Carter Lake is within its normal operating 
range, the unit will be operated to suit 
system power requirements for obtain¬ 
ing maximum benefit. The operation 
may diange once or twice daily from 
pumping to generation. During off-peak 
periods pumping into Carter Lake will be 
in excess of irrigation storage require¬ 
ments. The excess water will then be re¬ 
leased for generation during daily peaks. 
The value of peaking capacity compared 
to the off-pealc value of power will more 
than offset the pumping and generating 
losses. 

Performance Tests 

A model of the pump turbine was built 
at the factory and was tested for effi¬ 
ciency, capacity, and general performance. 
Tests were made of turbine operation at 
300 and 257 rpm and pump operation at 
300 rpm. The motor generator was com¬ 
pletely assembled and partially tested at 
the factory. These tests included meas¬ 
urements for determining the speed- 
torque diaracteristic of the motor, and 
the various saturation ciuves and ef¬ 
ficiency both as a motor and as a genera¬ 
tor. Heat run and overspeed tests for 
both motor and generator operation were 
performed in the field after completion of 
installation. Pump and turbine efficien¬ 
cies were determined in the field using the 
salt velocity method. 

On the basis of preliminary calculations 
of test results the unit has an over-all 
efficiency when delivering rated output as 
a pump oS approximately 87 per cent 
compared with a warranted value of 84 
per cent. As a turbine-driven generator 
the preliminary test results show an over¬ 
all efficiency of 85 per cent compared with 
a warranted value of 75 per cent at rated 
generator output. Results of the pump- 
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tobme efficiency tests conducted in the 
fidd agreed quite dosdy with the results 

the test 

results operational perfonnance of 
the unit have been gratifying. 


Discussion 

L R. Sellers (Tennessee VaUey Authoritv 
^oxvdle. T^.): m this brief ^ 
d the umque features of the Flatiron Pl^t 
tte omission of wicket gates, gover^r 
volfo^ fe^ator, and the sdection of full- 
wltage induction start are important from 
tt^*aadp<*.t and should also simplify 

to^d^^°!i?® *^. “®otor generator" 
to Uescnbe this unit is usually used tn 

dwignate a ^erator shaft driven by a 

Hiwassee lait 

a generator-motor smce generation was its 
most important function. Pe^^ t£ 
eiS^***? “motor/generator" or^"gen- 
^tor/motor" should be used to des<Sbe 
a ^gle dual-purpose machine. 

poteX” 

1. Relative cost of the S-soeed 
^«tor as compsKd to a siurla-spaed 

2. For remott^jontrollod, unattended 


station, does the experience at Flatiron 
indicate that automatic speed-matching 
confrol of a pMstock butterfly valve might 

3. What ^ the approximate inrush 
leva ^d voltage drop for full-voltave 
to^Si!!‘" standstill as compaxS 

hftf? synchronous speed 

J “ operation, and 

for 36.000-kva umts not in operation? 


^cription of sudi a unit. In reply to 
Mr. Seller’s questions: r w 


Authority 

Hi^see No. 2 pump-turbine unit whiS 

start at 0.50 per unit volts was sdected 
reduce transmission line drop 
when startmg the 102,000-horsei)ower 

motor. With this voltage aS^^stS 

kva mil be less than 32,000. and the Ll- 
cidated ac^lerating time Is abou? Ts 

evacuated 

This ^^®^’*^®aring pressurized. 

Tlus start voltage was obtained by a mid 

tap M the main tmnafiiVdX 
windmgs. The start voltage will ip^gd thf^ 

frSlitIte X f ° degrees, which will 

S. M. Denton and H. O. Britt: We avree 
regarding the terminology used in ^ 
descnption of the dual-purpose electriSj 
S3mclmouous machine forming a part of the 
complete unit described. The term 
generator/motor’’ appears to be the best 


tioi J\u that 2-speed opera¬ 

tion of the unit mcreased its cost to 46 
P« cent over ttat of a sin*i„^ t 
. '->ur expenence indicates that of the 

tZ senerSS ope^! 

section on starting, 
^e firet IS the most desirable in that fewfr 

®“*'sta>^tiaUy less time is 
operator. Use of the 

® time-consuming opera¬ 
tion compared to synchronizing with 

Unit 

3 has a 6-mch by-pass valve. The butter- 
fly valve for this unit is 76 inches in dSS- 

uT tS® f ^ould speed 

synchronizmg operation. For 

of S operation the size and control 
^e by-pass would be quite important 
St head Stider wlScTS^ 

umt mil operate would present difficult 
problems m the adjustment of automatic 
gmchromzmg equipment for a unit of this 
SI* expect less difficulty with 

SiS^^ “ductiou motor start from stand¬ 
still mth automatic field application or a 
tobme start with full volSe ap^ied a? 
some reduced speed with automatic fiefd 

t^ S 

n^i,i automatic speed- 

matchmg. makmg use of the valves. ^ 

a. Iirformation on inrush and voltaae 
^op imder the conditions outlined In M? 
Sellers' discussion is not available. 


Maximum Short Circuit and Faulty 
Synchroniiins Torques on Generator 
roundations 


VERNON W. RUSKIN 
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P WERHOUSE designers must pro- 
vide g^erator foundations of suffi- 
ctent ngidity to withstand any forces that 
oc^ as a result of short circuits or 
faffity (out-of-step) synchronizing. In 
es^ating the forces on the foundations, 
It IS usually assumed that all the air-gao 
torque IS transferred to the sole plates 
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This as^ption neglects the inertia and 
^astic deformation of the frame, and in- 

tion 

tion of the maximum foundation reac¬ 
tions thus reduces to the calculation of the 

highest air-gap torques. 

established 

equations for the air-gap torques under 
vanous conditions of short circuit and 

vritht which checked 

^thm 10 per cent (%) of actual torque 
measurements on a 12,500-kva turboalter- 
Bot u 1 Kirschbaum* 

Whitehead® 

modified the torque equations for double- 
Wto-^ound faults, and gave equations 
for ffiultysynt^onizing. Unfortunately, 
aU these equations are very involved and 
require a series of elaborate calculations 
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for each paiticular case. A number of 
sunple empirical expressions for the 
torques are therefore used by some de¬ 
signers, but their accuracy is doubtful. 

TMs paper develops a new and simple 
method of calculating maximum air-gap 
torques, which can be employed to pro¬ 
vide a practical basis for foundation de¬ 
sign. 

Direction and Nature of the Forces 

The air-gap torques due to short cir¬ 
cuits and out-of-step synchronizing are of 
a damped oscillatory nature'-^ and are 
transferred through the frame to the 
sole plates. The reactions on the sole 
plates therefore oscillate many times per 
second in the directions shown in Fig. 1, 
and constitute severe reversing live loads 
on the concrete. 

Depending on the instant of application 
and the type of short circuit or faulty 


horbonim. 

COIBUTOft 


• WCTERMIHEEI. 

cenbutor- 


Flg. 1 • Direction of forces 
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Table I. Equations to Deternnine Maximum 
Torques 


Type of Fault or 
Synchronizing 

Simplified Equations, in 
Per-Unit Torque 


3V5 



‘ 2 

Xd^+Xi 

Line-to-neutral fault. 

3V3 

E* 

■ 2 

Xd'^+Xt+Xt 

Three-phase fault.... 

E» 

'Xd” 


Double line-to- 

V5 

E* Xt+ZX» 

neutral fault. 

. 2 


Three-phase 

3V5 

£* 

synchronizing. 

. 2 

Xd^+Xt 

Single-phase 
synchronizing. 

o/, , V5\ E* 

. \ 2/ Xd''+Xi+2X» 


S 3 nic]iromzmg, the generator armature 
current will contain different values of 
positive-, negative-, and zero-sequence 
components, as well as a d-c transient 
component decaying with the armature 
time constant. The consequent armature 
reaction is counterbalanced by an im¬ 
mediate rise in the rotor currents, since 
the flux Unldng the rotor cannot change 
instantly. The additional rotor currents 
will decay with the rotor short-circuit 
time constant. The interaction between 
the deca 3 ring rotor and stator magnetic 
fields and currents produces the damped 
oscillatory air-gap torque. 

Simplifying Assumptions 

To simplify the calculation of the air- 
gap torque, the following factors were 
neglected by previous authors^"* and will 
also be neglected in this papCT: 

1. Armature resistance. 

2. External impedance. 

3. Saturation and hysteresis. 

4. Harmonics due to saliency, nondis- 
tributed windings, slots, etc. 

5. Decay of internal machine voltage. 

6. Exciter response. 

7. Gradual reduction in angular displace¬ 
ment between system and machine during 
faulty s 3 mchronizing. 

The alternating currents flowing in the 
machine circuits cause ohmic losses, 
which appear as unidirectional loss tor¬ 
que. This contributes about 10% to the 
total maximum air-gap torque. On the 
other hand, the decay of the armature 
and rotor currents, represented by dec¬ 
rement factors, will reduce the total 
maximum air-gap torque by roughly 10% 
over the first half-cyde after the instant 
of short circuit or faulty synchronizing. 
The author therefore made the following 
additional Assumption: 
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8. Over the first half-cyde, the current 
decrements are counterbalanced by the 
effect of the unidirectional loss torque, and 
both these factom can thus be ignored. 

It will be shown later that this addi¬ 
tional assumption does not impair the 
accuracy of the results for practical engi¬ 
neering purposes. 

Effect of Saliency 

Strictly speaking, the neglect of saliency 
in accordance with assumption 4 is com¬ 
pletely justified only in the case of a turbo- 
alternator. For a water-whed generator, 
the theoretical effect of saliency can later 
be approximated as explained in Appendix 
I for the important case of a line to line 
short circuit. 

Effect of Load 

As a further simplification, the short 
circuit or faulty S3rachronizing will be as¬ 
sumed to occur under no-load conditions. 
The effect of a fault under load conditions 
can later be approximated by increasing 
the effective generated voltage by an 
amount equal to the voltage drop due to 
the leakage reactance. Further, the ex¬ 
ternal load remaining on the generator 
after the fault will also produce a corre¬ 
sponding torque, which can be taken into 
account by adding it to the air-gap torque 
under no-load conditions. 

Simplified Calculation of Maximum 
Air-Gap Torques 

In general, maximum torque will occm 
if the short circuit or faulty synchroniz¬ 
ing occurs at the instant when the effect 
of the various d-c transient currents pro¬ 
duced is a maximum. The interaction 
between the d-c transient armatiu'e field 
with the rotor fidd then produces the high¬ 
est fundamental frequency torque. 

Basically, the method adopted by the 
author to compute the maximtun air-gap 
torque is as follows: 

1. The symmetrical components of the 
currents and voltages at the instant of short 
circuit or out-of-step synchronizing are 
sketched, and the value of the d-c transient 
armature currents are obtained by inspec-' 
tion. 

2. The symmetrical components of the 
currents and voltages are also sketched for 
the instant when the sum of the voltage 
times current products in all phases is 
maximum. This instant corresponds to 
the instant of maximum instantaneous 
power, and therefore mayiTniiTn air-gap 
torque. It can be found by inspection and 
trial. 

3. From these sketches, the value of all 
currents and voltages at the instant of 
m a ximiim air-gap torque are quickly 


obtained, and the value of the maximum air- 
gap torque can be computed easily. 

The practical application of this method 
is illustrated in Appendixes II, III, and 
IV. 

The author analyzed various possible 
short-circuit and faulty S3mchronizing 
conditions and obtained a number of 
simple equations for the maximum air- 
gap torques shown in Table I. It should 
be noted that the equations are given in 
terms of per-unit torque, which is the 
torque corresponding to the rated kva at 
unity power factor and rated voltage and 
speed of the genorator. 

Comparison with Measurements 
and Earlier Equations 

To test the simplified equations de¬ 
veloped in this paper, they were applied 
to two actual examples of turboaltema- 
tors, and two water-wheel generators. 
Table II shows that in each case the 
torque calculated by the simplified equa¬ 
tions was dose to, and usually slightly less 
than, the value obtained from the earlier 
daborate equations presented by Flirsch- 
baum,* Whitney and Ciiner,^ and Batch- 
dor, Williams, and "Whitehead.* 

One typical empirical equation for the 
Kne-to-line short-circuit torque is a fimc- 
tion of voltage squared and of the redp- 
rocal of the subtransient direct-axis re¬ 
actance. Appl 3 ring this empirical equa¬ 
tion to a generator with constants as given 
in Table II, section C, the line-to-line 
fault torque works out to 9.5 per tmit. 
This is approximately 13% higher than 
the value given by the earlier daborate 
equation, and 11% higher than that given 
by the new simplified equation. 

Table II, section B, compares the re¬ 
sults with actual torque measurements by 
Whitney and Criner, as read from oscillo¬ 
graph traces in their paper.* Both the 
earlier daborate equation and the simpli¬ 
fied equation show better than 10% ac¬ 
curacy for a line-to-line fault. In the 
case of a 3-phase fault, the simplified 
equation does not agree with the measured 
torque as dosdy as the earlier equation. 
On the other Imnd, the simplified equa¬ 
tion appears to be more accurate for a 
line-to-neutral fault. 

Table II, section A, compares the re¬ 
sults with values computed by a transient 
analyzer, as obtained from a paper by 
McCann, Warren and Criner.* The sim¬ 
plified equations appear to be at least as 
accurate as the earlier daborate equations 
in this case. On the basis of these com¬ 
parisons it was concluded that the sim¬ 
plified equations are suffidently accurate 
for engineering purposes. 
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Type of Machine 


Type of Fault or 
Synchroniziiig 


^ Earlier 

Simplified Equationat-i 

^nations «S,7,12) 

^r-Umt Per-Unit 

Terqoe Torque Remarks 


A. 


ij 

•1" 

■*-. ij 

Ij 

!'J 


Turboaltemator 
•ytf'-O.OP?... 
Ad'=s0.152, 
■Xd*1.17 
•X’i«0.096.. 
■X*-0.0177 
TVt*''at 0.065. 
r<fo'«6.65 
El-0.048 
E» =>0.025 
Ea =>0.00105 


.Kne-to-Iine. 

• three-phase. 


.liue-to-neutral..... 

.double line-to-neutral. 


•13.5 .. 
•10.3 ... 

•12.3 ... 

-10.3 ... 


• 14 . 0 ... 

•11.4.... 

•13.7.... 

.11.5 


From transient 
analyzer* 

. 13.8 

•-- 10 8 

. 12.4 


B. 


■"il 


Turboalternator 

•Ed'*=0.1l8. 

•Ed =>1.20 . 

•Ei*0.087 

•E»=» 0.01 

2'd"-0.040 

2"d'-0.48.... 

Td#-4.88 . 

Ta-O.lOs 
E/- 0.0064 
E**»0.036 


.Hne-to-lioe. 

• fbree-phaae. 

.liae-to-neutral with 
0.0233 per-unit neu¬ 
tral reactor.. 

...15.0 . 
•••11.5 ... 

•10.3 ... 

.16.8... 

Measured value 
from oscillo¬ 
scope trace! 

■ l*“«-to-neutral with 




0.0097 per-unit neu- 




tral reactor.. 

•12.1 .... 

....13.0 



ill 

•If 

generator 

. 

••• 8.8*..., 


;|J 

•Ed = 1.15... 


•• • .0.6 .... 

--6,7 

■ir' 

•Ea=0.21S . 

•Eo«0.191.. 

• Hne-to-neutral.. 

•• S-3 .... 

.... 5.5 

fl 

ii 

■!i 

'i 

It 

if 

i 

Td'=0.05 

Td'-9.6 

Et =0.008 

Es-0.02.. . 

.double line-to•neutral. 

•• 7.1 .... 

.... 7,2 

Eo =0.002 . 

E= 1,09 per unit. 

.faulty 3-phase syn- 
chronlzinff.... 

• faulty single-phase 
synchronizing. 

faulty single-phase 
sjrnchroniziag.. 

.. 9.8_ 


j 

f 

•E*-0.085 . 

OTO-kva. 460-rpm. 

. 9.9. 

...10.0 


0.86 power factor, 13.8 kv. 6o' ‘ 
cycles 

8 7 

... 8.7 


iEd'-0,189 




'0.229 

-0.115 


♦includes X factor from Fig. 2 . 

Nomenclature 


subtransient reactance 
Jc -<^ect-ai^ trwsient reactance 
rf »^^t-axis synchronous reactance 
■p “®«3-tive-sequence reactance 
pO “zero-sequence reactance 
i=»positive-sequence resistance 
^ 8 »aegative-sequence resistance 
p »d-c resistance of stator 

ajds subtnmdent 

S- ^ generated voltaee 

^»»^«actance of connected systeiS ^ 

tlirouR^lt^®^®*f® phase 
wougn the thisee pol^ of a breaker 
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Faulty single-phase synchronizing-ma- 

pn^e, and only two poles of the q 
POl« circuit breaks Ji 2- 

* T^ues**”** Shi^-Circuit 

abtjfi? providing simple expres- 
diSm^ *!>« maxnnum torque, the^. 

generabzations regarding the type 
of Wt that produces the highit tpr^S 
for a given generator. ^ 

iu Tahlrf^ **“ "P‘»tious 

in Table I, suggests the following: 

\r 1 ^•^<**^+•^ 2 ) is less than (Xt'-f-jC.-i. 

tae-to-neutral short- 

2. Taking Xt^l/2(XA‘'-A-y •'i - 
^tely. it can be shown thltlhe iin^t^r' 
short-(Mcuit torque will exceed the 3-phase 
short-circuit torque, provided thS tfe^^o 


» acj» uaan z.:£. The .3-nhac 

Will exceed the Ike-to 
line sh(^-cu-cuit torque if X,"/Xa^ i 

ThisratioisiiSL2‘ 

wW? *“*’*’oaltemators and for most watt^ 
wheel generator. The line-to-line sh^. 

the a^n?^**** therefore normally exceed 
the 3-phase short-circuit torque. 

to ^ ®^°wn that the line- 

to-lme short-circuit torque will exce^ fbl 
double line-to-neutml sbort^JSt Sra^! 

S' touWe T-"” ““ 3, 

greater t£„" 3 ‘: 
maZf 1 ' ^ than 3 for com- 

me^ generators, so that the line-to-line 

will normally exceed 
double lincto-ncutml sh^S? 

As a rrfe, the line-to-line short-drenit 

to^e wm thus exceed an other types 
short-cucuit torques. 

Relative Values of Faulty 
Synchronizmg Torques 

Faulty 8-phase synchronizing occurs 
wh« the machine is connected tH^ 
^ out of phase through a 3-pole dr! 

breaker. Faulty 1-phase syndnpniz- 
mg o^ „he„ the machine is connected 
to the ^stem out of phase, and only two 
p^of the 3-pole dreuit breaker are 

1. For turboalteamators, takine T.-V' 
SSTsfa'^; ^ s^s tbit tte 

aulty synchronizing torque by about^ 8 %^ 

taking 

single-phase ^ that the 

exceed^the 3 n 

mor^ZTs^ce torque by 

'vu • . ° ®^ace Ag is greater than V-.*' 

TOe smgle-pbase torque ^SuS^f's' 
P^ torque, when themtio k 

mtt the external system 

the^ *'“”**"■*■«Vifs'-l.es'witt 

external system reactance X 

the r^o 1 ?^/y . “<* 

2 0 g f / tf usually does not exceed 


- — u«c rauo mon misconce 

armt utKf 5ym:4ro»«»«g p« a*. 


As a rule, the single-phase faulty syn 
ctoomaag torque for salient pole gen^ 

roughly equals the 3-phas< 
faulty synchronizing torque. 

It can befound by trial frmn the phasoi 
dmg.^ that the angle of phase differ- 
^_betw^ the machine and the system 
wto produces the highest faulty syn- 
pI. torque is approximatdy 120 

"Oted that 

a phase Merence of 180 electrical de- 
^^Koduces^ about 23% less peak 
que than a phase difference of 120 elec- 
tnoal degrees, eoutrary to a fairly com- 
mon misconception. • 
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Time to Attain Peak Torque 

The time taken from the instant of 
fault until the peak torque is reached can 
be obtained from the phasor diagrams used 
to derive the simplified equations. It is 
necessary only to find the displacement of 
the phasors at the instant of fault, and at 
the instant when the sum of the voltage 
times current products are a maximum. 

Short-Circuit Torques 

For a 3-phase short circuit, the peak 
torque is reached at an instant corre¬ 
sponding to a displacement of 90 electrical 
degrees after the instant of short circuit, 
equivalent to 0.004 second at 60 cycles. 
For all other short circuits the peak 
torque will occur at an instant correspond¬ 
ing to a displacement of approximately 120 
electrical degrees after the instant of short 
circuit, equivalent to 0.0055 second. 

Synchronizing Torques 

For 3-phase faulty synchronizing, the 
pealc torque is reached at an instant cor¬ 
responding to a displacement of approxi¬ 
mately 120 electrical degrees after the in¬ 
stant of synchronizing, equivalent to 
0.0055 second at 60 cycles. For single¬ 
phase faulty synchronizing the peak 
torque occurs at an instant corresponding 
to a displacement of approximately 150 
electrical degrees after the instant of syn¬ 
chronizing, equivalent to 0.007 second at 
GO cycles. 

Relative Severity of Short-Circuit 
Faults and Out-of-Step 
Synchronizmg 

The question often arises whether out- 
of-step synchronizing will produce higher 
torques than will short-circuit faults. 

Three-Fault Faulty Synchronizing 

A line-to-line short circuit usually pro¬ 
duces the highest short-circuit torque. 
From Table I it can be seen that the 3- 
phase faulty S3mchronizing torque will 
%ixceed the line-to-Kne short-circuit 
torque, provided the coimecLed system re¬ 
actance Xi is smaller than the generator 
negative-sequence reactance ^5^2. 

The connected system reactance Xg is 
the combined parallel reactance of all 
other generators on the same bus, and of 
the transmission circuits. In the case of 
unit-connected generators, X^ is the re¬ 
actance of the unit transformer plus the 
combined parallel reactance of all other 
generator-transformer units, and of the 
transmission circuits. 

In stations with generators on a com¬ 
mon bus, and in most large unit-con¬ 


nected hydro stations, the connected sys¬ 
tem reactance Xg is smaller than the gen¬ 
erator negative-sequence reactance X^. 
Three-phase faulty S)mchronizmg will 
then produce more severe torques than 
any short-circuit conditions. 

However, in some unit-connected steam 
stations, having relatively high-voltage 
and high-reactance unit transformers, 
the system reactance Xg is greater than 
the generator negative-sequence reac¬ 
tance Xi. A line-to-line short circuit will 
then produce higher torques than 3-phase 
faulty S)mchroni2ing. 

Single-Phase Faulty Synchronizing 

For turboaltemators, the single-phase 
faulty synchronizing torque exceeds the 
3-phase synchronizing torque by 8%. For 
salient pole machines the two torques are 
roughly equal. Since the 3-phase faulty 
s)mchronizing torque is often higher 
than any short-circuit torque, the single¬ 
phase faulty synchronizing torque will fre¬ 
quently exceed any short-circuit torque. 

Out-of-step synchronizing is thus fre¬ 
quently more dangerous than short-cir¬ 
cuit faults. It may be noted that out-of- 
step S3mchroni2ing is also mudi more 
likely to occur in operation than short 
circuits at the generator terminals. The 
danger of out-of-step synchronizing may 
be positively prevented by means of lock¬ 
out synchronizing relays, and in this case 
the foundations need only be designed to 
withstand the line-to-line short-circuit 
torque. 

Summary 

Summarizing the foregoing analysis, 
generator foundations can be designed on 
the following practical basis: 

1. The reactions on the foundations oscil¬ 
late in the directions shown in Fig. .1, and 
constitute severe reversing live loads on the 
concrete. 

2. The assumption that all the generator 
air-gap torque is transferred to the sole 
plates introduces a factor of safety. 

3. The magnitude of the maximum air-gap 
torque can be estimated rapidly by means 


of the simplified equations which are given 
in Table I. 

4. A line-to-line short circuit usually pro¬ 
duces the highest short-cirduit torque. 

5. The single-phase faulty synchronizing 
torque very roughly equals the 3-phase 
faulty synchronizing torque. The highest 
faulty synchronizing torque will occur when 
the machine is connected approximately 120 
electrical degrees out of phase with the sys¬ 
tem. Out-of-step synchronizing is fre¬ 
quently more dangerous than any short 
circuit. 

6. The peak air-gap torque is attained in 
approximately 0.004 to 0.007 second after 
the instant of short circuit or faulty syn¬ 
chronizing. 


Appendix I. Effect of Saliency 

The simplified equations include the 
effect of that part of the second harmonic 
torque, which is caused by the interaction 
of the rotating field due to the negative- 
sequence armature currents with the funda¬ 
mental component of the rotor field. They 
do not include that part of the second har¬ 
monic torque which is due to saliency alone. 

This is perfectly in order for turboalter¬ 
nators which have negligible saliency. 
However, for water-wheel generators, the 
effect of saliency can theoretically be 
approximated by multiplying the simplified 
equations in Table I, by a JST factor, depend¬ 
ing on the degree of saliency. In Fig. 2 the 
value of the K factor has been plotted for 
the important case of a line-to-line short 
circuit, for values of /Xa'' up to 1.6. 
This should cover most practical cases as 
this ratio is usually below 1.6 for large 
salient pole generators. 

The value of the K factor was found by 
determining the effect of increasing the 
second harmonic torque by the ratio ^Xq"— 
Xi”l2{Xq -{-X^, as derived by Ni<^le, 
Pierce, and Henderson.® 


Appendix II. Line-to-Line 
Short-Circuit Torque 


Fig. 3 shows the phasor diagrams at the 
instant of short circuit and at maximum 
torque. Taking scalar magnitudes of the 
phasors, the maximum values are 

E^ = V^E ( 1 ) 




Em 

Xi”-^Xi 


( 2 ) 


Fig. 2. Theoretical 
effect of saliency on 
line-to-line short cir¬ 
cuit torque ; 



RAID X.‘/Xd" 


• TURBOALTERNATORS 

♦♦practical machines usually have ratios below 1*6 
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Fig. 3. Line>to> 
line short circuit 


The angle between A and /, is 60 degrees 

tude'S^h^"® PhasQrially. the mSni- 
tude of phase current is 

It. ass T — 

(3) 

At the instant of short circuit, the d-c 
components cancel the alternating compo- 

d-c of th« 

( 4 ) 

-f* (S) 

occurs 120 degrees later 
when altematmg components have Instan¬ 
taneous values rascan- 

. h 

<«—and («) 

j*and«.— 

Hence total currents 

. Zh 

=—r 

2 ( 8 ) 


per-unit power is equal to the per- 

( 20 ) 

which reduces to 

2 ( 11 ) 

Ime-to-neutral. and 3- 
phase short circuits can be similarly de- 


-Efs 

1 - 


r 

Xi+X, 

of maximum negative sequence current 

r_r ^0 

* (13) 

and of maximum zero sequence current 

Isssr 

“ X 2 +X 0 (14) 

At the instant of short circuit, the d-c 
components cancel the alternating com¬ 
ponents, hence mstantaneous value of the 
d-c component 


Appendix III. Double Line-«o- 
Neutral Fault 

double Ime-to-neutral fault. The scalar 
^g^tudes of maximum positive sequet^ 


*»=+yi(i’»i+/ 6 s) 


190 peak torque occurs approximately 

instantaneous 

values of alternating components 




Tfio) and eb^Em 


1^1 Ibt 



u>t-l 20 ® 



Fig. 4. Double-line-to-neiitral short circuit 
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Fis. 5. Three-phase 
faulty synchronizing 


O 


U)t* 120® 


Ea-Es 




:(/ci+7co)and.c«-f2 

' A 


Hence, total currents 


»»-'^|(76i+276a-74a) 

ie— “■■^^27ci+7cj+7(n>) 


Per unit power and per unit torque is there¬ 
fore 

^“^*a«o+»6fij+*cCc) (21) 


I this reduces to 

Jg / Ar.+3Ar. \ 

Xty. \x,+3rj ^ * 


And this reduces to 


-1 

XtX, ’ 


Appendix IV. Three-Phase 
Faulty Synchronizing Torque 

Fig. 5 shows the phasor diagrams for 3- 
phase faulty synchronizing, when the ma¬ 
chine is 120 electrical degrees out of phase 
with the system. The scalar magnitude of 
maximum phase currents 


Ta—Ib —le — 


V^Em 


At the instant of S 3 nichronizing, the d-c 
components cancel the alternating com¬ 
ponents, and their instantaneous values are 

ia *“ "“7o (25) 


**"2 


y-i 2 o°j 

rr^ 
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The maximum torque occurs 120 degrees 
later, when the alternating components have 
instantaneous values 


»a=:--and ea^^-Em 

Em. 

ib—Ia and «6=“r- 
. Ta . Em 

and 

Hence total current 




Per-unit power and per-unit torque is there¬ 
fore 

r=^Ca4+fie4+«e*e) (34) 

o 

which reduces to 

g^.,. , ■ (35, 

The torque due to faulty single-phase syn¬ 
chronizing can be similarly derived. 


1. Dbtbrminatiok op Short-Circuit Torqubs 
IM Turbinb Gbnbrators by Test, E. C. Whitney, 
H. E. Criner. AIEE Transactions, vol. 59, 1940, 
pp. 886-89. 

2. Transient Elbctricai. Torqubs op Turbinb 


SYSTEM 


Gbnbrators During Short Circuits and 
Syncrronizino, H. S. Elrschbaum. Ihid. {Elec¬ 
trical Engineering), vol. 64, Peb. 1945, pp, 65-70. 

8. Transibnt Shapt Torqubs in Turbinb 
Gbnbrators Producbd by Transmission-Linb 
Rbclosino, J. W. Batchelor, D. L. Whitehead, 
J. S. WUUams. Ibid., vol. 67, pt. I, 1948, pp. 169- 
65. 

4. Dbtbrmination op Transient Shapt 
Torqubs in Turbinb Gbnbrators by Mbans op 
thb Blbctrical-Mbchanicai. Analogy, G. D. 
McCann, C. E. Warren, H. E. Criner. Ibid. 
{Electrical Engineering), vol. 64, Feb. 1946, pp. 61- 
55. 

5. Sinolb-Ph:asb Short-Circuit Torqub op a 
Synchronous Machine, C. A. Nlclde, C. A. Pierce, 
M. L. Henderson. Ibid., vol. 51, no. 4, Dec. 1982, 
pp. 966-78. 

6. Synchronous Machinbs— III, Torqub- 
Anolb Charactbristics Under Transient Con¬ 
ditions, R. E. Doherty, C. A. Nickle. Ibid., voL 
46, Feb. 1927, pp. 1-18. 

7. An Instruhbnt por Mbasuring Short- 
Circuit Torqub, G. W. Penney. Ibid., May 1927, 
pp. 683-91. 

8. Transient Torqubs in Synchronous 
Machinbs, M. Stone, L. A. XCilgore. Ibid., vol. 52, 
nos. 3, 4, Dec. 1933, pp. 946-53. 

9. Two-Rbaction Thbory op Synchronous 
Machines —II, R. H. Park. Ibid., no. 2, June 1938, 
pp. 362-65. 

10. Thrbb-Phasb Short Circuit Synchronous 
Machinbs —V, R. E. Doherty, C. A. Nickle. Ibid., 
vol. 49, no. 2, Apr. 1930, pp. 700-14. 

11. Short-Circuit Torqub in Synchronous 
Machinbs without Dahpbr Windings, G. W. 
Penney. Ibid., vol. 48, no. 4, Oct. 1929, pp. 1230- 
41. 

12. Stress Analysis in Electrical Rotating 
Machinery, M. Stone. Transactions, American So¬ 
ciety of Mechanical Engineers, New York, N. Y., 
vol. 60, Aug. 1928, pp. 57-79. 

13. Doublb-Linb-To-Nbutral Short Circuit 
op an Alternator, James B. Smith, Cornelius N. 
Weygandt. AIEE Transactions {Electrical Engi¬ 
neering), vol. 66, Sept. 1937, pp. 1149-65. 

14. Synchronous Machinbs, Theory and Pbr- 
PORMANCB (book), Cluurles Concordia. John Wiley 
& Sons, Inc., New York, N. Y., 1961. 


Discussion 


P. L. Dandeno and K. R. Knights (The 
Hydro-Electric Power Commission of On¬ 
tario, Toronto, Ontario, Canada): Prior 
papers have provided complicated equations 
for calculating maximum torques due to 
various short-circuit and faulty synchro¬ 


nizing conditions. Their complication has 
no doubt contributed to the use of certain 
rules of thumb now in existence, the general 
applicability of which are questionable. 
The author’s one additional assumption 
simplifies these equations and indicates the 
relative magnitude of various fault torques. 

It is rather remarkable, at first glance, to 
find that the author’s method of analysis 


gives rise to results which agree reasonably 
' well with the maximum torques resulting 
from the more rigid equations presented 
previously. The assumption referred to 
in the previous paragraph is apparently 
borne out in a general way by the results. 
The author also states that he neglects 
harmonics due to saliency. How does he 
effectively account for the second harmonic 
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® salient pole 

machines? This second harmonic cL- 
ponent of torque, especially under line-to- 
Conditions, can constitute an 
appreaable percentage of the total torque. 
This is pointed out by Concordia (see 
paper, p. 140). 

tnrp L-^ standard nomencla- 

tion between the so-called d-c currents and 
fundamental frequency currents 
and their symmetrical components. 

the paper might have mentioned the 
maximum radial sole plate forces due to 
Jort-circuitmg of one-half of the field poles 
Our water-wheel generator foundations are 
always designed to meet the forces resulting 
rrom this eventuality. * 


Mr Ruskins paper should stimulate a 
^eat deal of interest in the subject of gener- 
It appears to be 
“ providing the 
utihties with a practical method of evalu- 

turers and in drawing attention to the 
magnitude of forces which may be de- 

The Simplified equa¬ 
tions include the effect of that part of the 
^cond harmomc torque, which is caused by 
the interaction of the rotating field due to 

armature currents 
with the fundamental component of the 


sunplified equations do noi 
include that part of the second harmonic 
torque due to saliency, which is the reluc- 

trapped armature 
flux in a salient pole machine.® For a line 

inn the torque 

can be taken care of by the X factor V 
veloped in Appendix I. 

As to forces due to short circuit of one- 
half of the field poles, this event requires 
two simultaneous grounds in the rotor cir- 
ctut. so that one-half of the rotor periphery 
^ead while the remainder is stUl energiaS^ 
While such an occurrence is very uncom¬ 
mon there have been isolated cases “f 
trouble from this cause. The discussere 
msely deagn generator found^itions to take 
care of this eventuality. 
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energization and de-energization 
■ of capacitive kilovolt-amperes (kva) 
impose special switching conditions on 
switc^ng devices. For example, these 
switching devices might be circuit break¬ 
ers, disconnect switches, or load break 
switch^ which are primarily intended 
for resistive or inductive current inter¬ 
ruption. Switching tests must be per¬ 
formed to determine the switching device 
ratmg for switching capacitive kva. As 
discussed in a compam'on paper, i depen¬ 
dent upon the predominant system com¬ 
ponent involved such as a capacitor bank 

cable, or overhead hne, the imposed con- 
dibons can be different and thereby result 
in different capacitive kva capabilities for 
ae switching device. For conciseness, 
the various switching devices will be 
refmd to hereafter simply as devices. 

switchgear, particu- 
larly at the higher voltages, laboratory 
f^ties are usually such that only one 
p^e of a device is tested to determine its 
ability to interrupt capacitive currents.^ 
Consequently, it is required that the 

by the AIEE Swltch- 
mittee on for* 

at the AIEE Winter f? Presentation 

submitted October 21 IflS. ^wnscript 

prinUng December i. 1054 . ’ ^ available for 

delphia. Pa., andT> Company, PhUa- 

aactric ComS^ytsJhSS. iT? 


single-phase test circuit should subject 
the test component of the device to the 
same equivalent conditions as it would 
encounter in an actual 3-phase instaUa- 
non. Voltages and currents resulting 

om the single-phase test circuit must 
be interpreted relative to the 3-phase 
arcuit. 

This paper describes, defines, and dem- 
OMtrates the equivalency of single- 
P^e test circuits and test voltages and 
of the corresponding 3-phase kva being ’ 
switched in terms of a capacitor bank 
cable or overhead line. The test circuit 
IS defined as that which is observed from 
the device terminals and hence is inde¬ 
pendent of the configuration of the device 
i^tself. The paper is based in part on 
the results presented in a companion 
paper on system requirements of switch- 
gear in switcliing capacitive kva.^ 

/ 


Conclusions 

circuits which impose ex 

swit^g device as the 3-phase circuit cai 
be developed for most cases involviuj 
capaa^ceswitcWng. These circuits ma 

single-phase 

equivalent circuits can be made which 

lor 

mnHtfi In some cases, these 

modified ctfcmts do not duplicate the 3- 
phase conditions. 

condition of system or 
practical single- 
phase circuits suitable for laboratory tes4ig 
can be synthesized even though an exact 

equivalent circuit cannot be derived. These 

Circuits may only approximate 
the conditions of the 3-phase circuit. 

Test Circuits 

It is desirable to use as simple a test 
circuit as possible consistent with the re¬ 
sults wluch are required. The use of a' 
simple circuit for testing the capacitance 
switching ability of devices in the testing 
laboratories leads to minimizing of the 
test equipment, convenience in metering 
and a reduction of the setup time and 
test samples. Usually devices are tested 
m the laboratories for their capacitance 
switching ability on a single-phase circuit 
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Fig. 2. Exact equivalent circuit to subject 
one pole of a switching device to the same 
duty as the 3-phase circuit of Fig. 1 


with a capacitor bank as the load. With 
a given size capacitor bank made up of 
a given number of single-phase units, a 
device can be tested single phase to a 
higher equivalent 3-phase kilovar than 
can be tested three phase. 

A circuit breaker installed on a power 
system may have to switch a capacitor 
bank, cable, or overhead line under vari¬ 
ous conditions of grounding. It is neces¬ 
sary to relate these actual system condi¬ 
tions, which are three phase, to any single¬ 
phase circuit which is used in the labora¬ 
tory. The single-phase circuit should be 
such that it applies the same voltage 
across the device contacts as does the 
3-phase circuit. In addition, a rela¬ 
tionship must be established between 
overvoltages to ground due to restrikes 
in the 3-phase circuit and overvoltage to 
ground in the single-phase test circuit. 
In the following sections, the single-phase 
test circuits will be derived and discussed 
for each of the 3-phase capacitive circuit 
conditions under which a device may be 
called upon to operate. 

Test Circuits Representing Uhfaulted 
Conditions—^First Pole Opening 

Grounded Capacitor Bank and 

Shielded Cable 

The simplest 3-phase condition of ca¬ 
pacitance is the completely grounded 
system in which the power source neutral 
and the neutral of the capacitance are 
both tied together and grounded through 
connections of zero impedance. These 
conditions are met if the source is solidly 
grounded and the load is a grounded 
capacitor bank or a shidded cable. The 
three phases of the circuit are independent 
of each ojher and a single-phase circuit 
to test one pole of a device would consist 
of a duplication of one phase of the 
3-phase circuit. 

Ungrounded Capacitor Banks 

The capacitor bank connection most 
commonly found in practice is that of 
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Fig. 1. This circuit indudes an un¬ 
grounded capadtor bank and a grounded 
source. One pole of a device may inter¬ 
rupt more than 1/2 cyde bdore dther 
of the other poles. A single-phase circuit 
may be derived whidi subjects one pole 
of a device to exactly the same conditions 
that it would exparience if it were the 
first pole to open in this 3-phase drcuit. 
This exact equivalent circuit is shown in 
Fig. 2 and is derived in Appendix I. 

The circuit of Fig. 2 is an exact equiva¬ 
lent drcuit in that the conditions imposed 
across the device terminals are in every 
respect identical with the conditions 
arising in the 3-phase drcuit. Further¬ 
more, the voltages to ground on either 
side of the switch are also identical with 
those in the 3-phase system. However, 
as a practical drcuit for testing switching 
devices in the laboratories, the equivalent 
circuit of Fig. 2 is not convenient because 
of difficulties in metering, obtaining the 
correct voltage tap, and dividing the 
reactance properly. 

Since the ground point in Fig. 2 is only 
a point of voltage reference, it may be 
moved without influendng the circuit; 
i.e., because there is only one ground 
point in the drcuit, no current can flow 
in the ground connection and it may be 
located at any point in the circuit. As a 
convenience, then, ground may be moved 
from the 1/3 voltage tap to one terminal 
of the single-phase source transfonner and 
the modified equivalent circuit of Fig. 3 
results. 

The equivalence of the two circuits. 
Figs. 2 and 3, to the actual circuit of Fig. 

1 is demonstrated in the oscillograms of 
Fig. 4. Fig. 4(A) shows the voltages to 
ground on each side of the device and the 



Fig. 3. Modified equivalent circuit for unr 
grounded capacitor banks 

recovery voltage across the device for a 
clearing of the first pole without a re¬ 
strike. Fig. 4(B) shows these same volt¬ 
ages for a restrike at the crest value of the 
recovery voltage and a subsequent clear¬ 
ing at the first natural frequency current 
zero. Fig. 4(C) shows the' voltage across 
the switched phase capacitor in the actual 
drcuit and in the exact equivalent circuit 
for an interruption with and without one 
restrike. It can be seen in-these osdllo- 
grams that the recovery voltage across 
the device is the same in all three circuits. 

The voltages to ground in the drcuits 
are different but may be interpreted by 
use of Table I. In Table I the voltages 
to ground oh both sides of the device, the 
recovery voltage, and the voltage across 
the switched phase capacitor are listed 
for the three circuits at different times 
following the first interruption. These 
voltages are for a restrike at the crest of 
the recovery voltage which is interrupted 
at the first natural frequency current zero 
in a circuit with no damping. The volt¬ 
ages for the 3-phase circuit and the exact 
equivalent circuit are given in per unit 
of the line-to-neutral voltage in the 3' 


Table I. Comparison of Rieoretical Voltages'*' in Actual Circuit and Single-Phase Circuits for 
Switching an Ungrounded Capacitor Bank 



Instant 
of First 
Clearing 

180 Degrees 
After First 
Clearing 

Instant 

of 

Restrike 

Instant of 
Clearing 
Restrike 

Instant 

After 

Clearing 

Restrike 

180 Degrees 
After 
Restrike 

Actual S-Phaae Circuit 

Recovery voltage. 

0 

... 8 .0 ..., 

.. 0 .. 

. 0 

3.0 .. 

... 6.0 

Capacitor voltage to ground.. 

. -.1.0 .. 

... -2.0 .... 

. -1.0 . , 

. . 4-3.0 .. 

. -t-4.0 .. 

... 4-6.0 

Source voltage to ground. 

. -1.0 .. 

... -4-1.0 .... 

. -1.0 ., 

.. -i-3.0 . . 

. -H.O .. 

... —1.0 

Across switched phase 

capacitor. 

. -1.0 .. 

... -1.0 .... 

. -1.0 . . 

. -J-3.0 . . 

. -1-3.0 .. 

... +3.0 

Exact Single-Phase Circuit 

Recovery voltage. 

0 

... 3.0... 

0 

0 

3.O.. 

... 6.0 

Capacitor voltage to ground.. 

. -1.0 .. 

... -2.0 ... 

. -1.0 . 

. 4-3.0 . . 

. 4-4.0 .. 

... 4-6.0 

Source voltage to ground. 

. -1.0 .. 

... -H.O ... 

. -1.0 . 

. 4-3.0 . . 

. 4-1.0 .. 

... -1.0 

Across switched capadtor.... 
Modified Single-Phase Circuit 

. -1.0 .. 

... -1.0 ... 

. -1.0 . 

, 4-3.0 .. 

. 4-3.0 .. 

... +3.0 

Recovery voltage. 

0 

... 8.0... 

0 

0 

3.0 .. 

... 6.0 

Capadtor voltage to'ground.. 

. -1.6 .. 

... -1.6 ... 

. -1.6 . 

. 4-4.6 . , 

. 4-4.6 .. 

... 4-4.5 

Source voltage to ground. 

(-1.0).. 

...(-1.0)... 

.(-1.0). 

.(4-3.0).., 

,.(4-3.0).. 

...(4-3.0) 

. -1.6 .. 

... H-1.6 ... 

. -1.6 . 

. 4-4.5 . . 

. 4-1.6 .. 

... -1.5 

Across switched phase 

(-1.0).. 

...(4-1.0)... 

.(-1.0). 

.(4-3.0).., 

,.(4-1.0).. 

...(-1.0) 

capadtor. 

. -1.6 ., 

... -1.6 ... 

. -1.6 . 

. 4-4.6 .. 

. 4-4.6 .. 

... +4.6 


(-1.0).. 

...(-1.0)... 

.(-1.0). 

.(4-3.0).., 

..(4-3.0).. 

...(+3.0) 


♦Voltages are in pw unit of line-to-neutral voltage in the 3-phase circuit. Figures in parentheses are the 
voltages in the modified equivalent drcuit in per unit of the source voltage in the modified circuit. 
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phase circuit and for the modified circuit 
11 listed in per unit of both the voltage 

1 m the 3-phase circuit and the source volt- 
modified equivalent circuit, 
j Table I shows that the voltages in the 3- 

i phase circuit and the exact equivalent 

circuit are identical in eveiy case. The 
recov^ voltage in the modified equiva- 
ent circuit is the same as for the other 
wo c^uits; however, the voltages to 
ground on the source side of the switch 
we seen to be lyj times the correspond- 
mg voltages in the actual and exact 
equivalent circuits when expressed in the 
same per-unit system. The voltages to 
ground on the source in the modified dr- 
cmt m per unit of the source voltage of 
the modified drcuit are seen to be the 
same numbers as the corresponding volt¬ 
ages in the other drcuits in per unit of 
the line-to-neutral voltage in the 3-phase 
circuit. It is also seen in Table I that the 
volty to ground on the capacitor in the 
modified circuit corresponds to the volt¬ 
ages across the switched phase capadtor 
m the actual 3-phase circuit and in the 
exact equivalent circuits when they are 
expressed relative to their own source 
volta^. The voltages to ground on the 
capaator are the same in per unit in aU 
l^e circuits only during the periods in 
which current flows in the switch. 

The modified equivalent drcuit, then, 
results m the same recovery voltage 
^oss the device and the same cuirent in 
as the actual 3-phase cir- 
cmt. The voltages to ground on the 
sourre side of the device in the modified 
circuit and the 3-phase circuit are the 
same m per unit when they are expressed 
relative to their own source voltages* 
wd the voltage to ground on the capac¬ 
itor m the modified drcuit and the volt- 
age across the switched phase capacitor 
m the 3-phase circuit are the same when 
Oiey are expressed in their respective per- 
unit systems. 

^ Unshielded 

An unloaded transmission line acts 
a capadtive circuit in which some of 
tte capacitance is grounded and some of 
capacitance is ungrounded. It may the 

^tepre^ted by the circuit shown in the 
ig. 6. winch assumes that the source is cirt 

^dedmsuAamannerthatithasan bet 

the distributed in- tier 

n^SS yen 

th^! as previously, “J 

one d^ee pole can open more thi prm 

single- 

Phasecumut may be derived that wfflL- thTt 

pose the eaact conditions on one pole that 
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3 0 CIRCUIT 

EXACT EQUIVALENT 

CIRCUIT 

modified EQUIVALENT 
CIRCUIT 
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^ r s ™ s«'tch 

SACE C-VOtTASE TO OROUND IN CAPACITOR BANK SIDE OF SWITCH 

A 


3<J CIRCUIT 


EXACT EQUIVALENT 
CIRCUIT 



modified equivalent 

CIRCUIT 



tram B-TOLTaII ACR^aWreH®™^'"^ ®S switch 
trace C-VOLTASE TO SROOND ON CAPACITOR BANK SIDE OP SWITCH 

B 



VOLTAGE ACROSS SWITCHES PHASE CAPACITANCE 
3 Q CIRCUIT 



EXACT EQUIVALENT 
CIRCUIT 


RESTRIKE 

trace b-with restrike 

c 


the 3-ptoe circuit of Fig. 6 imposes on 
the tot pole to dear. This single-phase 
cii^t rs shown in Fig. 6. The similarity 

between Pigs. 6 and 2 is evident. Inspec¬ 
tion reveals that Fig. 6 would not be con- 

vemeut to use as a laboratory test cir- 
cult. 

Fig. 6 may be further reduced, as is 
proved in Appendix II, to the modified 

equivalent of circuit of Fig. 7. It is seen 

tfiat Fig. 7 IS a simple single-phase circuit 
with a source inductance and a capaci- 
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Rs* 4. Transient networ 
Analyzer oselllogrems shoH 
ins equivalence of the 3 
phase, exact equivaleni 
and modified equivalen 
circuits of Fiss. 1, 2, and ■ 

A—No restrike 
B—Restrike at crest of re¬ 
covery voltase that is re¬ 
interrupted at the first nat¬ 
ural frequency current zero 
C--Voltage across 

switched phase capaci¬ 
tance in 3-phase and exact 
equivalent circuits with 
and without a restrike 


tance to be switched; however, the ma 
nitudes of both the source voltage and t] 
capacitMce to be switched are pihnari 
a function of the relationship of the po 
tion of the capacitance that is .ground* 
and the portion of the capacitance that 
ungrounded. This may be expressed i 
terms of the positive-sequence and zert 
sequence capacitance in the circuit. 

The source voltage to be used in th 
modified equivalent circuit of Fig. 7 i 
plotted in Fig. 8 as a function of th( 
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ratio of the positive-sequence capacitance 
Cl to the zero-sequence capacitance Co 
for an assumed circuit regulation Zi/Xa 
of zero (a regulation of 0.10 makes less 
than 1-per-cent difference in the equiva¬ 
lent source voltage). It is seen that a 
source voltage of 1.0 per unit of the line- 
to-neutral voltage in the 3-phase circuit 
is required for a Cj/ Co=1.0 which is a cir¬ 
cuit in which all capacitance is grounded. 
A source voltage of 1.5 per unit arises in 
a circuit for which Ci/Co— “; i.e., all 
capacitance ungrounded. This confirms 
the circuits previously derived for the 
totally grounded or ungrounded capaci¬ 
tances. Transmission lines and un¬ 
shielded cables generally have a Ci/Co 
ratio of froml.6 to 2.0 requiring an equiva- 


Fig. 5 (above). Generalized 
capacitance circuit 

^ 0 ^ Fig. 6 (left). Exact equivalent 
circuit for generalized capaci¬ 
tance circuit 

Fig. 7 (above right). Modified 
equivalent circuit for general¬ 
ized capacitance circuit 

an opening operation in Table II. The 
oscillograms of Fig. 9 and the voltages 
listed in Table II indicate that the modi¬ 
fied equivalent circuit does not always 
duplicate the conditions of the exact 
equivalent circuit and the actual 3-pbase 
circuit. The modified equivalent circuit 
only duplicates the recovery voltage 
across the device prior to a restrike. If a 
restrike occurs, and the device clears again 
at a natural frequency current zero, the 
subsequent recovery voltage across the 
device is more severe in the modified cir¬ 
cuit than in the actual or exact equivalent 
circuit. This is due to the fact that the 
latter two circuits are double-frequency 
circuits whereas only a single naturd 


/ AK A 
' A+-^+l 


) 



frequency is possible in the modified cir¬ 
cuit. The voltages to ground in the 
modified circuit are not related to the 
corresponding voltages to ground in the 
other circuits. 

The modified equivalent circuit of 
Fig. 7, then, may be used to subject one 
pole of a device to the same conditions 
that it would encoimter if it were the 
first pole to open when switching an 
unloaded transmission line with complete 
accuracy up to the instant at which a re¬ 
strike occurs. Following this instant, 
the conditions are only approximately 
the same. 

Effect of Source Grounding 

Up to this point this discussion has 
been concerned with the capacitance con¬ 
ditions that may be encoimtered and 
has been restricted to power sources 
grounded in such a maimer that Xo/Xi = 
1.0 for the source. A variation in ground¬ 
ing impedance can only have an effect 


lent circuit test voltage of from 1.14 per 
unit to 1.2 per tmit. 

A ccwnparison of the results obtained 
by using the equivalent circuits of Figs. 6 
and 7 with those resulting from the actual 
circuit of Fig. 6 may be seen in the oscillo¬ 
grams of Fig. 9. Fig. 9(A) shows a clear¬ 
ing without a restrike and Fig. 9(B) shows 
a restrike of 1/2 cycle of natural frequency 
duration occurring at the crest of the re¬ 
covery voltege; in these figures, the volt¬ 
ages across the switch and to ground on 
either side of the switch are shown. Fig. 
9(C) shows the voltages across the 
switched phase capacitor in the actual 
circuit and in the exact single-phase cir¬ 
cuit. 

The voltages resulting from these three 



circuits are given at various times during Fig. 8. Source voltages for modified equivalent eimuit of Fig. 7 
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3 0 CIRCUIT 


EXACT EQUIVALENT 
CIRCUIT 



MODIFIED EQUIVALENT 
CIRCUIT 



trace c-voltace to afoT51,«E aoE OF swn-CH 



3 0 CIRCUIT 


EXACT EQUIVALENT 
CIRCUIT 



MODIFIED EQUIVALENT 
CIRCUIT 


Sii ACROSs‘^SWl?CH®°‘^'^^^ 

TRACE C-VOLTAGE TO GROUND OF LINE SIDE OF SWITCH 



VOLTAGE ACROSS SWITCHED PHASE CAPACITANCE 


3 0 CIRCUIT 



exact equivalent 

CIRCUIT 


^'JACE a-WITHOUT RESTRIKE 

trace b-with restrike 



J^ls. 9. Transient network 
analyzer oscillograms show¬ 
ing equivalence of switch¬ 
ing device recovery volt- 
« 9 es in the 3-phase, exact, 
And modified circuits of 
Rgs. 5, 6, and 7 

A-—No resbike 
B Restrike at crest of re¬ 
covery voltage with rein- 
terruption at first natural 
frequency current zero 
^ ^Voltage to ground on 
^ capacitor terminal of switch 
in the 3-phase and exact 
equivalent circuits with and 
without a restrike 


if acre is another ground point in the 
^stem, since, for any circuit having only 
the source grounded, no current can flow 

mthe neutral impedance of the source and 

^nst be at ground potential at aU times. 

A ^ of 

grounded capacitor banks, cables and 

^erfeadlinesifnofaultsareinrolved A 

^t mvolving a grounded capacitor 
bai* OT a shielded cable and a source with 

Tenable grounding impedance 


in Fig. 10. Application of Th^venin’s 
theorem results in the single-phase equiv¬ 
alent circuit for the first pole to open 
. ^.‘s shown in Fig. H. it will be noted 
in ,Fig. 11 that the source voltage for the 
equivalent circuit will be a very large 
number for certain values of the ground¬ 
ing impedance. The reason for this can 
be found by referring to Fig. 10 where it 
IS seen that with one phase open a path 
]^ough the ground involving the source 
impedance, the grounding impedance, 
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and the capacitance in series may result 
in a resonant circuit if the grounding im¬ 
pedance is a large value of reactance. If 
the grounding impedance is largely re- 
sistive, these overvoltages cannot occur 
and the highest equivalent source voltage 
IS 1.6 per unit when the grounding re¬ 
sistance is infinite. 

The same situation is true when switch- 
ing transmission lines. A high value of 
AoMi ratio for the source may require a 
very high equivalent source voltage in the 
single-phase equivalent circuit. 

If the grounding condition is such that 
It meets the requirements of type-5 
grounding <3.0, 
effect of the groimd impedance is of little 
consequence, as is seen in Fig. 12, and the 
equivalent circuits previously described 
may be used. If the source is ungrounded 
the grounding condition of the capaci¬ 
tance network has no effect on the duty 
mposed on the device. Since any ground- 
mg associated with the capacitance is the 
only ground point in the circuit, it is only 
a point of voltage reference and no cur¬ 
rent may flow in it. Therefore the device 

duty is exactly the same as would be en- 
coimtered when an ungrounded bank is 
switched. The modified equivalent cir- 
cuit of Fig. 3 duplicates the conditions 
for ^is case. For grounding conditions 
not described here, no generalities may be 
made The duty will depend on these 
groun ng conditions if the capacitance is 
pounded, and the source grounding con¬ 
ditions would have to be known before an 
equivalent circuit could be used for test¬ 
ing. 

Test Circuits Representing Unfaulted 
Conditions—Second Pole Opening 

Grounded and Ungrounded Capacitor 
Banks 

If a grounded capacitor bank is being 
swtchedfrom a grounded source of power, 
the three phases are independent of each 
other. Therefore, the first, second, or last 
poles of the device to dear would ex¬ 
perience the same conditions. The modi¬ 
fied equivalent drcuit is in this case an 
exact equivalent and represents a test of 
any pole. 

When smtching an ungrounded capac¬ 
itor bank, it is shown in the companion 
paperi that higher voltages can exist 
across the second pole to dear than across 
the first pole. It should be remembered 
that this represents a condition of me¬ 
chanical dday in one of the two last phases 

smce current must be interrupted in 
both of these phases of the device simul¬ 
taneously. This is because they are in 

series across the line-to-line voltage. 
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Fi 9 . 10 (reft). 
Grounded capaeitence 
banic switclied from 
impedance grounded 
source 
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Fig. 1 1 (left). Exact equivalent 
circuit for Fig. 10 


Fig. 12 (right). Effect of inaeasing 
source Xo/Xi from 1.0 to 3.0 and 
source Ro/Xi from zero to 1.0 on 
voltages when switching a trans¬ 
mission line. One resirike at crest 
of recovery voltage 


The recoveiy voltage across the first 
phase to dear as a result of the second 
phase clearing 1/4 cyde later is shown in 
Fig. 13. It is seen that this recovery 
voltage reaches a crest value of 4.1 per 
unit which occurs 210 degrees after the 
current extinction in the phase in ques¬ 
tion and it reaches this magnitude only if 
the next phase to clear is the phase which 
lags the first phase to open by 120 de¬ 
grees. That is, the opening phase rota¬ 
tion must be assumed to be phases A-B-C 
and not phases A-C-B. 

Because of the nature of the circuit in 
whidi two phases are being opened, no 
exact single-phase equivalent circuit in¬ 
volving one switching operation is pos¬ 
sible. However, a modified circuit may 
be synthesized. The recovery voltage 
curve of Fig. 13 is very nearly of the form 
(1-cos 6) for the first half-cyde. This is 
tbe form resulting from the modified test 
circuit. But since it takes 210 degrees for 
the recovery voltage to reach crest value. 


a lower frequency (61.5 cydes) would 
have to be used in the test circuit. The 
impedances have to be adjusted so that 
the proper value of current will flow. In 
other words, one pole of a device may be 
subjected to the conditions it would en¬ 
counter if it were the first pole to open 
when switching an ungrounded capadtor 
bank and another pole had not yet opened 
mechanically. The modified test circuit 
may be used with a source voltage of 2.06 
per unit, with a test frequency of 61.6 
cydes, a source inductance 2.4 times that 
of the 3-phase circuit, and a capadtance 
equal to 0.6 times that of one phase of the 
3-phase circuit. 

Transmission Line 

As for the previous case, the opening of 
the second pole when switching a trans¬ 
mission line may result in a higher voltage 
across the first pole that opened. The 
higher voltage will occur during the first 
half-cycle of recovery voltage across the 


Table II. 


Comparison of Theoretical Voltages* in Actual Circuit and Single-Phase Circuits for 
Switching Transmission Line 


Instant 180 Degrees Instant Instant of After 180 Degrees 

of First After First of Clearing Clearing After 
Clearing Clearing Restrike Restrike Restrike Restrike 


Actual Circuit 


Recovery voltage.... 

.... 0 .... 

.. 2.4. 


.. 0 

X^ine voltage to grotmd.... 

.... 1.0 .... 

..-1-1.4 . 

.... 1.4. 

.. -2.9 

Source voltage to ground.. 
Sxact Equivalent Circuit 

.... 1.0 .... 

,.-1.0 . 

....+1.4 . 

.. -2.9 

Recovery voltage. 


.. 2.4 . 

.... 0 . 

., 0 

Line voltage to ground.;.. 

. 1,0 .... 

.. 1.4 . 

. 1.4 . 

.. -2.9 

Source voltage to ground.. 
JAodlfied Equivalent Circuit 

.... 1.0 .... 

,.-1.0 . 

.... 1.4 . 

-2.9 

Recovery voltage. 

_0 .... 

.. 2.4. 

. 0 . 

.. 0 

Line yoltage to ground.... 

.... 1.2 

.. 1.2 . 

.... 1.2 , 

.. -3.6 


(1.0)..... 

.. (1.0). 

.... (1.0). 

..(-3.0) 

Source voltage to ground.. 

.... 1.2 .... 

..-1.2 . 

.... 1.2. 

-3.6 


(1.0). 

.. (1.0). 

.... (1.0). 

..(-3,0) 


1.8 .. 

.. 4.2 

-2.8 .. 

.. -3,2 

-1.0 .. 

.. +1,0 

1.8 

.. 4.2 

-2.8 ., 

-3.2 

-1.0 .. 

.. +1.0 

2.4 .. 

.. 4.8 

-3.6 .. 

.. -3.6 

(-3.0).. 

..(-3.0) 

-1.2 .. 

., +1.2 

(-1.0).. 

..(+1.0) 


^Values are in per unit of normal liue-to-neutral crest of 8-phase circuit. Figures in parentheses are in oer 
•unit of modified circuit source voltage. Ci/C#-2 assumed for transmission line. ^ 



SWITCH RECOVERY VOLTAGE 



TRANSMISSION LINE VOLTAGE 


first pole only if B phase is the second to 
open. Since a current zero occurs in C 
phase before a current zero appears in B 
phase, the C phase pole must skip a cur¬ 
rent zero, or not yet be mechanically 
open, for the A phase recovery voltage 
to be increased. 

Again, an exact equivalent circuit is 
not obtainable but a modified test circuit 
can be synthesized from the voltages that 
were measured in a 3-phase drcuit. The 
equivalent source voltages for the modi¬ 
fied test circuit are shown in Fig. 14 in 
comparison with those for the first phase 
to clear when no other phases are opening. 
These values were obtained on the tran¬ 
sient network analyzer when switching a 
transmission line from a source that was 
solidly grounded. In the range in which 
most transmission lines fall, the source 
voltages to represent second pole opening 
are about 8 per cent more than those due 
to the first pole opening. These voltages 
do not appear until more than 1/2 cyde 
after current extinction in the first phase 
to dear. 

Effects op Source Grounding 
• Conditions 

The equivalent circuits given above are 
for 3-phase circuits grounded in such a 
manner that the Xa/Xi ratio of the source 
is unity. If tiie ground is increased to the 
limits described by type-J5 grounding, no 
appreciable difference will result in the 
equivalent circuits derived. If the source 
is ungrounded, the device duty is the same 
as for the case of ungrounded capadtance 
with a grounded source. This is true re- 
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jfT, y 
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Rs. 13 (lehX Re¬ 
covery voltages across 
first pole to open 
when switching an un¬ 
grounded capacitance 
due to the opening of 
* second pole. The 
third pole remains 
mechanically closed 


Rg. 14 (right). Recov¬ 
ery voltages across Rnt 
pole to open when 
switching the general- 
Ized capacitance ciicuit 
of Fig. 5 due to the 
opening of a second 
pole 


SOURCE VOLTAGE FOR FIRST POLE TO 
OPEN DUE TO SECOND POLE OPENING 


SOURCE VOLTAGE FOR FIRST POLE 
TO OPEN 


12 14 L6 


2i0 2.2 2.4 


2s ao 


Ag -VOLTAGE ACROSS "A" PHASE SWITCH 
WHEN “B“ PHASE OPENS SECOND 
Ac -VOLTAGE ACROSS "A" PHASE SWITCH 
^ WHEN -C“ PHASE OPENS sIcOND 

- 'J^EN B phase opens SECOND 
Cc-VOLTAGE ACROSS "C" PHASE SWITCH 
WHEN "C“ PHASE OPENS SECOND 

gar^ess of the capacitance grounding 
conditions. For systems not grounded in 
^cordance with the requirements given 
here, the equivalent circuits for second 
pole opening when switching grounded 
capacitive circuits depend on the manner 
of source grounding and no generaliza¬ 
tions can be made. 

Faulted Circuits—First Pole Opening 

Grounded Capacitor Banks 

If the first pole to clear is assumed to 
be in an unfaulted phase when switching 
a grounded capacitor bank, as shown in 
■rig. lo(A), this pole may be tested in the 
exact equivalent circuit of Fig. 15(B). 
The single-phase source voltage of the 


exact equivalent circuit depends on the 
somce grounding and, for the case shown 
in Fig. 15(B) with type-B grounding, the 
somce voltage is 135 per cent of the leg 
voltage of the 3-phase circuit. Regard¬ 
less of the manner of source grounding, 
the single-phase source voltage cannot 
exceed line-to-line voltage of the 3-phase 
circuit. 

This circuit can be reduced to a modi¬ 
fied equivalent circuit by combining the 
load impe^nces. For this case, the 
modified circuit would consist of k ca¬ 
pacitance equal to the per-phase capaci¬ 
tance of the 3-phase circuit and a source 
inductive reactance equal to 142 per cent 
of the positive-sequence reactance of the 
soimce in the 3-phase circuit. The modi¬ 
fied equivalent circuit is exact prior to a 
restrike and approximately correct there¬ 
after since the modified circuit only has 
one natural frequency of oscillation. 

Ungrounded Capaqtor Banks 

Two fault conditions involving un¬ 
grounded capacitor banks are of interest. 



for::s.3.o, 

X, ’ X, 
-I.SS RU. 


If the source is grounded, aline-to-grou 
fault at the capacitor bank results in s 
normal capacitive switching duty on t 
unfaulted phases of the device. A failt 
of a portion or all of the capacitors in o: 
phase also changes the duty on the d 
vice. 

An exact equivalent circuit to test tl 
first pole of a device to interrupt wh( 
STwtching an ungrounded capacitani 
with a line-to-ground fault on one phas 
may be derived if it is assumed that th 
pole is in an unfaulted phase, as shown i 
Fig. 16(A). The source voltage in th 
exact equivalent circuit depends on th 
manner of grounding of the source. Ii 
tte .ixMit of Fig. 16(B) the groimdio, 
impedance on the source side of thi 
switch is such that viewed from th( 
switch location the circuit has type-J 
pounding. The resultant source voltage 
m the exact equivalent circuit for this 
condition is 130 per cent of the leg voltage 
of the 3-phase circuit. The source volt¬ 
age of ^e single-phase circuit will not 
exceed line-to-line voltage of the 3-phase' 


nn5. A-fh.pol.toop-,,, „ -rfooitod 
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Fig. 16. A First pole to open in an unfaulted phase when switching an ungrounded capacitance with a line-to-ground fault on one phase. B—Exact 

equivalent circuit for the 3-phase circuit of A 



Fig. 17. 


A—First pole to open in a normal phase when swtiching an ungrounded capacitance bank in which the capacitance in one phase is more 
or less than that in the other two phases. B—Exact equivalent circuit for 3-phase circuit of A. Note: is given in Rg. 18 


circuit regardless of the grounding of the 
source. The impedance network on the 
load side of the switch in this exact equiv¬ 
alent circuit may be combined to result 
in a modified equivalent circuit. This re¬ 
sults in an equivalent load which is a 
capacitance whose reactance is 146 per 
cent of the capacitive reactance per phase 
of the 3-phase bank. This will result in 
the correct current through the switch 
and a recovery voltage across the switch¬ 
ing device that is identical to that arising 
in the 3-phase circuit up to the time that a 
restrike occurs. The modified equivalent 
circuit is a single-frequency circuit where¬ 
as the 3-phase circuit has two natural fre¬ 
quencies. During and following a re¬ 
strike the modified circuit is only approxi¬ 
mately correct. It should be noted that 
the current and the recovery voltage 
across the device are less severe when 
there is a fault on one phase than when 
switching the circuit unfaulted. 

Ungrounded Capacitor Bank— 

Unbalanced Capacitance 

If a portion of the capacitance is lost in 
one phase of a capacitor bank, unbalanc¬ 
ing the capacitance in the phases, the 
duty on the first pole of the switch to in¬ 
terrupt current is changed from the bal¬ 
anced case. Because of the series-parallel 
arrangement of capacitor units fotmd in 
liigh-voltage capacitor banks, a loss of 


capacitor units or fuse blowing may in- 17(B) may be reduced to a modified 

crease or decrease the capacitive react- equivalent circuit if the percentage of 

ance. capacitive reactance imbalance is known. 

The first pole to open in Fig. 17(A) If the capacitance in one phase were 

experiences the same duty as the switch short-circuited in the 3-phase circuit, the 

in the exact equivalent circuit of Fig. modified equivalent circuit would consist 

17(B). The source voltage for the equiv- of a source voltage equal to theline-to-line 

alent circuit of Fig. 17(B) is given in voltage of the 3-phase circuit, a capad- 

Fig. 18 as a function of the percentage of tance equal to the capacitance per phase 

capacitive reactance unbalance and the of the 3-phase circuit, and a source induc- 

unfaulted system regulation. tance equal to twice the 3-phase circuit 

The exact equivalent circuit of Fig. source inductance. If the capacitance 



0,06 0.60 60 
Xca/Xci 

Rg. 18. Source voltages to be used in the equivalent circuit ol Fig. 17(B) as a function of the 
capacitive reactance unbalance and the unfaulted circuit regulation 
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^ o^HK^teuited in the 3-phnse cir- 
^ equivalent souree voltage would 
remain 173 per cent of the 3-phase leg 

and Se tiie capacitive reactance 

^d the source inductance would be twice 

dr^uit 

would be ^‘i'livalent circuit 

restrite K ^ ^ approximate following a 
res W because the modified circuit d^s 

not have the multiple natural frequencies 
. present in the actual circuit. 

Ungrounded Source 

If ^e source is ungrounded and the 
^pacrtance bank is ungrounded. 2l 

SlTLs aline-to-ground 

fault has no eflFect on the duty on the 

fot switch pole to intemipt. mo^! 

eondSl” 

If tte source is ungrounded, and the 

S i short^cuits one 

P of the capacitance. This is iden- , 


i fa^t the case of a line-to-neutral 
I fault on an ungrounded bank. 

I^N^rssioN Lines 

To simulate the conditions imposed on 

a device switching an unfaulted phase of 

a transmission line with a line-to^ground 
aidt on another phase, a circuit will have 
to be sjmthesized from the voltage con- 
ditions m the 3-phase circuit. L Z 
shows the crest of the recovery voltaee 

a^oss the first switch pole t^JS 

when switching a transmission line^^ 
a Ime-to-^ound fault on another phase 
at a location remote from the brJLcer. 

trait-Obtained on the 

oimce that was solidly grounded (Zo/ 

1 .0). Fig. 19 mdicates that the re- 

cent of the Ime-to-neutral voltage of the 

equivalent circuit should 

cent of the 3-phase cucuit leg voltage and 


have a capacitive reactance chosen so as 
0 result m the coireet current in the 
. switAing device. This modified equiv¬ 
alent cneuit would not coirecUy du- 

ph^te conditions following a restrike. 

If the source is ungrounded, the re¬ 
cover voltages across the first device 
pole to interrupt are given in Table III 
It IS seen in Table III that the recovery* 

r 

mo^ed by the circuit regulation. A 
sjmthesized equivalent circuit, then, 

Iine-to-lme voltage of the 3-phase circuit. 

Effect of Shunting Resistors 

^ All of the foregoing single-phase equiv- 
^ent circuits representing the first pole 
to open in unfaulted circuits have been 
fined from conditions external to the 
Therefore, resistance- 
hunted devices may also be tested with 
ttese circuits. With the exception of the 
cncuits denved for testing devices when 
switching transmission line, resistance- 
shunted devices may also be tested in the 
equivalent circuits simulating conditions 
1 ing fr^ first pole opening when , 
switchmg faulted circuits. It would not 
e correct to use the test circuits simulat- 

f ? opening for resistance- 

shunted devices. 


Summary of Results 


Table III Clrcuit-Brealter Recovery Voltages Wh«n C •* l- r, 

mission Line With Une-to-GroU Phase of W 

--Phase From an Ungrounded Sou«=^ 


Xiae 

ko/X, 

2.0.... 

Line 

»«/Xi 

•••.0.2... 

Xi/Xo, 

Ci/c, 

Peult Location 
Ftom Breaker, 
Miles 

Rocoy^ Voltage Unfaulted 
Phase First to OpAn 
Famron Fault on 

B Phase C Phase 

2.0.... 

...i2.0._ 

-0.01. 

_I ^ . 

60...... 

100. 

.3.36. 

-3.38. 

•...3.40. 

...3.36 

...3.38 

4.0..... 

4.0. . .. 
4.0;.... 

-0.2. 

••.2.0..... 
2 0 

•...0.01. 

••.0.01.... 

...1.6. 

SO . 

100. 

60....... 

100....... ' 

....3.40. 

...3.36. 

...3.38. 

....3.40. 

••.8.40 
...3.36 
.. .3.38 
..8.40 
..3.36 
.3.38 

4.0..... 

•2.0_ 

• ..0.10__ 

••.0.10.... 

...1.6. 

...1.6 

60. 

100.’ 

....3.40 

...3.80__ 

...3.80. 

...3.80_ 

..3.60 

..3.64 

if " - _ 

icork 


-:— 


.,.. 0. 

60...... 

100....... ' ' 

...8.80. 

...8.80.. 

...3.80..._' 

..8.60 

..3.64 

.3,70 


- — . . ' --- {,100^ 

pumps, ScUssUs, St^^CapacUancs 


.^though exact equivalent single-phase 
test circuits have been derived, it is more 
pr^tical to use a modified circuit for 
laboratory testing of capacitance switch¬ 
ing devices. Table IV summarizes the 
pwameters and conditions to be used in 
the modified test circuit for the various 
capacitance and grounding conditions 
that can be found in 3-phase circuits. 

Calcula.tion of KiLov ARg 

The equivalent 3-phase kilovar of a 
single-phase capacitance switching test is 

cu ated for unfaulted conditions as 
V3 (line-to-line kilovolt) (amperes test 
current) The line-to-line kilovolt is that 
on which the test voltage is based; e.g., 
maximum design voltage. 

As an illustration, suppose single-phase 
tests are to be made on a 69-kv device to 
represent an ungrounded capacitor bank 
on an effectively grounded system. The 
ms^um design voltage for the device 

IS 72.6 kv, or 42 kv line-to-neutral. The 

single-phase test voltage is 1.6 (42) or 63 
kv. If the test current is 160 ^peres, 
the equivalent 3-phase kflovar is Vz 
(72.6) (160) or 20,000 kflovars. 
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Table IV. Summary of Modified Test Circuit Parameter in Terms of 3-Phase Circuit 


Voltage 
of 3-Pha8e 
Circuit, 
Per Unit 


Grounded Banks and Shielded Cables 
Grounded source 
No fault 

First pole. 1.0 . 

Second pole. 1.0 . 

Line-to-ground fault, type-B grounding 
First pole.1.35. 


Ungrounded source 
No fault 

First pole.. 1.5 

Second pole. ..2.0 


Line-to-ground fault 

First pole.1.73. 

Ungrounded Banks 
Grounded source 
No fault 

First pole.. 1.5 . 

Second pole.2.0 . 

Line-to-ground, type-B grounding 


Unbalanced capacitance 
Short circuit in one phase. 


Ungrounded source 
No fault 


Line-to-ground fault 


Unbalanced capacitance 


Capacitance 
of 3-Phase 
Circuit, 
Per Unit 


Source 

Inductance of 
3-Phase Cir¬ 
cuit, Per Unit 


Current of 
3-Phase 
Unfaulted 
Circuit, Per Unit 


..1.3 

.2.4 


.equivalent circuit only approximately 
correct following restrike. 


.duplicates conditions across switch. 

.test frequency should be 61.5 cycles, only 
approximate following restrike. 

. only approximate following restrike. 


.duplicates conditions across switch, 
.approximate following restrike-test fre¬ 
quency of 61.5 cycles. 


Transmission Line and Unshielded Cable 
Grounded source 
No fault 


Line-to-ground, type-B grounding 


Ungrounded source 
No fault 


Llne-to-ground fault 


.1.73. 

.1.0 . 

.2.0 ...... 

.1.94| 

.1.73. 


.2.0. 

.0.78J 

.1.6 . 

.0 67 

1 ^ 

1 0 

.2.0 . 

..0.57 . 

.2.4 .. / .. 

10. 

.1.5 . 

.0,67 . 


.1.0 .. 

.2.0 . 


.2.4. 

.1.0 .. 

.1.73..... 

.1.0 . 

•.2.0. 

.1.841 

.1.73. 

.0,6 . 

.2.0. 

.0.78 f 

.1.2 . 

.0.83Ci. 

.l.O. 

.1.0 

.1.3 . 

.0.770. 

__1.0. 

.1.0 

.1.3 ...... 

.l.OCi. 

.1 42. 

.1 42 

.1.5 . 

.0.67Ci. 

......1.5 .... .. 

.1,0 .. 

.2.0 . 


.2.4. 

.1.0 .. 

il.73. 

.l.OCi. 

. 1.0 . 

.1.56.. 


. approximate following restrike. 


. duplicates conditions across switch. 
■ test frequency 61.6 cycles. 

. duplicates conditions across switch, 
.test frequency 61.5 cycles. 

. approximate following restrike. 


.approximate following restrike. 


.duplicates conditions across switch, 
.approximate following restrike. 

.approximately duplicates conditions. 


The application of devices on capacitor 
banks involves a further consideration. 
In the foregoing example, the device per¬ 
formance has been demonstrated for 
20,000 kilovars, yet it might not be 
suitable for switching a capacitor bank 
witli a 20,000-kilovar rating. Consider¬ 
ing probable excess capacitance in the 
bank, possible harmonics, and operation 
at 10 per cent above nominal rated volt¬ 
age, capacitor bank standards require 
tbeir successful performance at 135 per 
cent of rated kilovar. As switching of a 
capacitor bank will normally be done 
wben the voltage is high, the device 
should operate satisfactorily at 135 per 
cent of the nominal bank rating. Thus, 
the 20,000-kiloyar device in the example, 
could be applied on a capacitor bank with 
a nominal rating of 20,000/1.36 or 14,800 
Jcilovars. 

I^aboratory Tests 

Capacitance switching tests in our 
I^aboratory are normally made single 


phase using the circuit shown in Fig. 3. 
The device’s performance over the range 
of currents up to its rating and at several 
values of tripping angle at each current 
value is determined. Fig, 20 shows one 
cathode-ray oscillogram of a high-volt¬ 
age oil circuit breaker interrupting a 
capacitive current after one reignition. 
The test voltage in per unit was 1.43, 
based on maximum design voltage. 
Traces A and B are the voltages *o ground 
on the source side and on the capacitor 
bank side of the breaker respectively. 


Appendix I. Derivation of 
Equivalent Circuit 

Thdvenin’s theorem states that any net¬ 
work may be represented between any two 
arbitrary terminals in the network by 
placing a generator whose voltage is equal 
to the open-circuit voltage between the 
desired terminal points in series with the 
short-circuit impedance as seen between the 
arbitrary terminals. Therefore, the 3-phase 
circuit of Fig, 1 may be simplified by replac¬ 
ing the two closed phases between the neu¬ 
tral of the capacitor bank and the grounded 
neutral of the generator by the equivalent 




Fij. SO, Typi^l cathode-r«y oscillogram obtained in a laboratory test using a modified equiva¬ 
lent circuit. Test voltage is 1.43 per unit 
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connected directly at the bus or line poten¬ 
tial (not on the tertiary) cannot possibly 
cause the bus to rise to arrester sparking 
potential due to lightning. The packaged 
advantages of the grounded bank to the 
industry as a whole should indicate suffi¬ 
cient saving as to warrant the necessary 
research into the matters of effective 
capacitor fusing and harmonic suppression 
which now stand in the way of capturing the 
full advantages of the grounded bank. A 
thorough study of the multisided advan¬ 
tages of the large grounded bank is highly 
recommended. 

The establishment of a switching surge 
committee or subcommittee of the AIEE 
would help many apparatus groups which 
aU have a stake in the results and conclu¬ 
sions of such investigations. In a stTnilar 
manner the Research Committee as well as 
the Education Committee have an interest 
^d contribution to make in this area. This 
is particularly true when students are having 


difficulty finding appropriate topics for 
thesis study in the power area. The area of 
switching surge is particularly adapted to 
thesis study and research. It is hoped that 
the creation of such a committee, which cuts 
across apparatus lines, will afford this guid¬ 
ance and opportunity. 


K. G. Darrow, V. E. Phillips, A. J. Schultz, 
and R. B. Shores: The comments of Pro¬ 
fessor Boehne point out that for this prob¬ 
lem, as for so many others, there are several 
methods of attack. Since the objective of 
this study was to derive equivalent test 
circuits for capacitance switching devices, 
it was our feeling that the application of 
Th^venin’s theorem to the actual circxiit was 
superior to other methods in that the test 
pole of the device remained identified 
throughout the analysis. While we appre¬ 
ciate the value of the method of superposi¬ 
tion in determining the transient voltages 


and currents in the circuit, the identity of 
the circuit elements is lost and the method 
does not lead as readily to an equivalent 
circuit. 

Although a relatively small amount of 
mathematics is required for the solution of 
any specific circuit condition, when a large 
number of variations are to be studied the 
paper work reaches a prohibitive degree. 
For this reason, the transient network 
analyzer is seen to be an invaluable tool in 
saving the time and labor required to splve a 
problem. A few sample calculations to 
check the analyzer results with the theo¬ 
retical answers are all the mathematics that 
are necessary. 

We agree with Professor Boehne that 
there appear to be advantages in favor of 
grounding capacitor banks. This is par¬ 
ticularly true in terms of the switching 
device recovery voltages when dropping a 
capacitor bank. A thorough investigation 
of the other factors involved is warranted. 
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C URRENT-LIMITING fuses have 
found widespread usefulness in the 
following types of circuits: substation 
primary, instrument potential trans¬ 
former, motor control, branch, auxiliary, 
control power, and capacitor unit. 

The desirability of applying current- 
limiting fuses in these circuits is empha¬ 
sized by the complete absence of disturb¬ 
ance when they operate and the benefits 
resulting from their current-limiting abil¬ 
ity in the form of reduced thermal and 
mechanical duty on the system and con¬ 
nected apparatus. In expanding the 
ratings and in varying the physical form 
of the fuses to satisfy the requirements 
of these fields of application, some limi¬ 
tations as well as the flexibilities of the 
basic construction became evident. Long 
slender, medianically inert metallic ele- 
naents embedded in a granular filler have 
relatively fixed time-current character¬ 
istics, and high current ratings can be 
designed only by use of large numbers of 
parallel connected fine wires, requiring 
proportionately large internal volume, 
a.rLd resulting in fuse designs of large size 
a.rLd weight. 

During the time that these fuses have 
been manufactured several departures 
from the basic design have been con- 
sidlered and appraised on the basis of over¬ 
coming these limitations. One of these 
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is the use of ribbon or rectangular-shaped 
elements rather than rotmd wires, the 
expectation being that a smaller number 
of ribbons would be required for a given 
current rating, thus permitting size and 
weight reductions and improved fuse 
construction. 

Ribbon Elements at Low Voltages 

That improvements might be expected 
to result from use of ribbon elements in 
high-voltage ratings was first indicated 
by certain design constants resulting from 
developmental interruption tests on low- 
voltage high interrupting capacity fuses.* 
The latter employ ribbon elements, de¬ 
sign constants for which are compared in 
Table I with corresponding values ob¬ 
tained earlier in the development of high- 
voltage ratings employing wire elements. 
The values or factors of interest are re¬ 
spectively the tolerable volts per inch of 
active element and the maximum per¬ 
missible amperes per arc path in interrupt¬ 
ing high available short-circuit currents. 

The use of wire elements having cross 
sections larger than those permitting 
650 amperes per arc path results in ina¬ 
bility of the granular filler to absorb the 
arc energy fast enough to avoid the de¬ 
velopment of disruptive pressure. Use 
of element lengths shorter than those 


giving 300 volts per inch results in in¬ 
adequate arc voltage following melting 
to obtain effective current limitation. 

The low-voltage fuse elements consist 
of ribbons including holes, the metal out¬ 
side of which forms the active sections. 
The 900-volt-per-inch value in Table I 
for ribbons was computed from the actual 
length of ribbon consumed in low-voltage 
tests, not from the total ribbon length. 
The extraordinarily high current toler¬ 
able in each arc path with ribbon ele¬ 
ments in low-voltage tests is apparently 
due to the shortness of the individual 
arcs, which permits some of the arc 
energy to be dissipated longitudinally, 
reducing the amount dissipated radially. 
The higher voltage gradient and current 
density values found tolerable in the low- 
voltage fuse designs suggested that more 
compact designs might be possible in at 
least the lower voltage ratings of high- 
voltage fuses. 

Preliminary High-Voltage 
Short-Circuit Tests 

To get a few indications of the possi¬ 
bilities of ribbon elements at higher volt¬ 
age levels, four series of interruption tests 
were perfonned, with the use of single 
ribbon elements. The ribbons were em¬ 
bedded in granular quartz in a 1-inch- 

Paper 55-217, recommended br the AIBE Switch- 
gear Committee and approved by the AIBB Com¬ 
mittee on Technical Operations for presentation at 
the AIBB Winter General Meeting, New York, 
N. Y., January 31-February 4, 1956. Manuscript 
submitted October 21, 1954; made available for 
printing December 3, 1954. 

A. H. PowBtx and C. L. Schuck are with the Gen¬ 
eral Blectric Company, Philadelphia, Pa. 

The authors acknowledge contributions by W. B. 
Brandt and B. M. Fitzgerald, who obtained and 
interpreted the preliminary data on ribbon ele¬ 
ments at high voltages. 
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Table I. Values from Tests 




Low voltage (ribbons). 900 , 

High voltage (wires).. 30 O.' 


^ameter tube composed of glass cloth 
pregnated with melamine resin. Par- 

T^tr°^ ‘5?' are given in 

Table n. The test results were inter- 
preted as indicating that: 

iirss ^ '^^"“‘^erable range of recovery volt- 
current could be inter- 
rawed by a angle ribbon in a strong resilient 

2. Interruption of high availahie eurrenls 
developm ™o1 

momentary pressure, and was 
probably made possible by the ability of the 
tube matenal to withstand such pressures. 

region^o/jiellS'''' « the 

waQ ^ adequate number of holes 


overload currents of magnitudes that 
cause melting after 10 to 15 minutes. 
Better results were obtained with multiple 
rather than with single elements, evi¬ 
dently because of the much higher current 
flowing in the last element to melt and 
arc. If ribbons were found usable 
they could be used in given current ratings 
m fewer numbers than wire elements, 
so that a lower relative overcurrent would 
flow in tlie last ribbon to melt. 

Overload tests were first made with a 
low-voltage test circuit to determine cur¬ 
rents causing melting after times ranging 
from 10 to 20 minutes. Results of these 
tests on numbers of ribbons from 1 to 20 
are shown by the curves of Fig. 2. The 
curves summarize two groups of data: 

1 T?_. . 


1. For ribbons having holes every 1/2 inch 

ribbons as in Fig. 1, modified by 
addition of notches and tin alloy applied to 
the nbbons at the center hole 


last 

test listed in Table II. 

Overload Tests 

^ In view of the results obtained in the 
prelimmary short-circuit tests, it was 
thought most important to estabKsh the 
^ f -oltage add cuvreat 
nbbon elements could interrupt prolonged 


the difficulty that fuses of this type, unless 
properly designed, have in i^Lmptffig 


The effect of the notches and alloy in 
a typical case of 10 ribbons is to reduce 
the current which will melt the fuse in 
10 minutes from 705 to 480 amperes, 
his results in a less inverse melting time- 
^irent for a given current rating. 

s IS desirable in fuses for general ap¬ 
plication, but for fuses used in motor con¬ 
trols It IS more important that starting 
^ent can be passed without damage 

mnfn* clients. Accordingly, with 
motor control fuses, the notches and 
alloy spots are not employed. 

The variable of ribbon (and tube) 
leng^ was found to have negKgible 
effect on the melting current for a given 
nuniber of ribbons in the range of ribbon 
kngths of interest (9 to 17 inches). 
This wj true only if the ribbons were 
mounted straight through, rather than 
^>^anged heKcally or otherwise. 

With melting current data established, 
fiffi recovery voltage overload tests were 
performed in the Switchgear Develop¬ 
ment Laboratory. In Fig. 3, some of 
the samples are shown in their trans- 


T«bl«ll. P..llml,«yHl|,l,.V,H.„ Iptaropflon T«h 


Test 

Voltage, Available 

c“;r P5S'- sn- 


Ho. of 
Holes, 
Spacing 
1/2 Inch 


• 1,150.. 

; 5,700.. 

2.760.. 

5.600.. 

5.600.. 

8.260.. 
28,000.. 
23,000.. 
23,000.. 

127.000.. 


■,960 to 
26,000 
485.. 

• 43,000 . 

• 27,700 . 
. 86,000 . 

• 92,000 . 

• 31,000 . 
. 20,000 . 

• 2O,0OO ., 
. 33,000 ., 


Performance 


• ..0.0038. 
...0.0038, 
...0.0038. 
...0.0038, 
..0.0038. 
..0.0038. 
..0.0038. 
..0.0038. 
..0.0038., 


cleared 

.cleared 

.. failed 
.....failed 




w Pj^ tubes, from e=ccesi 

Itiple load tests. Samples numbered 1 2 
and 3 show 1-, 6-, and lO-element ^ 
and circuit. Samples 

>ble, fuses after overload melting tests with 

u«s ^very voltages of 2,640 to 2,700 volts 

^ ir‘^®'“““'“”M8Mtefonnation 
ho o. against sub- 

ba aJanM^oveiy voltage requires elonga- 
m- bon of tbe arc and a filler capable of fb- 
.Sri '^ittout 

^ Itself beconung conducting. With re- 

20 coveiy voltap in the order of 2,050 
e volts Md, with the number of ribbons 
mm^ng, the average length converted 
became less, leaving uncon- 
,ns ^ed silver ribbon at the ends of the 
fuse tube; see sample 5 of Fig, 3. 

out 

at higher higher voltage levels to estabHsh 
e territory in which successful full- 
interruptions 

ve coidd be obtained, ribbon lengths being 
n ong as 35 inches in some tests. The 

P shovrn by 

t. Fig. 4 A definite voltage "ceiling” was 
t found to exist, regardless of ribbon length 
■ improvement re- 

- use of multiple elements, 

’ fartn important 

' m\?olved is the rate at which the 

, nbbons can burn back, enabling them 
• f voltage gradients only up 

0 a specafic limiting value. These re- 
possibility of making 
use of ribbon elements in the important 

r definitely show their 

applicability in the lower voltage ratings 
^d in current ratings hitherto possible | 
with wire elements only in fuse tubes of 
considerably greater volume. 

In short-circuit tests to be described, 
til demonstrated conclusively 

t^t nbbon elements required a laminated 
glass cloth base fuse tube to cope with the 
pres^e developed. In directly com- 
parable fuU-recoveiy voltage overload 
tests, these tubes permitted somewhat 
better test results than Pyrex tubes; a 

expected in view 
Of the higher temperature withstanding 
raring of Pyrex., Therefore, most of the 
ull-recoyeiy voltage overload tests were 
made using melamine glass cloth tubes. 

Short-Circuit Tests 

Resulte of the; overload tests had 

brought into focus the voltage and current 

ratings in which further shorridrcuit 
t^ts should be made of fuses with ribbon 
elements. At the level of 40,000 asym- ■ 
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Fig. 1 (above). Developmental sample of current-limiting fuse with 
single silver ribbon element following interruption test. Fulgurite or 
slag formed shown in front of fuse tube and in section at left 


Fig. 3 (right). Developmental samples of current-limiting fuses with 
silver ribbon elements following overload tests 





metrical amperes, a series of tests was 
made to compare the performance of 
multiple ribbon element fuses having 
Pyrex tubes with fuses having melamine 
glass cloth tubes, at 2,650 volts, the maxi¬ 
mum design voltage for 2,400-v6lt ap¬ 
paratus. The results, as illustrated by 
the oscillogram traces of Fig. 5, clearly 
showed that good performance depended 
on the use of the melamine glass cloth 
tubes. 

In these oscillograms, the available 
ciurent is shown by the dotted area and 
the time-current required for melting is 
shown by the cross-hatched area ter¬ 
minating at the time of the first substantial 
rise of arc voltage. Peak <nirrent at 
melting is indicated opposite the melting 
point on the current trace, and the deci¬ 
mal value opposite the peak current 
reached shows the fraction of the avail¬ 
able peak current that was allowed to 
pass. The three tests at the top of Fig. 5 
show P 3 rrex glass tubes incapable of 
withstanding the momentary internal 
pressure from operation of five or more 
parallel connected ribbons. Failures 
were marked by the glass being blown 



Fig. 2. Overload melting data applying to 
Pyrex or melamine glass cloth tubes 2V8-inch 
outside diameter, 3-inch diameter ferrule, 
with granular quartz filler 


apart, pressure thereby being relieved, 
allowing the arc diameters to increase, 
and arc voltage to collapse. Pyrex was 
therefore abandoned as the tube material 
for ribbon element fuses. 

With the glass cloth base tubes, satis¬ 
factory interruptions were obtained witli 
numbers of ribbons up to 20 (the geomet¬ 
rical capacity of the 2V8-inch inside- 
diameter tube), with approximately 1/4- 
inch spacing between ribbons; see Fig. 5, 
bottom, and Fig. 6, top. Tests at avail¬ 
able currents of 60,000 nns amperes 
(Fig. 6, bottom) proved the ability of 
these rather crowded designs to interrupt 
150,000 symmetrical kva on a three- 
phase basis. The fulgurite or slag formed 
in a typical short-circuit test is shown 
next to the fuse tube in Fig. 7. Further 
similar tests demonstrated the ability 
of longer ribbon element fuses with mela¬ 
mine glass cloth tubes to interrupt current 
equivalent to 250,000 symmetrical 3- 
phase kva at 5,500 volts. 

Compared with typical oscillograms of 
short-circuit interruptions by silver wire 
elements, the oscillograms of Figs. 5 and 
6 show that with ribbon elements the 
current-limiting action is somewhat less 
prompt following melting. With wire 
elements, melting is followed by an im¬ 
mediate reduction in current, with arc 
voltage rising sharply to a peak usually 
substantially higher than the peak of 
normal frequency recovery voltage. The 
initial rise of the arc voltage with per¬ 
forated ribbon elements is seldom greater 
than 50 per cent (%) of this value, which 
might be expected on the basis of tlie 
short effective lengths of the reduced 
cross sections at the holes in the ribbons. 

The major peak of arc voltage occurs 
later, at a time corresponding to melting 
of the full-ribbon section. This was 
checked in each of the short-circuit tests 
made, by calculation of the heating 
effect of the actual current flowing up to 
the time of the rise to the major arc volt¬ 


age peak. Thereafter, the current-limit¬ 
ing effect is greatly accelerated, and inter¬ 
ruption is completed at or slightly after 
the subsequent generated voltage zero. 

The result is that in the time interval 
between melting of the reduced sections 
at the holes to melting of the full-ribbon 
sections, the current permitted to pass is 
greater than for comparable wire ele¬ 
ments. However, the over-all current- 
limiting effect is quite pronounced, as 
may be seen by comparing the traces of 
actual current in Figs. 5 and 6 with the 
dotted areas showing the available cur¬ 
rents. 

Voltage Peaks 

In the development of wire element 
current-limiting fuses, the rapid increase 
in arc voltage following melting called 
for special features in the fuse element 
design to limit the transient voltage 
peaks to acceptable values.* Cathode- 
ray oscillograms taken with each short- 
circuit test of ribbon elements provided a 
more detailed, but similar, account of arc 
voltage to that obtained with the mag¬ 
netic oscillograph. 

For ribbon element fuses tested at 2,650 



ELEMENT LENGTH-INCHES 
CONVERTED TO FULGURITE 

Fig. 4. Summary of full-recovery voltage 
overload tests on silver ribbon element current- 
limiting fuses 
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TEST 12. 20 RIBBONS-CLEARED 
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^ test 13. 15 RI8B0NS-CL^RE°D ASYMMETRICAL 

melamine GLASS CLOTH t'u'Ss^^' 

6* ®»«'llpsram current and are vollao* « l 



TEST 9. 5 RIBBONS-CLEAREO 

melamine glass cloth 


Po^n. SoHuc^ro,^ m^tsfor B-V Curren^IMUin, Puses 


TEST 8. 10 ribbons-FAILED 

and 6,500 volts, arc voltages reached re- 
^ve lev^ only 39% and 17% higher 
ttan normal frequency recovery voltage 
^ (averaging ah short-cirSt tested 

® “‘5' 1-76 

Md 1.53 of crest respectively. Analysis 

of tte r^ds showed no clear trend in 
^ voltage either with the number of 
available current. 

volts rer miCTosecond at any stage of 
the mtemphons, and oscillations were 
snbstantrally absent as a result of gener¬ 
ated voltage being close to zero at the 
tune arang ceased. 

Intermediate Current Interruption 

In addition to fuU-recovery voltage 
ovCTload and short-circuit tests, intw- 
mption tests were made at intennediate 
levels of available current to check ability 
to mt^mpt and to obtain melting time- 
^rentdata. Typical perfonnance from 
tests made at 2,660 volts is indicated by 
data giv^ in Table III, These, in con- 
junction (Md close agreement) with, data 

tests, enabled 
the estabhshment of time-current melting 
cums shown in Fig. 8. The curves are 
in two groups: 

ElPotSi appUcation with National 

Etectncal Manufacturers Association E 

STn employing notches and tin 

alloy on elements, whether wire or ribbon. 

applications with 
^bitrary siz^ designations, and no notches 
or alloy on elements. 

Over the time range of 0,006 to 0.3 
second, no difference in melting time 
found for a given number of ribbons 
whether notches and tin alloy were used 
on the elements or not. For lower cur¬ 
rents and longer times in which metal¬ 
lurgical changes have more chance to 
take effect, the curves have different 
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Fis. 7. De- 
velopmental 
sample of cur- 
rent'limitins fuse 
with silver ribbon 
elements. Mel¬ 
amine glass cloth 
fuse tube. Ful¬ 
gurite formed in 
short-circuit test 
shown at right 


shapes, as they must, since the overload 
melting currents are so different; see 
Fig. 2. In both groups the new curves 
applying to ribbons, shown by the dashed 
lines in Fig. 8, should lead to advantages 
from an application standpoint. 

In typical high side transformer ap¬ 
plications, the higher position of the fuse 
time-current curve will permit the use of 
feeder air circuit breakers with higher 
trip settings than otherwise. In motor 
control applications, the new curves 
should permit use of larger motors with 
given fuse sizes. The curves of Fig. 8 
are matched on the basis of overload melt¬ 
ing currents for standard National Elec¬ 
trical Manufacturers Association current 
ratings in the A group, and for established 
sizes of fuses for motor controls in the B 
group. ;The number of ribbons appro¬ 
priate for each case are shown in Table IV, 
and ratios of quantities bearing on per¬ 
formance are listed. The lower number of 
ribbons than wires for a given rating is 
less demanding of internal fuse volume, 
and has enabled substantial over-all size 
and weight reductions in these ratings. 

The near equivalence of element cross 
sections at the holes in the ribbons with 
those of the wires makes for close corre¬ 
spondence in the positions of the lower 
ends of the time-current curves; see 
Fig. 8. The threefold increase in section, 
considering the full ribbon, results in 
lower over-all fuse resistance, as indicated 
in the last column. This produces less 
lieating with the fuse-carrying load cur¬ 


rent, even in spite of size reduction which 
reduce the fuse external surface available 
for dissipation of heat. The 3.4- to 3.9- 
fold increase in element surface in contact 
with filler grains is believed the factor 
principally responsible for the ability to 
interrupt as high as 1,500 amperes per 
ribbon. 

Tube Strength 

Pressure developed inside the fuse tube 
increases with the arc energy developed 
during interruption; and it is important 
to obtain a quantitative measure of the 
margin between the arc energy produced 
by rated interrupting current and volt¬ 
age and that required to burst the tube. 
In Fig. 9, a sample is shown following a 
short-circuit test at higher-than-rated cur¬ 
rent and voltage in which sufficient pres¬ 
sure was developed to break the melamine 
glass cloth tube radially. Based on a 
hoop tension calculation and using the 
tensile strength rating for this material, 
the pressure reached approximately 4,100 
pounds per square inch. 

. Arc energy evaluated from the oscillo- 




CURRENT IN AMPERES 

Fig. 8. Comparison of melting time-current 
characteristics: silver ribbon versus silver 
wire elements, 2,400 volt ratings 


Fig. 9. Developmental sample of current- 
limiting fuse with silver ribbon elements. 
Sample shown following short-circuit test to 
destruction to determine limit of melamine 
glass cloth tube 


gram up to the time of arc voltage col¬ 
lapse was 101 kilowatt-seconds per inch 
of tube length. For designs listed in 
Table IV, arc energies involved in inter¬ 
ruptions do not exceed 32 kilowatt-inches 
for 2,500-volt ratings and 48 kilowatt- 
inches for 500-volt ratings. The results 
are based on tests at maximum design 
voltages and at available currents corre¬ 
sponding to the interrupting ratings. 

Short-Time Melting 

For both wire and ribbon elements em¬ 
bedded in granular filler, the melting time 
at moderate currents is increased by dissi¬ 
pation of heat through the filler. Assum¬ 
ing that at high available ciurrents no 
heat is lost in this way during the short 
melting times involved, the melting time 
and current are related by 

( 1 ) 

where 

t=instantaneous current-amperes 
/■= time, seconds 
A “Constant 

5“element cross section, circular mils 

When several cycles of current are in¬ 
volved, equation 1 may be written 

( 2 ) 

where I is the rms current magnitude 
(symmetrical), and on conventional log- 
log time-current plots, the relation may 
be represented by a straight line of slope, 
2 to 1. 

In view of the high subcycle speed with 
which fuses of this type interrupt, and 
recognizing that the lower limit of con- 


Table 111. Intermediate Current Interruption 
Test Data 



Available 



No. 

Rms 

Melt- 

Arc- 

of 

Amperes, 

ing 

ing 

Rib- 

Sym- 

Time, 

Cycles 

Time, 

Cycles Performance 

bons 

metrical 

6.. 

..1,600... 

.14.0 .. 


6.. 

..3,100... 

. 0.95.. 

..1.4 

12.. 

10.. 

..3,900... 

..6,500... 

. 5.3 .. 

. 0.4 .. 

' no disturbance 

12... 

..7,230... 

. 0.5 .. 

..o.sj 


Table IV. Ribbon Versus Wire Elements 


Ratios, Ribbons to Wires 


Rating 
or Sise 

No. of 
Wires 

No. of 
Ribbons 

Cross Section 

At Holes Full Ribbon 

Element 

Surface’" 

Fuse 

Resistance 

.125E .. 

...32_ 

6 . 

..,0 fl7 , 

3 1 

3 7 


150E . . 

...39.... 

.... 7 . 

...0.93..! 

.'.'.'.’.’.’.2.9.’.!.. 

. 3.5 . 

_0.62 

200B .. 

...48_ 

....10. 

...0.97... 

.3.1. 

.3.9. 

,..:0.59 

• 1 • . 

...32. ... 

.... 6 . 

...0.97... 

. 3.1 . 

. 3.7 . 

..,.0.60 

8 .. 

s• •48v ••• 

- 9 . 

...0.87... 

. 2.8 . 

. 3.5 . 

...,0.67 

5 .. 

.. .60 _ 

....12 . 

...0.76... 

. 2,4 . 

_ 3.4....... 

....0.72 


’•'Full ribbon to minimum wire diameter used. 
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700,000i 
S 500,000 



20,000 

2 3 5 7 10 20 30 

number of silver ribbon elements 

Fig. 10 Summary of short-circuit melting 
data indicating melting of silver ribbons at 
high currents faster than calculated 


veiitional time-current plots for co- 
orjnation purposes is 0.01 second 
G.W has proposed a "virtual-time’' 
method for extending the melting and arc¬ 
ing time-current curves below 0.01 
second to enable co-ordination studies in¬ 
volving such fast acting fuses. Accord¬ 
ing to his method, the melting charac- 
tmstic is simply continued downward to 
higher currents and shorter times at slope 
o , and actual arcing time-current is 
^igued an equivalent or virtual value of 
tune based on the symmetrical rms cur¬ 
rent available, i.e. 

/a (3) 


^sCarcing) ■ 


The slo^ of the curves for ribbons at 

0.01 ^nd, Fi«. 8, are considerably higher 

^n 2 to 1, being more nearly 3.6 to 1 for 
This shows anoiher 
^Ufflce at work, tending to bring about 

m^mg more rapidly than otherwise. 

The constant K is proportional to the 
^Mt metal's specific heat, its density, 
tmd the temperature rise required to rea4 
mcltmg, and is inversely proportional to 
r^tmty corrected or averaged 
thro^ the temperature range. For 

*ow K adhermg to the theoretical cal- 
value 0.021, but for large diameter 
Wires, a survey of melting data shows a 


d^nite reduction in this figure as wire 
diameter increases. 

With ribbon elements the effect is even 
more pronounced, S being based on the 
cross section of silver outside the holes. 
In Fig. 10, a summary of measurements 
made from oscillograms of short-circuit 
tests is shown in comparison with the 
theoretical value of 0.021 for K An 
av^age curve drawn through these data 
indicates an effective value of iT of 0.0117 
a reduction of 44%. The effect evi- 
d^tly overrides any loss of heat from the 
reduced sections at the holes to the full 
sections, and in turn to the filler, as ap¬ 
pears to predominate at more moderate 
currents. 

The most apparent explanation for this 
raect is believed to be a nonuniform dis¬ 
tribution of the current over the ribbon or 
wire cross section (skin effect). If it is 
Msumed that current is imtially denser in 
the outer portions of the cross section, 
and that once these liave melted the cur¬ 
rent becomes more concentrated in the 
inner portions, the over-all melting time 
can be shown to be reduced. 

As a sunple quantitative approxima¬ 
tion, the element cross section may be 
considered to consist of two equal parts 
m one of which the current density is 
initially greater than the uniform case / 
by an amount A/. The other portion of 
the cross section then has the lower cur- 
rmt density J-aJ. It may be shown 
^t the percentage by which the melting 
time of the entire cross section would be 
reduced for such an initial current distri¬ 
bution foUowed by concentration of all 
current in the second section after the 
ftrst has melted is 100(l/[l-f-7/(A/)l) 

For several values of A/with respect to 
^e reducti^ m melting time is shown in 
Table V. This observed reduction in K 
tor large-element cross sections indicates 
that, m applying Gibson’s method, some 
adjustments become necessary when ex- 
ten*ng the melting characteristics for 
mgh current ratings. 





Rg. 11. Existing line of 2,400-volt cum 
limiting fuses. Wire elements in Pyrex tu 
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New Fuse Construction 

The findings from the investigations 
described make possible more compact 
designs m the ratings indicated. Their 
reduction to practice provides an oppor- 
umty for introducing certain further hn- 
provements in design and manufacturing 
methods. Any time that a fuse, or any 
_ evice, can be simplified and the manu- 
ractunng operations mechanized, the re- 
sutmg product will be improved. The 
advCTt of the ribbon element now makes 
simplification of the current-limiting 
power fuse a reality. 


j’owell, Schuck-RMon EUmentsfor H-V Currmt-UmUing Fuses 


Elements 

The existing line of fuses, shown 
ig. 11, uses a multiplicity of silver wir 
In the voltage range discussed in t 
paper, i.e., 2.4 and 4.8 kv, as many as 
wires are strung straight through t 
tubes. The wires are made by weldii 
together short lengths of various diai 
eters to obtain a "stepped” section f 
successive melting and voltage control, 
described previously.» They are the 
strung through the tube and attached 1 
contact supports at each end. A Ion 
needle and considerable skUl are neede 
for this operation. The wires are the 
electrically attached by welding to the fei 
rmes. The chances of overstressing thi 
relatively fine (0.005 to 0.010-inch diam 
eter) wires and the time involved in th( 
strmging operation are obvious. 

The new element described earlier, 
silver, now makes sim- 
phfication of the assembly an accomplish¬ 
ment. The ribbon is obtained with the 
thickness held to tolerances of + or — 6% 
and IS passed through rotating dies which 
punch out the necessary holes and 
notches. It is also notched to indicate the 
^rrect length and then cut into sections 
from a coil as required. The new-style 
element supports which are used only to 
space the elements are held in place be¬ 
tween the fei^le and tube end. Of 
course, fewer ribbons are needed as com¬ 
pared with the wire elements, but pro- 
^^sion is made for 10 elements for a con- 
tinuous maximum rating of 200 amperes. 
The ferrules are silver plated, and the ele¬ 
ments, after insertion, are positioned in 
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the supports and then bent over the edges 
of the ferrules, ready for final attachment. 

Tube, Ferrules, and Indicator 

Most of the present line .of fuses with 
wire elements use a heat resistant glass 
for the fuse tube, to which are attached 
copper ferrules using an antimony-lead 
compound. This construction is tight 
and strong, but as the glass is weak when 
subjected to tension stress such as that 
caused by a momentary pressure inside 
the tube during short-circuit interruption, 
a, better material will result in improving 
the interrupting ability as was discussed 
earlier. 

Tubes made of melamine-impregnated 
Piberglas have been thoroughly investi- 
pted from several points of view includ¬ 
ing heat-withstand ability, dielectric 
stren^h, tracking characteristics, and 
bursting strength. It has proved to be 
very good and therefore it was possible to 
use such material for the new fuse tube, 
vdth a thinner wall than the glass to pro¬ 
vide more volume for the filler material. 
The ferrules are pressed onto the tube. A 
light coating of cement is applied to the 
tube before assembly to make a water¬ 
tight seal for outdoor weather condition. 
Fig. 12 shows the tube and ferrule as¬ 
sembly. 

The new ferrule is made by cold work- 

(expanding) high-conductivity copper 
tubing in order to obtain a smaller diam¬ 
eter section just below the cap to pro¬ 
vide space for crimping the caps to the 
ferrules. The cap for the top of the fuse 
is plain, although it could include name¬ 
plate data, while the bottom cap includes 
means for indicating that the fuse has 
operated. 

The indicator design has also been im¬ 
proved to obtain greater reliability and 
easier visibility. A current-sensitive re¬ 
straining wire is used to hold a lightweight, 
3/4-inch-diameter indicator (which is in 
the form of an inverted cup in the recess 
in the cap) against the force of a compres¬ 
sion spring. The insulator closure and 
holes through which the wire passes, are 
sealed against the entrance of moisture. 
The indicator element is in parallel with 
the main element so that when it melts 
during fuse operation, the current through 
the indicator which has been relatively 
small is quickly increased to a hig h value. 
The element embedded in the filler re¬ 
quires more current for melting than does 
the section in air, inside the indicator. 
Therefore the section in air melts first, 
releasing the plunger and the remainder 
of the element in the filler mdts later, per¬ 
forming its frinction of interrupting the 
follow current. 



Fig. 12. One end of tube and ferrule with 
end cap in place ready for crimping silver 
ribbon elements between cap and ferrule 


Assembly 

The ferrules are pressed onto the fuse 
tube by means of a hydraulic press. The 
elements are located in the tube and the 
ends of all the ribbon elements are bent 
over the edges of tlie ferrules. This pro¬ 
vides a direct path for the current from 
the elements to the ferrules. 

The end cap with indicator which also 
includes a light gasket for sealing pur¬ 
poses is crimped to the ferrule, and the 
indicator element is pulled to the other 
end of the fuse and attached to the ele¬ 
ment support. The tube is then filled 
vath the special quartz granules that pro¬ 
vide the interrupting ability, and after 
the fuse is vibrated to malce sure the tube 
is completely filled, the other cap with 
built-in seal is attached by crimping to 
the flange on the other ferrule. The cold- 
formed crimp and gasket provide a water¬ 
tight and completely secure seal and a 
tight, metal-to-metal contact between the 
elements and the ferrules. This com¬ 
pletes the assembly operation, in which 
modem manufacturing and metal-working 
operations have eliminated guesswork and 
operator skill to produce a f'ompletely 
reliable power fuse. 

Tests and Qualify Control 

During the development of a new fuse 
with ribbon-type elements, many series 
of t^ts have been required to obtain all 
pertinent data and prove the conclusions. 
The last step in the project involves proof 
testing of the final design based on pro¬ 
duction tool-made samples. Such tpsts 
follow the pattern proved successful in 
the past and include: 1. full-capacity 
short-circuit interruptions, 2. low-voltage 
melting tests to obtain time current data, 

3.^ full-voltage long-time interruptions 
with the recovery voltage maintained for 
approximately 30 seconds to check for 
postinterruptiou fadure, and 4. a number 


of tests at intermediate values, particu¬ 
larly at maximum energy values for the 
rating involved. Such a series involves a 
large number of tests under conditions 
requiring accurate measuring equipment 
and careful control. Such tests are made 
on the maximum voltages and currents in 
each fuse frame size, and on at least two 
lower intermediate ratings. 

The design tests are then supplemented 
by quality control tests, planned on the 
basis that all ratings will be checked every 
2 years. These have proved adequate as 
the material in the fuse is all carefully 
controlled and every fuse receives a re¬ 
sistance check with the use of a double¬ 
bridge type of instrument. The resist¬ 
ances of the fuse ratings are held to within 
a tolerance of -f- or —6% to ensure meet¬ 
ing industry standards which provide for 
an over-all tolerance of 20% in melting 
current. 

Conclusions 

A new high-voltage current-limiting 
power fuse has been developed and the 
problems associated with the design and 
production of the fuse described. A new 
type of element, in the form of a flat 
ribbon, is used, mounted in a strong tube 
with a new type of ferrule to eliminate 
soldering and welding operations. The 
resulting fuse is smaller and of lighter 
weight for many of the ratings, and more 
ratings are available than in the previous 
line of fuses. A current-limiting, high- 
interrupting capacity fuse with ratings 
up to as much as 400 amperes at 2.4 or 
4.8 kv is now a reality. 
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Discussion 

W. A. Gaskill (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): The 
high-voltage current-limiting fuse is rela¬ 
tively new in fuse art and consequently little 
basic design information is available. So 
many interrelated factors affect the inter- 
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rupting ability that it is difficult to evaluate 
their individual effect on the performance 
of the fuse. Considerable design data ex¬ 
ists on the low-voltage fuses but as the 
authors pointed out it is not directly appli¬ 
cable to high-voltage fuse design. The 
manufacturers must therefore spend con¬ 
siderable time and money in obtaining basic 
design information prior to developing and 
verifying a fuse design for production. All 
causes of failures of experimental fuses 
should be thoroughly investigated to make 
certain that the conclusions reached are 
valid. 

We feel that the authors have not thor¬ 
oughly investigated all possible causes of 
the failures they experienced. One of the 
most important considerations in the design 
of current-limiting fuses is the relationship 
.between filler particle size and tlie wire or 
ribbon dimensions but nowhere in the paper 
is this discussed, A small grain size physi¬ 
cally restricts the arc and produces a desir¬ 
able high arc voltage. Also the small 
grains impede the flow of the silver vapors 
through the filler and produce a high pres¬ 
sure in the region of the arc. This pressure 
acts on the surface of the filler and produces 
a large radial impulse force which is trans¬ 
mitted through the filler to the outer tube. 

If a filler grain size smaller than the opti¬ 
mum size was used on these tests, it could 
well be the explanation for the failure of the 
Pyrex glass tube. 

The use of reduced sections in fusible 
elements for high voltage fuses is not new. In 
1944Rawlinsand Fahnhoe> presented apaper 
on a new 3-element current-limiting power 
fuse in which they discussed the advantages 
of reduced sections and the design of a fuse 
with the use of this principle. The spacing 
between reduced sections was 1/8 incli and 
the oscillograms showed that the initial arc 
voltage developed was sufficient to force an 
immediate reduction in current. 

It is not surprising that the authors of the 
present paper ^perienced somewhat less 
prompt current-limiting action immediately 
following melting compared to solid wire 
elements, when it is considered that they 
were using a spacing of 1/2 inch between 
holes. The number of series arcs produced 
was not sufficient to produce an immediate 
reduction of current. This is also a possible 
explanation for the erratic arc voltage trace 
obtained on most of the tests in Figs. 5 and 
6. The reduced sections in the holes melted 
and produced insufficient arc voltage. The 
current continued to increase, producing 
considerable energy in the region of the 
holes. This energy was absorbed by a rela¬ 
tively small volume of filler which shortly 
became a conductor. The formation of 
these conducting fulgurites reduced the arc 
voltage and permitted more current to flow. 

As the sections between the holes vapori 2 ^d, 
the arc voltage increased. This oscillating 
condition between the build up of arc 
voltage and the reduction of arc voltage by 
the formation of conducting fulgurites 
probably accounts for the erratic arc voltage 
trace. 

If the arc voltage produced by the melting 
of the reduced sections in the notches or 
holes is not adequate to force an immediate 
reduction in current, the benefit of the re¬ 
duced sections is not realized. They are 
actually a detriment, since arc energy is 
being dissipated in the fuse while the re¬ 


mainder of the fusible element melts to 
produce the necessary arc voltage. 

A study of the oscillograms in Figs. 5 and 
6 reveals that on most of the tests the actual 
current deviated considerably from the 
available current prior to melting of the 
first portion of the fuse elements. If the 
explanation is the addition of the fuse re¬ 
sistance to the circuit, a larger voltage drop 
across the fuse during melting would be 
expected. The current at the instant of 
melting on test 13 is only one-half the avail¬ 
able current at that time. On test 14 the 
two current traces coincide. The voltage 
appears to be of the same value on both tests 
13 and 14. 

Symmetrical short-circuit current tests 
were noticeably absent in this paper, 
although it was shown by Prince and 
Williams (see reference 1 of the paper) that 
the let-through current is considerably 
greater on symmetrical tests over 10,000 
amperes than on asymmetrical tests. Also 
the recovery voltage conditions are more 
severe on the S3mimetrical tests. 
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T. J. Render (General Electric Company, 
S<ffienectady, N. Y.): When one familiar 
with standard low-voltage cartridge-type 
fuses considers the present design of the 
high-voltage current-limiting fuse, he cannot 
help but wonder why ribbon elements are 
not used in place of round wires. The rea¬ 
son for the design difference, as mentioned 
m the article, is the requirement of a toler¬ 
able number of volts per inch of active fuse 
element and the permissible amperes per arc 
path. 

The early concept of fuse design was to 
have a single arc occur near the center of the 
wire. The ribbon-type fuse makes use of a 
later concept whereby a series of small arcs 
are formed. This provides a more uniform 
dissipation of the arc energy and results in a 
lower recovery voltage. 

As shown in the paper, the phenomena of 
fuse-wire disintegration limited the design 
of fuses employing a number of parallel 
wires. With the introduction of ribbons, 
the series of arc interruptions has been 
shown to follow the pattern of the unduloid 
producing fulgurites the fuU length of the 
multiple-arc paths. The pressures result¬ 
ing from arc interruption in this manner are 
higher than obtained by the use of parallel 
wires. Hence the need for a stronger, more 
resilient confining medium such as the 
melamine glass tubing. 

The new ribbon-t 3 rpe design of high- 
voltage current-Umiting fuses offers many 
advantages over previous designs. These 
points are as follows: 

1. A higher current rating is permitted. 
This means that fused starters can be built 
for larger motors than was previously possi¬ 
ble, 

2. The new fuse is smaller in size. This 
saves space in the control panel and makes 
handling of the fuse easier. 

3. Through reduction in size, the weight 
of the fuse has been decreased. Since the old 
design of fuse was quite heavy, any weight 
reduction is an obvious improvement; 


4. The melamine glass cloth tubing elim¬ 
inates the possibility of fuse breakage due to 
improper handling. The presence of a glass 
barrel on a large, heavy fuse necessitated 
much additional care in its usage. 

5. The peak arc voltages reached during 
operation of the ribbon-type fuses are 
considerably less than those of the wire-type 
fuse. Circuits are thus not subjected to as 
high transient voltages as before. 

6. The melting time of the ribbon-type 
fuses under full short-circuit conditions is 
less than that required for the wire element 
fuse. 

7. The melting time-current character¬ 
istics of the new fuse have a less inverse 
characteristic, allowing greater freedom of 
co-ordination of the new fuse and feeder 
circuit breakers. It also allows application 
on larger sized motors per given fuse size 
without danpr of blowing the fuse prema¬ 
turely on either starting inrush or rapid 
duty-cycle operations. 

In view of these many advantages, the 
new ribbon-type high-voltage current-Kmit- 
ing fuse is a definite advancement in the art, 
incorporating all of the latest techniques 
concerning the phenomena of fuse element 
disintegration. It fills the need for a fuse 
which can be used witli the increasingly 
larger motors of today’s industries, and 
which will better co-ordinate with other 
protective devices of industrial power dis¬ 
tribution systems. 


A. H. Powell and C. L. Schuck: The authors 
regard the discussions as evidence of a 
growing interest in circuit protection by 
current-limiting power fuses and benefits 
that may be made available by their con¬ 
tinuing development. 

Mr. Oaskill expresses concern regarding 
some of the same design problems that have 
required investigation in this and emlier 
development work (see references 1 to 3 of 
the paper). An adequate treatment of the 
fuse filler and its optimum grain size (and 
grain shape) could well be the subject of a 
separate paper. We began such investiga¬ 
tions in 1934 and in varying degrees have 
been studying the problem ever since. In ‘ 
1943, in connection with the development of i' 
motor control fuses having large diametef 1? 
elements, quartz sand was obtained from 1- 
several sections of the country in available I 
grades and their interrupting merits were § 
evaluated. Screen analysis showed that 1 
each grade was composed of a range Of 1 
grain sizes following a typical distribution » 
with more or less spread. The interruption 1 
tests showed that superior performance K 
resulted when the spread was small and I: 
when the very fine grains had been elim- i 
inated, I 

For the present development, the filler 1 ’ 
arrived at in the aforementioned work with 1 , 
large wires was employed. The relatiw I 
flatness of curves of interrupting ability 1 
versus grain size in the region of interest led 1 . 
us to conclude that any refinement in de- f 
termining an optimum grain size for ribbons * 
could not be the key to such vast differences « 
in performance as those obtained with 1 ; 
Pyrex tubes versus laminated glass cloth 1; 
tubes. . 1 

The use of reduced wire element sections » 
is indeed not new (see reference 2 of the P 
paper) but these results cannot be applied ■; 
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directly to ribbon-shaped elements. Fur¬ 
ther considerations are the influence of the 
size, shape, and spacings of reduced sec- 
ticms on the melting time-current character¬ 
istics, and on the over-all fuse resistance, 
^om the interruption standpoint alone, 
there may be variations in holes or other 
shapes for the reduced sections and their 
spacmgs, which might yield advantages of 
different kinds in low voltage fuse designs, 
but for high-voltage applications, the use of 
1/2-mch spacing is believed close to the 
optmum. This is based on results of tests 
wttb hole spacing from 1 inch down to 3 /8 
in(m. From the melting time-current and 
resistance standpoints also, the 1/2-inch 
spacing appears most satisfactory, as closer 
spacing would yield less short-time capacity 
and higher resistance, with no improvement 
in short-circuit performance. 

The arc voltage records are consistent in 
their main features and erratic only in 
respect to minor fluctuations with time 
common to the voltage drop across high- 
current arcs of many forms. The principal 
features of the arc voltage as described in 
e paper are believed to be characteristic 
of ribbon elements with reduced sections. 


for which the substantial difference in heat 
capacity of the full and reduced sections 
results in 26 to 30 electrical degrees* differ¬ 
ence in their melting times on TnaYitniim 
available currents. Thus the full sections 
play the role of back-up by furnishing their 
len^h of newly formed arcs to produce the 
additional arc voltage needed. 

In the oscillogram for test 14 of Fig. 6, 
the available current as Mr. Gaskill points 
out, does not appear to bear the same rela¬ 
tion to the current up to the time of melting 
as in the other records. The current and 
arc voltage traces were reproduced directly 
from the oscillograms, but a recheck of the 
estimated available current indicates that it 
should ^ have been sketched in somewhat 
higher in the first part of the loop. 

Regarding test current symmetry, Prince 
and Williams (see reference 1 of the paper) 
show greater peak current when the avail¬ 
able current is ssrmmetrical for fuses of low 
ampere ratings. Tlie present paper deals 
with fuses of high current ratings, for which 
melting currents are higher when the avail¬ 
able current is as 3 rmmetrical. Also, the 
time interval until the next voltage zero is 
longer, making for more severe arcing. 
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E arly in the redevelopment program 
of downtown Pittsburgh, it became 
evident that the existing facilities supply¬ 
ing electric power to this area would soon 
be inadequate and that major capacity 
additions would be required to serve this 
vital and rapidly increasing load. 

The purpose of this paper is to describe 
the conditions existing in 1950 when the 
forecasted loads indicated that a major 
expansion program would be needed, 
and the reasons for adopting a plan in¬ 
volving 69-kv pipe-type cable and a new 
69/12-kv substation. Two companion 
papers^** present details of the structural 
and electrical design characteristics of 
the substation and of the electric equip¬ 
ment in the substation. 

X/oad Area, Growth, and Present 
Downtown Power Supply 

The downtown area of Pittsburgh in¬ 
cluding numerous large department stores 
and oflSce buddings up to 40 floors in 
height is located between the Mononga- 
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hela and Allegheny Rivers where they 
join to form the Ohio River. A geo¬ 
graphic map of the area involved is 
shown in Fig. 1, and the area in question 
consists of about 1 square mile. 

The power supply for this area in 1950 
was obtained primarily from 17 12-kv 
cables emanating from an isolated phase 
switchhouse at the Brunot Island-Reed 
Power Stations, which are located on the 
Ohio River about 3 miles below the down¬ 
town area. Nonnal summer rating of 
most cables is 6,400 kva each. 

Nine of the 17 cables supply three sub¬ 
stations—Grant, Stanwix, and 13 th 
Street—where the voltage is stepped 
down to 4 kv for distribution to some of 
the buildings. The remaining eight 12- 
kv cables supplied the 120/208-volt 
network that was started in 1926 and 
which has picked up most of the new loads 
since that time. There are two inde¬ 
pendent sections of the network known as 
the Area-2, 12 kv, and the Area-4, 12 
1^, as shown in Fig. 1, (Several addi¬ 
tional network feeders were authorized 
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These and other factors contributing to test 
severity have been outlined (see reference 1 
of this discussion). 

Mr. Render’s comments reflect the 
problems that users of motor starter fuses 
have encountered, and serve to emphasize 
the advances in the art which will occur as 
a result of the new fuse that the paper 
describes. The comments raised concern¬ 
ing the unduloid type of formation are 
interesting, but the fulgurite formation in 
the fuse. Fig. 1, is probably due more to the 
original element configuration. In low- 
current fuses with silver wire elements, 
melting of the elements by overload currents 
makes the material go into globules before 
separating. A similar procedure may be 
involved to some extent in the breakup of 
the ribbon when high available currents are 
interrupted, but then the effect is less sus¬ 
ceptible to direct observation. 

Rbfbrbncbs 

1. Performance Criteria for Current-Limit- 

iNo Power Foses—I, E. W. Boeline, C. 1. Schuck. 
AIEE Transactions, vol. 66, 1946, Figs. 6 and 6 
pp. 1028-1045. ’ 

2. Tbid^, Part II, pp. 1034-44. 


in 1949; subsequently five feeders, were 
set up to carry the increasing load be¬ 
cause of the long time involved in install¬ 
ing the 69-kv project.) 

The area load also included some street 
railway’s load supplied through rotary 
convertors and motor-generator sets at 
Grant and 13th Street Substations. 
There are two small 120/208-volt net¬ 
works supplied at 4 kv, one from Grant 
and one from Stanwix, but these are not 
pertinent to this discussion; they will 
not be expanded and fringe areas will 
be cut to a 12-kv supply to prevent an 
increase in load on these areas. 

Load growth in the area is shown in Fig. 
2. Beginning about 1946, the summer 
peaks in this area exceeded the winter 
peaks primarily because of the growth of 
air-conditioning load and, therefore, the 
summer peaks are shown from 1946 on. 
The total load in this area in 1949 was 
about 75,000 kva, the growth from 1928 
to 1949 being only 3.0 per cent com¬ 
pounded annually. Because the three 
substations were loaded up very nearly to 
capacity, most of the growth took place 
on the 12-kv network; it showed a 
growth of 8.4 per cent compounded from 
1928 to 1950. 

Growth of this area over the years has 
been less than for the system as a whole. 

Paper 55-225, recommended by the AIEE Switch- 
gear Committee and approved by the AIEE 
Committee on Tecluiical Operations for presenta¬ 
tion at the AIEE Winter General Meeting, New 
York, N. Y., January 31-February 4, 1955. 
Manuscript submitted October 19, 1954; made 
available for printing December 16, 1954. 

V. E. Hill is with the Duquesne Light Company, 
Pittsburgh, Pa. 
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Fig. 3 shows the ratio of the downtown 
load to the total system load. This 
graph is based on the downtown a nd sys¬ 
tem winter peaks since the system peak 
definitely occurs in the winter time. 

New Facilities Required 

^About 1960, the first signs of the now 
widely publicized redevelopment program 
were being observed. Several new large 
oflSce and apartment buildings were either 
started or in the planning stage. In¬ 
creased load was also expected from sev¬ 
eral existing customers. The new large 
ofiSce bladings at the Point, however, 
were still only in the talking stage. 
Thus, it was evident that an appreciable 


increase in the area load was to be ex¬ 
pected and it was also realized that 
existing facilities were subject to lim¬ 
ited expansion. The subsequent total 
area load growth, shown in Fig. 2, from 
1950 to 1954 was at a rate of almost 6 
per cent and has substantiated what was 
at that time a forecast of sharply in¬ 
creasing load growth. 

Hence, a major decision for the proper 
method of supplying ^equate capacity 
for long-range growth had to be made. 
Expansion could be provided for by three 
general methods as given in the following. 

12-Kv Expansion 

Continued expansion at 12 kv would 
have required a new duct line from the 


the downtown area, as all the existinj 
duct lines were very nearly fiUod up 
Some capacity could have been obtained 
by replacing tlie old small cables witli 
higher capacity cables, but the total 
amount of capacity thus gained would 
have been relatively limited. 

Additional switching facilities would 
have been required at the isolated phase 
switchhouse on Brunot Island to take 
care of additional cables; as a matter of 
fact, many of the feeder circuit brewers 
now sei^e bifurcated cables. The switch¬ 
ing facilities in the switchhouse were of 
obsolete design and could no longer be 
purchased. Some of the busses were 
being loaded above their ampere ratings. 
Hence, if expansion were continued at 
12 kv, it would have meant an addition 
to the switchhouse, presumably of an 
entirely new design. 

The only means of controlling the volt¬ 
age of the low-tension network is by ad¬ 
justing the generator voltages which 
supply the 12-kv bus at Brunot Island- 
Reed. In view of the fact that other 12- 
kv cables emanating from Brunot Idand- 
Reed supplied residential and light in¬ 
dustrial areas with different load cycles 
than the downtown area and because of 
tight ties with otlier power stations 
through the 69-kv transmission, it was 
not possible to. adjust generator voltages 
to accommodate the network requu^- 
ments as much as would have been de¬ 
sired. Consequently, installation of in¬ 
dividual 12-kv feeder regulators has 
' been considered from time to timp in the 
past.. These installations would have 
been both costly and cumbersome to 
connect. 

23-Kv Expansion 

Outside of the downtown area and the 
area immediately adjacent to Brunot 
Island-Reed, the main subtransmission 
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4. Location of proposed pipe-type 69.kv cable with respect to existing transmission 

system 


voltage throughout the Duquesne Light 
Company system is 23 kv. Although, 
there are several 23-kv lines out of Brunot 
Island-Reed, none supply or even ap¬ 
proach the downtown area. Neverthe¬ 
less, some brief consideration was given 
to utilizing this voltage, either for the 
downtown or some of the adjacent areas. 

The Brunot Island-Reed 23-kv lines 
are supphed by 12/23-kv step-up trans¬ 
formers. A 23-kv supply line for the 
downtown area would have meant an 
appreciable increase of step-up or step- 
down transformer capacity at Brunot 
Island and of step-down capacity in the 
downtown area. The latter would have 
been necessary because all the network 
transformers were rated at 12 kv and 
to replace them would have involved an 
enormous expense. Obviously, 23 kv 
bad very Kttle to offer. 

69-Kv Expansion 

At this time, the maximum transmis¬ 
sion voltage, on the Duquesne Light Com¬ 
pany system was 69 kv. It was avail¬ 
able at Brunot Island-Reed, so that it 
was only natural to consider it for supply 
to the downtown area. This "voltage 
is, of course, also used in metropolitan 
ar-eas of other cities and has the initial 
merit that almost any type of cable 
installation would have a relatively large 
capacity which would take care of long- 
range growth. 

In the interest of economy, the first 
consideration was to install a single 
radial 69-kv cable to a single trans¬ 
former, with no high-tension switching. 
T^be transformer would step down to 


12 kv and, by means of six stub feeders, 
would supply existing substations and 
part of the 12-kv network. This scheme 
would mean falling back on the emergency 
ratings of the existing 12-kv cables in 
the event that the 69-kv cable or trans¬ 
former was out of service. This prin¬ 
ciple had been applied very successfully 
on another part of the system for many 
years before it became necessary to in¬ 
stall the second line and transformer. 

However, this scheme was deemed un¬ 
satisfactory in this instance for several 
reasons, the paramount one being that, 


oy a relatively snort extension of the pro¬ 
posed cable it would be possible to 
provide duplicate supply to the proposed 
substation and to an impending large 
steel company load which in turn would 
be initially supplied by means of an over¬ 
head line from an important bulk supply 
substation and switching point (Dravos- 
burg). The latter was being supplied 
in turn by the new Elrama Power Sta¬ 
tion so that the proposed cable would 
provide a power outlet for the Elrama 
Station and a new high-capacity system 
transmission line for generating system 
requirements. 

Comparative Cost Estimates 

Although cost estimates for the 12- and 
69-kV schemes were prepared, it was 
diflficult to compare them because alter¬ 
nate facilities accompanying the 12-kv 
method to accomplidi the same results as 
the 69-kv cable were difiScult to define 
and evaluate. The cost figures obtained 
favored the 69-kv scheme and because 
this method provided more system im¬ 
provement and long-range capability, 
it was decided to proceed'with the 69-kv 
project. For the same reasons, it was 
difficult to compare losses but, again, 
the values obtained favored the 69-kv 
project. 

Details of Facilities 

Inasmuch as it was decided to pick up 
on a new 69/12-kv substation known 
as Forbes, one section (Area-4 in Fig. 

1) of the low-tension network sup- 
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Fig, 5. Single- 
line diagram of 
initial stage of 
development of 
Forbes substation 
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plying a large and important segment of 
downtown Pittsburgh, reKability of sup¬ 
ply and arraugement of facihties were of 
paramount importance. This fact plus 
lie use of the proposed line as a system 
toe dictated the need for the duplicate 
69-kv supply to the substation as weU as 
^equate 69-kv switching, two trans¬ 
former banks, and a more elaborate 12-kv 
arrangement than would normally be 
deemed necessary. 

69-Kv Cable 


the Forbes Station load grows. Then, 
too, eithCT cable will have to carry the 
total load when the other cable is out of 
sei^ice. These cables will have to trans¬ 
mit bulk power, in either direction, for 
abnormal system conditions. Numer¬ 
ous network-analyzer studies have dem¬ 
onstrated the efficacy of this 69-kv tie 
for the latter purpose, without the need 
for any phase-angle control. 

Forbes Substation 


. ^ pipe-type cable with 1,500,000- 
^cular-mil conductors is being installed 
from Brunot Island to the down¬ 
town substation known as Forbes, and 
on to the new steel company substation 
(Jones & Laughlin Steel Company) 
^ich is now supplied from an overhead 
69-kv transmission line from Dravos- 
burg, all as shown in Fig. 4. The rgb le 
will have an approximate rating of 100 - 
poo kva. Because of the high cost of 
“Staffing these pipes and because long- 
range plans call for more such cables in the 
mture, two pipes are being installed in 
the french. As a matter of fact, the 
second cable will be installed in the spare 
pipe in the section between Forbes and 
Jones & Laughlin in the next few years 
to supply service to another bulk supply 
substation. ^ 

Iffider normal conditions, the initial 
Forbes load of about 40,000 kva will 
be supplied partly over the Brunot Island- 
Reed 69-kv cable and partly over the 
Dravosburg.Jones & Laughhn 69-kv 
^ and caUe. This means that ini¬ 
tially each 100.000-fcva cable is nonnally 
cwymg pnly a fraction of its rating but, 
of course, this loading will increase as 


A v^y schematic single-line diagram 
of ^e imtial facilities at the new Forbes 
Substation is shown in Fig. 5. A more 
detailed single-line diagram of the initial 
and future facilities is shown in reference 

Initially, there will be four 69-kv air 
circuit breakers, one for each incoming 
69-^ cable and two bus tie breakers in 
series. A third cable will terminate be¬ 
tween these two tie breakers in the near 
future. Thus, failure of any single 
breaker, bus, or franaPormer will not inter¬ 
rupt service. Breakers are rated at 3,- 
500,000 kva and are described in more 
detail in reference 2. 

The two transformers are rated 30,000/- 
40,000 kva, each one oil-immersed self- 
cooled/forced-air-cooled. The initial sta¬ 
tion rating will be 42,000 kva (one bank 
outofs^ice). Each transformer is pro¬ 
vided with ±7.5-per-cent load ratio con¬ 
trol to render proper voltage for changes' 
m the daily and weekly load cycle and 
to compensate for variations of the 69-kv 
supply voltage. Load ratio control will 
also permit rendition of normal 12-kv 
voltage for outage to either 69-kv cable, 
although regulation under such conditions 
IS expected to be very small. Voltage 
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"I adjustment will be automatic and will 
I be controlled by the conventional line- 
I drop compensators. 

J Transformer impedance of 10 per cent 
^ on the 30,000-kva rating is within normal 
manufacturing tolerances involving no 
extra cost and was specified to keep fault 
cxurents for the ultimate station layout 
as low as possible. The load ratio control 
will compensate for the very slight in¬ 
crease in regulation. 

Reliability of supply was again para¬ 
mount in establishing the 12-kv bus It 
was essential that failure of any single 
facility would not seriously affect service. 
Also, it was necessary that essential main- 
tenancy be accomplished with minimum 
reduction of capacity during the normal 
week day. In the initial stages, failure 
of certain equipment wiU remove two 
12-kv cables from service, but this hazard 
v^l gradually be eliminated as the sta¬ 
tion expands, because ultimately each 
bus section will supply only one feeder 
per area. The 12-kv circuit breakers 
: are rated at 1,000,000 kva which is 
ample for the duty imposed without 
resorting to the use of reactors which 
are to be avoided not only because of the 
expense but also because of space limita- ^ 
tions. 

12-Kv Feeders 

Initially, eight 12-kv feeders consisting > 

of 3-conductor 600,000- circular-mil ' 

shielded cables will be provided to pick ^ 
up one of the two network areas. These 
cables will replace eight cables now ema- ^ 
nating from Brunot Island-Reed. Of the I 
latter, three will be utilized to provide I 
additional capacity to the other network ^ 
area which will continue to be supplied [ 
from Brunot Island-Reed, two cables will 
be used to provide additional capacity to I 
the so-called North and South Side areas 
of Pittsburgh, and the remaining three 
will be used to continue a program of 
replacing old, small-capacnty cables which 
have a very high failure rate. 

^ The 500,000-circular-mil shielded cables 
will have a normal summer rating of ! 
/,600 kva and an emergency rating of f 
10,900 kva, based on maviTm im copper [ 
temperatures of 81 and 96 degrees centi¬ 
grade respectively. It is expected that 
one cable can be taken out of service at 
any time for connection of new loads or I 
for maintenance. A second cable caa f 
fail without exceeding emergency ratings f 
or causing undue low voltage. ■ » 

Ultimate Development 

Plans for the ultimate development of 
Forbes Substation provide for four 69*kv 
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cables, three transformer banks, and 
18 12-kv cables, as shown schematically 
in Fig, 6. As previously mentioned, the 
third 69-kv cable will be installed between 
the two existing tie circuit breakers 
within the next 2 or 3 years. The fourth 
cable is not a certainty but provision for 
it involves very little extra expense. 

The ultimate high-tension layout at 
the Forbes Substation provides for a 
ring bus witli four 69-kv lines and three 
30,000/40,000-kva transformers. While 
ring busses are widely used because they 
are economical and have desirable op¬ 
erating characteristics, they are slightly 
more complicated from a relay projection 
standpoint and entail the hazards of drop¬ 
ping a section of bus should one section 
be out of service for maintenance and 
another section fail. However, owing to 
the desire to keep a through connection 
on this 69-kv line, even while performing 
maintenance on a bus or breaker, a ring 
bus was felt to be the best solution in 
this case. Admittedly, the through con¬ 
nection does not exist for certain eqtup- 
ment out of service in the initial develop¬ 
ment but, should experience demonstrate 
that maintenance outages are causing con¬ 
siderable operating difficulties, the ring 
Idus can be closed without undue expense 
even before the additional line and trans¬ 
former are needed. 

Provision is being made for an ultimate 


installation of 18 12-kv feeders supplying 
three network areas. The six feeders to 
each network area will be divided among 
the various busses so that the most serious 
interruption will not involve more than 
one cable per area. 

It is proposed to pick up much of the 
downtown load growth on this new sub¬ 
station. This means gradually encroach¬ 
ing on the two areas now served at 4 kv 
and, in the future, on Area-2 which is still 
served by 12-kv cables from Brunot 
Island-Reed. Actually, as previously 
explained, this latter area will get three 
new feeders when Forbes is cut in, 
so that it will continue to carry much of 
the downtown load direct from Brunot 
Island-Reed. Thus, the ultimate op¬ 
erating capability of about 85,000 kva 
(three transformers installed and one out 
of service) should provide sufficient ca¬ 
pacity for a long time. 

Consideration of 138 Kv Instead 
of 69 Kv 

About the time that this station was 
being authorized, the Duquesne Light 
Company had also reached a decision to 
inaugurate the use of 138 kv in conjunc¬ 
tion with the installation of the third 
Elrama generator. This meant that 138 
kv would be available at Dravosburg 
Substation and consideration was given 
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to installing this cable and substa¬ 
tion at 138 kv. However, while the 
cable at such a voltage was readily avail¬ 
able, isolated-phase metal-enclosed bus 
and air-blast switching were not suffi¬ 
ciently developed in the United States 
which precluded the use of the higher 
voltage. 

Conclusions 

While the solution to the problem of 
providing additional capacity to down¬ 
town Pittsburgh has been an expensive 
step, it has followed the” general pattern 
adopted elsewhere of using a rektively 
high transmission voltage for distances 
of only a few miles. Even allowing for 
the accelerated growtli in the last few 
years, it is anticipated that this station 
plus continued use of some existing facili¬ 
ties will provide suffid^t capadty for 
this area for about 20 years. More¬ 
over, the proposed 69-kv cables will fit 
in with other long-range development 
patterns for the rest of the system. 
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Discussion 

I>. C. Vaughan (Potomac Electric Power 
Company, Washington, D. C.): To plan¬ 
ners of metropolitan-type systems, papers 
on this subject are very valuable. The 
use of metal-inclosed 69-kv switchgear 
and air-blast circuit breakers may wdl 
permit location of a station of the type 
described where more conventional outdoor 
structwes could not be tolerated. This 
is believed to be an extremely important 
development. However, the high cost of 
such an arrangement limits the application. 
As an example, using rough cost estimates 
developed for similar cables and switchgear 
in Washington, D. C,, if the distance from 
Reed to the Jones & Laughlin Substation. 
is less than 7 miles, it might be cheaper 
to install a second cable the complete 
distance in the spare pipe provided and 
connect one transformer at Forbes to each 
pipe •without high-voltage switching. This 
would limit the flexibility to some extent, 
but it would remove a possible cause of 
failure. Although not a' factor here, the 
second cable would, in many cases, be 
preferable because of the increased tie 
capacity between generating sources. We 
would like to make it clear that this com¬ 
ment is not intended as a criticism, but 
nerely to point out that there are many 
:ases where slightly different circumstances 
nig’ht lead to a different solution. 
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A. M. de Beilis (Consolidated Edison 
Company of New York, Inc., New York, 
N. Y.): The geography of the downtown 
Pittsburgh load area is similar in some 
respects to the downtown Manhattan 
load district except possibly for load 
density. It was in the downtown Man¬ 
hattan section in New York City also, 
who-e our first 69-fcv area substation was 
placed in service in 1961. It is noted that 
the Pittsburgh Substation load peak is 
expected in the summertime which also 
parallels the situation at the lower Man¬ 
hattan Substation where the summer 
peak is about 25 per cent above the winter 
peak megawatts. The need for the 69-kv 
supply cables to. transfer bulk power to 
large customers forced the use of a 69-kv 
bus at Forbes Substation. Fortunately 
we did not face this situation; hence we 
were not required to install switching at 
the substation. 

I believe it was wise to avoid the use of 
reactors in the bus circuits since the station 
is intended to be used for network supply. 
Reactors have the imfoitunate characteris¬ 
tic of creating voltage and phase-angle 
differences between busses and affect the 
load balance on the 12-kv cables under 
contingency operation. It is noted that 
automatic voltage regulators are used for 
the tap-changing-under-load equipment on 
the transformers. I would like to ask Mr. 
Hill what type of compensation is used in 
this case. 


It is a bit surprising that the ultimate 
capacity of the substation is considered to 
be only 86,000 kva -with two 30/40-mega- 
volt-ampere transformers^ remaining in 
service. According to the American Stand¬ 
ards Association guides for loading trans¬ 
formers we would expect that the peak 
capacity of the substation in the summer¬ 
time, on a load-cycle basis, would be more 
than this. I would like to ask also if 
consideration has been given to the future 
addition of more cooling equipment on the 
bransformers to provide further increase 
in their capabilities. 

Rbpbrbncb 

1. Ambrican Standards for Transformers, 
Regulators, and RsACroRa ASA C57, Ameri¬ 
can Standards Association, New York. N. Y. 
May 25, 1948. . 


V. E. Hill: 'Mr, Vaughan’s and Mr. de- 
Bellis’ comments are certainly appropriate 
and much appreciated. The high cost of 
these high-voltage metropolitan substations 
dictates that careful consideration be given 
to every possible method of arriving at the 
most prudent investment consistent with 
satisfactory service. 

Mr. Vaughan’s comments about the 
possibility of installing the second cable 
in a spare pipe already provided and 
tapping one bank to each of the two cables, 
thus eliminating the expense and space 
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consumed by the high-tension switching, 
certaiidy has attractive features. How¬ 
ever, it appears as though this proposal 
has several limitations in our particular 
case for the following reasons: 

1. Such a method is not readily adapt¬ 
able to the connection of a third bank in 
the future, which gives a large increase in 
operating capability. 

2. Such a method can be protected, of 
course, but the necessary remote tripping 
complicates the rdlaying, is subject to 
more troubles, and is much more expensive. 

3. It provides more transmission ca¬ 
pacity than is actually needed, although 
other things being equal, the second line 
is always valuable to back up loss of the 
first line. 

4. The extra cable involves not only 
the cost of the cable but also that of two 
circuit breakers, one at each terminal. 

6. Each cable will loop another station, 
thus giving rise to possible load unbalance 
on the two Forbes banks. 

6. It now appears probable that part 
of the spare pipe will be utilized for a 
138-kv cable; plans for the use of this 
spare pipe were not crystallized when the 


initial installation was authorized, but 
such use is now becoming more firm with 
the actual development of the system. 

Probably, one of the most important 
features controlling the type of station in 
this instance is the fact that the topography 
of the ground, the narrowness of the streets, 
the absence of large ducts suitable for 
69-kv cable, and results of various economic 
studies all dictated -the use of pipe-type 
cable. The high cost of such construction 
then dictates the installation of high- 
capa<fity cable, thus making it imperative 
to utilize this cable for as many puiposes 
as possible.^ This could only be done in 
our case by installing high-tension switching 
at Forbes. 

In response to Mr. DeBelhs’ question 
concerning the type of compensation to be 
used at the^ Forbes Substation, it can be 
stated that it will consist of the usual line- 
drop compensators to simula te the im¬ 
pedance of the transformers and an average 
12-kv feeder. The currents from the two 
banks wiU be totalized before being im¬ 
pressed on the compensator to actuate 
the top changer of one regulator which 
will immediately call for a change on the 


other bank. .Thus, the voltage adjust¬ 
ments on both banks will act in unison. 
The 12-kv feeders are all very short—a 
matter of fractions of 1 mile—and hence 
it is felt that the voltage regulation on the 
network should be very good. 

While it has been stated that the ultimate 
capacity of the substation will be 86,000 
kva, we would like to point out that this 
is merely an estimated value now; the 
actual value, when the three banks are in 
service and the load warrants it, will be 
based upon the usual Duquesne Light 
Company procedure of calculating vety 
accurately the thermal capability of the 
banks based upon load cycle and field tests. 
It is entirely possible that station rating 
will be somewhat higher than 86,000 kva 
Md, considering the extremely good re¬ 
liability of transformers, it is also very 
likely that we will let the load exceed the 
operating rating somewhat before authoriz¬ 
ing other investments to provide additional 
capacity for higher loads. No provision 
has been made for additional fan cooling 
or forced oil-cooling but, of course, such a 
possibility would always be investigated 
when the time arrives and the loading is 
such as to require more capability. 
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Economic studies indicated the de¬ 
sirability of utilizing the selected site, 
even though substation costs were con¬ 
siderably greater than would be encoun¬ 
tered with a conventional installation. 

Development of the Site 


E. M. GUE 

MEMBER AIEE 


B ackground mfoimation on the 
Porbes Substation project is given by 
Hill.i Tiiis paper describes the problems 
encountered in the design of a substation, 
with the following ulthfrate require¬ 
ments: 

L A 69-kv ring bus with a total of seven 
cuemt breakers, four incoming lines, and 
three 30/40 megavolt-ampere 69/12-kv 
transformers. 

2. Eighteen 12-kv feeders arranged in six 
bus sections with two soiurces to each sec¬ 
tion. 

3, Equipment selected and arranged in 
such a maun^ that the substation will be 
compatible vrith the surrounding structures 
encount^ed in the downtown area of Pitts- 
btmgh, including the many improvements 
being accomplished under the city’s rede¬ 
velopment program. 

Fig. 1, shows the OO^kv busses and cir¬ 
cuit breakers rated at 2,000 amperes. 
All 12-kv busses and breakers are 1,200 
^peres, except transformer leads which 
vary in size from 3,000 to 1,200 amperes 
dep^ding on their location in the circuit. 


Site Selection 

Prom the inception of this project it 
was obvious that the availability of sites 
would have a great influence on the de¬ 
sign of the station. The downtown area 
of Pittsburgh is highly congested and real 
estate values are high. After a thorough 
search of the desired area, only three sites 
were found that could be obtained at a 
reasonable cost. Unfortunately, all of 
thpe sites were small in area and not well 
suited for a conventional outdoor-type 
substation. However, factors other than 
substation costs had to be considered. 
These items were: 

1. Location of the area to be served, 

2. Route and cost of extending the 69-kv 
pipe-type cable. 

3. Availability of street routes for the new 
12-kv feeders and the cost of extending duct 
Knes to connect the circuits to the existing 
system. 

4. Physical appearance of the proposed 
substation. 


-W4.WW Uluy 1.0 fVW 

square feet of usable area. It was located 
adjacent to the route of, a proposed ele¬ 
vated highway and near an area selected 
for redevelopment. All of these factors 
indicated the necessity of desig ni ng an 
enclosed station with safety and appear¬ 
ance as key items. 

Housing the 12-kv equipment was no 
problem; however, enclosure of the 69-kv 
switchgear without either the sacrifice 
of insulation level or excessive cost pre¬ 
sented many problems. Investigation 
showed that standard 69-kv class insu¬ 
lation should be maintained, as one of the 
plaimed lines would be subject to lightning 
exposure within a short distance of the 
substation. Studies were made fot a 
large building covering most of the site 
with all equipment indoors except the 
main transformers. This layout tvas 
discarded because of excessive cost and 
lack of space. 

Paper S5-226, recommended by the AIKB Sub¬ 
stations Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Winter General Meeting, New 
York, N. y., January 31-February 4, 1955. 
Manuscript submitted October 19, 1964; made 
available for printing December 2, 1954. 

E. M. Gttb is with the Duquesne Light Company, 
Pittsburgh, Pa. 
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A 69-kv metal-endosed bus without a Initially, only four sections with two Fig. 1. Forbes Substation main single-line 
specified impulse level had been used by feeders each are installed. Directly be- diagram 

the industry previously, so the use of low is the floor which accanunodates the 
such equipment at Forbes Substation outgoing line compartments, bank 12-kv 

was investigated. Study and laboratory potential transformers, station service transfomiers. The 69-kv isolated-phase 

tests indicated that a 350-kv impulse level switchgear, and the centralized air-supply air circuit breakers are arranged in two 

bus could probably be obtained without system. The outgoing line compartments rows with space provided laterally for 

the use of excessively large enclosures. are of segregated phase construction and manholes used in terminating the pipe- 

The desired dielectric specifications for contain grounding-switches and line po- type cables. Trifurcating joints are lo- 

this bus were 360-kv full-wave impulse tential transformers. These instnunent cated in these holes with laterals extend- 

•withstand with 60-cycle requirements of transformers are used to indicate the ing to the incoming line compartments 

160-fcv dry withstand and 160-kv mini- operation of the network protectors on which are spaced between the circuit 

mum dew flashover. Studies showed the transformers that are connected to breakers as indicated. The line com- 

that sufficient space existed to accom- the various feeders. Tlie 12-kv cables partments also provide space for cable 

modate such an installation provided leave the station by means of vaults potheads, lightning arresters, and line- 

the bus enclosure diameter did not ex- located under the first floor. isolating and grounding switches. Be- 

ceed 43 inches. This proved to be liberal The main transformers are located cause of the presence of oil, these com¬ 
as the bus was developed with an en- immediately outside of the main building partments are protected by carbon di- 

dosure diameter of approximately 38 and separated by masonry barrier walls. oxide fire-protection equipment. Baffle 

inches. The design and construction of Special arrangement of radiators, bush- bushings are used to seal off all line com- 

this equipment is given by Pierson.* Air tags, and auxiliary compartments was partments and circuit breakers from the 

circuit breakers were selected because of necessary to fit the transformer to the main bus runs. 

the dose circuit spacing and the desire available space. Located in the trans- Askarel-fiUed 69-kv potential trans- 
to eliminate oil-filled switching equipment former wells are metal-endosed 3-ohm formers are provided for each incoming 

in this downtown area. , neutral-grounding resistors for the 12-kv line and are located in isolated-phase com- 

Figs. 2 and 3 show plan and section -windings of the transformers. Resistor partments as indicated. As a fault in the 

views of the final devdopinent of this grounding was sdected so as to limit potential transformers would be cleared 

substation. Fronting on Forbes Street ground current to a value that could be by line circuit breakers, no fuses are 

is a 3-stoiy masonry building which handled by existing network unit ground- used. This decision simplified endosure 

houses all of the 12-kv equipment. The ing switches, and at the same time limit problems for this part of the station, 

top floor pro-vides space for control, re- transimt overvoltages to a reasonable Main transformer isolating switches are 

lays, building heating, and ventilating value. located above the driveway. All switches 

equipment. The second floor houses the An access roadway entering from Boyd are remotely operated by mcdianisms 

12-kv segrega,ted-phase air-bl^t circuit Street and extending to Diamond Street located at ground level or from a grating 

breakers arranged in six bus sections. separates the 69-kv switchyard from the platform extending between the equip- 
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ment near the top of the circuit-breaker 
housings. 

Located on the extreme northerly part 
of the station is the oil storage and 
pumping plant for the pipe-type cable. 
This building is of masonry construction 
and the enclosure, provides a part of the 
masonry wall which encompasses the 
entire area, except for a portion in the 
northwest comer which is used for en- 
^nce and off-street parking. Support¬ 
ing structures in the switchyard were 
kept to a minimum by utilizing the 
equipment housing as support points. 

In studying Figs. 2 and 3, it should be 
remembered that many details have been 


SHINGISS STREET 
Fig. 2. Substation arransement, plan view 

omitted so that tire niain features could 
^ clearly shown. Fig. 4 shows the sta¬ 
tion under construction. 

Station Service Power Supply 

Fig. 6 shows the diagram of the station 
service power supply system. Because 
of the necessity of providing reliable serv¬ 
ice to the cable oil-pumping plant and 
to the air supply system for the substa¬ 
tion, it was necessaiy that the station 
auxiliaiy power system be very reliable. 


As there will be no backfeed from the 15 
kv feeders from other sources, it was cot 
eluded that the station service bank 
should be connected to the low-tensioi 
side of the main transformers. Spac 
was not available for a conventional in 
staJlation, so it was decided to build a 226 
kva unit into a separate oil-filled com 
partment on the main transformer tank 
The unit is connected to the transforme] 
low-tension winding through suitable re- 


69KV 

P.T. 


Rg. 3. Substation ar- 
ransement, sectional 
view 
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Fig. 4. Substation during construction 


sistors and fuse links. All connections 
to the small transfonner are made inter¬ 
nally. To minimize the exposure to the 
120/208-volt winding by the external 
circuits, an automatic air circuit breaker 
is located in a compartment directly be¬ 
low the auxiliary transformer. Each 
main transformer is so equipped and serv¬ 
ice busses are provided in duplicate. 
The system will be operated with the 
auxiliary load divided between the two 
banks. Either of the sources are adequate 
for the entire station load. 

Centralized Air-Supply System 

Equally important with station service 
power was the matter of compressed air 
for the circuit breakers. In addition to 
providing air for tlie operation of the 


breakers, it was necessary to supply the 
constant drain caused by the bleeding of 
air through the 69-kv circuit breakers. 
This flow of dry filtered air is necessary 
to prevent condensation on certain parts 
of the circuit breaker. 

As the 69-kv breakers require air at 
260 pounds per square inch (psi) and the 
12-kv breakers at 150 psi, consideration 
was given to installing separate air-supply 
systems. However, space limitations and 
cost indicated the desirability of a cen¬ 
tralized supply for the entire station. 
Fig. 6 shows the schematic diagram of 
the system actually selected. 

The major components of this system 
are three 15-horsepower 24-cubic-foot-per- 
minute free-air 1,000-psi water-cooled 
air compressors and two air storage units, 
each having a volume of 18 cubic feet 


and a storage pressure of 950 pounds. 
Air pressure is reduced to 260 and 150 psi 
by reducing values. Other valves for 
safety, control, and sectionalizing pur¬ 
poses are indicated on the diagram. 

The distribution of air follows the same 
principles as that employed for station 
power. Normal operation will provide 
for half of the 12-kv and half of the 69-kv 
circuit brealcers on one air-supply unit. 
The other supply unit with associated 
compressor will feed the other half of 
the switchgear. The third compressor 
may be used with either of the storage 
units. Program control will be employed 
so that each compressor will operate ap¬ 
proximately the same hours per year. 
Storage capacity is such that, starting 
with a fully charged system, approxi¬ 
mately 9 hours would have to elapse, 
with no compressor running, before the 
pressure would be too low for safe oper¬ 
ation of a 69-kv breaker. The system as 
outlined is the ultimate for the station 
and will not be expanded as circuit break¬ 
ers are added. 

Rela3rmg and Controls 

The station is designed for complete 
remote operation and will be unattended. 
The only special feature of the auto¬ 
matic-control equipment is a selection 
bus that will permit the closing of a chosen 
number of 12-kv breakers simultaneously. 
Relaying including primary and backup 
protection is applied as follows: 

1. The 12-kv lines are protected by phase 
and ground nondirectional, short-time over¬ 
current relays. Backup protection is pro¬ 
vided by phase and ground bus overload 
relays. 



Fig. 5. Station service single-line diagram 
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12-kv busses are protected by vari¬ 
able percentage ratio differential phase re¬ 
lays. Secondary protection is provided by 
rae bus overload relasrs discussed in the 
foregoing. 

3. The 69/12-kv transformers are protected 
by variable percentage ratio phase differ- 
enbal relays in conjunction with magne- 
tizmg inrush desensitizers. Sudden pres¬ 
sure and thermal relays are provided on the 
transformers. 

4. No separate protection is supplied for 
the 69-fcv busses as transformer differential 
relays and line relays cover all sections. 

5. The primary protection for both of the 
mitial 69-kv lines consists of pilot-wire re¬ 
lays, as well as the necessary interlock and 
supervisory devices. Backup protection 
for the two lines is different as one line 


is so short that product-type ground relays 
could not be applied. On the Brunot Island 
line, reactance-type phase and product-type 
ground relays with the necessary instan¬ 
taneous overcurrent interlock devices are 
used. For the short line, protection is the 
same except a second set of pilot-wire r^layg 
are used instead of the product-type ground 
relay. 

Sticking 69-kv line or low-tension bank 
breaker protection is provided by a 
series of instantaneous overcurrent ground 
relays used, to locate the defective cir¬ 
cuit breaker. This protection was con¬ 
sidered to be sufiEicient, as with isolated 
and ^gregated phase construction it is 
practically impossible to have a fault 
without involving ground. 


Conclusions 

This presentation includes a brief d< 
scription of the difficulties involved t 
designing a major high-voltage substatio: 
suitable for the congested metropolitai 
area of a large dty. It shows how thi 
problems of appearance, safety, an< 
compactness were solved in providinj 
such a substation in downtown Pitts 
burgh. It is hoped that the data pre 
.s^ted may be of use to others confronted 
with the problem of providing high- 
voltage installations in similarly congested 
areas. 

References 

1. Potsburoh Downtown Powbr Supply— 
Part I. Plannino, V. B. Hill. a/SS Trans- 
aettons, vol, 74, pt. Ill, 1966 pp. 643-48, 

2. PiTTSBUROH Downtown Power Supply^ 
P^T III. SwrrcHOBAR Development, P, R. 
Pierson. Ih%d., pp. 663-67. 


Discussion 


Charles E. Monfort, Jr. (Union Electric 
Company of Missouri, St. Louis, Mo.): 
Besides normal design problems, Mr. Gue 
had the probl^ of developing a large sub¬ 
station on a site of restricted dimensions in 
a congested area. The solution is a sub- 
Ration wWch embodies about the ultimate 
in protection, safety, flexibility, self-suf5- 
ciency, and ease of maintenance. 

From a study of the single-line diagram. 
It would appear that, for the initial develop¬ 
ment, the two 69-kv line circuit breakers 
could have been omitted and eadi line 
t^inated at the junction of a transformer 
high-side (^onnect switch with the dis¬ 
connect switch for a tie breaker. The re- 
sultog slight sacrifice in flexibility might 
well be justed by the deferment of the 
mv estment in two 69-kv switch positions. 
With the completion of the ring bus these 
breakers would, of course, have to be added. 


In our company it has been found de¬ 
sirable to protect against exposure of trans¬ 
former internal live parts in the event of 
rapid loss of oil, as from a broken gasket 
a damaged radiator, or the like. This is ac¬ 
complished through a low-oU-level device 
or relay. We specify low-oil-level protec- 
iion at all unattended locations except at 
the very smallest distribution substations. 
At unattended locations the low-oil-level 
relay is connected to trip the transformer 
cir^t breaker. Where used at attended 
substations, the relay is connected to oper¬ 
ate on alarm at the operator’s switchboard. 
Ixjw-oil-level protection might well have 
been included in the instaUation described 
m this paper. 

A. M. de Beilis (ConsoHdated Edison Com¬ 
pany of New York, Inc., New York, N. Y): 
It is noted that the impulse level of the 69- 
kv bus has been set at the standard value 
of 360 kv. This would of course be neces¬ 
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sary, at Forbes, since the station is subject 
to lightining impulse voltages which are 
not encountered in the New York instal¬ 
lation. Because of this and in the interest 
of spwe saving, the bus diameter was set 
at 36 inches in our insta.llations. 

The intention of using water-cooled air 
compressors for the air supply to the circuit 
breakers at Forbes Substation is interesting. 
Though we have considered such equip¬ 
ment, we have so far used only air-cooled 
ccwpressors. However, our experience 
with compre^or units for outdoor circuit 
breakers having initial compression at 800 
psi has not been too good and consideration 
may be given to the future use of liquid- 
cooled units. 

In connection with the protection of the 
69-kv* bus, it is noted that the feeder and 
transformer protection include the bus. 
It would be interesting to know whether 
the designers considered the possibility pf 
connecting a line and a transformer to the 
same 69-kv bus section, with transfer-trip 
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equipment applied to open the remote cir¬ 
cuit breaker for transformer short circuits. 
This would have saved the ultimate installa¬ 
tion of three 69-kv air-blast circuit breakers 
with associated auxiliaries but would have 
reduced the flexibility of operation to some 
degree. It would also be interesting to 
know whether the thermal relays on the 
transformers are used to trip or to give 
alarm; also what experience has been had 
with transformer thermal devices for trip¬ 
ping and what temperature limits have 
been used. 


E. M. Gue: Mr. Monfort has suggested 
that the initial installation could have been 
simplified, at the expense of some flexibility, 
by the omission of the two 69-kv line circuit 
breakers. The statement is true; however, 
the omission of breakers would have re¬ 
sulted in the employment of an automatic 
grounding switch to provide positive clear¬ 
ing of the remote circuit breakers for trans¬ 
former faults. The modification suggested 
was considered and rejected partly for the 


foregoing reason, but mmnly because of the 
outage time that would be necessitated by 
the rearrangement of the equipment. Con¬ 
sidering the character of the load served by 
this station, outage time for expansion is an 
important factor. 

Although it was not mentioned in the 
paper, the transformers are equipped with 
low-oil-level devices. The relays will sound 
an alarm at the load dispatcher’s ofifice by 
means of the remote-control system. This 
is our company’s normal practice for un¬ 
attended substations. 

Mr. deBellis’ comments are welcomed 
with interest as many of the original lay¬ 
outs for Forbes Substation were based on 
information obtained from an installation 
made by his company- Although insulation 
chara( ieristics were necessarily different, 
the data served as a valuable guide in early 
piflfiniTig . The scheme of connections as out¬ 
lined by Mr. deBellis was considered and re¬ 
jected. As stated in the paper, maintenance 
of system ties was considered very impor¬ 
tant and \\ as the basis for the selection of a 
ring bus. It was considered highly unde¬ 


sirable to open the system, ties for clearance 
switching on transformer outages as well 
as for possible transformer faults. Unfor¬ 
tunately metal-enclosed 69-kv disconnect¬ 
ing switches capable of breaking transformer 
magnetizing current were not available. 
Also, as explained in the foregoing, omission 
of the breakers would have required other 
devices. In a location such as the one 
under consideration, it is believed that very 
positive means are justified to isolate a faulty 
transformer in the shortest possible time. 

The thermal relays on the transformers 
are used to control fan-cooling equipment 
and to give an alarm for high-temperat^ 
conditions. They are not used for tripping 
at this installation. In general, thermal 
trip is only employed at locations, such as 
some customer's substations, where our 
company does not have control or knowl¬ 
edge of sudden application of. heavy loads. 
Hot-spot temperatures of 106 degrees centi¬ 
grade are usually used to actuate the alarm 
circuit. Temperatures used for tripping 
vary with the specific conditions applying 
to a particular installation. 
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T he planning of the Pittsburgh down¬ 
town 69-kv power supply was de¬ 
scribed by Hill,^ the description of thesub- 
statiOn, its arrangement, equipment, and 
circuitry was covered by Gue.* In this 
paper the switchgear developments in¬ 
volved in meeting the plans and require¬ 
ments are described. Summarizing the 
requirements, the substation area was 
limited, the high-voltage circuits were 
subject to lightning exposure, appearance 
requirements were dictated by a down¬ 
town area devdopment, and safety was of 
major importanGe. 

14.4-Kv Distribution Switchgear 

Conventional indoor station-type 
cubides with compressed-air circuit 
breakers were applied on the 12-kv pri¬ 
mary distribution circuits. These cubide 
combine the rhain bus, the air circuit 
breaker, and the isolating disconnecting 
switches with^^ounded metal segregation 
of phases in a compact unit, as shown in 
Fig. 1. The cubides indude a porcdain- 
insulated bus, gang-operated disconnect¬ 


ing switches, viewing windows, illumina¬ 
tion of disconnectmg switch compart¬ 
ments, and interlocks between the dis¬ 
connecting switch mechanism, the circuit- 
breaker position, and the circuit-breaker 
inspection doors. 

The segregated phase bus provided for 
the 12-kv transformer to switchgear con¬ 
nections was designed of weatherproof 
construction for the outdoor portion. 
The indoor portion and the segregated 
phase bus interconnections between 
switch groups were not ventilated. All 
of these bus sections were gasketed be¬ 
tween sections and were provided with 
hinged, bolted, and gasketed inspection 
covers. This construction keeps dust 
entrance to a minimum and permits maxi¬ 
mum intervals in the inspection and 
maintenance schedules. 

Potential transformers of the discon¬ 
necting type were connected to the 12-kv 
power transformer circuits. A bank of 
three potential transformers, star-con¬ 
nected, was used. Each potential trans¬ 
former was placed in a separate phase- 
segregated compartmht. T1 us, phase 


segregation was maintained throughout 
the entire structure. 

Combination pothead, grcnmding 
switch, and line potential transformer 
compartments locM.ted in the room below 
the indoor 15-kv switchgear provided a 
termination for the primary hstribution 
feeders, connecting them to their respec¬ 
tive breakers, indicating feeder voltage 
condition, and grounding the feeders 
during cable maintenance operations: 
These circmits were completed to the ch- 
cuit-breaker units on the floor above with 
a segregated phase bus through porcrelain 
floor tubes providing a gas or flame seal 
between equipment on different floor 
elevations. 

69-Kv Switchgear 

The switchgear equipment for the 69- 
kv circuits presented many development 
problems because this was. the first design 
for metal-enclosed 69-kv service to meet 
the standard impulse level of 350 kv. The 
69-kv circuit breakers meeting the 160- 
kv 60-cyde 1-minute tests had been built 
and installed. Associated metal-endosed 
connections meeting similar 60-cyde tests 
were in operation. But aside from know- 


Paper SS-214, recommended by the AIEE Switch- 
gear Committee and approved by the AIEE Com¬ 
mittee on Technical Operations for presentation at 
the AIEE Winter General Meeting, New York, 
N. y., January 31-February 4, 1956. Manuscript 
submitted October 19, 1964; made available for 
printing December 3, i964. 

P. R. Pierson is with the Westinghouse Electric 
Corporation, East Pittsburgh, Pa. 

Contributors to the accomplishment of the design 
described in the paper were B. P. Baker, J. P. 
Peters, E. Beck, and G. Gilchrist. 
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comDinataons with air clearances tinaf- 
fected by supporting insulators. A 4- 
inch round conductor just met the 350- 
kv impulse level in a 36-inch-diameter 
enclosure but withstood 390 kv in a 38- 
indi endosure. From these tests a 38- 
inch inside-diameter endosure and a 4- 
inch outside-diameter round conductor 
were selected as the best combination, 
from the viewpoint of cost and space 
economy, for meeting the objectives in 
test values. 


xcicsoopmg uisconuecting 




Rg. 1. Typical slatlon-type cubicle. Com- 
pressed-air cireuit breaker is in compartment 

L I. , ** "S'**/ 

switch below, line compartment and switch 

are at lower right with provision for line con¬ 
nections to line terminating equipment below. 
Phases are segregated by grounded metal 
barriers 


ing that the impulse withstand would be 
something above the 160-kv crest voltage, 
no information on impulse values were 
available. The insulators and phase-to- 
ground dearances used on outdoor struc¬ 
tures were of no value as they would 
neither be economical nor meet the desired 
space limitations. As a result, it was 
necessary to develop, step by step, the 
endosure size, bus size and shape, insula¬ 
tors, contour of elbows, T's and dead 
ends, and a suitable disconnecting switch. 

69-Kv Isolated Phase Bus 

Calculations showed that a round bus, 
about 8 inches in diameter, would meet 
impulse requirements in a 36-inch 
inside-diameter endosure, and that porce¬ 
lain msulators having a large diameter 
adjacent to the bus and tapering to a 
smaller diameter at the grounded support 
might not lower this value and would prob¬ 
ably pass a 160-kv 60-cycle test. How¬ 
ever, neither of these items was an eco¬ 
nomical construction. Theeconomicalbal- 
ance was determined by taking a number 
of differently sized endosures rolled from 
^nace pipe steel and 4-, 6-, and 8-inch- 
di^eter conductor tubing into the im- 
pmse laboratory and conducting a series 
of impulse tests. The first tests consisted 
of testing the conductors in a length of 
endosure to determine the critical im¬ 
pulse withstand voltages of the various 
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69-Kv Bus Supports 

The next problem was the development 
of a support for this conductor which 
would not reduce the impulse levd when 
introduced into the air gap between con¬ 
ductor and endosure. This proved to be 
the most difficult problem of the entire 
devdopment. 

Tests of bus supports comprising mock- 
ups of available deagns flashed over at 
values near 275 kv. This determined 
that standard types of hardware adjacent 
to the bus were not suitable. However, 
when the hardware was diminated, all 
shapes and sizes of insulators had ap¬ 
proximately the same critical withstand 
value. Close observation determined 
that the flashover was triggered by a 
breakdown at the point of contact be¬ 
tween the bus and the supporting porce¬ 
lain. This indicated a high concentra- 
tion of stress at this point. Two ap- 
proa^es to the reduction of this stress 
condition seemed possible. The one 
with a background of usage was a static 
nng which would shidd the top of the in¬ 
sulator and distribute the stress over a 
larger area. The other was a new ap¬ 
proach consisting of carrying the stress 
down into the body of the insulator so 
that the breakdown was opposed by the 
puncture strength of the porcdain as 
compared with flashover values. The 
second approach was investigated because 
successful results would give a more eco¬ 
nomical design of insulator with hardware 
to which a bus could be attadied. 

Many combinations of parts were 
tested, and it was foimd that the depth of 
penetration of the hardware insert into 
the insulator body, the contour of the in¬ 
sert, the material used to secure the insert 
into the insulator, the projection of the 
insert above the top of the insulator, and 
the thickness and quality of the porcdain 
wall were all critical factors requiring co¬ 
ordination before satisfactory results were 
obtained. A satisfactory combination of 
factors was accompKshed, and through¬ 
out the remaining test program no insu- 
lator flashovers were encountered. 


The previous tests adequatdy deter 
mined that the use of a conventions 
blade-type of disconnecting switch woul< 
require endosures of unusuable size; but 
if a section of bus could be moved longi 
tudinally, it would have adequate insula' 
tion ch^cteristics in the dosed positior 
and, with proper shidding, would with¬ 
stand the impulse tests in the open posi¬ 
tion. Designs of this general type had 
been made but were not in common use. 
Such a design could be enclosed in a rec¬ 
tangular endosure only slightly larger 
than the bus and would provide space for 
the operating mechanism and dearance 
for the special shidding of contacts and 
blades. 

Disconnecting switches of the tele¬ 
scoping type were designed. Each pole 
was placed in a separate, rectangular, iso¬ 
lated phase endosure and consisted essen¬ 
tially of a longitudinally moving section 
of bus conductor telescoping into the hol¬ 
low conductor of a connecting bus section 
or of the condenser-type bushing of the 
circuit-breaker compartment. Flexible 
fingers at each end provided tlie current- 
c^mg contact between the moving 
blade and the fixed portion of the bus. 

11 current-carrying contact parts were 
silver-plated. The blade was supported 
and moved through its travel by an insu¬ 
lator mounted on a guided platform 
equipped with a rack and driven by a pin¬ 
ion attached to the operating mechanism. 
Each switch endosure was provided with 
a gasketed, hinged, and bolted cover for 
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Fig. 2. Telescoping-type disconnectir 
switch-pole unit with inspection door opc 
and the switch in open position. Section < 
09-lcv bus with inspection cover removed 
shown above. Finger contact assemblies at 
cnciosed in static shields at insulator locationi 
Large static shield moves with switch blad 
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Fig. 3. Sample telescoping disconnecting switch, bus section, and ^ ^ assembly. Line entrance compartment with 

elbow on test in impulse laboratory. Note enlarged bus section at ,^8^ Ji^-onnecting switches above are In the foreground. Immediately 
elbow found necessary to maintain impulse level compressed-air circuit breakers with discon¬ 

necting switches above them. Interconnecting bus work is at top with 
potential transformer compartmenU at left, Note simplicity of sup- 
accessabllity and a viewing window for porting structure and wajkways 


visual inspection. 

No insulation difficulties were expected 
from the finger clusters when enclosed in 
a static shield, and full impulse level was 
expected with the switch in the closed 
position because of the similarity to a 
continuous section of bus. These condi¬ 
tions were confinned by tests. However, 
with the switch in the open position and 
the blade end terminating in a semisphere, 
flashovers were encountered. Larger diam¬ 
eter static shields restored the impulse 
level of the blade tip but tliese shields 
had to project beyond tlie blade tip where 
an “umbrella effect” was expected to 
permit sufficient protrusion for contact 
engagement. It became necessary to 
design static shields of sufficient diameter 
to encircle the finger cluster assembly 
when in the closed position, as shown in 
Fig. 2. Attaining the foregoing results 
required design of several different con¬ 
tours for static shields. Time and ex¬ 
pense in the production of these shields 
was saved by making wooden mockups 
and spraying them with zinc plating. 
These were smoothed off and satisfac¬ 
torily simulated the effects of the cast 
aluminum shields eventually manufac¬ 
tured and applied. 

The over-all design of bus and discon¬ 
necting switch was confirmed by building 
a sample pole unit, a section of bus, and 
an elbow which were given a complete 
series of impulse and 60-cycle tests, as 
shown in Fig. 3. It will be noted that 
at the elbows and T connections a static 
shield approaching the theoretical opti¬ 
mum conductor size was found necessary 
to withstand the desired impulse voltage. 
The results of design tests are given in 


the following list. Approximately 2,000 
impulse tests were made before the design 
of equipment was considered adequate 
and insulation level confirmed. Impulse 
values are corrected for weather and 
taken from oscillograms: 

Impulse^, withstand, positive wave, 360 kv. 

Impulse withstand, negative wave above 
426-kv limit of generator (all other values 
are lV 2 x 40 -microsecond positive waves). 

60-cycle 1-minute withstand voltage, 160 kv. 

Impulse critical flashover, disconnecting 
switch pole, 367 kv. 

Impulse critical flashover, break jaw, hinge 
jaw and enclosure grounded, 367 kv. 

60-cycle flashover, break jaw, hinge jaw and 
enclosure grounded, 177 kv. 

Impulse critical flashover, hinge jaw, break 
jaw and enclosure grounded, 376 kv. 

60-cycle flashover, hinge jaw, break jaw and 
enclosure grounded, 199 kv. 

Impulse critical flashover, switch break 
distance, enclosure insulated, one jaw 
grounded, 386 kv. 

60-cycle flashover, switdi break distance, 
enclosure insulated, one jaw grounded, 259 
kv. 

Bus support insulator, dry flashover, 210 kv. 
Bus support insulator, dew flashover, 160 kv. 

The dew flashover test of the porcelain 
insulator merits description because there 
is no standard for this test, yet it is a 
condition which may prevail in isolated 
phase bus installations as often as once 
each 24 hours. This condition can occur 
in the morning after all parts are cooled 
by night temperatures. As the morning 


sun warms the enciosufe, tlie moisturfi 
in the trapped air will condense on the 
porcelain insulators which, because of 
their mass, lag in temperature rise. The 
dew test was performed by chilling insula¬ 
tors in a refrigerator and then exposing 
them in a humid room atmosphere. The 
test voltage was applied after they were 
thoroughly dew-covered. The voltage 
was. raised from 0 to flashover at the rate 
of 5,000 volts per second. At thus rate of 
rise, tests were quite consistent, whereas 
at slower rates, leakage current tended to 
dry off the insulators, making readings 
erratic. An accurate reading of flashover 
could not be made at faster rates of rise. 

Construction of 69-Kv Switchgear 

■Isolated phase construction was used 
throughout the enclosures for incoming 
lines, line disconnecting switches, bus 
connections, line potential transformers, 
drcuit-breaker isolating switches, circuit- 
breaker pole units, connections to power 
transformers, and power transformer dis¬ 
connecting switches. Isolated phase con¬ 
struction means that each phase is in a 
complete and grounded metal endosure 
separated by an air space from other 
phase endosures. The enclosures, except 
the endosures for the drcuit-breaker 
poles, have gasketed joints which exclude 
weather and dirt. Filter-type drip plugs 
are located at low points to relieve any 
water accumulation caused by condensa¬ 
tion or unforeseen leakage. The breaker 
pole enclosures have to vent the gases in- 


August 1955 Pierson— Pittsburgh Downtown 69-Kv Power Supply—Part III 


655 






ddent to circuit interruption; these ven¬ 
tilators are equipped with dust filters. 

^ enclosures for. line compartments, 
disconnecting switches, potential trans- 
fonners and busses are constructed of alu¬ 
minum sheet and structural shapes. 
Permanent joints between structiu*al parts 
are continuous welded to provide the de¬ 
sired weather seal. The use of aluminum 
in these locations eliminates corrosion 
problems and reduces future matTitpti flT ice 
to a minimum. It also permits support¬ 
ing much of the equipment from the cir- 
cmt-breaker enclosures. A simple, hot- 
dipped, galvanized I-beam structure pro¬ 
vide supports for the balance of the 
equipment. The simplicity of the sup¬ 
porting structure is an important factor 
in the appearance of the installation. 

The incoming line compartments were 
designed to enclose each phase terminal 
pothead, its associated lightning arrester, 
a disconnecting switdi-pole unit, and a 
grounding switch-pole unit. The pot- 
head enclosure was designed so that it 
can be completely removed during in¬ 
stallation or pothead maintenance. It 
was also supplied with a gasketed door 
prodding access for inspection or minor 
maintenance. A condenser bushing was 
nsed for the break jaw of the line dis¬ 
connecting switch, thus providing a gas- 
tight barrier between the pothead and 
switch compartment. The three dis¬ 
connecting switch-pole units and ground¬ 
ing switch-pole units associated with a 
3-phase incoming line were separately 
gang-operated and properly interlocked 
so that safe operation is assured. 

Isolated phase bus interconnects the 
various switching devices of the installa¬ 
tion. The 38-inch-diameter endosure is 
sufficiently large to permit a man to crawl 
through sections and perform inspection 
and cleaning operations with a mi-nitmiTn 
of dismantiing after the original installa¬ 
tion. 

Inerteen-filled potential transformers, 
one per phase, connected phase to ground. 


i- are connected to the line connections be¬ 
tween the line isolating switch and an 
I, adjacent circuit breaker. These trans¬ 

formers are designed for phase-to-phase 
- potential and have full 350-kv impulse 
. withstand. 

5 The circuit-breaker isolating dis¬ 
connecting switches are the same as the 
I line disconnecting switches except that 
1 two 3-pole groups are mounted back to 
i back arid gang-op^ted from one mech¬ 
anism. Key interlocks insure a. safe 
operating sequence with the associated 
circuit breaker. 

The 69-kv compressed-air circuit break¬ 
ers are arranged with each pole in a sepa¬ 
rate housing. Louvered openings in the 
housing equipped with dust filters provide 
for the dissipation of gases resulting from 
breaker operations. Infrared lamps di¬ 
rected on the insulating supports of the 
breaker maintain uniform insulation 
characteristics during varying weather 
conditions. 

The connections to the power trans¬ 
formers tap off the ring bus between sec- 
tionalizing breakers and pass through 
horizontally mounted disconnecting 
switches and continue to the power trans¬ 
former prunary budiings. Since gas mi¬ 
gration barriers are not essential at these 
^sconnecting switches, condenser bush¬ 
ings are not used, and the switch blade 
telescopes into a section of the hollow bus 
tubing. The gang-operating mechanism 
for each 3-pole transformer switch is 
brought down to ground level at a struc¬ 
ture column where the operating 
^d key interlocks are located. Visual 
inspection of the switch break is made 
possible from ground level by the use of a 
spotlight above the switch which sbiupp 
tiurough an opening in the top of the hous¬ 
ing and can be seen through the glass in¬ 
spection window in the bottom when the 
switch is open. When the switch is 
closed, the blade-moving carriage is inter¬ 
posed between the top and bottom open¬ 
ings and cuts off the light. 


Walkways with guard rails and stairs 
to ground level at two locations are an 
integral part of the assembly. They pro¬ 
vide for accessability to the disconnecting 
switch elevation for inspection, operation, 
and maintenance.. 

The entire switching structure was fac¬ 
tory-assembled to insure proper co-opera¬ 
tion of parts and permit factory high-po¬ 
tential tests; see Fig. 4. Shipments to 
the installation location were made in 
assembled combinations. Thus, mariy of 
the assemblies were moved directly from 
their means of transportation to their 
final location without requiring interme¬ 
diate setdown space. This procedure 
simplified field erection and relieved 
much of the congestion which might 
otherwise have occurred. The air-supply 
system for both the 69-kv and 14.4-kv 
compressed-air circuit breakers is de¬ 
scribed by Gue.* 

Conclusion 

The construction described resulted in 
an assembly of switchgear using mini- 
minn lot area with a reasonable height^ 
It has adequate insulation for the service 
requirements. The insulation should re¬ 
main at a high level because of the ma^ 
tenal used and the dust-tight construc¬ 
tion. The use of air circuit breakers and. 
metal-enclosed construction contributes 
to safety. Field assembly was facilitated 
by factory assembly and shipment in sub- 
assemblies. Adequate provision was made 
for operation, inspection, and mainte¬ 
nance. 
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Discussion 


K. T. Ashdown (General Electric Company, 
Phfladelphia, Pa.): Mr. Pierson’s paper 
outlines the many engineering problems 
associated with the development of a metal- 
Mclosed isolated phase bus for 69-kv serv¬ 
ice. We, too, were confronted with similar 
problems in the design of 69-kv enclosed 
g?ar during 1960-61. While we found that 
me width of this type of gear is fairly well 
determined by the insulation level, the 
depth can be varied to suit the type of insu¬ 
lators used. 

With the flexible depth, it is possible to 
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use standard outdoor insulators with a 360- 
1^-basic-impulse-insulation-level rating and 
therefore eliminate the necessity of design¬ 
ing a special type. The design selected by 
the author, while very special, embodies a 
umque and desirable feature, that of mniring 
the basic component parts of a device serve 
more than one purpose. This is illustrated 
redesigning the top hardware to transfer 
me stress down ioto the body of’ the insu¬ 
lators so that the breakdown is opposed by. 
the puncture strength of the porcelain as 
compared with the flashover values. Based 
on our experience in the 16-kv heavy-duty 
bus^ design, we Wonder why Mr. Pierson, in 
designing a new porcelain, did not make the 


dew and dry withstand the same, i.e., equal 
to 160 kv. It is a proven fact that, regard¬ 
less of the features of design, dew will form 
on the insulators under certain conditions 
and it is highly desirable to have an insu-^ 
lator that will withstand the 60-cycle 1- 
minute high-potential voltages when cov¬ 
ered with dew. This is especially true at 
mese higher operating voltages such as 69. 
kv. 

While the insulation level is by far the 
major design concern in the application of 
enclosed conductors at this voltage, there 
are other features which must be taken into 
consideration. One of these is the thermal’ 
capacity of the bus and of other components 
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such as disconnecting switches, etc. 
Thermally, there would be no question on 
this particular design as the 4-inch outside- 
diameter conductor is more than ample for 
the current involved. However, there is 
the cturent-carrying ability of the telescop¬ 
ing disconnecting switch and its associated 
finger contacts to be investigated. 

The momentary rating of this bus is no 
problem because of the size of the conductor 
and the shielding principle of a metallic 
enclosure around an electric conductor. 
However, there still remains the momentary 
duty on the contacts of the disconnecting 
switch and how they will function under a 
full diort circuit. 

Although no direct mention was made in 
the paper, we assume the heat runs and 
momentary tests were made on the tele¬ 
scoping disconnecting switch to prove that 
they would withstand the currents encoun¬ 
tered during a fault condition. The quan¬ 
tity of bracing insulators in Fig. 2 is some¬ 
what startling. We feel that with such a 
construction the zero-force line principle 
used in our isolated phase bus can be em¬ 
ployed. The single-insulator-per-support 
station would give the following advantages: 

1. The number of insulators would be 
reduced to a minimum, thus reducing the 
number of creepage paths to ground. 


2. More crawl space would be available 
for inspection and cleaning operations men¬ 
tioned in the section entitled “Construction 
of 69-Kv Switchgear.” 

3. The over-all design would be thus 
simplified and its integrity enhanced 
through the use of a single-insulator-per- 
support station. 


A. M. de Beilis (Consolidated Edison Com¬ 
pany of New York, Inc., New York, N. Y.): 
It is noted that the 69-kv bus is supported 
in its housing on two insulators only. I 
trust the design is such that the insulators 
are held in a position where electromagnetic 
forces will always keep the porcelain insula¬ 
tors in compression. 

The difficulty experienced in the design 
of porcelain supporting insulators has been 
noted. It would be interesting to know 
whether the insulators, as finally decided 
upon, were equipped with metal mserts at 
both ends or perhaps with none at all. It 
would also be interesting to know what 
means are provided for adjusting the 
porcelain-insulator pressure against the 
bus. 


P. R. Pierson: Mr. Ashdown contributes 
additional information on problems of 


metal-enclosed 69-kv circuits. It is evident 
that the designs discussed had unlimited 
space in at least one direction, whereas the 
designs for the Forbes Substation had 
limitations iu all directions. 

It will be noted that the insulators were 
designed with unusually deep corrugations, 
Oiu* tests under dew conditions indicated 
that a dew withstand value would have little 
meaning as it would vary between about 160 
and 200 kv, depending on the manner in 
which the tests were conducted. The dis¬ 
connecting switch and its associated finger 
contacts was equipped with the finger clus'. 
ter assemblies commonly used in metal-clad 
switchgear where there is a background of 
test and service adequately demonstrating 
its thermal capacity and momentary rating. 

The bus supporting insulators for ^ 
three phases are in line so that electro-* 

■ magnetic forces will keep them in compres¬ 
sion, as suggested by Mr. de Beilis. How-» 
ever, the forces resulting from 3,600,000 kvft 
at 69 kv between phases on 44-inch centers, 
are relatively low and were no particular 
problem in design. The insulators were 
equipped with special metal inserts adjacent 
to the bus and flange mounting castings at 
the base. Jack bolts in the fla,nge base 
casting were provided to align the insulator 
with the bus and to exert the necessary 
supporting pressure. 


HigK-Current Arc Erosion of Electric 
Contact Materials 


W. R. WILSON 

MEMBER AIEE 


E xcept for an atomic explosion, elec¬ 
tric arcs and sparks apparently com¬ 
prise the hottest regions on earth. Arcs 
often east at temperatures at which all 
solids have melted, all liquids have vapor¬ 
ized, and all compounds have dissociated 
into the original atoms. Yet, in properly 
designed high-current circuit breakers, the 
arcing contacts operate reliably and with¬ 
stand the disintegrating action of this 
medium. Usually imade of sintered alloy 
materials, developed originally^"® in the 
company with whidi the author is asso¬ 
ciated, the contacts survive this experience 
many times and remain to perform their 
function of closing without welding, with 
their surfaces in condition to press to¬ 
gether and accept their share of current at 
the required time. 

Although there have been many in¬ 
vestigations in the field of electric con¬ 
tacts, as witni^sed by the 1,600 rrferences 
in the bibliograph}^* of the American 
Sodety for Testing Materials, surprisingly 
little has b^n published concerning the 
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high-emrent region in the neighborhood 
of 5,000 amperes and ovar. Furthermore, 
conclusions reached from experience at 
low current cannot be applied at high 
current without specific verification. 
Two examples will serve to emphasize 
this point. The first deals with the rela¬ 
tive life of silver and copper contacts in 
air. At 100 amperes, it is typical that 
the silver contacts will have many times 
the arcing life of copper contacts.® At 
12,000 amperes, however, test data show 
erosion of silver and copper to be practi¬ 
cally identical; see Fig. 1. The second 
example deals with life under oil. In 
the 100-ampere range,® immersing silver 
contacts in oil typically increases the 
arc erosion rate by a large factor. In the 
10,000-ampere range, arc erosion of silver 
contacts is essentially the same in oil and 
air, at least at small spadngs; see Table 
I. 

The investigation of arc eroaon herein 
described is one segment of a fundamental 
program which has been under way in the 


high-current area for several years» 
Other segments include investigations of 
dean contact resistance, long-time filming 
of contact surfaces in oil and in air, mo-, 
mentaxy high-current oapadties (welding 
and exploding of contact spots), and[ 
medianical impact strength and fatigue^ 

Preliminary Summary pf Results 

This paper reports data on arc erosion- 
rates for the follovdng elements listed in 
order of excellence as determined by test^ 
As shown in Fig.T, from best to pooreslt 
they are: carbon, tungsten, molybdenum, 
nickd, iron, titanium, copper, silver, 
zinc, aluminum, and tin. Data on four- 
t 3 q)ical sintered alloy materials are given 
in Fig. 2. The ranges of practical mix-, 
tures are covered for copper-tungsten, 
silver-molybdenum, silver-tungsten, and 
silver-tungsten carbide. The erosion rate 

Paper 55-215, recommended by the AIE-E Swiichn 
gear Committee and approved by the AIBE Com¬ 
mittee on Technical Operations for presentation 
at the AIEB Winter General Meeting, New York, 
N. y., January 31-February 4, 1956. Manuscript., 
submitted October 21, 1964; made available fop 
printing December 8, 1954. 
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Fig. 1. Arc erosion of elements in order of 
excellence as determined by test. Com¬ 
parison of measured erosion rates with cal¬ 
culated vaporization rates. Data based on 
half-cycle arcs of about 12,000 amperes 
rms on a 60-cycle base with contacts separated 
1/32 inch 


is given as a function of the fraction of re¬ 
fractory material. 

Whereas understanding of the physical 
processes of arc erosion is nowhere near 
completion, in this over-all fi^d where the 
rate of erosion, [cubic centimeters (cc) 
per kiloampere-second (ka-sec)] varies 
with current and material over a range of 
10* to 1, a simple estimate including only 
vaporization losses permits prediction 
with better than order-of-magnitude ac¬ 
curacy of measured high-current erosion 
rat^ for the elements tested. In this 
estimate it is assumed that all of the elec¬ 
tric power released at the anode and 
cathode (the arcing current multiplied 
by the sum of the anode and cathode 
voltage drops)' goes into melting and 
vaporizing contact material. Perhaps 
the best evidence of correlation between 
the vaporization theory and the physical 
phenomenon is that the theory predicts 
essentially the same order of excellence of 

Table I. Comparison of High-Current Erosion 
in Air and Oil 


Average Loss in Grains 
per Arc 


Material 




materials, from best to poorest, as was 
determined by test; see Fig. 1. Con¬ 
sideration of test results and this simple 
hypothesis shows that an additional 
source of erosion, especially for the low 
melting temperature materials, is that of 
molten metal being blown out in drops by 
the violent blasts of escaping vapor. 

Utility of Results 

The most direct use of the results of the 
over-all program has been the setting up 
of specifications of contact performance to 
maintain and to improve contact reli¬ 
ability. Loss of material on arcing is one 
of the factors controlled. In addition to 
proof tests in the actual circuit breaker or 
device, any new contact material must 
pass exhaustive laboratory tests. The 
arc erosion test equipment described is 
economical to operate, and permits more 
complete ev^uation and better quality 
control than was heretofore possible. 

As the program advanced, it became 
increasingly evident that the physical 
processes of arc erosion are interwoven 
with those of the primary function of a 
circuit breaker; that of arc interruption. 
For example, it has been found that at 
least under some high-current conditions, 
the gaseous volume of contact material 
which is vaporized is so much greater than 
the volume between the contacts that the 
original insulating medium must be sup¬ 
posed to be almost totally displaced. 
Furthermore, even a minute fraction of 
metallic atoms will take over the arc 
current-carrying function from gases 
such as air and hydrogen. As shown by 
Suits,* as little as one part in a milHon of 
copper vapor in air will provide electrons 
to conduct 97 per cent of the current. 

As a result of these considerations, this 
study of high-current arc erosion has been 
coupled closely with other investigations 
aimed primarily at advancing the under¬ 
standing of the fundamental processes of 
interruption. 

There is no question, of course, as to 
the crucial position that electric contacts 
hold concerning the reliable operation of 
circuit breakers and contactors. The 
function of these devices is to interrupt 
the circuit by opening the contacts, and 
to pass load current when contacts are i 

closed. The engineer designs and selects i 

contacts on the basis of his knowledge of : 
the relationships between performance ' 
and the factors which control it. He 
must do more than build a piece of equip- ^ 
ment which meets certain specific tests. 

He must understand the various pertinent « 
physical phenomena which may occur £ 
and design the equipment to take best t 
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Fig. 2. Arc erosion rates for sintered alloy 
materials. Test basis as in Fig. 1 


advantage of their characteristics. The 
primary objective of this investigation 
has been to contribute to the basic under¬ 
standing in this area. 

Test Equipment 

Testing for arc erosion in the high-cur¬ 
rent range is very different from testing 
in the low-current range. It is typical 
to operate a 100-ampere contactor 100,000 
times to obtain an adequate measure of 
the material loss. In comparison, one 
20,000-ampere arc held for 0.1 second will 
disintegrate a section of copper bus bar 
1/2 inch long, l/4 inch thick, and 2 inches 
wide. 

In this investigation it was desired to 
eliminate certain disadvantages of select¬ 
ing one particular circuit breaker as being 
representative, and mounting each pair, 
of contacts in it for test. These disad¬ 
vantages include the difficulties of: 1. 
controlling arc duration, 2. eliminating or 
reproducing contact bouncing or vibra¬ 
tions so that a consistent curve of gap 
length versus time could be maintained, 
and 3. synchronizing the exact instant of 
contact opening with the desired point on 
the current wave. To eliminate these 
extraneous factors and to obtain arc ero¬ 
sion data which were reproducible and 
reliable, a new arc erosion-testing facility 
was developed and put to use. 

Circuit 

Fig. 3 is a schematic diagram of the test 
eqmpment used. The equipment passes 
a single half-cycle of controlled current 
through an arc struck between the con- 


Wikovr-Higl^Currmt Arc Eromm of Electric Contact Materials 


August 1955 














































Fij. 3 (left). Schematic dia¬ 
gram of half-cycle, high-current 
arc erosion test equipment 


Fig. 4 (right). Typical os¬ 
cillogram trace. Dotted curve 
of arc current calculated from 
equation 1 




60iv TIMING WAVE 


tacts. To eliminate mechanical opening 
stroke variations, the contacts are held 
stationary at a fixed gap, generally from 
1/64 to 1/2 inch. A high-voltage impulse 
generator has often been used to break 
down the gap and to initiate the arc. In 
other cases, after comparative tests have 
established that the arcing region is not 
contaminated, the arc is initiated by 
means of a fuse wire. Energy for the 
arc which follows is derived from a large 
capacitor bank charged through rectifiers 
to several kilovolts direct current. A 
portion of the trigger voltage is used to 
fire an ignitron which discharges the 
capacitor bank through a transformer 
bank to step up the current. A reactor is 
used to resonate the capacitor bank to 
yield the desired base frequency (about 60 
cycles) of the half-cycle of current. To 
prevent the impulse voltage from damag¬ 
ing the transformers, a capacitor is con¬ 
nected across the secondaries to form, 
with the reactor, a low-pass filter. Mag¬ 
netic and cathode-ray oscillographs are 
used to record arcing voltage and current, 
and extensive additional instrumentation 
is available as needed. 


Current Wave Form 


Fig. 4 shows typical current and volt¬ 
age wave forms traced from oscillograms. 
If one assumes that the arc voltage is con¬ 
stant and that the magnetizing reactance 
of the transformer is high in comparison 
with the secondary leakage reactance, the 
current wave form is given by equation 1. 
This expression was derived by applying 
the Laplace transform method to the 
circuit differential equations. 


NjEc -NEg) ( 


Vi- 


4L2 


. /l 22* 

6 2 i 1 sin.. /-, 

/ \ CL 4:Li 


( 1 ) 


where 


«=s instantaneous secondary current, 
amperes 

2V=transformer turns ratio 

£c “Capacitor bank potential, volts 
voltage drop, volts 

1,= total inductance referred to primary, 
henrys 

capacity of bank, farads. 

2?“total resistance referred, to primary, 
ohms 

/“time, seconds 


Because of the exponential term in 
equation 1, the half-cycle of current be¬ 
gins like a sine wave, but gradually drops 
below the sine wave by an increasing 
amount. The calculated current fonn 
shown dotted in Fig. 4 was obtained by 
substituting the known value of capaci¬ 
tance in equation 1 together with values 
of inductance and resistance calculated 
from the performance of the circuit. The 
equation can be used profitably in the 
design of similar half-cycle equipment. 
It has further value in that it demon¬ 
strates that the factors causing the non- 
sinusoidal current wave are understood 
and under control. 

Condition of Test 

All arc erosion data reported on the 
graphs of this paper were taken with 
1/2-inch diameter contacts with a 2-inch 
radius crown. The bulk of the data, such 
as for the elements of Fig. 1 and the 
sintered alloys of Fig. 2, was obtained with 
a 1/32-inch gap established between the 
contact surfaces before each arc. Gen¬ 
erally, each pair of contacts was subjected 
to six arcs of one-half cycle’s duration on 
a 72-cycle base. Because of variations in 
arc voltage, the crest current in the metal¬ 
lic arcs varied from about 20,000 to 25,000 
amperes. For carbon the current was 
exceptionally low, reaching a crest of 
only 12,000 amperes. Based on the cal¬ 
culation method of this paper, compensa¬ 
tion was made for these variations by 
reporting the data in terms of cc of ma¬ 
terial lost per ka-sec. The adjustments 


were a matter of a few per cent for the 
metals. For convenient reference, the 
average 72-cycle base wave was equiv¬ 
alent in ampere-seconds to a 12,000- 
ampere rms half-cycle on a 60-cyde 
base. Finally, because the volume of arc 
material lost is of more engineering im¬ 
portance than the weight, the weights 
were converted to approximate volumes 
by dividing by the densities of Table II, 
Accuracy for the sintered materials is re¬ 
duced somewhat, but the original data 
can, of course, be recalculated by the 
reader if desired. 

Fig. 5 presents typical curves of arc 
erosion in terms of material loss versus 
the number of arcs that had been applied 
in succession. Although there are ap¬ 
preciable variations between weight losses 
on successive tests, the points in gen¬ 
eral follow straight lines. These varia¬ 
tions can often be correlated during test 
with pieces of contact material which grad¬ 
ually lose their support and then finally 
drop off during one of the arcs. That the 
erosion rate does not decrease as the 
number of arcs increases is evidence that 
composition of the sintered alloy materi¬ 
als does not change markedly during arc¬ 
ing. With the lower melting tempera¬ 
ture materials, large protuberances which 
formed were filed off to maintain essen¬ 
tially flat surfaces. 

Some data were taken, with a 2-inch 
gap between the contacts; see Fig. 6. The 
arc was initiated by means of a fuse wife 
and maintained for 2 or 3 cydes on a 60- 
cycle base. 


Table II. Physical Properties of the Contact Materials 


Volumetric Heat 
of Vaporization, 
Gram Calories 
Material per CC 


Specific Heat 
of Vaporization, 

Oram Calories Mass Density, 
per Gram Grams per CC 


Melting Boiling 

Temperature, Temperature, 

Degrees Degrees 

Centigrade Centigrade 


Graphite. 

Tungsten. 

Molybdenum. 

Nickel. 

Iron. 

Titanium. 

Copper. 

Silver. 

Zinc. 

Aluminum. 

Tin. 

Tungsten-carbide. 


32,200. 

....14,300. 

_2.25. 

.3,500. 

.4,200 

20,900. 

.... 1,100. 

_19 . 

.3,370. 

.6,927 

16,600. 

.... 1,630. 

_10.2 . 

.2,620. 

.4,803 

15,400. 

_1,730. 

_ 8.90..... 

.1,452. 

.2,900 

13,600. 

. 1,730. 

_ 7.86. 

,.,..1,635. 

.2,998 

10,700. 

. 2,380. 

_4.5 . 

.1,800. 

.6,100 

11,500. 

. 1,290. 

.... 8.92. 

.1,083. 

.2,595 

6 MO 

650. ... 

_10.5. 

. 961. 

.....2,001 

3 410 

477. .. . 

_ 7,14. 

. 419. 

. 907 

7.500. 

. 2,780. 

.... 2.7 . 

. 6.57. 

.2,066 

4,310. 

. 690. 

.... 7.30. 

. 232.... 

.2,270 


16 


Approximate densities p for the alloys were calculated from p = pip»//ip»+/8pi, where/“fraction of com¬ 
ponent by weight; 1, 2“subscripts denoting components. 
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NUMBER OF ARCS 


Fig. 5. Arc erosion loss as a function of the 
number of half-cycle aics 

In all, some 200 contact pairs have 
been tested. The materials came pri¬ 
marily from contact manufacturers, al¬ 
though some were supplied from within 
the company with which the author is 
associated. All materials were given 
metallurgical and chemical check tests. 

Theory of Erosion Processes 

It should perhaps first be pointed out 
that erosion of contacts is a complex, 
nonlinear space distribution type of prob¬ 
lem involving such things as bubbles 
bursting through the liquid surface of the 
contacts in the midst of turbulent blasts 
of gas. Heat transfer and viscosity 
phenomena are involved at temperatures 
so high that they cannot be studied except 
in the arc. Consequently, calculations 
to be made are necessarily to establish 
orders of magnitude only, and to deter¬ 
mine whether ©r not certain processes are 
active. It is not to be anticipated that 
the theory evolved will predict measured 
results with any degree of precision. 

Arcing Medium 

In the order of 1 microsecond^ as 
arcing current starts to flow, portions of 
the contact surfaces reach temperatures 
at which the metal evaporates. The 
gaseous volume of the metal vapor which 
has issued from these surfaces by the end 
of a high-current half-cycle arc is sur¬ 
prisingly large. 

With copper cont^ts carrying the 12,- 
OpO-ampere arc current, the weight of 
metal ya,pori 2 ed per operation is about 1 
gram (see Fig. 5). At the t 5 ?pical arc 


temperature of 5,000 degrees Kelvin (K) 
and at atmospheric pressure, this weight 
of copper as a gas would occupy a volume 
of about 7,600 cc. This is a cube about 
20 centimeters (cm) on a side. It there¬ 
fore appears certain that the original gas 
or liquid between the contacts must be 
swept out very early in the half-cycle by 
this metallic gas which flows from the sur¬ 
faces. Thus the arc, under the condi¬ 
tions of test, must flow through a gas con¬ 
sisting almost solely of the vapor from the 
contacts. This is explanation of the fact 
that contacts tested at high current. 
Table I, showed the same erosion rates in 
air and in oil. 

Energy Distribution 

The classical picture of the voltage dis¬ 
tribution in an arc is that of abrupt volt¬ 
age drops which occur over microscopic 
distances at the cathode and anode to¬ 
gether with a gradual linear change of 
voltage along the axis of the column. 
Because the same current flows through 
all drops, energy release at the contact 
surfaces is intense. 

In working toward a more complete 
general understanding of arc processes, 
Cobine® has used the data presented in 
this paper to establish that vaporization 
is one of the main erosion processes at the 
anode of high-current arcs. He was also 
able to make new determinations of 
anode surface temperatures. In an 
earlier paper, Holm® concluded that ero¬ 
sion losses at the cathode of a high-cur- 



AVERAGE CURRENT IN KILOAMPERES 

Fig. 6. Multiple-cycle arc erosion tests at 
2-inch contact separation as function of cur¬ 
rent. Solid curves drawn by judgment best 
to fit test data. Dotted curves calculated 
from vaporization rate equation 



Fig. 7. Arc erosion versus spacing for silver- 
molybdenum sintered alloy material 


rent arc also results primarily from 
vaporization. Both investigators post¬ 
ulated that the electric energy dissipated 
in the region of the surface voltage drop 
(anode and cathode drops respectively) 
produces the vaporization, and both com¬ 
ment that reiliable data on the magnitudes 
of these voltage drops are not available. 
The work function (energy required to 
“evaporate" an dectron from a surface) 
is represented for electron flow by a volt¬ 
age of about -f 6 at the anode and —5 at 
the cathode, these drops sometimes being 
lumped for convenience as part of the 
over-all anode and cathode drops. 

There are several mechanisms whereby 
electric energy dissipated in the anode 
and cathode drops is delivered to the elec¬ 
trodes. The relative importance “has 
apparently not been established as yet, 
At the anode, the electrons, which prob¬ 
ably carry the bulk of the current, are 
accelerated through the anode drop, de¬ 
livering the kinetic energy thus acquired 
plus the “heat of condensation” of the 
electrons to the anode surface. At the 
cathode, there is similar delivery of en¬ 
ergy by the positive ions which carry a 
fraction of the current to the cathode. 
The cathode processes are complicated by 
the fact that current is also probably car¬ 
ried from the surface by electrons, gni-j 
that the removal of each electron coOls 
the surface by the work function. How¬ 
ever, when these have fallen through the 
cathode drop they will strike arc plasma 
molecules and dissipate the kinetic energy 
as heat in the plasma immediately adja¬ 
cent to the contact surface. The arc 
plasma must be far hotter than the con¬ 
tact surfaces in order to conduct cur- 
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rent.® Consequently, there will be strong 
tendency for the heat generated near the 
surface to flow by ordinary heat con¬ 
duction (molecular collision) through the 
cathode and anode drops to the surfaces. 
This flow will be accentuated by the ex¬ 
tremely high axial temperature gradients 
near the cool electrodes. A complete 
mechanism for electrode phenomena 
would have to include explanation for 
(among other factors) the extremely 
high-speed vapor jets which have been 
found to issue from the surfaces. 

Vaporization Rate Equation 

However, even without this complete 
explanation a rough energy balance can 
be set up on the basis of the available 
data. The continuous drain of vaporiza¬ 
tion energy from the region of the cathode 
and the anode must apparently be re¬ 
placed by electric energy in nearly the 
same volume. This will be found con¬ 
sistent with the test results. Fig. 7; and it 
seems reasonable because of the relatively 
small amount of heat that could travel 
long distances against the flow of vapor¬ 
ized material and through the relatively 
low axial temperature gradients which 
exist along the column away from the 
surfaces. 

The electric energy input near the con¬ 
tact surfaces is therefore 

where * 

total energy input at electrodes, watt- 
seconds 

Ec™ cathode drop* volts 
Ea*» anode drop, volts 
/asarc current: average of absolute magnir 
tude, amperes 

7'«* duration of arc, seconds 


The metal vaporized is 


V-- 


W 
' pJH 


(3) 


where 

V=» volume of metal vaporized, cc 
/r=heat of vaporization, calories per gram 
J saheat equivalent, 4.18 joules per calorie 
p =» density of contact material, grams per cc 

Combining equations 2 and 3 yields the 
vaporization rate in cc of contact material 
lost per ka-sec (or kilocoulomb) of arc cur¬ 
rent 


R- 


1,000 F l,000(Ec+Ea) 


IT 


pJH 


(4) 


where R — erosion rate, cc/ka-sec. 

This vaporization-rate equation is 
derived because it appears to be a rough 
phymcal constant of the material, de¬ 
pending for its value upon other physical 
constants. 


Although separate values for the anode 
and cathode drops are difficult to obtain, 
an approximate value for their sum, as re¬ 
quired by equation 4, can be obtained by 
measurements on short arcs. The cal¬ 
culations of this paper are based on the 
fact that both the axial voltage gradient 
along the column and the sum of the 
cathode and anode drops are reasonably 
independent of current magnitude. Con¬ 
cerning column gradients, the A 5 ni:on^® 
work shows that in carbon arc in air at 10 
amperes, this gradient is about 18 volts 
per cm. Unpublished data taken at 
10,000 amperes show that the column 
gradient increased only to about 25 volts 
per cm. For metals, the axial gradients 
are generally smaller than for carbon, 
and the gradients do not increase greatly 
with moderate increase in pressure.^’ 
Therefore,- in the short gaps (initially 
l/32-inch) used for the bulk of the data of 
this paper, the total voltage drop along 
the column has an upper limit of about 3 
volts. The average total arc voltage, 
indudtng the anode, cathode, and column 
drops, did not vary widdy from about 29 
volts at 12,000 amperes for the materials 
tested. Because of statistical variations 
and limited data, accurate values for the 
arc voltage are available at this time for 
only copper (29 volts), silver (30 volts), 
and molybdenum (29 volts). Therefore, 
with these metals the sum of the anode 
and cathode drops (£„ + Eo) averages 
about 26 volts. Limited data on all of 
the rema ini ng materials at 12,000 amperes 
show individual tests varying from about 
23 to 38 volts. For comparison with the 
low-current range, at 10 amperes the 
Ayrton values for the sum of the anode 
and cathode drops is 20 volts for silver 
and 16 volts for copper. Based on these 
facts, it is assumed, for ease in approxi¬ 
mate calculations, that in the high-cur¬ 
rent range of stationary arcs in atmos¬ 
pheric air, the sum of the anode and cath¬ 
ode drops is 25 volts for aU materials 
tested. Study of the data indicates that 
additional variables are present to the 
extent that more accurate determination 
of this factor would not improve the ac¬ 
curacy of correlation with measured 
values at this time. 

Comparison of Measured Erosion 
Rates with Calculated 
Vaporization Rates 

Before checking the vaporization rate 
equation against the data, it is of interest 
to see the range over which the results 
might lie. In a previouis paper,^® the 
author presented extensive data on the 
arcing life of silver contacts in the 10- 


ampere range (from 5 to 35 amperes). 

At 20 amperes, for example, the volume of 
silver lost per operation was about 10”* 
cc. In the present tests it is 0.1 cc. 
This is an erosion change of 10® to 1 re¬ 
sulting from a current change of 10® to 1. 
The rate in cc per ka-sec was in the order 
of 10”® at 20 amperes, in comparison 
with 1 at 12,000 amperes. 

According to Holm,® the primary rea¬ 
son for this great variation in erosion 
rates is that most of the heat is conducted 
away through the contacts at low cur¬ 
rents and moderate spacings and there¬ 
fore is not available to vaporize material. 

As currents are raised and heat is intro¬ 
duced more rapidly, the vaporization 
region is reached in which heat conduction 
becomes negligible, and effectively all of 
the heat must be dissipated by vaporiza.- 
tion. In Holm’s work this region started 
in the order of 1,000 to 10,000 amperes. 
With certain small contacts®® between 
which arcs occur at extremely small 
spacings, the energy input is concentrated 
in such a minute space that the vaporiza¬ 
tion region would occur at much lower 
currents. The primary assumption made 
throughout this paper is that only the 
high-current, vaporization region is being 
considered. 

Sample Calculation with Copper 

For a sample calculation with the 
vaporization rate equation, consider cop¬ 
per dectrodes. Table II shows a heat of 
vaporization for copper of 1,290 
calories per gram. The density of copper 
from Table II is 8.92 grams per cc. Sub¬ 
stituting values in equation 4 yields an 
erosion rate of 0.62 cc per ka-sec. The 
12,000-ampere test current wave has a 
ka-sec value of 0.11, so the calculated 
volume of copper eroded is 0.068 cc. 
From Fig. 1, the measured value is 0.17 
cc, or a discrepancy of 2.5 to 1. 

This calculation considers only the 
amount of metal vaporized, and ignores 
the amount blown out in drops by the 
vapor as it escapes. Tests were run on 
some of the materials to estimate the 
liquid loss. An insulating cup was con¬ 
structed around the arcing contact to 
catch most of the liquid drops. Many of 
these are quite large, measuring more 
than 1 millimeter in diameter. To p«- 
mit easy escape of vapor, an inch of radial 
clearance was allowed between the walls of 
the cup and the contacts. The top ex¬ 
tended about 1/2 inch above the upper 
contact surface. The total erosion rate 
was not altered significantly. The arrow¬ 
heads on Fig. 1 represent the volume of 
contact material vaporized, as estimated 
by subtracting the weight of the drops 
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collected from the total loss. The vapori¬ 
zation loss as estimated by test, then 
agrees very well with that from the vapor¬ 
ization rate equation. 

Performance of the Elements 

For copper, it is seen that the total 
erosion loss is quite closely represented 
by the sum of the estimated loss by 
vaporization and the loss of liquid in the 
form of drops blown out as this vapor 
escapes. Furthermore, the liquid loss 
constitutes a fairly high portion of the 
total loss. Except for carbon, tungsten, 
and possibly zinc, conditions with the 
remainder of the elements appear to be 
similar, in that in each case the total loss 
of material is greater than that which 
can be vaporized by the. electric energy 
available. With each of these elements 
that has been checked, the liquid loss ha^ 
been substantial and in agreement with 
this approximate picture. 

Only with carbon and tungsten does the 
calculated vaporization loss exceed the 
measured loss; see Fig, 1. The dis¬ 
crepancies found appear to indicate the 
element of error in the vaporization 
equation by itself. Tests with tungsten 
showed no detectable loss as liquid. It is 
difficult to make such an evaluation with 
airbon. 

Consideration of these factors together 
with the melting temperatures of the 
elements reveals a general pattern. The 
amoimt the test erosion rate exceeds the 
estimated vaporization rate is indication 
of the amount of material lost in the 
liquid form. As would be expected, and 
as can be checked by comparing Fig. 1 
and Table II, this difference tends to in¬ 
crease as the melting temperature de¬ 
creases. With tin, which has the lowest 
of the melting temperatures, the entire 
1/4-inch depth of the contact button 
turns to liquid during a half-cycle arc. 
Liquid loss is high. With tungsten and 
carbon, very h’ttle material is melted, and 
liquid loss appears to be negligible. It is 
interesting to note that the order of in¬ 
creasing arc erosion, decreasing volu¬ 
metric heat of vaporization, and de¬ 
creasing melting temperature are very 
nearly the same for the elements tested^ 
Aluminum has a low melting point and a 
high boiling point, which would tend to 
maximize liquid loss; and it has a high 
specific heat of vaporization, which 
would tend to reduce vapor losses. This 
appears to be the explanation of the very 
high liquid loss indicated for this ma¬ 
terial. Zinc is the major exception to 
this trend of increasing liquid loss with 
ded-easing melting temperature in that 
loss by liquid apparently is a dnall factor 


in comparison with vaporization. The 
physical properties of zinc are consistent 
with this action in that zinc has by far 
the lowest of all of the boiling points, and 
the lowest of the specific heats of vapori¬ 
zation, tending to maximize the vapor 
losses. It has the smallest difference 
between the melting and boiling tem¬ 
peratures, tending to minimize liquid 
effects. The order of excellence of the 
elements and the magnitude of erosion 
losses seem therefore to fall into position 
very nicely on the basis of the physical 
constants controlling vaporization and 
melting. 

The possibility that a large portion of 
the erosion might be caused by oxidation 
of the surface in air should be discussed. 
At low current, this is an important mech¬ 
anism® and explains the superior per¬ 
formance of silver (a noble metal which 
forms almost no oxide) in comparison 
with copper (a base metal which oxidizes 
fairly easily). However, this mechanism 
neglects the evidence that the erosion is 
controlled by phenomena at the contact 
surfaces, and that at high currents, the 
streams of metal vapor carry essentially 
all of the oxygen far away from those sur¬ 
faces. For aluminum, with its extreme 
affinity for oxygen, it is quite possible 
that the actual liquid loss is greater than 
that measured, and is more nearly what is 
indicated by the difference between the 
measured erosion rate and the vaporiza¬ 
tion rate. Some of the liquid drops prob¬ 
ably oxidize and are carried away as a 
gas. 

Sintered Materials 

One of the most striking facts concern¬ 
ing sintered contacts is that mixtures of 
two elements (such as the silver 
molybdenum in Fig. 2) can exhibit lower 
erosion rates than either of the elements 
by themselves. A parallel physical con¬ 
cept is that, for an alloy, the melting 
temperature, boiling temperature, and 
apparently the heat of vaporization each 
can be greater than the corresponding 
values for any of the components of the 
alloy. Furthermore, the liquid loss from 
the higher melting-point refractory com¬ 
ponent will be affected by the presence of 
the lower melting-point conducting com¬ 
ponent. 

The correct nominal composition of a 
contact does not ensure that its arc ero¬ 
sion will be acceiptable. Copper-tungs¬ 
ten contacts of the 30%-70% type which 
were supposedly of equal quality have 
been tested and found to vary in arc ero¬ 
sion rate from near the tungsten value to 
near the copper value. One of the defects 
that might cause this poor performance is 


that of a poor bond in the tungsten ma¬ 
trix. If the contact were held together 
by the copper only, the melting of this 
material at relatively low temperature 
would permit the tungsten partides to 
flow away with the liquid copper. 

Additional Factors 

Contact Spacing 

Fig. 7 shows that contact erosion in¬ 
creases at very small contact gaps. Two 
factors appear to combine to cause this. 
First, the restricted space between dec- 
trodes means that gas pressure and vapor 
vdodty will be increased, tending to 
blow off more contact material. Second, 
because of the small spacing in rdation to 
contact width, the fraction of heat which 
can flow from the cathode and anode drop 
region into the column, and escape with¬ 
out causing vaporization, is diTninigliP^ 

The fact that erosion losses tend to re¬ 
main rdatively constant as contact gap 
(and total arc voltage) are increased be¬ 
yond 1/32 inch is powerful evidence that 
the erosion losses depend on dectrical 
energy input at the surface, and not on 
total arc energy. Further verification 
that erosion rates are reasonably constant 
at the higher spacmgs is given in the fol¬ 
lowing. 

Current Magnitude 

According to the vaporization rate 
equation, contact erosion in cc per half- 
cyde should be proportional to current 
magm’tude in the high-current range. A 
lunited amount of erosion data was taken, 
ranging from 3,000 to 25,000 amperes, 60 
cydes. The same t 3 rpe of 1/2-inch-diam¬ 
eter contacts was used as in the one- 
half cyde tests, but with 2-inch spacing. 
The solid curves of Fig. 6 show the best 
straight lines drawn by judgment to rep¬ 
resent the test points, and the dotted 
curves show tlie estimated vaporization 
rates. Because the heat of vaporization 
is not known for the silver-molybdenum 
alloy, the calculated curve is based on the 
one-half-cyde erosion data for this ma¬ 
terial. Corrdation here indicates a rel¬ 
atively large statistical spread between 
individual points, and about a 2-to-l levd 
of accuracy for averages. ExaTni natinn 
of the points indicates some tendency for 
arc erosion loss to increase more rapidly 
than with the first power of current. It 
should be noted that in all calculations, 
erosion rates were assumed to be the 
same at 1/32 inch as at 2 inches. Current 
durations in these tests were several 
times longer than in the half-cycle tests. 
Under these conditions, the corrdation 
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between the vaporization rates and 
measured erosion values appears satis¬ 
factory. Additional verification of the 
approximate direct proportionality be¬ 
tween erosion loss and current magnitude 
may be found in a recent paper by Spayth 
andHeU.i* 

Polarity 

This investigation was aimed at a-c 
application, but some interesting polarity 
effects were noted. As would be expected 
from low-current experience the anode of 
the carbon arc lost much more material 
(about 80%) than the cathode (about 
20%). However, with silver, the polar¬ 
ity had no appreciable effect. Which¬ 
ever contact was on top experienced 
about 60% of the total loss. The ex¬ 
planation seems to be simply that melted 
material falls from the top contact and 
lands on the bottom one. With copper, 
the f alling material effect is present in 
addition to a polarity effect whereby the 
anode losses average about 65% of the 
total. 

A large growth often appears on the 
copper anode with startling speed. At 
0.2-inch spacing, during one half-cycle 
of arc, the anode surface melts, material 
gathers apparently at the anode spot, and 
a blunt column, rises nearly to the oppo¬ 
site side; see Fig. 8. It does not matter 
whether the anode is on the top or bottom. 
In one case the column rose from the 
anode against gravity and was in electri¬ 
cal contact with the cathode at the end 
of the test. The next arc was established 
without inserting a fuse wire. The cur¬ 
rent which flowed was 60% greater than 
any of the other arcing currents. 

The same general phenomenon, but 
with the protuberance bridging a much 
smaller part of the gap, occurs at the 
tungsten anode. It is not seen with alu¬ 
minum. The high electrostatic force 
caused by the anode voltage drop, and the 
electromagnetic pinch effect probably 
contribute to the formation of the column. 
Assuming that the bulk of the current 
flows to this protuberance results in an 
anode current density in the order of 
1,000,000 amperes per square cm for 
copper. 

Statistical variations are much greater 
if the losses of each. electrode are con¬ 
sidered separately. For example, in one 
series of tests, the loss from a tungsten 
cathode was zero to three sigm*ficant 
places. The anode loss alone was suffi¬ 
cient to give a fairly normal erosion rate, 
for the pair. With some of the materials, 
the relative erosion rates for anode and 
cathode shift with spacing, in a manner 
which at present appears to be random. 



Fig. 8. Growth which appears on copper 
anode during one half-cycle of arcing. An¬ 
odes are marked -{-; the cathodes are un¬ 
marked. The molten copper rises against 
gravity. The mounds are about 0.16-inch 
high and were formed in a O.S-inch gap. 
The small protuberance on the anode at the 
right apparently was a molten drop which fell 
from the cathode 

Comparison with Low Currents 

It is interesting to compare high-cur- 
rent arcing life relationships with those 
found in the previous investigation^ 
reported by the author for the 10-ampere 
range. Except for the vast difference in 
magnitude, the primary difference is that 
life is inversely proportional roughly to 
the first power of arc current and of arc 
charge transfer at high current; but at 
low current, life was found to be inversely 
proportional to the 3.7 power of arc cur¬ 
rent and of arc charge transfer. This is 
partly because the microscopic pits which 
defined the termination of life with the 
minute arcs are of little consequence at 
high current. As a result, the great det¬ 
rimental effect of slight bouncing at the 
break of circuit found at low current 
would not appear at high current even if 
arcing durations were similar. Reduc¬ 
tion in life due to bouncing can be esti¬ 
mated simply by adding the charge trans¬ 
fer occurring during the bounce to the 
value inserted in the rate equation. 

In both ranges the contact surfaces 
approach planes as the end result of arc¬ 
ing. The effect of crowned or radiused 
surfaces on life at high currents is simpler 
than in the low current range, because 
this flattening generally occurrs during 
the first arc. Erosion was not consist¬ 
ently different on this first arc, although 
there was tendency for it to be less. This 
is consistent with the reduction in loss 
found when contact spacing is increased. 

The lack of dependence of arc erosion 
on line voltage, except as it affects arcing 
current, appears to hold in both ranges. 

Conclusions 

1. From the standpoint of arc erosion, 
the order of excellence has been determined 
for eleven elements. From best to poorest 
they are: carbon, tungsten, molybdenum, 
nickel, iron, titanium, copper, silver, zinc, 
aluminum, and tin. 

2. The primary mechanism of erosion 
appears to be vaporization of contact 


material. A vaporization rate equation, 
based on the assumption that all of the 
electrical energy released at the anode and 
cathode goes into vaporizing contact 
material, yields a predicted order of excel¬ 
lence the same as that determined by 
test, except that the three poorest materials 
are shifted among themselves; see Fig. 1. 

3. A secondary mechanism of erosion is 
that the great quantities of vaporized 
material blast drops of liquid from the 
surfaces as they escape. This effect is 
nearly absent with the highest melting 
temperature materials (carbon and tung¬ 
sten) and tends to increase as the melting 
temperature decreases. Tin is the poorest 
of the materials because its heat of vaporiza¬ 
tion is nearly the lowest of the elements 
tested; its melting temperature is the 
lowest; and the ratio of its boiling tempera¬ 
ture to its melting temperature is the 
highest. Consideration of these factors 
leads to a reasonable explanation for the 
shifted order of the three poorest materials. 

4. From the standpoint of arc . erosion 
alone, a low melting temperature is indica¬ 
tive of a poor material. This is closely 
related to conclusion 1 because, with the 
elements tested, the materials with low 
volumetric heats of vaporization also have 
low melting temperatures. 

5. Sintered alloy contact materials some¬ 
times have lower erosion rates than 
either of their component elements. Data 
are presented for the practical mixtures of 
copper-tungsten, silver-molybdenum, silver- 
tungsten, and silver-tungsten carbide. 

6. - With the sintered alloy materials, cor¬ 
rect composition does not ensure low arc 
erosion. Reliable performance of arcing 
materials is being maintained in the author’s 
company by extensive and continuous de¬ 
velopmental and control testing with equip¬ 
ments such as are described in this paper. 
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Discussion 

J. D. Cobine (General Electric Company, 
Schenectady, N. Y.): This is an interesting 
and useful treatment of erosion from 
electrodes subjected to high-current arcs. 
The success of the author’s treatment of 
arc electrode erosion is due both to the fact 
^at for short arcs the column voltage drop 
is small relative to the anode and cathode 
drops and that heat conduction is an in¬ 
herently slow process. Thus an energy 
balance can be effected without detailed 
attention to the fundamental physical 
processes involved. In fact, the very high- 
current arc offers a most promising field 
for detailed study of the arc. It is much 
simpler than arcs at small cuirents where 
erratic p^ormance prevails and tlim ija a tids 
of operations are necessary to accumulate 
erosion data. 

It may be useful to review the basic 
features of the analysis (see reference 8*-of 
the paper) of the high-current anode 
phenomenon referred to by the author. 
At the time, that this analysis was de¬ 
veloped, data on the high-current arc 
were veiy meager and it was necessary to 
estimate probable limi ts of sOme Quantities 
from spark data. Since this time the data 
presented by Wilson on erosion and on 
current density-by Winsor and Lee (see 
refw^ce 1 of this discussion) became 
available. These data have greatly 
str^gthened the position of the analysis, 
which is based on the best possible estimates 
of the probable limiting values of the various 
physical processes that must be present. 
The consequences of these limits may then 
be assessed. 

The electric power delivered to the 
anode spot by the arc is 

-P«"=-^o(Fo+«>+Fr) watts per cm* (5) 

where Ja =anode spot current density, Va « 
anode fall of potential, <p=swork function 
of the anode material, representing power 
released by the “condensation” of electrons, 
and Fr “average energy of the electron 
escaping from the arc plasma (positive 
column) towards the anode. When the 
tmginal analysis was made, it was con¬ 
sidered reasonable to assume to lie 
between the limits 8,000 to 60,000 amperes 
per cm*. Jones, et al. (see rrference 2 of 
this discussion) have found 8,000 amperes 

per cm* for welding arcs, we at the Research 

Laboratory had found 30,000 amperes per 
cm* for a 4,000-ampefe arc and spark data 
mdicated about 60,000 amperes per cm*. 
The. anode fall, F*, lies betwe^ 0 and the 
lon^tioh . potential of the gas or vapor 


involved. At high currents it is reasonable 
to take Va as the ionization potential of 
the metal atoms of the anode material. 
For the common metals this may be taken 
as 7.5 volts. The value of Fr may be 
taken as from 1 to 2 volts corresponding to 
column temperatures of 6,000 to 16,000 K 
respectively. Taking all the low values 
together and all the high values together 
gives the l imi ts of electrical power input 
as 4.4 X10* and 7 X10® watts per cm*. The 
anode spot also receives radiant power, 
Pr, and energy from the “hot” neutral 
atoms striking the surface whose power 
is Pn. The limits of Pr are 0.76 X10< 
watts per cm* at 6,000 K and 3X10® 
watte per cm* at 16,000 K. The value of 
P» is 0.58X10^ watte per cm* at 6,000 K 
but is negfigible at 15,000 K since the 
vapor there is probably completely ionized. 
Summing these quantities gives a mini¬ 
mum probable value of input power as 
watts per cm* and a maTtmitTn 
probable power input as 1X10® watts per 
cm . It is clear that either lunit represents 
a very high value of surface power density. 

The power delivered to the anode surface 
by the arc must be balanced at that surface 
by heat conduction into the metal by radia¬ 
tion and by evaporation. It is easily 
shown that heat lost by evaporation is far 
grater t h an by the other two processes. 
Using the relation between temperature 
and mass of material evaporated, curves 
may be drawn for various mpfai c which 
express the surface density of power carried 
off as function of temperature. The points 
at which these curves equal the maximum 
and minimum values of power input define 
the probable limits of the anode spot 
temperature. ^ The probable spot tempera¬ 
ture is considerably above the boiling 
point (i.e., the temperature at which the 
equihbrium vapor pressure equals one 
atmpsphere). This explains the almost 
explosive violence with which vapor is 
expelled from the electrode surfaces. Since 
heat conduction is neglected, the analysis 
as presented must be confined to short 
time arcs, i.e., the order of one-half cycle 
00 cycles per second. Since evaporation 
is the most powerful factor involved, the 
active area will be held at a relatively 
constant temperature. The heat flow into 
the metal in one-half cycle from tViic 
constant temperature surface can be shown 
to be relatively small, and radiation neg¬ 
lected. Considerable amounts of metal 
may be expelled by the explosion of gas 
pockets and splatter so that measured 
losses would be expected to be greater 
than predicted. This is well shown by the 
data presented by Mr. Wilson. It is more 
difficult to analyze the cathode spot. 
However, it can be shoMm that evaporation 
of metal will limit the spot temperature 
so that thermionic emission is of secondary 
importance for all but the most refractory 
materials. This is true even if the entire 
current at the cathode is carried by positive 
ions. In fact it is mcactly the assumption 
tacitly mSide by those who calculate the 
energy received by the cathode as being 
cathode drop times current. In a long 
arc energy received from the cathode 
drop by electrons emitted cannot directly 
affect the cathode surface, but is used to 
establish the plasma. 

The protuberances shown in Fig. 8 are 


quite interesting. As molten areas develop, 
surface tension and the “pinch effect” will 
<ause a certain amount of gathering of the 
liquid. Arcs of the current used have 
total anode spot areas of the order of a 
square cm. It is difficult to see how the 
active spot could stay fixed on the top of 
a protuberance which continually increased 
in height. This is especially true if a 
current density of 1,000,000 amperes per 
cm* were involved. The evaporating metal 
from the active area would exert a con¬ 
siderable reaction on the surface, which 
should produce a depression. These de¬ 
pressions are seen on welding beads where 
the melt is piled up behind the arc foot 
print, and in mercury arc rectifiers. Al¬ 
though appearing on both upper and lower 
surfaces, could they not arise from drops 
from the upper surface, those frozen on the 
upper surface being too small to break 
free and those on the lower surface piled 
up by a drippmg spot from above? This 
can be seen in welding arcs. At the 
cathode the current is certainly delivered 
to a multiplicity of cathode spots and 
multiple-anode spots are quite probable. 
This coupled with the fact that the regions 
of high electrostatic field are of limited 
extent would seem to exclude all but the 
smaller protuberance from anything but 
simple dripping. 
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W. R. Wilson: The author wishes to tliank 
Dr. Cobine for his discussion. There is 
only one point to add. Additional data 
are now available as evidence that the 
anode protuberances are actually growths, 
and not drops from the opposing electrode, 
At the spacings of 0.5 cm with copper 
contacts, arc erosion appears to be un¬ 
usually erratic, and during some arcs is 
surprisingly low. On several of these 
tests, ^ the weight of the protuberance 
(obtamed by volumetric calculation) was. 
greater than the entire weight loss from 
the opposing electrode. On one, the 
estimated weight of the protuberance was 
0.3 gram. The total weight loss from the 
cathode was 0.03 gram, or about one- 
tenth as much. Consequently, unless the 
anode sprays vapor which condenses on 
the cathode and happens to balance the 
weight of a drop, it seems most likely that' 
the protuberance is a growth. Incidmtally, 
one^ of these protuberances was cross- 
sectioned and found to be comprised of solid 
copper. Similar anode growths have been 
noted at much lower currents by Lee (see 
reference 1 of Dr. Cobine’s discussion)/ 
Additional data have been tglrpti to 
reduce statistical deviations in Fig. 6 and 
to determine whether or not there is 
“tendency for arc erosion loss to increase 
more rapidly than with the first power of 
current.” The improved data show very 
little deviation from straight lines. The 
positions of the straight lines in Fig. 0 
ware virtually unaffected. 
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T he need for high-capadty circuit 
breakers first arose at Grand Coulee 
Dam in 1947 at the 230-kv level. There 
were then some of each of two general 


One of these designs was the low-oil-con¬ 
tent porcelain-clad impulse breaker and 
the other was the conventional dead-tank 
design. 

“RyKtiTig laboratory facilities to demon¬ 
strate breaker interrupting performance 
were then not adequate to prove with 
full-scale testing the maximum industry 
requirement of 10,000 mva. It was thus 
necessary to resort to field testing to de¬ 
termine the interrupting capabilities of 
the breaker designs in service at the Dam. 
In the spring of 1947 tests were made at 
Coulee Dam on both the impulse and the 
tank-type breaker designs and both 
breakers successfully intermpted fault 
duties in excess of 7,000 mva.^’* Two 
years after these tests a porcelain-dad 
impulse breaker originally developed for 
360-kv service was field-tested at Grand 
Coulee Dam to take advantage of some 
additional installed generating capacity 
which increased the available short-circuit 
duty to 10,000 mva.* 

The data obtained from these two series 
of tests contributed greatly to the back¬ 
ground of information which was being 
accumulated on high-capacity breakers 
and led directly to the development of a 
poredain-dad impulse breaker rated 
10,000 mva at 230 kv. A number of 
breakers of this design were subsequently 
installed in the right switchyard at 
Grand Coulee Dam and one of them was 
later successfully fidd-tested at the 
Dam in excess of 10,000 mva.* 

During this period all the high-capacity 
circuit-breaker activity was centered on 
the 230-kv levd, but shortly thereafter a 
need arose for a 10,000-mva interrupting 
rating at 161 kv and it became evident 
that high interrupting capadties were 
going to be required at all voltages from 
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138 kv Up through 330 kv. It was ap¬ 
parent that not only were all th^e ratings 
going to be required but they were going 
to have to be devdoped almost simul¬ 
taneously. The immediacy and scope of 
the problem indicated the need for a 


thdr performance characteristics to de¬ 
termine the best possible design concepts 
for developing a line of high-capadty 
breakers. The design was approached as 
a group problem rather than as separate 
design approaches at particular voltage 
anA interrupting ratings because the re¬ 
quired operating characteristics of the 
breakers were so similar at all ratings and 
the problems of design were common. 

Ampere requirements, the basis of the 
contact designs, were very similar at all 
ratings. Interrupting amperes covered a 
range of roughly 26,000 to 46,000 am¬ 
peres with correspondingly high momen¬ 
tary ratings and all had to be suitable 
for 1,600-ampere continuous . current 
ratings. All breakers had to have maxi¬ 
mum interrupting time ratings of 3 cycles 
and be capable of reclosing in 15 cydes. 
M i TiiTniim oil deterioration and contact 
erosion were a requisite. Minimum space, 
wdght, and oil requirements were also 
important design factors. 

The operating and performance charac¬ 
teristics required for the new designs, the 
appraisal of performance characteristics 
of existing designs, and the background 
of high-capacity circuit-breaker knowl¬ 
edge acquired through laboratory, fac¬ 
tory, and field ^ts led to the selection of 
the sted-dad impulse breaker design as 
the basis for the high-capadty line. 
This approach utilizes a sted-tank breaker 
structure and impulse interrupters pat¬ 
terned after those of the low-oil-content 
design. 

An interrupter plan was established 
which was capable of extension to satisfy 
voltage requirements and suitable for 
modification for increEised interrupting 
ratings. Tank structures and configura¬ 
tions were examined in order to produce 
similar structures at all voltage and in¬ 


terrupting ratings which would result in 
minimu m space and oil requirements. 
Pole unit linkages required for high¬ 
speed operation were investigated in 
order to sdect a design which could be 
applied equally wdl to all ratings within 
the group of high-capadty breakers. Op¬ 
erating mechanism requirements were 
carefully analyzed to cover the entire 
line witii the minimum number of opera¬ 
tors. 

The initial step in the deVdopment of 
this line of jhigh-capadty breakers was the 
161-kv 10,000-mva breaker described 2 
years ago.* The 230-kv 10,000-mva rat¬ 
ing and the 330-kv 15,b00-mva rating 
were described subsequently.®*’ 

This paper describes briefly the new 
330-kv 25,000-mva rating as well as some 
of the design features common to the com¬ 
plete line. An oil-conserving tank con¬ 
tour now being introduced on the 138-kv 
10,000-mva and 161-kv 10,000-mva rat¬ 
ings is also discussed. Several novd de¬ 
sign approaches which are covered fully 
in companion papers*"^® are also identi¬ 
fied. 

The complete line of high-capadty 
breakers is now in service and covers the 
following ratings: 

138 kv, 10,000 mva. 

161 kv, 10,000 mva. 

230 kv, 10,000 mva. 

330 kv, 16,000 mva. 

330 kv, 26,000 mva. 

Figs. 1 and 2 show the 330-kv 25,000-mva 
and the 230-kv 10,000-mva ratings re¬ 
spectively illustrating the appearance of 
this line of breakers. 

Design Features of the Circuit- 
Breaker Line 

Pole Unit 

The physical size of the tank structures 
used on these breakers as well as the 
amount of oil that they require is an im¬ 
portant economic consideration. Smaller 
physical size results in reduced space re¬ 
quirements and more economical breaker 
foundations. The smaller size results 
further in economy in the permanent oil- 
handling facilities required and in the 
amount of oil to be handled during instal¬ 
lation and subsequent maintenance 
periods. Oil-conserving tank contours 
for the entire line were investigated to ob- 
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types of breakers in service in the Grand 
Coulee Dam switchyards giving satis¬ 
factory performance but having maximum 
interrupting ratings far short of the de¬ 
sired 10,000 megavolt-amperes (mva). 


prompt and careful analysis of eristmg 
breaker designs and a detailed review of 
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.lifnn- ^ *'>« 330-kv 25,000-mva breaker. Special 

shipping members were provided to facilitate handling at the tiL of 
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tain a co^guration to provide these fea- 
twes while maintaining adequate elec- 
tecal dearances. The analysis made to 
determine contours and to check elec- 
tried dearances is described in a com¬ 
panion paper.* 

The configuration of this tank is dif- 
fffent from that of the conventional de¬ 
sign. The main body of the tank con¬ 
sists of two elliptical domed sections 
wdded together with the supports for the 
bushings and current transformers and 
the mechanism hnkage endosure wdded 
into the top of the assembly. The tany 
structure is supported by formed plates 
welded to its underside. 


Cflibs'si'iitiiM 


The configuration is stronger and at the 
same time more flexible than a cylindrical 
one and allows the domed sides to expand 
to some extent when interrupting heavy- 
uty fault currents. This expansion pro- 
^udes cushioning which results in a reduc¬ 
tion of ground-shock disturbance. The 
tank supports are also designed to allow 
fl^ng to further minimize ground-shock 
disturbance. 

A sectional view of the main oil tany 
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structure used for all these high-capacity 
breakers is shown in Fig. 3. Except for 
physical dimensions, this illustration 
represents all voltage ratings from 138 
kv up through 330 kv. This is illus¬ 
trated in Fig. 4 which shows the relative 
tank sizes for the various voltages. 

The breakers in service at 138 kv 10,000 
mva and 161 kv 10,000 mva have been 
furnished with round tank designs up to 
the present time. This new structure de- 
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10000 M\«^ 
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10000 MVA 


330 KV 15000 M\» . 330 KV ^ 25000 MVA 








Rs. 2. An insl.ll,tion view of the 230.kv 10,000.mva breaker 


Rg. 4. Tank structures covering the entire range of high-capacity 
reakers showing relaUve sizes. Aside from size, the structural design 
is the same at 138 kv as at 330 kv 
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Fig. 5. Interrupters used to cover the entire high-capacity breaker range at 138^ 161, 230, 
and 330 kv. Each interrupter is equipped with a mechanically driven piston giving impulse 
oil-blast action to provide constant interrupting times over the entire current range 


sign lias been carefully studied and suffi¬ 
cient clearance has been incorporated to 
provide adequate physical room for instal¬ 
lation and maintenance work so that 
two ratings will now be furnished 
with the new tank configuration, thus 
completing the line of high-capacity 
breakers in similar structures. 

Interrupters 

The interrupters used to span this high- 
capacity range evolved from the design 
plan for the 161-kv breaker.® This plan 
specifically provides for one fundamental 


interrupting unit capable of extension to 
increased intmupting ratings and suita¬ 
ble for compounding as dictated by volt¬ 
age^ level requirements. Subsequent de¬ 
signs adhering to the plan were described 
for the 230-kv 10,000-mva breaker and 
the 330-kv 15,000-mva breaker. Those 
used for the 138-kv 10,000-mva and the 
330-kv 25,000-mva ratings follow the 
same pattern. 

The interrupters which span the range 
from 138 kv to 330 kv are shown in Fig. 5. 
All of these interrupters utilize impulse 
oil-blast action to provide constant inter- 
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Fig. 6 (left). 
Sectional view 
of the 2-serles 
break interrupter 
construction used 
at 138,161, and 
230 kv. This 
view identifies 
and locates the 
major compo¬ 
nents of the inter¬ 
rupter assembly 


Fig. 7 (right). 
Sectional view 
of the 3-series 
break interrupter 
construction used 
for 330 kv. The 
view is repre¬ 
sentative of the 
15,000-mva and 
25,000-mva rat¬ 
ings although the 
latter have a 
larger diameter 
enclosing tube 
and heavier 
spring loadings 


rupting times over the entire current 
range. A mechanically driven piston 
provides positive oil flow at light currents 
to make the action of the interrupter in¬ 
dependent of self-generated oil-blast ac¬ 
tion at the lower end of the current range. 
At higher duties valving within the inter¬ 
rupter isolates the oil impulse piston and 
effects interruption entirely through self- 
generated oil-blast action. The mechan¬ 
ically driven oil piston is also used to 
provide a steady stream of oil while inter¬ 
rupting line-charging currents to prevent 
circuit re-establishment following initial 
interruption. 

At 138, 161, and 230 kv two series 
breaks per interrupter are used. Within 
this range contacts are similar in design 
and differ only in the length of com¬ 
ponents as required by voltage applica¬ 
tions. Longer contact structures and in¬ 
creased operating speeds are used at the 
higher voltages. At 330 kv, 15,000 mva 
and 25,000 mva there are three series 
breaks per interrupter. Both these in¬ 
terrupter designs have the same contacts 
and stroke but the 25,000 rating has 
heavier spring loadings and a larger di¬ 
ameter tube‘to contain more oil volume 
within the assembly for the higher inter¬ 
rupting duties. 

Some of the more salient points of one 
interrupter, a 2-series break design, will 
be briefly reviewed here. This inter¬ 
rupter is shown in a sectional view in Fig. 
6 while Fig. 7 illustrates the arrangement 
of the 3-series break design. 

Each impulse interrupter consists es¬ 
sentially of three parts: the interrupter 
tube assembly, a mechanically operated 
oil piston mounted adjacent to the in¬ 
terrupter tube to force oil into the inter¬ 
rupter arcing zone, and a grading resistor 
to divide the voltage between the inter- 
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rupters of a pole unit. The interrupter 
tube ^embly utiHzes a heavy walled 
insulating tube as the enclosure for two 
sets of series arranged simultaneously 
operating contacts, which provide the 
dual functions of current-carrying and 
drcuit interruptions. Each set of con¬ 
tacts has within its arcing zone a lami¬ 
nated insulation structure to direct oil 
flo^ into the arc to obtain the maximum 
utilization of generated pressures. Both 
the contact opening springs at the lower 
end of the interrupter and the mounting 
adapter at the upper end which joins the 
interrupter to the bushing are provided 
with suitable electrostatic shielding. 

Pole-Unit Linkage 

Breaker linkages are assuming more 
criti^ proportions in the over-all design 
of wcuit breakers because interrupter 
loadings are continually increasing in 
proportion to required interrupting rat¬ 
ings. These linkages continue to grow 
l^ger and heavier while 3-cycle operating 
times remain as a requirement. This 
necessitates a very careful analysis of the 
mechanical system in order to develop a 
dependable, rugged, high-speed linkage 
smtable for use in an entire high-capacity 
Une. A description of the dynamic 
analysis^ which was made appears in a 
companion paper.® 

A sectional view of a triple-pole linkage 
is shown in Fig. 8. This linkage is used 
with the 138-, 161-, and 230-kv ratings. , 
At 330 the same pole-unit mechanic 
linkage is used, but there is no mechanical 
coupling between phasb. Aside from 
this one difference, both linkages follow 
the same principle of operation to produce 


ltak.« ® trJ r* “Pl'-Pol' br..!.., link.,., Th, 

^ I*''*' “ '* Thl. link.,. I, ns.d , 

138,161 .„d S30 kv. At 330 k» th. dMl,n I. .n,ploy.d .,c.pl 

h. m.ch.nrc.1 couplin, b.tw..n phu« Is omitted 

• 

Fij. 9 (.bov.), Th. pn.umteic.lly tHp-fr.. opmtein, m.eh.nisini 
.p»nln, .11 srtn,. horn 138 k, to 330 kv. Th.y .m d«!,n.d fol 
«ltr.hi,h .p.mJ j^losln,, .„d .mploy . 8u,.d,i(ttn, Wp dLc. to 
abtain hish-speed. tripping operations 


straight line motion and give ultrahigh 
speed operation and long, trouble-free 
semce through the utilization of the 
minimum number of components. 

Bushings 

The bushings used in the Une of high- 
capadty breakers foUow the conventional 
bushing designs which have been used in 
outdoor breakers during the past several 
years. The bushings are of the oil- 
fflled, center-clamped, pressure-sealed de¬ 
sign having certain design modifications 
mcorporated to make them suitable for 
use in high-capacity breakers. All ratings 
of bushings were checked in breaker 
structures both electrically and mechani¬ 
cally and were further installed in 
breakers during lengthy series of inter- 
rupting tests to prove the adequacy of thip 
bigh-capacity interrupting 

Operators 

The operators used on this Une of cir¬ 
cuit breakers are of the pneumatic type 
similar to those used on standard lines of 
modem outdoor high-voltage breakers 


Mechanism output, however, has been 
increased threefold to match the require¬ 
ments of the high-capacity breakers as 
first described on the 161-kv 10,000 mva 
breaker. 

The mecham^s are pneumatically 
tnp-free with a simplified mechanical sys¬ 
tem having a minimum number of moving 
P^s. They are aU designed for ultra- 
high speed reclosing, as low as 15 cycles 
if so dictated by industry requirements, 
and are all capable of high-speed tripping 
through the use of a field-proven, flux- 
shifting trip device.» These mechanisms 
incorporate many of the features which 
have been found desirable on pneumatic 
operators during the past 14 years. In 
addition, the accessories reflect all the 
improvements that have been incor¬ 
porated into the designs dining this 
period as a result of field experience. 

The 138-, 161-, and 230-kv breakers 
use a single operator for a tripole-pole 
breaker whUe the 330-kv ratings utiUze a 
smgle mechanism per pole. In the case of 
the 330-kv breakers, simultaneous triple¬ 
pole operation is obtained by means of 
electric interlocking, as described in the 


Voltage 


Table I. Hlgh-Capaclty Steel-Clad Impulse Breakers 


VN Oil Volume 

Mech^a?”* Diameter, Gallons per 

Mechanism Inches Triple Pole 


138. 

161. 

230. 

330..,.., 
330. 


. 10 , 000 .., 
. 10 , 000 .., 
. 10 , 000 ... 
.16,000... 
.26,000... 


. MA~1P .. 86. 

. MA-19 ...86. 

. MA-19,.., .104 

.(3) MA-18 .. 134 ! 

.(3) MA-IS .140. 


Weight, 
Pounds per 
Triple Pole 


... 43,000 
... 44,000 
.. 79,000 
..163,000 
..171,000 
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R,. 10. Tim. lr.v.1 chart .(ft. SSO-kv SS/KW-m.. b«.k.r .ho^is hlsh^ WP'"*'',''"'"’' 

typifies the operation of all the hish-capacity breaker ratings from 138 kv to 330 kv 


paper on the 330-kv 15,000-mva breaker. 
Table I identifies the mechanisms used 
on the various breakers and they are 
illustrated in Fig. 9. The mechanisms 
are similar in construction, but are of dif¬ 
ferent sizes according to tiie output re¬ 
quirements of the particular breaker to 
which they are applied. The MA-19 
mechanism used on the 138-kv and the 


161-kv breakers differs from the MA-19 
used on the 230-kv breakers only by the 
amount of air storage capacity required. 

Design Test Pbrfokmancb 

Proof of performance for the entire 
line of breakers has been obtained 
through a complete series of electrical and 
mechanical design tests to insure that 


all industry standards have been satis¬ 
factorily met. 

Insulation Tests 

AH the breaker ratings have demon¬ 
strated margins of at least 10 per cent in 
excess of that required by industry stand¬ 
ards on both 60-cycle and impulse volt¬ 
age withstand tests. 
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Thermal Tests 

The breakers have been subjected to 
1,600-atnpere heat runs with a maximum 
temperature rise on any design of 24 


X 330 kv—^15/000 
+ 330 kv—^25/000 


Operational Timing Tests 

Time travel charts taken on the 330- 
kv 25,000-mva breaker are shown in Fig. 
10 for closing, opening, and redosing op¬ 
erations. Although these charts were 
taken on the 330-kv breaker, they are rep¬ 
resentative of the operation of the entire 
line of high-capacity breakers and demon¬ 
strate that high-speed tripping, closing, 
and 15-cycle reclosing are readily ob¬ 
tainable. 

Mechanical Life Tests 

The en^e line of breakers has been 
proved suitable for extended field service 
by operational life tests. On aU designs a 
minimt^ of 6,000 operations was 
on dosing, opening, trip-free, and redosing 
duties with no damage to any parts and 
with no readjustments necessary. Al¬ 
though tMs is far in excess of the number 
of operations that will be encountered in 
fidd ^ce, it offers evidence that during 
the life of the breaker maximum depend¬ 
ability of service will result. 

Interrupting and, Short-Time Current- 
Carrying Tests 

The int^pters have been subjected 
to extensive fault-cmrent and line 
charging-current interrupting tests. Over 
10,000 such tests were made to prove 
the ^ta,bility of the designs for service 
conditions. The approach which pro¬ 
duced a family of interrupters for the line 
proved to be invaluable during this test¬ 
ing since it allowed the experience gained 
on ^y one design to be profitably ap¬ 
plied to all the others. Momentary and 


short-time current-canying tests were 
also made in excess of required values 
with no contact burning or pitting. 

Fig. 11 is a plot of interrupting timp Q 
versus emrents for the various interrupter 
designs. It may be seen from this that 
the armg times at various currents on 
all ratings are practically identical. A 
very extensive study was made of the 
chmacteristics of these interrupters while 
switching capacitance currents. Since 
the transient dielectric characteristics of 
an interrupter are controlled by a large 
number of dependent variables, it is 
necessary to use statistical methods to 
prove the adequacy of a particular design. 
Many thousaq^s of tests have to be 
made in developing the optimum perfor- 
man^ of a circuit breaker when inter¬ 
rupting line-charging currents. 

To obtain adequate proof of perform¬ 
ance, Spedal capacitance switching 
facilities were developed at the Switch- 
S®3r Development Laboratory. “ These 
f^’lities included both a synthetic testing 
circuit and capacitor banks for full-scale 
testing. The synthetic circuit accelerated 
the development of the interrupter de- 
dgns for successful interruption of capac¬ 
itance currents by making it possible to 
obtain thousands of tests in the same 
time it would normally have been possible 
to obtain only hundreds of tests while 
the rapacitor banks, by simulating field 
conditions, served as a control on the syn¬ 
thetic circuit. A companion paper.*® 
describes these facilities. 

During the final proof testing of a 
breaker of each rating the interruption of 
heavy fault duties produced no visible 
signs of distress. Tests demonstrated 
that the interrupter contacts which are 
faced with arc-resistant materi^ could 
successf^y interrupt as many as 70 
faults with an integrated .duty of 466,000 


current. The interrupter designs and 
the tank configuration resulted in greatly 
reduced ground-shock disturbance on all 
types of interrupting duty. 

Conclusions 

A considerable fund of knowledge has 
been accumulated on high-capacity circuit 
breakers during the 7 years which have 
elapsed since the first field test was made 
to determine the feasibility of develop ing 
such ratings. As a result of the knowl¬ 
edge gained during this time, high-capac¬ 
ity breakers can be built today which will 
meet industry requirements with ample 
design margins. During the develop¬ 
ment of this high-capadty line, enough 
background has been accumulated to 
make possible the design of higher volt¬ 
age and higher interrupting ratings with 
proven components. 

References 


Dbvblopmbnt op 10,000 
Oil CIRCOIT Bbbakbrs for Grani 
KiUgore, W. H, 

I94I PP.27S. 

Pbrformancb op Standard 230- 

KV IHPDLSB AND TANK-TXPB OIL CIRCUIT BrBAR. 

tp' 

and Testing op an Improved 
Tb Circuit 

1A a?a*»^** Tests at Grand Coulee Dam on 
Low-Oil-Content Impulse 
CiRcuCT Breaker, A. P. Darland, C. L. Zillpore 

Clad Mboavolt-Ampbrb Steel- 

Clad iMpi^sE Breaker—The First op a Line 
T Hioh-Voltaob Breakers, C, 

J. Balentmo, J. M. Milne. Ibid., vol. 72, pt III. 
Apr. 1953, pp. 312-21. 

Ctaa IWOO Megavolt-Ampere Steel- 

Clad Impose Breaker—Another Rating in 

BRt"c °T boT’®*»®ak- 

S i<Sb4e “• O"" 

Claa 15,000 Mbgavolt-Ampbrb Stbbl- 

Firw^MO^ Breaker to Guard the Nation's 
first 330-Kv Lines, C. J. Balentine, Earl B. 

SSV. ■ pp. 

8. Application op Volume Theory op Di. 

Oil* Circuit Breakers, . 
W. Wilson, A. L. Streater, E. J. Tuohy. Ibid.. 
vol. 74, pt. Ill, Aug. 1955, pp. 677—88. 

High Capacity Outdoor Oil 
Breaker, P, Barkan. Ibid., pp. 671—76. 

SwiTCHINO FaCILITIBS AT THE 

^tootgbar Development Laboratory, R. l. 
Willies, L. L Mankoff, H. N. Schneider. Ibid 
June 1955, pp. 376-81. ’ 

11. A New Line op Oil-Filled Apparatus 
Buskos, B. N. Bowers, D. L. Johnston. Ibid 
vol. 67, pt. I, 1948, pp. 729--33. ’’ 

High-Capacity 
^ Breakers, E. B. 

SS 3 . •’ PP- 

13. New High-Capacity Switchgear Testing 
Laboratory, V. L. Cor. Ibid., vol. 71, pt. Ill 
Jan. 1952, pp. 102-11. ’ 


670 


BalenUne, Darrovt-High-CapacUy Outdoor OH Circuit Breakers 


August 1951 




Discussion 

R. E. Friedrich (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): The 
authors have presented an excellent picture 
of the degree of development attained 
on a line of high-capacity low-oil-content 
dead-tank oil circuit breakers. The wide 
acceptance by the industry of oil breakers 
of this general type indicates an appreciation 
of their inherent advantages and economy. 

It is of considerable interest to note that 
the "lenticular” shape of tank has been 
chosen not only for the 230- and 330-kv 
ratings but for the 138- and 161-kv ratings 
as well. Although the authors state that 
the space in the smallest of these tanks in 
the line is adequate for installation and 
maintenance work, it would appear that the 
personal comfort and efficiency of a normal 
size man ( 5 V 2 to 6 feet tall) working inside 
the tank may have been sacrificed for the 
jMikp of only a moderate saving in oil vol¬ 
ume. However, at 230 kv and above, the 
advantages of reduced oil volume provided 
by this tank shape are very worth while. 

It is also of interest to note that in this 
line of breakers a single mechanical oper¬ 


ator is utilized on all ratings except that at 
330 kv where one on each pole is used with¬ 
out benefit of mechanical tie between the 
three. Although electric interlocking is 
applied, presumably to assure shnultaneous 
en^gization of the closing and tripping im¬ 
pulses, the question arises as to whether the 
contacts make and break in all three poles 
sufficiently simultaneously to preclude the 
possibility of operating or relaying diffi¬ 
culties. We should like to know why the 
satisfactory experience gained with a sin¬ 
gle mechanism on the lower voltage ratings 
did not dictate the same design at 330 kv, 

C. J. Balentine and K. G. Darrow: We 
wish to thank Mr. Friedrich for his com¬ 
ments on the paper. 

The amount of working space available 
in the 138-kv lenticular tank shape was 
given careful consideration. Before the 
first circuit breaker was built a sample 
was made to check the amount of physical 
clearance inside the tank structure to satisfy 
ourselves before proceeding with the manu¬ 
facture of the design. When the first triple¬ 
pole breaker was available in the factory, 
several users had their own personnel make 


an inspection of the working conditions in¬ 
side the tank to assure themselves that 
installation and maintena,nce work could 
be comfortably accomplished in the space 
available. They were more thw satisfied 
with the internal working conditions. 

The idea of electrically co-ordinating 
single-pole operators is not new. The 
scheme was initially used on the porcelain- 
clad low-oil-content impulse breakers apd 
has been proved by over 20 years of satis¬ 
factory field operating experience. 

With the single mechanisih per pole 
which is used on the 330-kv breakers it is 
possible to adjust the breakers so that both 
closing and reclosing operations are held to 
a maximum variance between poles of less 
than 0.6 cycle. On tripping op^tions the 
maximum spread between poles is less than 
0.2 cycle. 

It was decided to use single-pole operators 
on the 330-kv breakers in order to apply 
three standard mechanisms rather than a 
single one entirely new. As a result, the 
330-kv breakers are being furnished with a 
mechanism which has been proved by field 
experience rather than a new mechanism 
with its attendant potential operating diffi¬ 
culties. 


Dynamics of High-Capacity Outdoor 
Oil Circuit Breakers 

PHILIP BARKAN 

ASSOCIATE MEMBER AIEE 


T he increased requirements imposed 
on modern high-capacity outdoor oil 
circuit breakers make necessary the 
utilization of analytical methods wherever 
possible to achieve optimum performance. 
The complex linkage mechanism of these 
oil circuit breakers, Fig. 1, can, by a 
judicious sdection of parameters, be re¬ 
duced to a simple system composed of a 
single mass and a single spring for the 
purpose of calculating circuit-breaker 
motion and velocity as functions of time. 
Calculations employing this approach 
correlate well with test data. 

The possibility of representing a com¬ 
plex circuit breaker by the simple system 
shown in Fig. 2 is extremely attractive in 
that the solution can be obtained in con¬ 
cise form. By such an analysis it is 
possible to determine the effect upon the 
required to trip the breaker of: 1. the 
tnasR of each component of the moving 
system, 2. spring preloading, 3. spring 
stiffness, 4. resistance produced by motion 
of parts moving in oil, and 5. electro¬ 
magnetic forces and trip latch restrain¬ 
ing forces which vary with time. By 
comparing calculated breaker motion 


under idealized conditions with actual 
test data, a measure is obtained of the 
extent to which actual performance de¬ 
viates from the ideal. 

This simplified analysis can be regarded 
as a stepping stone to more elaborate 
analyses which, by virtue of their com¬ 
plexity, require automatic computers for 
their practical solution. While the more 
elaborate analyses are more accurate and 
of greater scope, they do not detract from 
the value of the simplified approach by 
which many of the important relation¬ 
ships governing breaker operation can be 
summarized in an ^tremely concise 
fashion. 

Description of Typical Linkage 
Mechanism 

To provide specific features as a basis 
for discussion, reference is made to Fig. 
1 which shows a representative linkage 
configuration of a high-capadty outdoor 
oil breaker. Interruptors for the three 
poles of the breaker are immersed in oil 
in tanks 1,2, and 3. The interrupters are 
hdd closed by the linkage mechanism 


which in turn is restrained by means of a 
trip latch. This latch is normally tripped 
magnetically. At the initiation of a trip 
signal the latch moves out of the way, 
allowing the interrupter springs, opening 
springs, and gravity to accelerate the 
linkage. A small amount of contact wipe 
is introduced so that by the tune the inter¬ 
rupters reach contact part position they 
are moving at a substantial velocity. 
Interrupter motion is halted after several 
inches of travel by travel stops. The 
remainder of the breaker linkage con¬ 
tinues to move out until the lift rod has 
reached the fully open position. 

Method of Analysis 

To reduce the circuit breaker of Fig. 1 
to a dynamically equivalent, simple mass¬ 
spring system shown in Fig. 2, it must be 
assumed that the linkage is completely 
rigid, i.e., possesses only one degree of 
freedom. The method of approach em¬ 
ployed is briefly as follows: 

1, The complex, distributed mass of the 
linkage is reduced to a single lumped mass 
moving with the motion of one particular 
link. This mass, defined as "effective 
mass” of the breaker linkage, is developed 
from relationships based on the require¬ 
ment that both the actual system and its 


Paper 55-216, recommended by the AIEE Switch 
gear Committee and approved by the AIEE 
Committee on Technical Operations for presMta- 
tion at the AIEE Winter General Meeting, New 
York, N. Y., January 31-February 4,1966. Manu¬ 
script submitted October 26, 1964; made available 
for printing December 9, 1964. 

Phiup Barkan is with the General Electric 
Company, Philadelphia, Pa. 
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simplified equivalent have the same kinetic 
ener^ at aU times. By virtue of SS 
requirement the effective mass of Sy 
imkage component can be calculated by 
tte methods described in Appendix I 

selecting reference datum* 

at which the effective mass 
w devdoped, it is shown in Fig. 3 for a 
typi^ high-voltage breaker that the 
“as® “ very nearl^ 

stroke and is a second constant during the 

tion, the assumption of constant mass 

results m only negligible error. 

L ? “ convenient to divide the total 
thr^^nl°^f three increments for 
S operation 

opening springs, 
increment either a 
snnple sprmg or a constant force can be 

approximate 

^e actual system. These relationships 
we developed m Appendix II, resulting in 
fo Vfg equations shown 

diff^ential equations of motion 

simplified spring, 
mass system shown in Fig. 2. ^ « 

4. The equations are solved for circuit- 
je^motion under various operating 


Rs. 3. £»««„ m„ ol llnl»g. ^ |,fl rad datum 


; Calculation of Ideal Perfonnance 

It is of value to calculate the circuit- 
weaker motion under idealized condi- 
^ons. This establishes the ultimate per- 
fomance possible, and by comparison 
with experimental data indicates the 
^trat to which actual performance 
deviates from the ideal. The perform¬ 
ance of the simplest possible system is 
calculated from the following differential 
equation of motion 

Details of the solution of this equation 
are given in Appendix III. In develop¬ 
ing eq^tion 1 , the following assumptions 
have been made: 

L is subjected to no external 

forces other than those produced by the 
^ 

2. No frictional losses exist. 

drag force is developed 
by the motion of parts in oil. 

4. The trip latch moves out of the wav 
instantaneously, so that the breakeT 


mmediately accelerated by the full spring 

of distributed mass and flexi¬ 
bility withm the linkage are negligible. 

6 . Yibrations of the intemipter and 
openmg sprmgs are negligible. 

effective mass is constant 
withm the limits of validity of equation 1. 

8 . Within the limits of validity of equation 

to characteristics are equivalent 

^d^t ^ 

9. The impulse pistons shown in Fig 1 

the motion of the remainder 
of the linkage mechanism. 

The result of employing equation 1 in 
the calculation of circuit-breaker motion 
IS shown in Fig. 5, curve A . This may be 
regwded as the best possible performance 

of the particular breaker design. 

Influence of Various Factors on 
Openmg Performance 

By innodudng additional terms and 
by v^ing the constant coeflScients in 
equation 1, the effect of various factors 
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Nomenclature 


a, b “Velocity limits within which linearized 
approximation is valid 
amplitude of electromagnetic force 
Cl, C 2 “ constants in linearized approxima¬ 
tion of drag force 

C 2 >“ dimensionless drag coefficient (=1.2 
for flat plate) 
jE “energy 

■Pai f^6“drag forces corresponding to veloci¬ 
ties a and b 

i^i)“drag force produced by motion in a 
dense medium 

g“ acceleration due to gravity 
J/j “moment of inertia of rotating link about 
its center of rotation 

Jefl “moment of inertia of link about its 
center of gravity 
Jr“ spring gradient 

effective mass 

Po=spring force when .^“O 
Q=projected frontal area of breaker parts 
moving in oil 
contact wipe distance 


r“time for trip latch restraining force to 
drop to zero after beginning of trip 
latdi motion 

/“time from the beginning of an incre¬ 
ment 

Z“ linear distance along trajectory of center 
of gravity of a link moving in a com¬ 
plex manner 
see definition of M 

Wy, actual weight of linkage com¬ 
ponents of circuit-breaker mechanism 
.X‘=displacement at reference datum 
JS‘o“ initial value of X at beginning of an 
increment 

7“linear displacement of Fth link 

displacement along trajectory of center 
of gravity of a link 

7 “angular displacement of a link about its 
center of gravity 

angular displacement of a rotating link 
about a fixed center 
«“ current angular frequency 


upon circuit-breaker performance may be 
established: 

Effect of Oil Drag 

This work can readily be extended to 
include the effects of oil drag, produced 
by the motion of the interrupters, blades, 
and lift rods in the oil medium. As the 
worst possible condition, the total frontal 
area of the breaker parts moving in oil 
may be considered equivalent to a flat 
plate of the same frontal area. The drag 
force is 

Pi>“Ci,QPX* (2) 

It is possible to obtain a simple solution 
for the equation of motion, including the 
type of oil drag force described by equa¬ 
tion 2, by making a linearized approxi¬ 
mation as is described in Appendix III. 
The resulting motion determined by such 
a calculation is shown in Fig. 6, curve B. 

It is significant to note in Fig. 5 that 
during the first few inches of interrupter 
stroke the effect of oil drag is almost 
negligible. Later in the stroke, however, 
the effect of oil drag is significant. 
Since the early portion of the interrupter 
stroke is frequently of greatest interest, it 
is possible in these cases to neglect the 
effect of oil drag and to employ the 
simpler relationships of equation 1. 

Calculations of the entire breaker stroke 
emplo 3 dng this method correlate wdl 
wili test data as is Shown in Fig. 6. 
Since the time at which motion begins in 
the actual breaker is more complex than 
considered here, the measured curve has 
been shifted along the time axis so that it 
coincides at 2-incb stroke with the cal¬ 
culated curve induding oil <h:ag. By con¬ 
sidering the following additional factors, 


the travel curves can be made to correlate 
well on an absolute time basis: 

1. The trip latch response is not actually 
instantaneous as has been assumed up to 
now. This is discussed in the next section. 

2. The effect of distributed mass and 
flexibility within the breaker linkage has 
not been considered. This is beyond the 
scope of this paper but has been considered 
with a multidegree-of-freedom linear sys¬ 
tem. 

3. The time required to build up the 
magnetic field in the flux shifting magnetic 
latch is approximately i/lOth cycle. 

Effect of Trip Latch Restraining 

Force 

In the breaker dosed position the trip 
latch exerts a force equal and opposite 
to the spring preloading. Upon the 
initiation of the trip signal the latch be¬ 
gins to rotate away. Because of flexi¬ 
bility in the breaker linkage and in the 
trip latch mechanism and because of the 
kinematics of the trip latch, the force does 
not immediatdy drop to zero as a step 
function. From strain gauge studies it 
has been found that the trip latch restrain¬ 
ing force drops off more nearly as a third- 
degree function of time. The effect of 
this manner of trip latch operation upon 
the time required for the breaker to reach 
contact part position may be evaluated by 
the single-degree-of-freedom system. 

The differential equation of motion 
(equation 1) is thus modified to become 

jif;e-i-irX“^;/» (3) 

The solution of this equation is developed 
in Appendix III. 

This equation may be used to establish 
interrupter position and vdocity while 


the trip latch is still influencing the 
motion, or until f^T. For subsequent 
motion the system reverts back to the 
simple system described in item 1 of the 
preceding section, and equation 1 may be 
employed to complete the remainder of 
the interrupter stroke. The calculated 
effect of trip latch release time upon the 
time required for the interrupter to reach 
contact parting position is shown in Fig. 6. 
It is seen that trip latch time is an import¬ 
ant component of the total time required 
to move the breaker to contact parting 
position. 

Effect of Design Changes on Contact 

Parting Time 

Of considerable interest to the designer 
is the effect of possible modifications upon 
the time required for the breaker to 
reach contact parting position. The 
effects of changes in total effective mass, 
equivalent spring stiffness and spring 
prdoading may be concisdy summarized 
by means of the equations which have 
been developed. 

Appl 3 dng the initial conditions of zero 
vdocity and zero displacement, equation 
1 may be employed to determine the 
change in time required to move the 
breaker to contact parting position as a 
function of the change in one or more 
of the indicated parameters. The rda- 
tionship is found to be 



By considering the change in time rather 
than the absolute value of time, the 
equation assumes greater validity. 
Equation 4 has been employed to 
devdop the curves shown in Fig. 7. 

Test data showing the effect of changes 



Fig. 5. Circuit-breaker opening motion 
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TtME, CYCLES 


Fig* 6 (ieft). 
Effect of trip 
latch release time 
on circuit-breaker 
motion 


Fis* 7 (right). 
Effect of design 
changes on con¬ 
tact parting time 



in spring preload are also shown in Fig. 7. 
Correlation between calculation and test 
is seen to be reasonably good. It can be 
seen from Fig. 7 that large changes in 
existing design parameters are required 
to produce even modest reductions in 
opening time. 

Conclusions 

The complex mechanism of a high- 
voltage circuit breaker can be analyzed by 
relatively simple mathematics. The re¬ 
sults of the analysis correlate reasonably 
well with test data. The analysis 
prove invaluable in circuit-breaker de¬ 
velopment by making possible prediction 
of performance imder specified operating 
conditions and by helping to establish 
the best means of improving performance. 

As a result of the analysis the following 
conclusions can be made about trip opera¬ 
tion: 

1. Changes in effective mass and spring 
preload must be substantial to achieve 
even modest reduction in the time required 
for the interrupters to reach contact parting 
position. 

2. The time to contact parting position 
is virtually independent of the spring 
gradients. 

3. The effect of oil drag is negligible 
during the first portion of the breaker 
motion. Beyond the . end of interrupter 
stroke, oil drag substantially influences 
breaker motion. 

4. Unlatching time constitutes a signi¬ 
ficant proportion of the time required for 
the breaker to reach contact parting 
position. 

6. By virtue of the fact that good correla¬ 
tion was obtained without considering 
linkage friction, it may be concluded that 
on trip operations friction is negligible in 
this line of high-capacity oil breakers. 

Appendix I. Calculation of Effec¬ 
tive Linkase Mass 

^ It is possible to reduce the complex 
linkage to a single lumped ma^ for the 


purpose of analysis by the following 
method: 

1. Kinematic rdationships between the 
links are determined by graphical or trigo¬ 
nometric methods. 

2. On the basis of the kinematic nir>tir>n 

relationships and the masses of the parts, 
a reference datum is selected at the location 
of the linkage components which contain 
the major proportion of the energy 

of the breaker. This datum will be either 
the one at which the parts have the greatest 
mass or undergo the greatest displacements. 
In high voltage oil circuit breakers ttiic 
datum will normally be the lift rod-blade- 
interrupter datum. 

3. The effective mass of each moving 
part referred to the datum is found by 
imposing the condition that the kinetic 
energy of the part, original and equivalent, 
must be the same. The relationships are 
derived below. 

4. ^ The effective masses are summed to 
obtain total effective mass of the breaker. 


Calculatioii of Effective Mass of Parts 
Moving in Pure Translation 


Conservation of energy requires that 


Kinetic energy=- —Jt* 

2 g 2 g 



Therefore 


Effective mass 




(S) 


Calculation of Effective Mass of Parts 
Moving in Pure Rotation (e.g., 
Mechanical Output Crank, Bell- 
crank, Beam) 


Conservation of energy requires 

2g 2 g 

Therefore 


i i\dx/ 


( 6 ) 


Parts Moving With Combined Rotation 
and Translation 


Some links do not move in either simple 
translation or rotation but undergo complex 
motions. The motion of such a linlr may 
be regarded as a combination of translation 
of its center of gravity and rotation about 
its center of gravity. The effective mass 
of such a link is then 

gig \dX j g VdK j J 

In the particular circuit breaker employed 



Fig. 8, Oil drag force,and linearized approximation 
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in this analysis over 76 per cent of the total 
effective mass is contributed by the lift 
rod, blade, and the interrupters. Thus, 
the effect upon the effective mass of the 
nonlinear kinematics of the remainder of 
the breaker linkage is minimized by the 
selection of the lift rod as the datum, as is 
illustrated in Fig. 3. Note that the 
effective mass of the breaker is constant 
within ±4 per cent during the first 4V» 
inches of interrupter stroke. Since in 
Fig. 3 the rate of variation of effective mass 
with lift rod position {dM)/{dX) is 
maximum near zero stroke where the 
velocity is always quite small, it can be 
shown that the effect of the {dM)/{dX) 
term upon the opening motion is very 
nearly negligible. The effective mass is a 
second constant value, within' a fraction of 
a per cent, during the remainder of the 
breaker stroke. 


Appendix II. Development of 
Equivalent Springs 


tions from one increment as the initial 
conditions for the succeeding increment the 
entire trip operation of the breaker may 
be considered by linear, one-degree-of-free- 
dom differential equations. 

The following basic equation is, with some 
modifications, employed throughout this 
analysis 


M^+KX^Po 
or, if 





( 1 ) 


and the general solution is 

X^ — sin rjt+Xt cos (1 —cos ijf) 


and 

JC=.Yox:os ij 



sin lit 


It is convenient to divide the total 
breaker stroke into three increments and 
to develop either a simple equivalent spring 
or a constant force to provide the energy 
input into the system during each incre¬ 
ment. These increments are: 

1. From initial displacement until the 
end of the interrupter stroke, energy is 
supplied by. the interrupter springs, opening 
springs, and by gravity. 

2. From the end of the interrupter 
stroke until the opening spring force drops 
to zero, energy is supplied by the opening 
springs and by gravity. 

3. From the point at which the opening 
spring force drops to zero to the end of the 
linkage stroke, energy is supplied solely by 
gravity. 

It is possible to approximate closely the 
actual energy input during each increment 
by an equivalent linear spring.- The 
equation for the energy of a linear spring is 
of the form 


Equation With Drag Force Term 

This approach may be extended to take 
into consideration a drag force of the fol¬ 
lowing form 

Fd^CdQp:^* (2) 

A linearized approximation of the drag 
force may be employed, with a high degree 
of accuracy, by replacing the second-degree 
relationship by a series of straight-line 
segments as shown in Fig. 8. Any desired 
degree of accuracy can be obtained by 
proper selection of the number of straight- 
line segments. Between any two velocity 
limits the drag force is described by a 
linear equation of the form 

FD&Fa+^^U-Xa) 

which can be reduced to 
Fd’^^Ci+CJ: 


E=>Po(X-X,)--(X-Xo)^ ( 8 ) 

2 

This equation by virtue of its form auto¬ 
matically conforms with the actual energy 
at the beginning of each increment where 
the energy input is zero. The constants 
Po and K are selected either by applying 
the conditions that the energy be equal at 
two arbitrarily selected values of the datum 
stroke or by the method of least squares 
error. The energy curves for each incre¬ 
ment and the linear spring approximations 
are given in Fig. 4. 

Appendix III. Solution of 
Equations of Motion 

It has been shown that, writhin any 
limited portion of the circuit-breaker trip 
stroke, the breaker can be considered as a 
constant, lumped mass driven by a spring 
with a constant gradient. Therefore a 
series of solutions may be developed, each 
valid within a specific increment, of the 
total stroke. By applying the final condi¬ 


where 



The differential equation for circuit-breaker 
motion writh the addition of the oil drag 
force is then 

Jl£^-fCi+CiJt+J?:.X-=Po (9) 

and the solution is 

(valid for a<t<h) 


where 



This solution is valid within specified 
velocity limits. When the velocity of the 
breaker extends beyond these limite a new 
equation is employed, using as the initial 
conditions the end conditions from the 
previous calculation. 

Equation Including Trip Latch Re¬ 
straining Force as a Known Function 
of Time 


The differential equation of motion in¬ 
cluding a term for the manner in which the 
trip latch relieves is 

MX+KX^pJl^^ (3) 

where r=>time for trip latch restraining 
force to drop from Po to zero. 

This equation is valid for 

0<i<l 

T 


Applsdng boundary conditions of zero 
displacement and zero velocity at zero time, 
the solution is 


6Po 


smij/+— 



6Po / A 
i7*r*P:\r/ 


( 11 ) 


If, as is true in most practical cases, 
then sin tit may be approximated by the 
first three terms of its power series. This 
gives upon simplification the rdationship 


1^!L 

20 K T* 


and by differentiation 


:x 


iPo^l 

Ik r» 


t* 


( 12 ) 


(13) 


Equation Including Short-CircuitForces 


If again the ansilysis is restricted to the 
first portion of the circuit-breaker stroke 
(i.e., interrupter stroke) linear equations 
can be employed to gain insight into the 
effect of the electromagnetic forces pro¬ 
duced by any specified current value. The 
electromagnetic force can be represented 
by an equation of the form 

P*»2Csin*wr (14) 

where C is a ftmction of current amplitude 
and the breako: configuration. By a 
trigonometric identity this is equal to 


P=C(l-cos 2«r) 

Then the resulting differential equation is 
MJC+KX =Po+C(1 -cos 2c»r) (IS) 

and the solution is 




K 


C 


^ , 


cos lit + 
cos2cdr (16) 
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Discussion 

Bayard E. Quinn (Purdue University, 
Lafayette, Ind.): One of the characteristics 
of a circuit brewer that is of considerable 
interest to a customer is the time required 
to interrupt the current. The sales depart¬ 
ment can be quite optimistic concerning 
this characteristic, leaving to the engineer¬ 
ing department the problem of d esigning a 
breaker to perform in the promised manner. 
It is therefore obvious that the engineering 
department must have a procedure for 
designing a breaker by which the promised 
characteristics can be realized. It is also 
necessary to be able to make reasonable 
predictions concerning the performance of 
various breaker mechanisms that may be 
oonsidered. 

The problem of predicting mathematically 
the performance characteristics of a circuit 
breaker can be approached in many ways. 
A force analysis can be made by which 
Newton’s laws can be applied, or energy 
relations can be utilized through the use 
of LaGrange’s equation. If a oTaR siVal 
approach is used without making any 
simplifying assumptions, differential equa¬ 
tions of great complexity are soon en- 
cotmtered. This is usually due to the 
nonlinearity of the mechanisms that have 
to be analyzed, together with the number 
of links that are involved. At this stage 
it is sometimes possible to enlist the aid 
of an automatic computer, although the ease 
with which some of the more complex 
differential equations can be thus solved 
may be overestimated. Without the use 
of an automatic computer the solution of 
the equations may require so much timo 
that the effort reqtiired to obtain a solution 
cannot be economically justified. 

It is apparent that Dr. Barkan has 
recognized these difficulties in his analysis 
of the dynamic characteristics of the out¬ 
door oil breaker. He has reduced the 
entire mechanism to an equivalent spring- 
mass system as indicated in Fig. 2. Recog¬ 
nizing that the equivalent mass and the 
applied forces vary considerably during the 
(fisplacement of the mass, he has divided 
the total travel into three intervals, and 
has considered only those forces that are 
of significant magnitude within an interval. 


It is thus possible to ignore the oil drag 
wh^ the velocity is low and in this manner 
avoid unnecessary mathematical complica¬ 
tions. When the oil drag is significant, a 
linear approximation is introduced to avoid 
a squared velocity term in the differential 
equation. The complementary solution 
for the equation thus obtained is therefore 
the same as that for fr^-damped vibration. 
By considering the energy input during the 
travel of the mass as shown in Fig. 4 an 
equivalent spring constant is determined. 
Linear differential equations are thus used 
to describe the entire motion of the mech¬ 
anism. 

The method for calculating the effective 
mass as indicated by equations 5 and 6 
involves the use of (dY)/(dX) and 
(^)/(dX), and no further explanation is 
given of the method whereby these quanti¬ 
ties have been obtained. I suggest that 
the effective mass be computed by uaing 
the ratio of the velocities that are in¬ 
dicated earlier in equations 5 and 6 iustpad 
of using the relationships that are finally 
given. 

Of particular interest to the designer is 
equation 4 in which a relationship is given 
for all of the quantities considered during 
the initial motion of the blade. The effect 
of varying these quantities (effective mass, 
preload, spring stiffness) is shown in Fig. 
7. It appears from this figure that a re¬ 
duction in spring stiffness results in a 
reduction of the opening time. This is 
contrary to my experience. In order to 
discuss the effect of changing the spring 
stiffness it is desirable to give some explana¬ 
tion as to the effect that this change has on 
the preload since the preload will be 
affected if other conditions are unchanged. 
Fig. 7 also indicates that reduction in 
opening time is relatively insensitive to a 
change in spring stiffness. This is true 
for a certain range of numerical values, 
but there are conditions under which a 
much greater sensitivity to spring stiffness 
may be encountered. I have frequently 
found it useful to plot the solution to 
equation 1 in dimensionless form, from 
which information of the tsrpe shown in 
Fig. 7 can be obtained. 

Dr. Barkan is to be commended for 
m a kin g a very straightforward analysis 
of a problem containing many complica¬ 
tions. The simplifications have been made 
where the greatest benefit can be realized. 
The experimental results shown in Fig. 6 
indicate that a high degree of accuracy is 
still retained in the analysis. From a 
theoretical viewpoint this accuracy can be 
expected, since approximations concerning 
the forces are introduced into the problem 
as slight variations in the behavior of the 
second derivative. In the two integrations 
that subsequently follow these variations 
are minimized. The use of reasonable 
linear approximations can thus be justified. 

The results obtained in this paper should 
be valuable to the designer because the 
effects of varying the different components 
of the mechanism can be computed. The 
results should also be valuable to those 


who are interested in predicting mechanism 
performance because they indicate the ac¬ 
curacy that can be obtained by using the 
type of analysis previously described. 


Philip Barkan: The points raised by 
Professor Quinn indicate the need for 
further explanation of some of the concepts 
presented in the paper: The development 
of the effective mass requires the use of 
kinematic analysis in determining the 
relative motions between the links, as 
represented by the terms (dY)/(dX) and 
(^)/(dX) in Appendix I. For complex 
linkage systems, the kinematic analysis 
is conveniently carried out by a graphical 
approach. By this method, several posi¬ 
tions of the Imkage are constructed graphi¬ 
cally, and displacement of various Itulfg 
relative to the reference datum X are 
measured and plotted. The resulting 
curves are graphically differentiated to 
obtain the required values {dY)/(dX) and 
(dd)/(dX) as functions of X. Where a 
substantial number of kinemat ir analyses 
are to be made, the evaluation of these 
terms can be carried out more accurately 
and more conveniently by the use of high¬ 
speed digital computers, employing trigono¬ 
metric rdationships for the 4-bar Imkage 
which are developed in references 1 and 2. 

The results presented in Fig. 7 show the 
effects upon contact parting time position 
of varying one parameter at a time. Thus, 
as the spring gradient is varied, the spring 
preload is held constant. Physically this 
would require the introduction of suitable 
spacers under the different springs to pro¬ 
duce the same spring preload on all tests. 
Under such circumstances, the fact that 
the spring force drops off less rapidly with 
increasing stroke, for a lower gradient 
spring, means that the accelerating force 
and velocity are greater. Thus, the time 
required for the breaker to reach a specified 
stroke is correspondingly less, as is indi¬ 
cated in Fig. 7. As Professor Quinn has 
pointed out, the influence of spring gradient 
upon the time required to reach a specified 
stroke is not always ,as small as shown. 
It is only true if Xk/X,«l, where Xj, 
is the stroke between closed position and 
the specified position and X, is the difference 
between the spring free length and its 
compressed length in the breaker. As 
Xk/Xf becomes increasingly large, the 
mfluence of spring gradient becomes in¬ 
creasingly more important. The results 
shown in Fig. 7 are restricted to a range of 
spring gradients which are practical for 
consideration with high-capacity outdoor 
circuit breakers. No completely general 
, imphcation on the influence of spring 
gradient was intended. 
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Application of Volume Theory of 
Dielectric Strength to Oil 
Circuit Breakers 

W. R. WILSON A. L STREATER E. J. TUOHy 
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A new line of steel-dad impulse oil 
dfcuit breakers^ has recently been 
developed and put into production by the 
company with which the authors are as¬ 
sociated. These breakers are enclosed in 
lenticular tanks, Figs. 1 and 2, instead of 
the conventional cylindrical tanks. The 
new tanks reduce the size and weight 
of the breakers and reduce the quantity of 
oil to be handled during maintenance pro¬ 
cedures. Because of significant changes 
in the electric field between the high- 
voltage interrupters and ground metal, an 
investigation was initiated early in the 
development program to apply recent 
advances in field mapping techniques^ to 
the problem of determining the optimum 
shapes and dimensions for the tank and 
for the electrostatic shields on the inter¬ 
rupters. The purpose of the investigation 
was to obtain optimum over-all arrange¬ 
ments with adequate dielectric strength. 

The results of the investigation have 
had definite practical application. The 
electrostatic shield curvatures and shapes 
were determined initially in the electro¬ 
lytic tank, and required no subsequent 
modifica.tions which were significant from 
an electrostatic field standpoint. It was 
found that electric stresses were so low on 
inade surfaces of the tank that breakdown 
does not initiate frdm these surfaces. 
Oonsistent with a previous paper,® it was 
found that breakdowns would not ini¬ 
tiate from certain surfaces on which elec¬ 
tric stresses were the highest in the 
breaker. Instead the breakdowns would 
initiate from other surfsices on which the 
dectric stresses were as much as 40 per 
cent (%) less but which exerted these 
lower stresses through a much greater 
volume of oil. 

To summarize, it was found possible to 
predict 60-cycle withstand voltages with 
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good engineering accuracy while the de¬ 
signs wdre still on the drafting board. 
Because the electrotytic modds could be 
made and modified so inexpensively, 
many variations in design were investi¬ 
gated, with the best being sdected and 
constructed for full-scale test and subse¬ 
quent use in production. 

Summary of Oyer-all Investigation 

To establish how the investigation de¬ 
pended upon prior work, and why cer¬ 
tain additional concepts and information 
were needed, a chronological S 3 mopsis of 
the over-all program seems necessary. 
The fibrst step was to cotKtruct 3-dimen¬ 
sional models of various shapes under 
study; see Fig. 2. These were filled with 
filtered water, and by application of elec¬ 
trolytic field analysis techniques, flux 
plots such as Fig. 3 were obtained showing 
the distribution of voltage throughout the 
oil circuit breaker. However, because 
such flux plots are difficult of interpreta¬ 
tion except in a plane of symmetry, a 2- 
pointed probe was developed so that the 
field gradients could be determined at 
any point in the breaker regardless of the 
direction of the field or whether it hap¬ 
pened to occur at the surface plane of 
symmetry of the electrol 3 d:e. Use of this 
probe required development of a special 
electronic amplifier which would measure 
the small voltage difference between the 
points of the probe even though both 
points were at rdativdy high voltage. 
In this msinuer, it was found practical to 
determine maximum electric field intensi¬ 
ties wherever they occurred in the breaker 
with an accuracy of a few %. 

This, of course, raised the question as 
to how much dectric stress [kilovolts per 
centimeter (kv/cm)] oil could stand at 
the surface of the various dectrodes. In 
1915 F. W. Peek^ published a series of 
curves showing that the oil didectric 
strength (defined as the maximum dec- 
tric fidd strength in kv/cm eidsting any¬ 
where in the gap just before breakdown) 
varies over a wide range with the shape 
of the dectrodes. He found that the oil 


at the surface of a small sphere would seem 
to withstand much more dectric stress 
than that at the surface of a large sphere. 
This did not mean that for equal spacings 
oil between small spheres would break 
down at higher voltage than oil between 
large spheres. It did mean that improve¬ 
ment made by increasing radii and reduc¬ 
ing stress would not be as great as if di¬ 
dectric strength were independent of con¬ 
figuration. Peek’s data were limited be¬ 
cause only certain dassical shapes were 
studied and the rdationships between the 
curves were such that it was not at dl 
dear how to apply the didectric strength 
data to other more general shapes. 

The next step of the investigation was 
to attempt to develop an tmderstanding 
of these didectric strength functions that 
would be of suffident accuracy to permit 
extension of the data to the general shapes 
of dectrodes found in circuit breakers. 
The results of this program were quite 
unexpected. It was found® that the pri¬ 
mary factor controlling the didectric 
strength of oil at 60 cydes was the volume 
of oil under rdativdy high stress. Small 
volumes had high dielectric strengths 
and high statistical variations. Large 
volumes had lower didectric strengths 
and were much more consistent. Purdy 



Fig. 1. Lenticular tank breaker showing loca¬ 
tion of regions at which stress measurements 
were made 
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Fig* Electro¬ 
lytic model of 
lenticular tank 
breaker 


from statistics, the various fundamental 
curves presented by Peek could be calcu¬ 
lated from the dielectric strength (118 
kv/cm) and standard deviation (18 
kv/cm) of 1 cubic cm of oil. A curve of 
dielectric strength versus an equivalent 
volume of oil under stress was presented 
and is used throughout this paper as the 
basis for calculations. The equivalent 
volume of oil is that in which the electric 
stress is higher than 90% of the mflyiTruitn 
stress in a given region. This equivalent 
volume is obtained either by approximate 
calculation or by means of the electrol 3 rtic 
field analyzer. The oil dielectric strength 
obtained from this volume curve is con¬ 
cluded in this paper to be approximately 
the electric stress at which corona stream¬ 
ers initiate from the electrode surface 
under consideration. The applied volt¬ 
age at which this stress appears is ob¬ 
tained from field strength measurements 
in the electrolytic model of the breaker. 

In dielectric structures with clearances 
that are large relative to the radii of the 
electrodes, the breakdown voltage is 



significantly higher than the corona 
starting voltage. This additional volt¬ 
age, here termed the streamer extension 
voltage, is needed to lengthen the corona 
streamers until they can bridge the entire, 
gap. 

One of the principal objectives of this 
paper is to establish that t^ streamer ex¬ 
tension voltage can be obtained approxi¬ 
mately from the slope of the needle gap 
curve in oil. The hypothesis is that 
once the streamer extends out into the oil 
for a few inches from a curved electrode 
it assumes the same characteristic as a 
streamer which has extended from a 
needle. In short, the streamer extension 
voltage is found merely by multiplying 
the slope (kv/cm) of the needle gap 
breakdown curve by the estimated dis¬ 
tance from the head of the streamer to the 
opposite electrode. The total withstand 
voltage is therefore 

Withstand voltage=corona starting 
voltage-l-streamer extension 

voltage (1) 

That this hypothesis is approximately 
correct for at least several different elec¬ 
trode configurations has been established 
by comparing calculated withstand volt- 

Rs- 3 (left). 
Field plot of 
lenticular tank 
breaker 


Rs- 4 (right). 
Disk gap break¬ 
down voltage in 
oil. Solid curve 
from Peek's tests; 
dotted curve cal¬ 
culated 


age curves with test data on large parallel 
disk gaps. Fig. 4, on large spherical ended 
rod gaps. Fig. 6, and on several circuit 
breakers. Table I. 

The remainder of this paper presents 
the details of the streamer extension volt¬ 
age derivation and of the application of 
the over-all method of calculating 60- 
cycle withstand voltage in specific oil 
circuit breakers. 

Nomenclature 

probe tip spacing 

jB=measured gradient expressed as the 
ratio, kv/cm/kv 

g^oil dielectric strength (from volume 
curve), kv/cm 
4“ oil factor 

jSr=ratio of model dimensions to breaker 
dimensions 

Ru i?8=radii of curvature of electrode sur¬ 
face in two mutually perpendicular 
planes at the region of gradient meas¬ 
urement 

Rt “radius of equivalent sphere that would 
produce the same field pattern near 
the surface as appears near the elec¬ 
trode under study, cm 
calculated withstand voltage 
corona starting voltage 
Vp “ratio of probe voltage to the total inter¬ 
rupter to tank voltage 
Fb “reference withstand voltage, kv rms 
.yc* electrical clearance along probable path 
of failure, cm 

Physical Picture and Calculation 
Method 


Although this paper is dii'cctcd pri¬ 
marily to the dielectric strength of oil cir¬ 
cuit breakers, the calculation method is 
developed for more general application. 
The method deals primarily with large 
electrical spacings. Curves of dielectric 
strengtii versus spacing, see Fig. 6, can 
be divided into three regions: 

The small spacing region through which 
the dielectric strength drops rapidly with 
increasing spacing. 

2. The moderate spacing region through 
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Fis< 5. Rod gap breakdown voltage in oil. 
Solid curves from Miner's tesb; dotted curves 
calculated 


which the dielectric strength is relatively 
constant. 

3. The large spacing region through which 
the apparent dielectric strength increases 
gradually and some corona is presumed to 
appear before spark-over. 

The previous paper* dealt primarily with 
moderate spacings and, to a lesser extent, 
with small spacings. 

It is because this general investigation 
was undertaken to aid in estimating cir¬ 
cuit-breaker high-potential withstand 
voltages that most emphasis has been 
placed on the large spacings. It is for¬ 
tunate that reproducibility and accuracy 
are best in this region. The basic di¬ 
electric strength which is calculated by 
this method is the critical voltage, or the 
average withstand voltage, when the 
breakers are in good condition smd contain 
good, normal oil. 

Considering more general electrode 
configurations, reducing clearances, and 
reducing electrode dimensions result in 
marked increases in statfetical deviations. 
Successive tests may differ in withstand 



voltage by two to one. In fact, the di¬ 
electric strength curves become so steep 
that for electrodes of small radius a few % 
of error in the radius might make 50% 
error in the withstand voltage. This re¬ 
gion is not involved in the problem under 
study, except that the calculation method 
and physical picture are supported by the 
fact that they predict both the instability 
and the large increases in dielectric 
strength. 


Table I. Accuracy of Dielectric Strength 
Calculations of Developmental Oil Circuit 
Breakers 


Circuit Breaker % Error 


161-kv cylindrical tuik multibreak.-|-2 

161-kv cylindrical tank impulse.-|-1 

230-ky cylindrical tank multibreak.—5 

230-kv lenticular tank impulse.+4 

330-kv lenticular tank impulse.—2 


Corona Starting Voltage 

It has been assumed almost universally 
in the literature that corona conditions 
around a relatively isolated electrode are 
determined by the electric field strength 
at the surface (this fidd strength being cal¬ 
culated as if no space charge were pres¬ 
ent). Proceeding on the basis of this 
assumption, corona would start on the 
surface of a given sphere whenever the 
field strength reached a certain value, 
regardless of whether that field strength 
were impressed by a large voltage to a dis¬ 
tant electrode or by a smaller voltage to a 
closer conductor. It is quite possible 
that the amount of corona that would 
grow to a flashover at a diameter spacing 
might not even be visible around an iso¬ 
lated sphere. There also may be a transi¬ 
tion area in oil (as there is in air) in which 
the corona starting gradient changes by a 
small amount as separation is increased to 
approach complete isolation. For these 
reasons, the corona starting voltage as 
herein defined for calculation purposes 
may be slightly different from the corona 
starting voltage determined visually or 
by definitions based on corona intensities 
measured electronically. The definition 
of corona starting gradient or oil dielectric 
strength used in this paper is the same as 
that used by Peek*: it is the minimum 
gradient on the curve of dielectric strength 
versus spacing. As such it is determined 
by the first stream®: of corona which is of 
sufficient intensity to cause failure if an 
opposing electrode is iiaerted at moderate 


Rg. 6 (left). 
Oil dielectric 
strength versus 


spacing in such a way as not to disturb 
the field. This concept of a constant 
corona starting gradient at large spacings, 
regardless of the precise spacing, is a con¬ 
venient ph 3 rsical picture which is at least 
very close to being exact and which is 
supported by the fact that existing data 
can be calculated by its use. 

By simple proportion, the corona start¬ 
ing voltage can be obtained from flux plot 
gradients and equation 2. 




E 


( 2 ) 


Streamer Extension Voltage 

As needle gaps are tested at increasingly 
large spacings, the slope of the break¬ 
down voltage versus spacing curve 
reaches a relatively constant value of 
about 6.0 kv/cm; see Fig. 7. This 
means that, for each additional cm of gap 
at high spacing, 6.0kv of additional voltage 
is required to lengthen the streamers suffi¬ 
ciently to bridge the gap. The hypothe¬ 
sis made in this paper is that once corona 
has started from a pair of smooth elec¬ 
trodes and extended out into the oil, the 
same additional voltage applied to the 
dectrodes is required to bridge the gap 
between the streamers as would be re¬ 
quired for a needle gap above its corona 
starting voltage, and in which the same 
gap between corona streamers remains 
to be bridged. 

Fortunately, in the application to cir¬ 
cuit breakers this additional voltage is 
generally in the order of one-fifth of the 
corona starting voltage, so a 26% error in 
the calculation would cause only about a 
5% error in the final result. A good first 
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Fig. 8. Sphere gap spacing at which the 
breakdown gradient is a minimum. Solid 
curve from test; dotted curve=2.74 VRs 



approximatipn would be merely to neg¬ 
lect the length of the first corona 
streamer and assume that the additional 
voltage equals the entire clearance be¬ 
tween smooth electrodes times the 6.0 
kv/cm slope of the needle gap curve. 
However, the typical shape of the di¬ 
electric strength versus spacing curves 
permits an improvement to be made to 
this picture. As indicated in Figs. 6 and 
7, the streamer extension voltage is not 
required unless spadngs are higher than 
those which give the broad Tninimnni in 
dielectric strength. In fact, if these 
curves remained horizontal instdid of as¬ 
suming a rising slope no additional volt¬ 
age would be required. It became ap¬ 
parent by inspection that the streamer ex¬ 
tension voltage should be added aibove a 
spacing about 60% larger than that at 
which the minimum appears. 

The corresponding physical picture is 
that the initial corona streamers at 
corona starting voltage extend into the 
oil an effective distance about 50% 
greater than the minimum-strength spac¬ 
ing Thus the effective gap X, be¬ 
tween heads of the streamers equals the 
total clearance along the probable path 
of failure minus 1.5 times the minimum- 
strength spacing 

X,^Xc-l.5Xn, ( 3 ) . 

Peek attached importance to this mini- 
mum-strength spacing and called it the 
ionizing distance. He concluded that it 
was a function of the square root of the 
ra^tM J?, in a sphere gap. Fig. 8 shows 
this spacing plotted from Peek’s data 
as a function of radius, and shows that 
equation 4 accuratdy represdits 
function 


Miner’s® data for spherically ended rods 
also show the minimum-strength spacing 
to be a function of the square root of the 
radius, but the actual distances are 26% 
greater on the average. This degree of 
error will affect the calculated withstand 
voltage by only a few %, because the 
value 1.5 X^ is generally a small part of 
the total spacing, and the entire streamer 
extension voltage is generally a small part 
of the total withstand voltage. 

For electrode shapes different from 
spheres, an equivalent sphere radius 
is selected for want of a more accurate 
method and m the belief that final answers 
will not be affected by more than a few %. 
The value of Rg is selected as the radius 
of the equivalent sphere that would ex¬ 
hibit the same rate of change of gradient 
perpendicular to the surface as would ap¬ 
pear at the surface of the electrode under 
study, provided that both surfaces have 
the same surface gradient. Simple elec¬ 
trostatic calculations show that the 
sphere which is equivalent to a cylinder 
in this respect has twice the radius of the 
cylinder. 

On the basis of these concepts the 
streamer extension voltage Vg, for the 
general case, can be calculated by multi¬ 
plying the slope 6.0 kv/cm by the un¬ 
bridged gap X, 

Vg = e.OXg = 6.0iXc-4.lVRs) (S) 

Total Withstand Voltage 

The total calculated withstand voltage 
Vb then is the stun of the corona starting 
voltage (equation 2) and the streamer 
extension voltage 

VB=Ve+Vg’=^+6,(KXe — i.l\/Ra) (5) 

Modification for Breakdown to Tank 

The streamer extension voltage was 
derived on the basis of the needle-to- 
needle breakdown voltage curve. For 
the case of an electrode inside a tank, the 
corresponding classical configuration 
would be a point to a sphere surrounding 
the point. The closest available data 
are for the point-to-plaue configuration. 
For both oil and air the point-to-plane 
breakdown voltage is approximately 80% 
of the point-to-point breakdown voltage 



Fig. 9. 011 dielectric strength versus volume 
enclosed by 90% equigradient surface 


(Peek<). It is apparent that the point- 
to-sphere breakdown voltage should be 
sKghtly lower than that for a point-to- 
plane gap, and a value of 70% has been 
selected purdy on the basis of judgment. 
It is bdieved that this assumption will 
again cause no more than a few % error 
in the final calculated withstand voltage. 

The only change this brings about is to 
multiply the coefficient of the streamer 
extension voltage in equation 6 by 0.7. 
The resulting equation 7 is offered for 
use in oil circuit breakers for calculating 
withstand voltage between interrupter 
and tank. • Whereas crest voltages have 
been used up to this point, equation 7 is 
expressed in terms of rms voltages 

Vij=0.707|H-3.0(Xc-4.1 VR,) (7) 

In practical applications it is recom¬ 
mended that equations 5, 6, and 7 
not be used for absolute magnitudes. 
Under some circumstances it may be de¬ 
sirable to obtain the didectric strength 
versus volume curve and the needle gap 
curve for the particular oil used in the 
design. In any case, to compensate for 
oil-handling practices, practical surface 
finishes, approximations in the method 
etc., it is recommended that calculations 
be based on known designs as similar as 
possible to the unknown. For each de¬ 
sign tested, an oil factor ife should be de- 


Table II. Cajculation of Breakdown Voltage In Disk Gaps 


Spacing, 

Cm 

Equivalent 
Volume, 
Cubic Cm 

gf 

Kv/Cm 

B, 

Kv/Cm/Kv 

Vc. 

Ev 

Xo, 

Cm 

V,, 

Ev 

Total 

Breakdown 
Voltage, 
Ev (Crest) 

6. 

10..... 

.276. 

-72....... 

-85....... 

-85....... 

-0.262...... 

...286... 

.... 6.... 

... 0..., 


15. 

20. 

-0.179__ 

...423... 
...476... 

....14.... 
....24.... 

... 28. 

...89.... 

...136.... 

.451 


-86....... 

....0;166...... 

...646... 

....32.;.. 
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temiined by dividing the test value of 
withstand voltage by the calculated refer¬ 
ence withstand voltage. Then the final 
calculated withstand voltage V can be 
determined by equation 8, where k is the 
average oil factor for all pertinent designs 
considered 

V^kVji ( 8 ) 

Verification of Calculation Method 


Calculation of Brjeakdown Voltage 

Between Disks 

This calculation method has been 
diecked against test data for several con¬ 
figurations. Fig. 4 shows calculated and 
test curves for voltage breakdown in a 
disk gap. The test curve is from Peek’s^ 
Appendix 5, “Strength of Oil at Large 
Spacings. ” Data for the calculated curve 
were obtained in three steps as outlined 
in previous sections. 


1. To determine the corona starting volt¬ 
age, the volume of oil enclosed by 90% equi- 
gradient surfaces and the values of the high¬ 
est gradients at points around the electrodes 
were found by measurements made on 
models of the disks in the electrolsrtic field 
analyzer. Gradients were measured with a 
2-pointed probe and corrected to maximum 
values at the electrode surface with equation 
9. From the equivalent volume, the oil di¬ 
electric strength g was determine by using 
Fig. 9. The corona starting voltage was 
then calculated from equation 2. For ex¬ 
ample, the corona starting volage was calcu¬ 
lated for a disk separation of 10 cm. The 
volume of oil oiclosed by the 90% equi- 
gradient surfaces was found to be 75 cubic 
cm. From Fig. 9 the oil dielectric strength 
g is 86 kv/cm. The maximum dielectric 
stress E was found to be 0.201 kv/cm/kv so 
the corona starting voltage was 


Vc 


85 kv/cm 
0.201 kv/cm/kv 


=423-kv crest 


2. The streamer extension voltage was ob¬ 
tained by determining values for the length 
of the probable breakdown path and the 
radius of an equivalent sphere, as required 
by equation 6. From the gradient measure¬ 
ments it is apparent that the streamers start 
from the curved edges at a substantial angle 
and do not traverse a straight line between 
the two disks. The exact path of the break¬ 
down is not calculable at this time so it was 
estimated as shown in Table II from the 
angle at which the streamers leave the sur¬ 
face. An error of 25% in this estimated 
length would produce an average error of 
6% in the final results. Continuing the 
sample calculations for the lO-cm spacing, 
the estimated breakdown path Xe is 14 cm. 
The edge of the disk was cylindrical so the 
radius of the equivalent sphere is twice the 
2.6-cm. radius of the edge. Substituting 
these values in equation 6 yields a streamer 
ext:ension voltage of 28-kv crest 

Fi * 6 [l4-4.lV(2)(2.6)] -28-kv crest 

3. The total breakdown voltage is the sum 
of the corona starting voltage 423 kv and 



Fig. 10. Oil dielectric strength versus vol¬ 
ume for Miner's rod gap data 


the streamer extension voltage 28 kv, or 
451 kv. The results of similar calculations 
for the remaining spacings are listed in 
Table II. It is important to note that large 
changes in equivalent volume produce rela¬ 
tively small changes in dielectric strength. 
This means that equivalent volumes do not 
have to be determined with more than nomi¬ 
nal accuracy. The correlation between the 
test and calculated voltages of Fig. 4 is 
considered satisfactory. 

Calculation of Breakdown Voltage 

Between Rods 

Fttrther verification of the calculation 
method was obtained from Miner’s® data 
on spherically ended rods; see Fig. 5. 
Miner’s tests show that the breakdown 
voltage curves are discontinuous as the 
needle gap characteristic is approached, 
and all electrode shapes have about the 
same breakdown voltage. If the value of 
calculated breakdown voltage happens to 
lie bdow the needle gap breakdown, the 
latter value should be used instead of the 
calculation. 

Preltmiuary to calculations, an approxi¬ 
mate relation between gap voltage and 


maximum dielectric stress in the gap was 
determined by electrolytic field anal 3 rsis 
techniques assuming the tank walls to 
be 30 diameters away from the rods. 
Data for the calculated curves were ob¬ 
tained by the same method used for di^ 
gaps with one exception. By comparing 
Miner’s data on spherical ended rods and 
Peek’s sphere gap data, it became ap¬ 
parent that at moderate spacings the oil 
used by Miner had higher dielectric 
strength than that used by Peek.® For 
example, compare Peek’s 1.27-cm radius 
spheres with Miner’s 1.27-cm radius rods. 
For a gap spacing of 2.64 cm the spheres 
break down at 185 kv whereas the rods 
break down at 252 kv. The difference 
in field configuration is negligible. By 
the method of the previous paper,® the 
dielectric strength of a unit volume of the 
Miner oil was found to be 174 kv/cm 
and to have a standard deviation of 28 
kv/cm. A curve of oil dielectric strength 
versus volume for the oil used by Miner, 
Fig. 10, was therefore derived in the same 
manner as presented in the previous paper 
for the oil used by Peek. Values of g 
from this curve were used in the calcula¬ 
tion of the rod gap breakdown curves in 
Fig. 5. 

Application to Oil Circuit Breakers 

Form of Presentation 

Calculations, and measurements for 
typical regions in a developmental breaker 
are shown in Table III and samples of 
each calculation involved in determining 
the withstand voltage at region 3 of Fig. 1 
are included in the following development. 

Construction of Breaker Models 

For each breaker analyzed a scale modd 
was made of the interrupter, bushing, and 


Table III. Summary of Calculations of Critical Withstand Voltages for Developmental Lenticular 
Tank Circuit Breaker. Model Scale One-Third 


Electric 
Stress at 
Lowest 

OU Di- Reference 

Type electric Withstand Corona 

of Equivalent Strength, Electric Voltage,* Starting 

Elec- Volume, Ev/Cm Stress* Kv/Cm Voltoge, 

Region trode Cubic Cm Crest Kv/Cm/Ev Crest Ev/Rms 


Streamer Reference 
Extension Withstand 
Voltage, Voltage, 
Ev/Rms Ev/Rms 


1 

.. Sphere 

... 12.0...... 

..98. 

.0.148 . 

.99.. 

2 

.. ct 

...1,070. 

. .56. 

.0.0916. 

..63. 

3 

.. C 

... 040. 

..57. 

..0.0993. 

..69. 

4 

.. c 

... 340. 

..64. 

..0.0687. 

..41. 

6 

.. c 

... 375. 

..62...... 

..0.0886. 

..61....... 

6 

.. C 

...6,900. 

..60. 

..0.0383. 

..26. 

7 .. C 

Tank 
(bush¬ 
ing 
weli 

...1,600...... 

..66. 

..0.0484. 

..83. 

edge).. 

_ 20. 

..91. 

..0.0180. 

..12. 


484.... 

...no... 

... 594 

433... 

... 80... 

... 613 

406... 

... 84... 

... 490 

770... 

... 96... 

... 866 

496... 

...108... 

... 604 

9^5 


...>926 

805... 

... 84.... 

... 854 


3,580. 


> 3,680 


*Calculated, after remainder of table completed, from reference withstand voltage of region 3. 
tC stands for cylindtt. 
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breaker tank; see Fig. 2. The potential 
distribution along the bushing porcelain 
was obtained from flux plots such as Fig. 
9 of reference 6. The required potential 
distribution was enforced by connecting 
resistors between stripes of silver which 
were painted around the wood model at 
ten equally spaced points along the model 
length. The model diameter at the 
center of each silver stripe was equal to 
the scale factor times the mean diameter 
of the 1-inch porcelain wall of the full- 
size insulator. Although this representa¬ 
tion is not exact, Green’s law demonstrates 
that the approximation is very good ex¬ 
cept for the immediate vicinity of the 
stripes. The interrupter models were 
scaled-down reproductions of the actual 
interrupters with shields in place, except 
that the models had no mounting bolt 
holes or sharp edges. Tests made on 
the completed breakers with and without 
lead foil covering the holes and indenta¬ 
tions demonstrated that these non¬ 
uniformities were placed so that the with¬ 
stand voltage was not affected. 


Determination or Gradient 

The gradient is determined by measur¬ 
ing the voltage between probe tips when 
the probe is in the electrol 3 rte. This volt¬ 
age divided by the spacing between tips 
yields the average gradient over the 
probe tip spacing. Equation 9 derived 
to correct this to electrode surface gra¬ 
dient in the breaker takes into account 
the curvatures at the electrode surface 
and the model scale factor. In equation 
fonn the gradient is 




(Ri+Rz) 

2RiRi 


') 


(9) 


Substitution of dimensions, scale factor, 
and probe voltage in equation 9 yields a 
gradient of E = 0.0993 kv/cm/kv for the 
reference region of the sample calculation. 


Equivalent Volume 


The equivalent volumes found in large 
oil circuit breakers are beyond the range 
of the dielectric strength versus volume 
curve of the reference paper.* Following 
the practice of basing calculations on di¬ 
electric structures that are as similar as 
possible to the device under study,, the 
Peek^ equation for the dielectric strength 
of cylinders was used to extend the range 
see Fig. 9. In the oil circuit breakers the 
regions of high stress happen to be around 
electrodes which are nearly spheres or 
cylinders. To illustrate this, and to show 
the location of the regions at which stress 
measurements were made. Fig. 1 shows a., 
typical iaterrupter with its upper and 
lower shields in place. A field plot of one 


of the breakers is shown in Fig, 3. Re¬ 
gion 1 was treated as a sphere. Regions 
2 and 3 were treated as half-cylinders. 
Equations for the equivalent volumes 
around isolated spheres and cylinders are 
derived in a previous paper* and repeated 
here for reference. 


dielectric strength of the oil tested by 
Miner at a later date shows how the over¬ 
all results can change depending on the 
particular conditions of tests. 

Accuracy of Calculations 


Around a sphere the equivalent volume 
is approximately 

Ve^OAR* ( 10 ) 

Around a cylinder the equivalent 
volume is approximately 

Fe = 0.76LR* (11) 

Since regions 2 and 3 on the shields are 
treated as half-cylinders, only half t he 
volume in equation 11 is used. R is the 
radius of the curved edge of the shield and 
L is the distance along the shield edge 
where the gradient is at least 90% of its 
maximum value. 

The oil didectric strength g is read 
from the extended volume ciurve; see 
Fig. 9. For the sample calculation, from 
Fig. 9 the oil didectric strength for region 
3 is 57 kv/cm corresponding to the equiva¬ 
lent volmne of 640 cubic cm calculated 
from equation 11. 

Corona Starting Voltage 

The corona starting voltage is calcu¬ 
lated from the first term of equation 7. 
For region 3 this becomes 

Streamer Extension Voltage 

The streamer extension voltage is the 
second term of equation 7. Xg is the 
length of the probable breakdovra path 
and Rg is twice the cylinder radius. For 
region 3, V,=84 kv. In all cases Xg was 
taken as the shortest distance from the 
region under consideration to the tank. 


Transformer and circuit-breaker oil oan 
be refined and filtered by special means so 
that didectric strengths cfl.n be raised far 
above the levds typical of normal produc¬ 
tion. For example, where one design of 
drcmt breaker has about 18 inches of 
minim u m strike distance. X-ray trans¬ 
formers’ have been built and operated 
successfully at an even higher voltage 
with a minimum oil strike distance of 5 
inches. It is apparent, therefore, that 
any estimate of accuracy of calculation 
must depend on the characteristics of the 
oil used in the test. 

In the company with which the authors 
are associated, certain procedures to main¬ 
tain deanliness are observed when circuit 
breakers are assembled for high-potential 
test. Oil of controlled quality is pumped 
into the breakers. The dielectric strength 
in the 0.1-inch American Society for Test¬ 
ing Materials test gap® is determined along 
with other properties. With the conven¬ 
tional oil-filtering techniques iiRing blot¬ 
ting paper, there is a quite definite prac¬ 
tical limit of dielectric strength- which is 
reached and maintained. Under these 
conditions, any particular design of 
breaker tested to breakdown will exhibit 
breakdown voltages which will have some 
variation from day to day but which will 
have a relatively stable average value. 

Again adhering to the concept of basing 
calculations on dielectric structures which 
are as sunilar as possible to the unknown, 
the oil factor k was first determined by 
averaging the ratios of test withstand 
voltage to calculated reference withstand 
voltage for the first two breakers that 


Reference Withstand Voltage 

The reference withstand voltage is the 
sum of the corona starting voltage and the 
streamer extension voltage, equation 7. 
For region 3 this is 7^=490 kv. As can 
be seen in Table III the reference with¬ 
stand voltage at region 3 is the lowest 
value for that particular circuit breaker. 
The higher reference withstand voltages 
at the other regions are a measure of the 
additional overvoltage required for break¬ 
down at these higher strength regions. 

It must be emphasized that only the 
relative values of these reference with¬ 
stand voltages have significance. For. 
simplicity, they have been calculated on 
the basis of the dielectric strength of the 
oil used by Peek< in 1915. The higher 


were analyzed. This value of k was used 
to predict the breaker dielectric strength 
of the next design, and then after test 
data were accumulated a new value of k 
was calculated including the third design. 
Although this process was continued 
through five designs, the original value of 
the oil factor k did not change by more 
than a few %. 

About the most difficult value to deter¬ 
mine was the average test withstand volt¬ 
age for the breakers. The reason for this 
Was simply that the standardized bushing 
flashover voltage for the air end was 
generally lower than the internal oil with¬ 
stand voltage of the breaker. For some 
breakers, overvoltage bushings were used 
and adjusted for approximate fit. For 
others the breaker dielectric strength 
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data were taken by repeated l-minute 
applications of test voltages below thecrit- 
ical air flashover voltage. Because of 
statistical variations, breakdown might 
occur through the oil or through the air. 
The percentage of oil breakdowns was 
recorded. Then, by simple probability 
methods, the critic^ or average with¬ 
stand voltages were calculated from a 
single standard deviation value. Be¬ 
cause many l-minute applications of volt¬ 
age were often required to obtain a single 
breakdown through the circuit breaker 
oil, and often none would occur, these 
data are limited. 

Using one single average oil factor k 
for five circuit breakers, the critical with¬ 
stand voltages for the pertinent regions 
such as shown in Fig. 1 were calculated 
for the five breakers. The calculated and 
test values are compared in Table I. 

These percentages indicate the error 
which would be expected in the next 
breaker to be analyzed. It is obvious 
from the method of calculation that these 
errors are exactly the same as the devia¬ 
tions of the individual oil factors from the 
average. Therefore, if just one breaker 
were used as the reference in the deter¬ 
mination of the oil factor, it can be seen 
from Table I that the worst error in cal- 
ctilating the breakdown voltages of the 
other four circuit breakers would be 
5+4=9%. 

As was stated in the previous paper* on 
the volume effects, caution should be exer¬ 
cised in extrapolating to a new dielectric 
structure whi^ is radically different from 
the reference design. The data of Table I 
demonstrate that data and performance 
gained with cylindrical tank breakers can 
be translated to lenticular tank breakers 
by this method. However, extrapolation 
to the withstand voltage of a high-voltage 
oil circuit breaker from the calculated 
and test values of withstand voltage for a 
relatively low-voltage oil circuit redoser 
would not be expected to give reliable re¬ 
sults. There are undoubtedly other ef¬ 
fects which are active but which are not 
taken into accotmt in this theory. The 
good correlation between test and calcu¬ 
lated values diould not be accepted as 
proof that the principles posed are entirely 
correct. The calculation method takes 
into account three factors that are un¬ 
doubtedly important: peak electric 
stresses, volume of oil under stress, and 
clearance to tank. Because over-all 
variations of these quantities are not 
great, it is not too surprising that a func¬ 
tion which depends upon these factors in 
approximately the correct manner will 
be useful in yielding fairly accurate prac¬ 
tical results. 


Additional Design Considerations 

On entering this field for the first time, 
one might naturally think that electric 
breakdown would start from the region of 
highest electric stress in the breaker. 
Consistent with the reference withstand 
voltages of Table iH, this does not turn 
out to be even approximately true in pracr 
tice. Fof example, consider regions 1 
and 3 in the sample breaker of Fig. 1 and 
Table III. At the lowest reference with¬ 
stand voltage, the maximum electric 
stress at the rounded comer at region 1 
is 99 kv/cm. Around the rest of the 
bottom periphery of the shield (region 3) 
the maximum electric stress is only 09 
kv/cm. The tni tiimiim electrical clear¬ 
ance from region 1 out of the paper to the 
ta nk wall is not much different from the 
clearance from region 3 to the tank. 
When breakdown occurs, the two ends of 
the arc leave carbonized markings on the 
metal surfaces. In none of the tests wit¬ 
nessed was thwe any evidence of 
streamers being initiated from the high 
stress region 1. On the other hand, when 
sufficient voltage was applied to cause 
breakdown, the streamers would often 
initiate from region 3. 

At various points around the shields 
there are small irregularities and relatively 
sharp edges introduced for convenience in 
mounting. As placed, these edges, which 
cause extremely high localized electric 
stresses, do not initiate breakdown. The 
explanation for this is that the dielectric 
strength of oil is much higher aroxmd sur¬ 
faces with small radii of ctuwature than it 
is around surfaces with large radii of 
curvature. This is the factor for which 
the volume theory* supplies quantitative 
relationships. The relatively small vol¬ 
ume of oil under stress in region 1 (12 
cubic cm in comparison with 640 cubic 
cm in region 3) results in the region 1 hav¬ 
ing a sufficiently high dielectric strength 
(98 kv/an in comparison with 57 kv/cm) 
to withstand the higher electric stress it 
experiences. As developed in the pre¬ 
vious paper,* this unexpected behavior of 
commercial oil results at least in large 
part from the extremely large statistical 
variations which are evident when the oil 
is tested in small volumes. 

In all of the many tests witnessed, the 
breakdown paths have correlated well 
with the calculations. The breakdowns 
occur only from the two or tluree regions 
with the lowest rrference withstand volt¬ 
age and they are distributed in a random 
manner throughout these regions. Con¬ 
sistent with the fact that the length of the 
streamer path Xe has relatively little ef¬ 
fect on calculated withstand voltages. 


streamers often start out from a point in a 
low margin region in apparent ignorance 
of the fact that, in the direction taken, 
the tank happens to be a relatively great 
distance away. However, the streamer, 
initiated by conditions at the shield sur¬ 
face, will often continue to grow in a rela¬ 
tively straight line through a surprisingly 
large distance until the tank is struck and 
breakdown established. 

A corollary of this is that the break¬ 
downs are initiated on the interrupter 
surfaces and not on the tank surfaces. 
Although this conclusion has not been 
established by direct observation, the 
evidence supporting it is strong. Basi¬ 
cally the reason is that the same quantity 
of flux that issues from the small surface 
area of the interrupters distributes itself 
over the large surface area of the tank. 
Therefore, the flux densities and electric 
stresses on the tank surfaces are very 
low. For example, the stress along the 
relatively sharp comer of the bushing 
well of Fig. 1 is so low that it is estimated 
that voltage would have to be increased 
many times before a streamer could 
initiate there. Ftuther strong evidence 
to support this conclusion is simply that 
the carbonized spot, which marks the ter¬ 
minals of the breakdown arc, never seems 
to be found on the dbarp edges which 
exist on the tank surfaces. In order to 
be sharp, the surface must have small 
area, and the chance of a streamer re¬ 
ceiving its direction from the interrupter 
surface and landing on one of these sharp 
edges is obviously remote. There is, of 
course, a limit to how far a rodlike projec¬ 
tion could be permitted to protrude from 
the tank wall in toward the interrupters. 

Consideration of equation 7 and the 
factcMTS which make up its terms yields a 
simple summary of the over-all effects of 
the important variables. It is apparent 
tliat increasing spacing Xc has two effects; 

1. The gradient E will decrease, thereby 
increasing the corona starting voltage Fe. 

2. Each Cm of additional spacing Xc will 
increase the streamer extension voltage F» 
by 3.0 kv. 

Increased electrode radius of curvature 
will have three effects: 

1. In the practical range, the maximum 
stress will decrease. 

2. Because of the increased volume of oil 
under stress, the oil dielectric strength g will 
decrease. 

3. The streamer extension voltage will de¬ 
crease slightly. 

One of the most important conclusions 
from these factors is that there is an opti¬ 
mum radius of curvature for a shield in 
a given location. In so far as it has been 
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possible to verify, the shields in the line 
of steel-clad imptdse circuit breakers 
possess these optimum dimensions. 

Conclusions 

1. A calculation method has been de- 
vdoped for determining the 60-cyde didec- 
tric "withstand voltages for oil-circuit- 
breaker designs while they are on the draft¬ 
ing board. ' 

2. The calculated withstand voltage is the 
sum of a corona starting voltage gn/i a 
streamed extension voltage. 

3- The corona starting voltage is deter¬ 
mined from the oil dielectric strength (kv/ 
cm determined by the volume theory*) and 
the decbtic stress determined from scale 
models in an dectroljdic tanir , 

4. The streamer extension voltage is deter- 
imn^ from the slope of the needle gap curve 
in oil. The hypothesis is that, once the 
streamer extends out into the oil for a few 
inches from a curved dectrode, it assumes 
the same characteristic as a streamer which 
has extended from a needle. 

The calculation method checks known 


data on disk gaps and spherically ended rod 
gaps with satisfactory accuracy; see Figs. 4 
and 5. 

6. As predicted by the calculations, break¬ 
down doM not occur at the regions of high¬ 
est dectric stress in the breaker. The oc¬ 
currence of a breakdown is controlled by a 
combination of factors induding the peak 
dectric stress, the volume of oil which feels 
this stress, and the distance to the opposing 
dectrode. 

7.. Breakdowns in general initiate from the 
interrupter and travd to the tank. Conse¬ 
quently, minor irregularities on the i-ntilr 
surfaces are not detrimental. 

“ew line of sted-clad impulse 
oil drcuit breakers, dectrostatic shidd cur- 
yatmes ^d general shapes were determined 
initially in the dectrol 3 ^c tank and verified 
by full-scale performance tests. In so far as 
it has been possible to check, these dimen¬ 
sions are optimum. 

9. When based on known performance of 
didectric structures which are similar to 
the unknown, as in comparing cylindrical 
tank and lenticular tank breakers of differ¬ 
ent voltage ratings, accuracy is in the ranee 
of 5 to 10%. 
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Discussion 

W. M. Leeds (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): After 
Mme 26 years of observing the exasperating 
mconsistency of dectrical breakdown in 
high-voltage oil circuit breakers on 1- 
mmute insulation tests, it comes as some- 
WMt of a surprise to read this paper in 
wnich It is clsitned tliat an equation has 
been^ devdoped which will enable one to 
predict the breakdown value for a new 
c^uit-breaker design with an accuracy of 
o% or better. Even though the factor k 
is introduced in equation 8 to cover mis¬ 
cellaneous items such as variations in oil¬ 
handling practices, surfaces, finishes, etc.. 
It IS still claimed in the section on “Accuracy 
of Calculations” that k varies only a few % 
between different designs of the same gen¬ 
eral type. The authors admit that “any 
particular design will have some variation 
from day to day, but will have a relatively 
stable^ average value.” Actually these 
variations from day to day may sometimes 
be much more than 6% so that breaker 
testmg sometimes appears to be more a 
question of testing the quality of the oil 
lather than the integrity of the rest of the 
breaker insulation. 

I mention these points because consider¬ 
ation of random oil impurities imder com¬ 
mercial handling conditions can lead to a 
somewhat different and perhaps equally 
plausible explanation of the volume theory 

of didectric strength from that given by the 

authors based on the so-called “weak-link” ' 
theory; . 

This paper unfortunately omits almost all 
rderence to the time factor in the applica- 
of voltage. In considering a steel 
Main under tension, time under test may 
be relatively uiiimportant, since it would be 
eiqjected that if "the weakest link in the 
will withstand a given load for 6 seconds it 
may well hold up for 6 minutes or longer 


at the ^me load. But not so with oil. 
Many times it has been observed that a 
circuit breaker holds voltage on a 1-minute 
test for 30, 40, 60, 66, seconds and then a 
flashover occurs just before the 60 seconds 
are up. What happened? It is hardly to 
be expected that the curvature of the shidds 
would change or the sparing to the walls 
grow less. Did the oil just get tired of 
holding voltage after 66 seconds? Does it 
not seem logicd that under normal test 
conditions particles of some contaminant 
such as water or cotton lint or suspended 
metal partides may gradually float into the 
the field, changing the gradient at a critical 
point so that a streamer darts out and 
results in breakdown? Evolution of gas in 
the oil or rde^e of gas from dectrode pores 
by the dectric field are other examples of 
time-dependent phenomena which may 
cause delayed breakdown. 

Now carr 3 dng the reasoning a little 
further, in a circuit-breaker tank where 
there are a number of possible breakdown 
paths of approximately the minimum spac- 
mg to the walls, corresponding to a large oil 
volume under 90% stress or more, would it 
not be reasonable to suppose that, granting 
a few impurities in the oil, there would be 
an observable increase in the probability 
that one or more particles would drift or be 
drawn into the highly stressed locations and 
cause breakdown than would be the case in 
a different design with high electric stress 
concentration at just a very few locations? 

I should like the authors to comment on 
this, and also to state the rate of application 
of voltage used in the basic test work, and to 
explain how 1-minute hold test results can 
be related to those tests where the voltage is 
continuously raised to the point of break¬ 
down. 


G. M. L. Sommerman (Westinghouse Elec¬ 
tric Coloration, East Pittsburgh, Pa,): 
The equivalent volume theory or weak-link 


probabUity theory of electrical breakdown 
advanced by the authors leads to the in¬ 
verse dependence of dielectric strength 
(expressed as a maximum potential gradi¬ 
ent) on the equivalent volume of oil under 
stress shown in Figs. 9 and 10. There is 
much experimental evidence for this in 
rapid-rate-of-rise breakdown tests on insu¬ 
lating liquids, such as those of Peek. Even 
the results of Miner (reference 6 of the 
paper), who used the hold-test procedure 
from 1 to 10-minute durations on oil with 
hemispherically ended rod elecfrodes, when 
a^yzed by Wilson, Streater, and Tuohy, 
jdeld the inverse dependence of strength 
versus stressed oil volume shown in Fig. 10. 

As shown in hfr. Wilson's pre'rious paper 
(^erence 3 of this paper), this same proba- 
bihty theory leads to another conclusion; 
i.e,, the de'riation in electrical breakdown 
results is less when a large volume of liquid 
is under high stress than when only gtnaii 
hquid volumes are so stressed. In looking 
for recent data on oil breakdown which 
included deviations in the experimental 
results, we have found informative values 
in the work of A. Roth. ^ Roth’s tests were 
made on technically pure oil, at 60 cycles per 
second (generally accepted as equivalent to 
60 cycles per second for hquids) and a voltage 
rise of 10 % in 10 seconds. Electrodes investi¬ 
gated included concentric cylinders, equal-di¬ 
ameter parallel cylinders, cylinder-to-plane, 
equal spheres, sphere-to-plane, point-to- 
pomt, point-to-plane, and parallel 4-edged 
pnsms. The results for oil-breakdown- 
sfrength dependence on electrode configura¬ 
tions, size, and spacing, are remarkably 
similar to those of Peek for similar electrode 
configurations, e^ecially when the longer 
voltage-application times used by Roth are 
considered. 

What I wish to emphasize here, however, 
is that Roth’s values of percentage devi¬ 
ations in breakdown strriigth usually in- 
cre^e rather than decrease when increasing 
equivalent volumes of highly stressed oil are 
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considered in tests with various electrode 
or spacings. This is contrary to the 
prediction of the equivalent volume theory. 
Thus, for moderately widely spaced spheres 
or parallel cylinders (spacings of 5 to 10 cm, 
comparable to the electrode diameter), the 
equivalent volume as defined by the authors 
increases with increasing electrode diam¬ 
eter. Therefore, when the diameter of such 
electrodes is increased, the equivalent 
volume theory predicts lower maximum 
breakdown stresses and lower deviations in 
the results. The measured deviations in 
the results actually increase significantly 
with increasing electrode diameter in most 
cases. 

In these cases it is true, as stated in the- 
foregoing, that Roth’s maximum break¬ 
down-stress values for the oil do decrease 
with increasing electrode diameter (in¬ 
creasing equivalent oil volume). For "iso¬ 
lated” cylinders and spheres (spacings 
greater than two diameters and one diam¬ 
eter respectively), increasing the electrode 
spacing does not appreciably change the 
equivalent oil volume as defined. The 
theory predicts unchanged values of maxi¬ 
mum breakdown stress (except for the 
voltage increment for streamer extension) 
and unchanged deviations in the break¬ 
down test results. The deviations meas¬ 
ured by Roth always decrease significantly 
with increasing electrode spacing in the 
range from 10 cm to 30 cm (in many cases, 
beyond 30 cm) for the electrodes cited. It 
is true for the large spacing region, also, that 
the measured maximum breakdown stress 
increases (at least slightly) as the spacing 
increases; this is in accordance with the 
prediction of the equivalent volume theory 
as amended by the supplementary streamer 
extension voltage hypothesis. 

The increase in percentage deviation in 
the maximum breakdown strength of oil 
found by Roth for increasing electrode 
diameter may be explained by -thinking in 
terms of the larger electrode areas in contact 
with oil at or near maximum stress, and by 
postulating electrode imperfections such as 
microscopic points or minute pores, and/or 
imperfections arising from solid particles 
from the oil either on the electrodes initially 
or driven there by the electric field as the 
test voltage is raised. From the principle 
of simplicity, we can assume (for a given 
degree of care in fabricating electrodes and/ 
or a given density of solid particles in the 
oil) that the surface density of these types of 
imperfections will be independent of spatial 
co-ordinates in the high-stress regions of the 
electrodes. Thus, the probability of occur¬ 
rence of a damaging imperfection will be 
proportional to the electrode area adjacent 
to oil at high stress. Therefore, the proba¬ 
bility of obtaining measured breakdown 
strengths which are much less^ than the 
mean strength in a set of tests will increase 
with the "equivalent electrode area.” (The 
equivalent electrode area might be defined 
as the surface area for which the electric 
stress is within, say, 10% of the maximum.) 

Such an electrode-surface-imperfection 
theory would be another of the weakest-link 
probability type. It would be consistent 
with the observed larger deviations in 
breakdown values as well as the observed 
lower maximum breakdown stresses for 
technical-grade mineral oil in Roth’s tests 
with the electrode types described in this 
discussion.. It would also account for the 
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lower measured breakdown values obtained 
by Peek and others when oil is tested be¬ 
tween disks of increasingly large diametem. 

The quality factor analogous to & in 
equation 8 would become a factor related 
not only to oil quality but also to electrode 
surface quality. The oil qu^ty might 
include resistance to microscopic ionization 
due to electron emission from the micro¬ 
scopic points on the electrodes, or the some¬ 
what more severe corona in oil from larger 
imperfections or particles on the electoodes, 
as well as the usual dependence on moisture, 
particles, rtc., in the commercial oils. Oil- 
failure mechanisms consistent with this 
tTiInVing would abo explain the observed 
decreases in oil breakdown strength and 
observed increases in deviation of measured 
oil strengths with increasing time of voltage 
application. 

As another point of this discussion, we 
might consider the streamer extension 
voltage introduced by the authors to ex¬ 
plain the greater maximum breakdown 
strength of oil with greater electrode spac¬ 
ings for the “isolated-electrode” range of 
spacings. From the values given in the 
authors’ example for a large oil circuit 
breaker of a certain design, it is seen that 
fhifi streamer extension voltage (84 kv rms) 
is more than 20% of the corona starting 
voltage (406 kv rms) and therefore more 
thflti 17% of the total calculated withstand 
voltage. These percentages should be true 
for the actual withstand voltage of the 
circuit breaker as well as the reference with¬ 
stand voltage. Since the authors state 
later in the paper that the breaker-design 
confirmatory withstand tests were usually 
run at about 90% or more of the limiting 
voltage and that oil failures were sometimes 
observed in these breaker-design confirma¬ 
tory tests, the following question arises. 

Is corona in the oil observed in these oil 
circuit breakers when they are tested at the 
design-limiting voltage? Corona in oil at 
these test voltages is certainly indicated by 
the authors’ treatment of the problem, at 
least according to my reasoning which 
indicates that the test voltage is from 7 to 
17% above the corona starting voltage. 
If the answer to this question is "maybe,” 
it would be worth while to try to measure 
the corona starting voltage by the various 
means now available for measuring 60- 
cycle-per-second corona. If the answer is 
"yes,” it is indicated that another means is 
available for checking design calculations, 
quality of fabrication, quality of materials, 
etc. Also, it means that there is another 
property of the oil to be investigated and 
maintained, i.e., the ability of the oil to 
withstand corona dia:harges, at least for 1- 
minute-hold tests. 
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Dr. Amandus H. Sharbaugh (General Elec¬ 
tric Research Laboratory, Schenectady, 
N. Y.): For several years we have been 
interested in measuring an electric strength 
of liquid systems which will be dependent 
upon the molecular constitution of the 
liquid.^ To do this it has been necessary to 
eliminate several external causes of prema¬ 
ture breakdown of the liquids; e.g., it is 


necessary to use hig^y polished el^trode 
surfaces and carefully fiiltered liquids. 
Furthermore, continuous monitoring of the 
breakdown gap by a microscope is necessa^ 
to insure the absence of suspended material 
in the high field region. When using elec¬ 
trode spacings of the order of 0.002 inch 
and pure liquid hydrocarbons, it has been 
observed by us and others® that single 
particles of dust as small as 0.0001 inch in 
diameter can cause lowering of the break¬ 
down voltage by as much as 100 %. As pro¬ 
posed in the present paper, it therefore 
cp pms reasonable that the rupture voltages 
measured in commercial oils may be deter¬ 
mined by the volume of liquid under high 
stress, since it is likely that a uniform sus¬ 
pension of dust particles obtains in such 
samples. The relative importance of the 
area and the separation of the electrodes in 
determining this volume needs to be in¬ 
vestigated. 
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W. R. Wilson, A. L. Streater, and E. J. 
Tuohy: The discussers seem primarily to 
request expansion of the concepts and data 
of the subject paper and of its forerunner 
which introduced the statistical volume 
theory of the dielectric strength of oil. 
Furthermore, at the Winter Meeting at 
least four of the presentations of papers on 
dielectric phenomena included reference to 
these basic probability concepts. Among 
these was a paper by Dr. Gauster,^ whi^ 
was largely a discussion of the first statis¬ 
tical volume theory paper.® In these 
various comments no disagreement was 
indicated with the primary hypothesis that 
probability effects are a major factor deter¬ 
mining the average dielectric strength of 
commercial oil around electrodes of different 
geometries. However, the composite of 
these comments indicates the desirabihty of 
presenting certain test and analytical data, 
not previously published, to clarify exactly 
why an H on what basis some of the steps 
were taken in the quantitative approach. 

Early Stages 

The investigations reported in the two 
statistical volume theory papers actually 
started in 1944 in an area of Uquid dielec¬ 
trics so markedly different in dimensions 
that it would seem, at first glance, l^t 
there could be no pertinent conn^tion. 
The present investigation concerns the di¬ 
electric strength of oil circuit breakers; the 
former was concerned with the microscopic 
pool of liquid dielectric at the edges of 
liquid-impregnated paper-foil capacitors. 
As alternating voltage is raised on su^ 
capacitors this pool of liquid finally breaks 
down, defining a corona starting voltage. 
A large amount of data had been t^en m 
fundamental investigations*** of this phe¬ 
nomenon when the striking fact was 
that capacitors with short lengths of foil and 
paper had much higher a.verage corona 
starting voltage than capacitors with long 
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lengths of foA. Another way of stating this 
IS that for id^tical dielectric thi(>Irn<»s 5 j the 
corona starting voltage decreases with 
increasing capacitance. 

As demonstration that the effect is large 
and significant. Fig. 11 shows that short 
capacitor rolls had 60% higher average 
corona starting voltage than rolls that con¬ 
tained 100 times the foil edge length. In 
each case the nominal metal-to-metal clear¬ 
ances and electrostatic flux plots were 
identical. The fact revealed was that the 
dielectric strength of the liquid in the pool 
at the foil edge dropped in a regular mantiA^ 
as the length of foil edge under electric 
str^ was increased. Furthermore, as is 
mdicated by Fig. 11, deviations from the 
average were reduced very significantly, 

^ These facts find their explanation in very 
simple weakest-link probability relation- 
^ips which are important throughout the 
field under discussion. If there are ten 
capacitors, each of unit foil length, and they 
are tested -separately, the average corona 
startmg voltage for the ten will certainly be 
higher than the value of the weakest one. 
If, however, all ten are tested connected 
electrically in parallel, thus representing one 
capacitor of ten times the length, the dielec¬ 
tric streng^ will be that of the weakest 
unit. It is obvious, therefore, that the 
average corona starting voltage must drop 
as the length of foil increases. The early 
paper on weakest-link phenomena® 
the mathematical relationships which tell 
as a function of standard deviation approxi¬ 
mately how much this decrease should be. 


T^e example referred to there is that of 
Fig. 11 of this discussion. Fig. 1 of the 
first statistical volume paper* presents the 
results of the mathematics in graphical 
form for general ums. This phenomenon 
has a direct and important manifestation in 
the design of capacitors, and its existence is 
firmly establidied. 

The writer of the first paper* spent 7 
years working directly on development 
programs in a high-voltage dielectric testing 
laboratory in the transformer plant in 
which F. W. Peek had taken his original 
data. An additional 6 years were spent at a 
s'witchgear plant in work closely associated 
with this type of activity. Just as Dr. 
I^eds comments, the exasperating incon¬ 
sistency of electrical breakdown was ob¬ 
served. However, the very presence atid 
persistence of the wide statistical variations 
leads mathematically to the large reduc¬ 
tions of dielectric strength of oil with in- 
crej^g regions under stress that are the 
subject and conclusion of the two papers 
under discussion. 
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Fig. 13. Probability plot of Rogowsici gap 
data for 1 -inch- and 10 -inch-diameter gaps at 
0.254-cm spacing 


Basic Example 

It will be helpful to present one complete 
basic example of this weakest-link phe¬ 
nomenon in bulk oil so that it can be used in 
discussing various points throughout the 
closure. The two uniform field gaps (based 
on the Rogowski contour) shown in Fig 12 
were immersed in the same oil at the same 
tme and tested by appl 3 dng rapidly rising 
60-cycle voltage alternately, first on one gap 
and then on the other. The results of one 
typical run of such tests are shown as a 
probability plot in Pig. 13. The two sets 
of data are given in Table IV. 

The fact of major importance here is that 
even though the metal-to-metal olparffTipfs 
were identical at 0.254 cm the smaller gap 
broke down at 36 kv average rms while the 
larger gap with 100 times the region under 
stress broke down at only 23 kv average 
rms. 

Using the data given in Table IV and 
equation 1 of reference 2, the breakdown of 
the larger gap can be calculated from that 
of the smaller gap 

g=200 -2.6 X33.4=:117kv/cm ( 12 ) 

The calculated breakdown voltage for the 
larger gap is then 




Fig. 12 . One-inch- and 10-inch-diameter 
Rogowsici gaps 


117X0.264/'\/2 »21 kv 

in comparison with the 23-kv test value. 

This calculated gradient for the large area 
gap can also be read directly from the proba¬ 
bility plot. Fig. 13, at the 1/174-1 = 1% 
point for the small area gap. This simple 
method indicates the basic causes of the 
reduction much more directly than does the 
equation. 

Errors 

. The calculation method is clearly stated 
to apply only to small extrapolations from 
structures of known performance. In spite 
of this, the error in the foregoing 100 to 1 
^trapolation is only 10%. One reason is 
that for small extrapolations the calcula¬ 
tions involve only an adjustment increment 
(see equation 12) subtracted from the 
established value. If, e.g., the total adjust¬ 
ment due to statistical factors were 10%, 
and if it were 20% in error, the resulting 


c^culated value would be in error by only 

2 %. 

The ratio of volumes in the basic example 
was selected purposely to emphasize errors. 
In this vein, the authors have also noted, as 
commented upon by Mr. Sommerman, that 
standard deviations do not seem to drop as 
much with increasing volume as is indicated 
by normal probability. Of course, when 
ele^ode radii are made sufficiently gmoti 
with respect to spacing, they act like nee¬ 
dles, and standard deviations are markedly 
reduced. This, is, however, a different 
field than that now being discussed. Table 
IV^ows this type of error for the uniform 
field gaps. From normal probability, one 
would expect (see Fig. 1 of reference 2) that 
tte standard deviation would drop from 
33.4 kv/cm to 13.6 kv/cm instead of only 
to 27,1 kv/cin* The reason is not under- 
stood. As was stated in the original paper, 
normal probability, is only approximately 
correct, and “more complete statistical 
a^ysis will probably be made." Addi¬ 
tional uncertainty lies in the fact that the 
reduction of statistical deviations generally 
experienced as spacing is made large is 
neither ^plained by nor inconsistent with 
the statistical volume theory. Although 
these unanswered problems concerning 
standard deviations may constitute clues 
to the future investigator seeking more pre¬ 
cise statistical relationships, they do not 
seem to influence the calculation of break- 
do^ voltages over small extrapolations. 
This was one reason for basing the equiva¬ 
lent volume curves on test data and thereby 
eliminating dependence upon statistical 
mathematics. 

These same data indicate the large 
errors that may result if the correction term 
is permitted to become large. If an 
attempt is made to calculate the dielectric 
strength of the small area gap of Table IV 
from the data for the large area gap, the 
factor A becomes so large that it is well off 
scale on Fig. 1 of reference 2. By extrapo¬ 
lation it is estimated that the adjustment • 

Table IV. Breakdown Test on Uniform Field 
Gaps at 0.254-Cni Spacing in IOC Oil 


Diameter, 

Breakdown 

Standard 

Gradient, 

Deviation, 

Inches 

Kv/Cm 

Kv/Cm 

10. 



1. 
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Table V. Dielectric Strength of 1 •Inch-Diameter Uniform Field Gaps in Unagitated and 

Agitated IOC Oil 


Spacing, 

Cm 

No. of 
Tests 

Average 
Breakdown 
Gradient, 
Ev/Cm Crest 

Standard 
Deviation, 
Kv/Cm. Crest 

Difference in 
Breakdown 
Gradients 
by Test, % 

Calculated 
Difference in 
Breakdown Gradients 
(Volume Theory), % 




TTnagitated Oil 



0.264.... 

....120.... 

.202. 

.86.6. 

. 6. 

..11 

0.608.... 

....120.... 

.193. 

.24.8 






Agitated Oil 



0.264.... 

_ 40... 


.38.7. 

.14.... 

.16 

0.608.... 

_ 40... 

.118. 

..83.4 





Fig. 14. Comparison of calculated and test 
curves of dielectric strength for isolated 
spheres and cylinders 


increment ^<r is substantially larger than 
the breakdown voltage for the large area 
gap and that the error of calculation is in 
the neighborhood of 2 to 1. 

Arba Versus Vouumb 

It is a real puzzle to establish with cer¬ 
tainty whetlier the statistical relationships 
actually depend upon the volume or upon 
the surface area under relatively high stress, 
or perhaps on some combination of the two. 
In the circuit-breaker calculations, che(±s 
indicate that either could be used with 
about equal success. The reason is that for 
most electrodes it is difficult to get a large 
increase in area without also finding a 
corresponding large increase in volume. 
For example, the uniform field gaps of 
Table IV have the same ratios of area and 
volume. For sphere gaps of different radii 
.but of the same spacing (referred to in the 
discussion of Gauster's paper^) area and 
volume calculations give exactly the same 
values. With the capacitors of Fig. 1, it is 
impossible to tell whether the proper vari¬ 
able is length, area, or volume. 

These tests, and the electrodes of classical 
shapes discussed in the original paper,* 
indicated that the weakest-link or proba¬ 
bility effects were important. The hypoth¬ 
esis was made that the effects were so 
important that they masked all the vari¬ 
ables and that approximate calculations 
could be made based on them alone. On 
carrying out the calculations, volume was 
selected simply because Peek’s empirical 
data a»d curves were fitted mu^ better 
by the statistical volume calculations than 
by statistical area calculations. By choo^ 
ing different standard deviations both 
methods could be made to work fairly well 
for relatively large radii. 

Actually area was tried first because it 
was simpler. Fig. 14 compares calculat^ 
and test results. Exactly parallel to the 
equivalent volume c^culations, the^ dielec¬ 
tric strength curves for spheres at diameter 
spacing were calculated by f<wing the 
to pass through the two points at 2?=1.27 
and 2? “6.25. Area varies as the radius 


squared, so a standard deviation ((r»21 
kv/cm in comparison with ff“15.7 kv/cm 
for volume) could be calculated, on which 
the entire sphere gap curve could be based. 
Fig. 14 shows that the correlation is again 
remarkably similar to that obtained by the 
volume hypothesis. 

Still parallel to the equivalent volume 
calculations, it was assumed that one- 
quarter of toe surface area of a sphere at 
diameter spacing was under relatively hig^i 
stress. From this the isolated cylinder 
curves were calculated. However, these 
curves showed insufficient variation of 
dielectric strength with radius. When a 
bi ghf^r value of standard deviation was 
assumed, toe entire cylinder curve was too 
low and toe sphere gap curve did not match 
well. When looked at by itself, toe cylinder 
gap curve could be matched with a hi^er 
standard deviation, but the value (about 
37%) appeared much higher than encoun¬ 
tered in test (altoou^ this could result 
from combined surface defects and oil de¬ 
fects). It was postulated that the actual 
performance is probably a combination of 
volume and area effects, but that the 
accuracy of toe data and of the calculation 
method were not adequate to attempt 
separation. Both effects were lumped to¬ 
gether in toe statistical volume calculations. 

These volume calculations check very 
well, as shown in Fig. 3 of toe original 
paper.* The major reason is simply that 
for spheres toe volume varies as the cube of 
toe radius and surface as toe square. For 
cylinders the volume varies as the square of 
the radius and surface area as the first 
power. Similar calculations for ffielectric 
strength for sphere gaps as spacing b re¬ 
duced show that higher standard deviations 
are required to check Peek’s data on the 
area basis than on the volume basis. As is 
indicated in toe two papers, these correla¬ 
tions may possibly turn out to be a fortui¬ 
tous combination of effects which happens 
to work rather than a verification of the 
exact h 3 rpotoesis made. 

Mr. Sommerman’s statement toat statis¬ 
tical devUitions should increase with surface 
area and decrease with equivalent volume is 
not understood as stated. From normal 
probability conadesrations, both should 
decrease. 

Attempts at direct experimental deter¬ 
mination as to whether area or volume is 
most important were made by testing uni¬ 
form field gaps at different spacings. How¬ 
ever, dielectric strength reduces so gradu¬ 
ally with increased volume that predicted 
results for a 2-to-l change in spacing are 
emflll. Furthermore, toe equivalent vol¬ 
umes calculated for spheres and cylinders 
occupy such thin layers that plane parallel 
gaps separated by these distances are 


apparently influenced by floating particles 
which can bridge toe gap (see reduced di¬ 
electric strength at very small spacings 
showed by Farmer*). Consequently, a 
volume effect may conceivably be in control 
for small radii but be gradually replaced by 
an area effect with relatively flat electrodes. 

Table V lists two series of tests with uni¬ 
form field gaps at different spacings. The 
first, with unagitated oil, shows some drop 
in dielectric strength with increased spacing. 
According to toe area theory, there should 
be no drop. The second, with oil agitated 
before each test, toows appreciable drop 
with increased spacing, which is almost 
exactly as predicted by toe volume calcula¬ 
tions. Analysis of the data showed that 
this difference in dielectric strength is sta¬ 
tistically significant. Thus it appears that 
volume effects may be more important 
^to some oils than with others. 

PuRiPiBD Oils 

With highly purified oil in small volumes. 
Dr. Sharbaugh obtains dielectric strengths 
in toe thousands of kv/cm as contrasted 
with 60 kv/cm for commercial oil around 
large cylinders. Furthermore, his purified 

oil has markedly lower statistical deviations. 

What causes the great difference betwem 
toe highly purified and the commercial oil? 
At least one important factor is proved by 
Dr. Sharbaugh to be particles floatinjB: in the 
oil. One such particle can reduce dielectric 
strength till it compares wito that for very 
snmll volumes of connnercial oil. Just as 
statistical mechanics yield composite pres¬ 
sure and temperature effects resulting from 
random velocities of myriads of dectrons, 
no one of which is known, so toe statistical 
volume or area mathematics seems to sdeld 
composite effects of myriads of particles and 
other impurities, each having unknown 
individual effect. 

On, Flow 

We have also noted oil flow aroimd the 
gaps under stress. Undoubtedly tois is one 
factor toat contributes to toe Idgh statis¬ 
tical deviations, and is therefore included in 
toe statistical theory calculations. How¬ 
ever, toe vdocity of flow appears to be rela¬ 
tively small around uniform field dectrodes 
in comparison with electrodes with rela- 
tivdy small radii. Perhaps effects of s^- 
induced oil flow can be separated from the 
other variables in toe future. It is doubted 
that Dr. Leeds believes that variations dis¬ 
appear on impulse, where there is no tune 
for oil flow. 

Time Delay 

Concerning time delays of breakdown in 
60-cyde 1-minute hold tests. Dr. Leeds asks 
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rf the ofl just gets tired and then breaks 
down. Exactly the same phenomenon is 
^countered with air. At high altitude, 
delays of minutes are common’ until a cos¬ 
mic ray or other ionizing force happens to 
exert itself at the right spot. What little 
volume effect appears in atmospheric air at 
small spacings and with small spheres is 
probably caused largely by such variations. 
The number of free electrons released in air 
is proportional to the volume of air under 
stress. By analogy, this is at least one 
hypothetical process that might contribute 
to time delays in oil and not depend upon 
flow of oil into the region. Although it is 
outside the scope of this paper, reduction of 
average dielectric strength with time is one 
factor predicted by the weakest-link mathe¬ 
matics, if there is variation from test to test 
of the same material. A 1-minute test 
might be expected to 3 ^eld an average 
bre^down voltage at least as low as the 
minimum found in ten short tests of 6 
seconds each. However, no attempt has 
been made to establish the importance of 
this factor in comparison with others, and 
there is no reason at present to expect good 
correlation with it alone. 

Corona 

We agree with Dr. Leeds that the 60-cycle 
high-potential test, after design performance 
has been established, is primarily a test of 
the oil rather than of the circuit breaker. 
Mr. Sommerman, however, seems to be 
concerned over the deterioration of the oil 


due to corona which might appear for 1 
minute during a high-potential test. Even 
if such a corona were to occur (which cannot 
be established either way from the papers), 
it would seem that such ofl deterioration 
would be infinitesimal compared with that 
caused by normal power interruption. 

Concerning Dr. Leeds' question about 
there bemg more probability of impurities 
drifting into a large volume field ttign g 
small volume field, statistical volume effects 
are relatively small in comparison with the 
effects of shield radius on the electric fipld 
and of clearance to tank. The probability 
of breakdown or of corona streamers start- 
mg reduces extremely rapidly toward zero 
as the electric stress is reduced. All 
effects are combined to produce a breaker 
which will withstand the particular voltage 
desired for it. 

On, Factor 

The oil factor k has caused so much 
speculation that the final value obtained by 
averaging the five breaker performances 
should perhaps be given. By chance, this 
arbitrary factor, introduced to include 
variations from Peek’s off, turned out to be 
k ** 1.00. This was withheld previously 
because of concern that a false impression 
of a higher level of accuracy than was war¬ 
ranted for absolute values might be created. 
Perhaps this point has now been made with 
adequate emphasis. 

It is assumed that Peek’s oil was of ' 
slightly less strength, but his rapid-rise 


tests of unknown rate, plus other miscel¬ 
laneous differences, brought his numbers 
mto agreement. Mr. Sommerman also 
comments on the nice agreement between 
Peek s data and other more modern data. 
Circuit Brbaebrs 

The breakers described in this paper were 
^ developmental. Dielectric strengths 
have been increased still further by subse¬ 
quent improvements so that it would be 
very diflScult to obtain breakdown averages 
without the use of special, oversized bush- 
mgs or other subterfuges. 

Rbpbrbncbs 


W i - '-UMMBRCIAL on,. 
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2. See reference 3 of the paper. 
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Short-Circuit Currents and Circuit- 
Breaker Recovery Voltages Associated 
with 2-Phase-to-Ground Short Circuits 


statemrats regarding the excess currents 
the excess voltages which may occur 
in connection with a 2-phase-to-grpund 
fault, followed by the conclusions. A 
more detailed discussion supporting the 
statements made in the paper is given in 
the Appendix. 


W. F. SKEATS 

FELLOW AIEE 


I T HAS been shown^"** that under 
certain conditions both the current 
in one phase of a 2-phase-to-ground short- 
circuit, Fig. 1 , and the normal-frequency 
recovery voltage for this phase may 
exceed values arising from any other 
type of fault at this location except that, 
in the process of clearing, a 3-phase 
pounded fa^t passes thrckigh a stage 
in which it is a 2-phase-to-ground fault 
and is there fore subject to the same 

Paper^5-221, recommended by the AIEE Swltch- 
approved by the AIEE 
• ««r^**t* Operations for presenta- 

Vorir*Kr*v Wtoter General Meeting, New 
York, N.^y January 31-February 4,1965. Manu- 
acnpt submitted October 21, 1964; made available 
for printing December 8, 1964. “vauawe 


currents and voltages. Also, the norm 
frequency recovery voltage of whiche^ 
phase clears first can approach line-1 
line voltage when the zero-phase-sequen 
impedance approaches a pure resistan 
of high ohmic value. Although the 
facts have been little recognized 
circuit-breaker application, with the r 
suit that the recognized currents at 
voltages are lower than those indicate 
in references 1, 2, and 3, there appea 
to be veiy little resultant adverse e 
perience. In this paper the facts i 
regard to current and voltage magnitudi 
are reviewed and some factors thj 
may be responsible for the lack of advers 
experience are discussed. The body ( 
the paper consists of a series of summar 


Excess Currents 

With certain values of neutral re¬ 
sistance, either in the fault or in the 
source neutral, the currents in one phase 
of a 2-phase-to-gtound fault may exceed 
those corresponding to either single¬ 
phase-to-ground or 3-phase short circuits 
by values up to 15 per cent. Values are 



Fig. 1, A 2-phase-to-ground short circuit 
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Tis. S (1^). Ratio 
of S-phase-to-ground 
short’Cireuit currents to 
highest of 3-phase 
cunent or singie-phase- 
to-ground with v^O 

u + Jv *= (r#+ixo)/(ri + 


given in curve form for a wide range of 
conditions in Fig. 2. 

The normal-frequ^cy recovery voltage 
in the phase in which this excess current 
occurs, if this phase, clears first, Hes in 
the range from a little above leg voltage to 
values above line-to-line voltage, depend¬ 
ing upon the ratio of zero-phase-sequence 
resistance to positive-phase-sequence re¬ 
actance (provided po^tive-phase-se- 
quence resistance is negligible). Values 
are ^own in curve form in Fig. 3. 

The values of neutral resistance giving 
rise to these high currents are not likely to 
occur except in tower-footings or other 
fault-grounding resistances in high- 
voltage transmission lines. 

With present circuit-breaker ratings, 
only a few miles of transmission line are 
necessary to reduce short-circuit currents 


Fig. 3 (right). Recovery 
voltage of first phase to 
clear of S-phase-to- 
ground short circuits 

u+jv'*(re+jX(D/(«i+ 


to the point where the 15-per-cent 
increase will be insufficient to bring the 
short-circuit current up to that available 
at the station. Specific values are 
given in Table I. 

Where the transmi^on line has a low- 
resistance groxmd wire solidly tied in to 
the station neutral, 2-phase-to-ground 
short-circuit currents in the first few 
miles of Une may exceed the current 
available from other t 3 rpes of diort circuit 
at the particular fault location. Unless 
the ground-return current is forced 
through a higher resistance than that of 
the ground wire itsdf, e.g., as by the 


Table I. Range of Resistance Values Causing 2-Phase-to-Qround Short-Circuit Currents in 
Excess of 3-Phase Short-Circuit Current When Single-Phase and S-Phase Short-Circuit Cunents 

Are Equal 


ITeutral Resistance Values Calculated for 
Design Voltage, Ohzas 


Voltage, 


Megavolt- 

Amperes 


Corresponding Min i m um 
Reactance at for 5- For 
Wa-rimitin Per-Cout Mazimum 
Design Volt- Current Current 
age. Ohms Increase Increase 


Mazimum 
for S- 
Per-Cent 
Current 
Increase 


No 

Increase 


69 .. 1,000... 

1,600... 

2,600... 

8,600... 

116 . 1,600... 

3,600... 
6 , 000 ... 
138 ....... 8,500... 

6 , 000 ..;, 
10 , 000 ... 

161 . 6 , 000 ..; 

10 , 000 ... 

280 .......6,000... 

10 , 000 ... 

16,000... 

287.6...16,000... 

880 .......16,000... 

' 25,000... 



. 5.26_ 

...0.37... 

,.'.2,00.. 


, 6.16... 

... 9.10., 



. 3.60... 

...0.24... 

...1.33.. 


. 4.10... 

... 6.06.. 



. 2.10... 

...0,16... 

...0.80.. 


. 2.46... 

... 3.63.. 



. 1.60... 

...0.10,,, 

...0.67.. 


. 1.75... 

... 2.60.. 



. 9.76... 

...0.68... 

...3.70., 


..11.40... 

...16.90.. 



. 4.18... 

...0.29... 

...1.69.. 


. 4.90... 

... 7.28.. 



. 2.93... 

.,;0.20.., 

...1.11., 


..3.43... 

... 6.07.. 



. 6.01... 

...0.42... 

...2.28,. 


,. 7.03... 

...10.40.. 



, 4.20... 

...0.29... 

...1,60,. 


.. 4.92... 

... 7.26.. 



. 2.10... 

...0.16... 

...0.80,, 


.. 2.46... 

... 8.63.. 



. 6.72... 

...0.40... 

..;2.17,. 


.. 6.70.,. 

...9.89.. 



. 2.86... 

...0.20,., 

...1.08,. 


.. 3.36... 

... 4.95.. 



,11.72... 

...0,82... 

...4.45.. 


..13.70... 

...20.30.. 



. 6.86... 

...0.41... 

...2.22. 


.. 6.86... 

...10.10., 



. 8,91... 

...0.27... 

...1.49. 


.. 4.58... 

... 6.78.. 



. 6.08... 

...0.42... 

,.,2.81. 

• • ♦ 

.. 7.12... 

...10.50.. 



, 8,17... 

....0,67... 

...3.10, 

• • 

.. 9.56... 

...14.10.. 



. 4.90... 

....0.34... 

...1.86. 


.. 6.73... 

... 8.48,, 



Miles of 
- Transmission 
Line Beyond 
Which Current 
W Not Ex¬ 
ceed 3-Phase 
Current 


...1.06 

...0.70 

...0.42 

...0.30 

...1.65 

...0.84 

...0.59 

... 1.20 

...0.84 

...0.42 

...1.14 

...0.57 

...2.34 

...1.17 

...0.78 

... 1.22 

... 1.68 

...0.98 


-N yops 

0.4-- 

_ 0 . 6 -: 

0 . 8 — 
I.0-- 
-2.0-s- 


HIGH CURRENT PHASE 


^LOV/ CURRt 
tt IPHASE 


I 2 3 4 5 6 •• 

|V| 

falling of a conductor directly to earth, 
the 2-phase-to-ground currents cannot 
exceed the current available from other 
types of diort circuit at the station bus. 

Where an excess current of this sort 
occurs, it occurs only in one phase, and 
the current and recovery voltage of the 
other phase are both low. 

The phase angle between the currents 
in the two phases under the conditions 
producing tbe excess current is such 
that current zero in the high-current 
phase follows current zero in the low- 
current phase by an average value of 
about 46 degrees and current zero in the 
low-current phase follows current zero 
in the high-current phase by an average 
of about 135 degrees. Thus, with equal 
interrupting duties on. the two phases, 
there would be a 3-to-l probability that 
the low-current phase would clear first 
and, with the existing lower duty on the 
low-current phase, this probability tends 
to be increased,'with the amount of the 
increase depending on the characteristics 
of the breaker. As soon as this happens, 
the current and recovery voltage of the 
high-voltage phase are reduced to those 
of a single-phase-to-grotmd fault, which 
are within those contemplated in recom¬ 
mended application procedures. 

Here, it should be noted that, oh one 
hand, the excess current during the early 
part of the arcing period which would 
occur in this case in the hi^-current 
phase may have adverse effects upon 
the performance of the breaker, even 
though both current and recovery volt¬ 
age are reduced to values within normal 
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Iffliits before the normal clearing time. 
On the other hand, however, if the 
timing of contact separation is particu¬ 
larly favorable or if arc duration in the 
low-duty phase is markedly shortened 
by the low r^overy voltage, the resultant 
decrease in arc duration in the high- 
current phase may be more than enough 
to compensate for the excess current. 

In those cases where the high-current 
phase would clear first on the basis of 
equal interrupting duties, its arc duration 
could be increased one half-cycle by the 
heavier duty. This might result in an 
arc duration 1/8 cycle longer than the 
longest that would occur under the con¬ 
ditions contemplated in recommended 
application procedures. Here the combi¬ 
nation of high current and long arc 
duration will result in circuit-breaker 
stress greater than that mentioned in 
the foregoing. 

Summarizing these points, it appears 
that trouble might be expected very oc¬ 
casionally from the excess currents of 2- 
phase-to-ground short circuits, but the 
many conditions outlined in the foregoing 
which must be met for such currents to be 
realized and to have an adverse effect on 
breaker performance may be expected to 
render sudi troubles extremely rare, as 
experience has indicated them to be. 

Excess Normal-Frequency Recovery 
Voltages 

Fig. 3 shows the normal-frequency re¬ 
covery voltages which would be devel¬ 
oped in clearing a 2-phase-to-ground fault 
is there were an interval of one or more 
half-cycles between the clearings of the 
two phases. 

Values up to line-to-line voltage exist 
for the low-current phase, and even 
higher values for the high-current phase. 

The highest values, especially for the 
low-current phase, however, exist when 
the zero-phase-sequence impedance differs 
substantially in phase angle from the 
positive-phase-sequence impedance (large 
values of w). 

In such cases, as shown in Fig. 4, the 
angle by which current zero in the low- 
current phase leads the current zero in the 
high-current phase becomes very sTnal] 
with two results: 

1 . The probability that on the basis of equal 
interrupting duties, the low-current phase 
would clear first becomes very bi gli, about 
98 per cent at »=> 6. 

2. The failure of the high-current phase to 
clear promptly in those cases where it would 
normally clear fiirst results in an arc dur¬ 
ation only a few degrees longer than would 
be the case for both phases mth a slightly 
later contact separation, and consequently 


u 



Fig. 4. Phase-angle relationship between 
phase B and phase C 

u + jv=(ro+jxo)/(ri H-jxi) 


does^ not represent an important increase in 
maximum duty in this respect. 

Hie conditions which give rise to high 
values of normal-frequency recovery volt¬ 
age may be most conveniently PYamiTipd 
by studying the voltage of the effective 
neutral return circuit. The effective 
neutral return circuit is determined by 
considering the circuit to consist of one 
section in which pc^itive-, negative-, and 
zero-phase-sequence impedances are all 
equal, and a second section which has no 
positive- or negative-pbase-sequence im¬ 
pedance, but a zero-phase-sequence imped¬ 
ance equal to the difference between the 
zero-phase-sequence impedance and the 
positive-phase-sequence impedance of the 
actual system, the difference between 
negative- and positive-phase-sequence 
impedances being coMidered negligible, 
as it usually is. The second section 
is then the effective neutral return 
drcurt. Since the circuit currents and 
the voltages across open breaks in the 
circuit are dependent upon only the 
magnitudes of the phase-sequence im¬ 
pedances and not upon their arrangement 
or relative location in the circuit, tbiff 
conception will yield quite general results, 
and it has the advant^e that it permits 
easy visualization of the factors deter¬ 
mining these currents and voltages. In 
accordance with the rules of phase-se¬ 
quence representation, the impedance of 
the effective neutral return circuit is made 
equal to one-third of the zero-phase-se¬ 
quence impedance which it represents. 

That part of the recovery voltage which 
accounts for the values which are indi¬ 
cated in Fig. 3 to be above the crest of 
leg voltage (neglecting oscillatory over¬ 
shoot) is dependent upon a large change, in 
the voltage across the neutral return cir¬ 
cuit. Early in the development of this 
change, a current zero occurs in the high- 
current phase. If interruption in the 


high-current phase takes place at this 
time, the voltage of the effective neutral 
return circuit will be kept low and the 
recovery voltages of both phases, except 
for oscillatory overshoot, not greatiy 
exceed the leg voltage. 

This is illustrated in Fig. 5, which shows 
the voltage across the effective neutral 
return circuit at the time of interruption 
of the last phase under the foregoing 
conditions. Here values of effective- 
neutral-retum-circuit voltage are given 
for a wide range of mag^tude and phase- 
angle relationships of zero-phase-sequence 
impedance to positive-phase-sequence im¬ 
pedance. It will be noted that the abso¬ 
lute value never exceeds 25 per cent of 
normal leg voltage, so that voltage across 
the first circuit-breaker pole to dear, neg¬ 
lecting overshoot, will not exceed 126 per 
cent of nonnal leg voltage, and will 
usually be held well below this value since 
the voltage of this phase will usually be 
well past its crest at the time of interrup¬ 
tion and, by the time of the next crest, 
the effective-neutral-retum-circuit volt¬ 
age will have returned to zero. 

Summarizing, normal-frequency re¬ 
covery voltage approaching and even 
exceeding line-to-hne voltage may appear 
on the first phase to clear of a 2-phase-to- 
ground fault, but if the two phases inter¬ 
rupt on dosely adjacent current zeros 
(less than 90 degrees apart), neither phase 
will develop normal-frequency recovery 
voltages appredably in excess of leg 
voltage. 

Conclusions 

1. Two-phase-to-ground short circuits may 
result in currents up to 16 per cent higher 
than those assodated with either 3-phase or 
single-phase-to-ground short circuits. The 
occujrence of such high currents, however, 
requues a combination of so many unfavor¬ 
able circumstances that they are very infre- 
qurat in service. There is no adverse ex- 
pmence known to the author which is at¬ 
tributable to such currents. 

2. Two-phase-to-ground short circuits may 
result in normal-frequency recovery volt¬ 
ages equal to or higher than line-to-line 
voltage if the two phases are not cleared 
within a fraction of a half-cycle of each 
other. When they are so cleared, however, 
normal-frequency voltages appredably 
above nonnal leg voltages are not developed 
in dther phase. 


Appendix. Detailed Discussion 

Current and Voltage Magnitudes 

In a 2-phase-to-ground short circuit, there 
are two conditions under which both 3- 
phase and single-phase-to-ground short- 
circuit currents may be exceeded. The 
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u+iv=(ro+jxo)/<ri+jxi) 

Further extension of upward-sloping curves results in values of xo/xi less 
than 0.4/ which are extremely rare in practice 


Fig. 6. Phaser diagram indicating voltages and currents 
associated with 2-phase-to-ground short circuits when Xq^xi. 
Current magnitudes are proportional to F 2 B and F 2 C. Re¬ 
covery voltage in high-current phase is given in phase and 
magnitude by F^B. Recovery voltage magnitude in low 


first condition occurs when the zero-phase- 
sequence impedance of the circuit is less 
than 23 per cent of the positive-phase- 
sequence impedance, which is very rare in 
occurrence. The second condition occurs 
when there is a difference in phase angle be¬ 
tween the zero-phase-sequence and positive- 
phase-sequence impedances, as when the 
zero-phase-sequence impedance has appre¬ 
ciable resistance, e. g.; for such a difference 
has the effect of increasing the current in one 
phase and decreasing it in the other. The 
current in the increased phase may exceed 
both the 3-phase and phase-to-ground cur¬ 
rents by as much as 16 per cent. 

This is illustrated in the phasor diagram 
of Fig. 6, which is associated with the cir¬ 
cuit diagram shown in Fig. 1. For the sake 
of simplicity and clarity a circuit is assumed 
in which positive-, negative-, and zero- 
phase-sequence impedances are equal and 
wholly reactive from generator neutral to 
point of fault, but there is resistance in the 
neutral return circuit. This resistance may 
be either in R/c or i?» of Fig. 1, or divided 
between them. 

When fault curr^t exists in phases B and 
C, the voltage of point F of Fig. 6 with re¬ 
spect to the source neutral is at 0 when !?»+ 
Rfe^O, and at U when +!?/«=*. It 
can be shown that for intermediate values 
it lies on the semicircle of OF 2 D. The cur¬ 
rent in phase B will therefore be propor¬ 
tional to the length of phasor F^B, lagging 
it by 90 degrees in phase angle. This phasor 
has its maximum length in the position 
shown, where it is approximately 1.15 times 
OB. 

Assuming phase B to be cleared first, the 
voltage at point F with respect to the source 
neutral after phase B has cleared will be at 
0 when i?n+i2/c=0, and at C when Rn+ 
Rfg=,o3, It can be shown that for inter¬ 
mediate values it lies on the semicircle of 
OFiC. The voltage across the phase-F 
breaker contacts upon clearing is therefore 
represented by the. phasor FiB. It has a 
maximum value equal to 1.823 times phase- 
to-neutral voltage. The maximum angle 
between F 2 B and FiB is 19 degrees, 28 min¬ 
utes, so that the power-factor angle wiU be 


reduced by no more than this amount when 
it is initially 90 degrees. 

For numerical determination of the cur¬ 
rents and recovery voltages with nonsimul- 
taneous clearing, it is convenient to work 
with the phasorial ratio of zero-phase- 
sequence impedance to p(»itive-phase- 
sequence-impedance, here designated u+jv. 
Then, « and v are determined by the equa¬ 
tion 

«+>=(ro+i!»o)/(ri+i5i:i) 

In terms of u and v, the two phase cur¬ 
rents are given by the following equations 

' _-E / 3+3«+3tf«-3V3g+3p» 
l-f-4«+4tt*+4v» 

and 

^ _E I s -|-3«+3t<«+3V3t>H-3p» 
l-|-4«+4tt*+4i»» 

In the usual power system case, the zero- 
phase-sequence impedance has a lower phase 
angle than the positive-phase-sequence im¬ 
pedance so that V will in general be negative. 
This means that will in general be the 
higher current, but reversal of the sign of v 
simply results in interchanging magnitudes 
between tj and.tc- The function is therefore 
plotted in Fig. 2 with the absolute value of 
V as abscissa. Curves are plotted for values 
of u from 0.4 to 2 and for values of |»I from 
0 to 6; however, for values of u less than 1, 
the values are divided by 3/(2-|-«) to show 
the relationship with the short-circuit cur¬ 
rent as now calculated. It will be noted 
that for values of « equal to 1, the 2-phase- 
to-ground short-circuit current exceeds the 
3-phase and siiigle-phase-to-ground short- 
circuit currents for values of |wl from 0 to 
5, reaching a maximum of 1.15 when |v| 
lies between 1.0 and i.5. When u is less 
than 1, the range over which the single¬ 
phase-to-ground current is exceeded is 
shorter and the percentage by which it is 
exceeded is less, but excess still exists. 
Even with u as high as 2, corresponding to 


current phase is given by F^ A 

2ro 

a=drccto — 

3xi 

ro 

/8=arccot — 

3xi 

a phase-to-ground current only 76 per cent 
of the 3-phase current, the 3-phase current 
is exceeded slightly over a considerable 
range of values of |»I. For all values of «, 
the current approaches 86.6 per cent of 3- 
phase current as |»| approaches infinity. 

The recovery voltages for the phase clear¬ 
ing first are given by the equations 

V 3 +3« +3«» - SVSv +3t» » 

4-|-4«-!-«=+»* 

and __ 

V 3 +3u+3«» +3V3P +3 p » 
4-F4«+«*+*'* 

Here the same remarks apply with re^d 
to V and the relative magnitudes of the 2- 
phase voltages as in the case of the currents 
discussed in the foregoing, and it willbenoted 
that the higher voltage goes with the higher 
current and vice versa. 

This voltage is plotted in Fig. 3 for the 
same range of u and w as were the currents in 
Fig. 2. It will be noted that this voltage 
rises quite steeply as v departs from zero, 
reaching maximum values in the range from 
1.8 to 1.85 times normal leg voltage, 
exceeding normal line-to-line voltage by 
about 7 per cent as a maximum. As v ap¬ 
proaches infinity, the voltage decreases to 
VS in all cases. 

The maximum values of voltage and 
current do not coincide but their product 
rises to very high values under some con¬ 
ditions, as indicated by the curves of Fig. 7, 
where values of 1.68 E^/Xi and 1.81 E^/Xi 
are reached by the curves for «=0.4 and 
It = 1.0 respectively. These compare with 
values of 1.0 for a single-phase-to-ground 
or a 3-phase-to-gfround fault for which Zo is 
equal to Zi in both phase angle and magni¬ 
tude, and 1.6 for the first phase to clear of 


August 1956 


Skeats—Currents and Voltages of 2-Phase-to-Ground Short Circuits 





























a 3-phase ungrounded fault. As v ap¬ 
proaches infinity, this product approaches 
1.6 By Xu 

Effect of Zero-Phase-Sequence 
Resistance on Phase Angle Between 
Current and Recovery Voltage 

As indicated in connection with the 
phasor diagram of Fig. 6, when 3Co=«i and 
ri=0, the maximum shift in the phase 
angle between current and recovery voltage 
for the high-current phase, when it clears 
first, is less than 20 degrees; while analysis 
has not been made for other values of xn, 
it is believed that the shift is not substan- 
tiaUy greater under any practical condition. 
This gives an instantaneous voltage at 
current zero of 94 per cent of peak. 

When the positive-phase-sequence circuit 
has resistance, the effect of this shift will 
!:« greater but, if the power factor of this 
circuit is 15 per cent, the instantaneous 
voltage at current zero will drop only to 
88 per cent of peak when the shift is a 
maximum. Furthermore, during the re¬ 
covery transient the voltage will be rising 
toward crest value so that the benefit of 
this reduction will be par tiall y lost. 

The benefit from the shift may therefore 
be expected to be between zero and 10 per 
cent, depending on the positive-phase-se¬ 
quence power factor and the ratio of zero- 
phase-sequence resistance to po.sitive- 
. phase-sequence reactance. 

Effect of Zero-Phase-Sequence 
Resistance on Oscillatory 
Overshoot 

In many field circuits the oscillation does 
not rise above normal crest voltage so that 
further damping results only in a slight 
decrease in rate of rise of recovery voltage. 
As a reasonably good approximation for 
those where overshoot does occur, the 
circiut governing this overshoot may be 
considered to consist of two parts. One 
delivers a voltage equal to normal phase-to- 
pound. voltage ±15 per cent and has 
its oscillation unmodified. The other ac¬ 
counts for the increase above phase-to- 
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ground voltage and will be highly damped 
for most values of neutral-retum resistance, 
with the degree of damping decreasing for 
very high values of neutral-retum resist¬ 
ance. Thus, in general, overshoot in these 
cases may be expected to be about the sam** 
in volts as for the phase-to-ground short 
circuit with no neutral-retum resistance. 

Effects of Interruption on Adjacent 
Current Zeros 

Tins analysis is based on the phasor 
diagram of Fig. 8, which is associated with 
the circuit diagram of Fig. 1. It is similar 
to Fig. 6 except that it is arranged to show 
the conditions associated with the clearing 
of phase C with high values of v. It is 
made for v—Q, OFi is the voltage across 
the return circuit before clearing of phase 
C and OFi is the same voltage as it would 
exist if steady-state conditions were estab¬ 
lished between the clearing of phase C and 
that of phase B. 

For a given value of 2o, the same currents 
and the same voltages across open breaker 
poles will appear regardless of how Zo is 
apportioned between the neutral return 
circuit and that part of the circuit in which 
the individual phase currents flow in 
^parate conductors. It is easier to visual¬ 
ize current and voltage relationships, 
however, if a part of Zo equal to Zi is 
assumed to be associated with the separate- 
conductor part of the circuit and the re¬ 
mainder with the common return part, for 
then the magnitude and phase angle of the 
current in any one phase are determined 
by the phasor representing the voltage drop 
in the impedance of that phase and the 
positive-phase-sequence impedance, and the 
ctu-rent in the neutral return part of the 
circuit is determined in phase and magnitude 
by the voltage across this part of the circuit 
and its impedance. 

From inspection of Fig. 8 it is apparent 
that as neutral return circuit impedance 
increases, the length of the phasor OFi 
increases also, bringing Fj closer and 
closer to D. While Fig. 8 applies to the 
special case in whidi is equsd to »j, this 
fact applies to all other values of ^ as 


Fig. 7 (left). Product of current 
and recovery voltage for 2-phase- 
to-ground short circuits 


u+jv=(ro-fixo)/(rx-f jxi) 


Fig. 8 (right). Phasor diagram 
indicating voltages and currents 
associated with clearing the light 
current phase of a 2-phase-to- 
ground short circuit 


well. This has the effect that the angle 
between CFi and decreases to low 
values, as iUusIxated in Fig. 4, with CFi 
always leading. Since the currents in these 
phases have the same phase-angle relation¬ 
ship as the voltages, the current in phase 
C, the low-cUrrent phase, reaches zero a 
short time before current zero of opposite 
polarity in phase B. Thus phase C reaches 
current zero and starts on its recovery 
transient while the current in phase B is 
at a low value and decreasing. The possi¬ 
bility may then be expected that the current 
in phase B will reach zero before the full 
normal-frequency recovery voltage of phase 
C is developed, and that this voltage may 
therefore never be developed. This can 
be determined by examining the manTii^r 
in which this voltage is developed. 

This is best done in terms of instan¬ 
taneous voltages at the time of current 
zero in phase C. If ri=0, these instan¬ 
taneous voltages are equal to the projections 
of their phasors on the phasor FiC. To 
give a convenient picture of the phenomena, 
this assumption is made in this discussion, 
but the numerical analysis upon which the 
final results are based considers values of 
fi from zero to 0.5 xi. 

When phase C clears, the phasorial posi¬ 
tion of the fault point shifts from that 
corresponding to a 2-phase-to-ground fault 
Fi to that corresponding to a single-phase- 
to-ground f^ult Ft. The corresponding 
instantaneous voltages taken at the tim«> 
of clearing in phase C are O'F* and 0*Ft'. 
Since the voltage across the phase-C 
terminals is that between point C and the 
fault point, this shift must take place in 
the development of any high normal- 
frequency recovery voltages associated 
with phase C. 

A part of this shift which corresponds 
to the rate of change of current in phase C 
times an inductance equal to those of phase 
B and the effective neutral return circuit 
in p^allel takes place quickly, but the 
remainder takes place at a rate determined 
by the reactance-resistance ratio of the 
single-phase short-circuit impedance and 
is accompanied by a change in fault current. 

It will be noted that in Fig. 8 the change 
involves a change in polarity of the voltage 
O'F. ^ When Xi=^xi, the reactance of the 
effective neutral return circuit is zero, 
so that the current is at all times propor¬ 
tional to the voltage and, hence,' passes 
through zero with the voltage. After the 
clearing of phase C, this current is also 
the phase-B current; hence for this par- 
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ticular case, the phase-5 current zero occurs 
at the time of zero voltage in the equivalent 
return circuit and, if interruption takes 
place at this time, the normal-frequency 
recovery voltage across phase C does not 
exceed leg voltage. 

For other values of *o this relationship 
is not exactly true but, as shown by the 
values of Fig. 5, it does not deviate too 
much. The voltage across the effective 
neutral return circuit does not exceed 25 
per cent of leg voltage, and the phase-C 
breaker voltage does not exceed leg voltage 
to any important extent, since the phase-C 
generator voltage is already weU past crest 
at the time of interruption and the effective 
neutral return circuit voltage will have 
dropped substantially to zero by the time 
of the next crest. Furthermore, since the 
normal-frequency recovery voltage in phase 
B is given by the length of the phasor FB, 
this voltage cannot greatly exceed leg 
when the voltage at F is kept low. It may 
thus be concluded that where the high- 
current phase interrupts promptly after 
thje low-current phase, the high normal- 
frequency recovery voltages associated 
with the clearing of phases B and C will 
not be developed. 
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Discussion 

Otto Naef (American Gas and Electric 
Service Corporation, New York, N. Y.): 
Perhaps one additional reason for little 
adverse circuit-breaker experience with 2- 
phase-to-ground diort circuits is the fact 
that the short-circuit duty available at the 
station bus is in most cases well below the 
breaker rating. However, we have had 
at least one serious breaker failure within 
the last few years where excessive recovery 
voltage during interruption of a 2-phase- 
to-ground fault may have been a con¬ 
tributory cause. 

In any case, Mr. Skeats’ interesting and 
very exhaustive analysis has again demon¬ 
strated the fallacy of carrying out single¬ 
pole factory tests and grounded 3-pole 
factory tests at rated line-to-ground voltage. 
To prove adequately circuit-breaker per¬ 


formance on ungrounded and grounded 3- 
phase and 2-phase faults by single-pole 
tests, the test voltage should be at least 
1.5 times the rated maximum design 
voltage to groimd. This is a requirement of 
the new American Standard^ on power 
circuit breakers, but recognition by the 
manufacttu'ers appears to be rather slow. 

Rbfbrbncb 

1. SCEED ULES OF PREFERRED RATINGS FOR POWBR 
Circuit Breakers. ASA C37.6 American Stand¬ 
ards Association, New York, N. Y. Feb. 1955. 


W. F. Skeats: Mr. Naef is quite correct 
in suggesting that an additional reason 
for lack of adverse experience with 2-phase- 
to-ground short circuits is low available 
short-circuit duty at the station bus. Mr. 
Naef's mention of a failure in which exces¬ 
sive recovery voltage during interruption 
of a 2-phase-to-ground fault may have 
been a contributory cause is very much 
appreciated. I hope that any such occur¬ 
rences on systems will be brought to light 
to make it possible to evaluate the actual 
seriousness of those conditions. 

Since high-voltage circuit breakers nor¬ 
mally operate all three poles within a very 
short time of each other, it is to be expected, 
in accordance with conclusion 2, that re¬ 
covery voltages appreciably above normal 
leg voltage will be developed infrequently. 


Design Problems and Field Tests 
Concerning Circuit Breakers (or 
Switching Long 230-Kv Lines 
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P ROBLEMS associated with switching 
long high-voltage transmission lines 
are not new and the designs employed in 
attempts to accomplish satisfactory solu¬ 
tions are varied, depending partly on 
circuit breaker construction. Those de¬ 
signs which depend upon the sdf-ener- 
yriTi g ability of the arc to provide current 
interruption may include such auxiliary 
devices as pumps, low-ohmic or high- 
ohmic resistors, each otf which is intended 
to reduce or to eliminate current re¬ 
strikes or to reduce the effect of current 
restrikes to the system, should they oc¬ 
cur. 

The purpose of this paper is to explain 
operating ^aracteristics of these devices 
nrtripr vaiious circuit arrangements and to 
describe why the decision was made to 
apply a new low-ohmic resistor design to 


an existing high-speed 230-kv multibreak 
circuit breaker. The modified breaker 
is operated on a system with reduced 
basic impulse insulation level (BIL) of 
826 kv. Results of field tests employing 
this breaker-resistor combination while 
switching a 241.6-mile transmission line 
at 250-kv sending voltage will be de¬ 
scribed; 

The Line-SvTitching Problem 

Excessive transient voltages are the 
principle concern in switching long lines. 
Such voltages are usually the result of 
commutation of line capacitance with re¬ 
spect to supply voltage by restriking of 
line circuit breakers. Experience has 
shown that restrikes in circuit breakers 
will usually produce higher voltages on 


long lines than on relatively short lines. 
Although simple theory indicates that the 
generation of high transient voltages with 
resultant equipment damage while switdi- 
ing lines is a simple and to be expected 
occurrence, years of experience with 
hundreds of 116 through 230-kv circuit 
breakers of the type discussed in this 
paper have not demonstrated any ap¬ 
preciable normal-service overvoltage dam¬ 
age. The following explanation indicates 
some of the reasons why these circuit 
brewers have not produced extreme over¬ 
voltages to the extent that simple theory 
and probability indicate they should. 

Fig. 1 indicates a simple circuit com¬ 
monly referred to in explaining production 
of overvoltages while switching capacitive 
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Fiji 1. Schematic diagram of inductance* 
capacitance circuit usually employed in 
explaining capacitance switching overvoltages 

loads, 5 represents an a-c source having 
an impedance SL which is assumed to be 
predominately inductive. SC represents 
a minimum capacitance normally asso¬ 
ciated with the source or bus terminals of 
circuit breaker B. For simplicity, NC is 
assumed to be a lumped capacitance of 
very large magnitude as compared to 
that of SC. 


Fig. 2(A) indicates voltage and current 
values which can occur ia the circuit de¬ 
scribed. Capacitive diarging current 
Is for NC is interrupted at the tttnA it 
reaches zero magnitude and normal 
steady-state voltage rise through SL is 
then terminated, so that Bjfo is left 
at crest value and Esc suddenly di¬ 
minishes. Resulting voltage change A 
occurs as a recovery voltage across switch 
B and has a rate of rise corresponding to 
the system natural frequency. This small 
but rapid recovery voltage across the in¬ 
terrupter tends to cause arcing to persist 
until a later current zero, when added 
contact gap length is available for more 
effective deionization. 

Plain-break circuit breakers, or circuit 



breakers which depend on an arc-actua- 
ated pumping system for deionization, 
thus tend to interrupt only after the arc 
in the interruptor has rea,ched a greater 
length. Such tendency is of advantage in 
reducing probability of restrikes since the 
latter are more likely to occur if the arc 
path is shorter at the time when normal- 
frequency charging current is interrupted. 
Low-energy pumps have been observed to 
cause very early interruption of capaci¬ 
tive currents so that dielectric strength of 
the arc path at a time 1/2 cycle later may 
not be sufficient to withstand twice 
normal crest voltage without restriking... 

Again, in Fig. 2(A) a restrike is indi¬ 
cated to occur after a zero current in¬ 
terval of 1/2 cyde. Timing chosen for 
the restrike is such as to produce maxi¬ 
mum overvoltage. Frequency and mag¬ 
nitude of restrike current is controlled ;^in 
this case by inductance SL and capad- 
tance NC. The abscissa of the restrike 
portion of Fig. 2(A), enclosed in the 



^-■ 


Fig. 3 (above). Schematic diagram of electrical characteristics applying 
to switching phenomena of long transmission lines 




Fig. 2. Voltage and cgrrent relationship preceding and following 
circuit-breaker restrike 



Fig. 4. Effect of corona on voltage and current relationship during 
die switching of long transmission lines. Timing of rertrike current is 
shifted slightly in figure for clarification 
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BUSHING 



INTERRUPTER 


Fig. 5. Schematic diagram of half-pole 
assembly for a resistor-equipped 6-breal< 
rotary-type circuit breaker 


dashed brackets, is shown considerably 
extended for clarity in Fig. 2(B). 

Restrike current is assumed to stop at 
the first current zero, indicated by time 0 
in Fig. 2(B), so is left approximately 
three times crest potential negative. 
Note that small capacitance SC is also 
charged at the same potential at this in¬ 
stant and that the damped oscillation of 
Esc occurs at a frequency determined by 
inductance SL and minor capadtance SC. 
Recovery voltage across the interrupter 
is the difference between Eno and Esc- 

The rate of rise and crest value of re¬ 
covery voltage across switch B are each 
approximately twice the corresponding 
values which would appear following inter¬ 
ruption of a solid fault across NC. Also, 
the rate of decay of restiike current near 
current zero is approximately twice that 
which would occur just prior to current 
zero for a solid fault. The interrupting 
ability of any circuit breaker would be 
stressed far beyond normal if it succeeded 
in providing necessary dielectric recovery 
rate to permit interruption at the first 
current zero of restrike current for the cir¬ 
cuit described. 

Overvoltages of greater magnitude, if 
produced by subsequent restrikes, would 
require a greater rate of increase in in¬ 
terrupter dielectric strength. Further¬ 
more, short-duration and limited arc 
energy in restrike current pulses limits 
deionizing action of most oil interrupters 
to values considerably below normal. 
Interrupters using low-energy flushing 
type pumps would have more tendency 
to interrupt the restrike current as indi¬ 
cated in Fig. 2(B), leaving Etro at approxi¬ 
mately three times normal crest value. 
Most interrupters would interrupt a re¬ 


strike current such as this at one of the 
more favorable tim^ as indicated by 
points 1 and 2 in Fig. 2(C). Lengths of 
the vertical dashed lines indicate mag¬ 
nitude of possible recovery voltage across 
the circuit breaker for each possible 
interruption time. 

From this discussion it follows that if 
the restrike current is interrupted at the 
first current zero the line is left highly 
charged and further restrikes are apt to 
produce higher overvoltages. Continua¬ 
tion of restrike current for several natural 
frequency half-cycles occurs in most in¬ 
terrupters and therefore explains why 
destructive overvoltages on the rather 
common circuit outlined are rarely en¬ 
countered. 

Circuit-breaker interrupter damage 
produced while switching closely adjacent 
capacitor banks should not be confused 
with the overvoltage problem discussed 
here. The former is not necessarily as¬ 
sociated with overvoltage and damage 
produced is usually not due to dielectric 
breakdown outside of the normal inter¬ 
rupter arc path. 

Effect of Long Line on Circuit- 

Breaker Restrike Mechanism 

Transient switching phenomena occur¬ 
ring on long lines are more complex than 
that for short lines or lumped capaci¬ 
tances but circumstances are more favor¬ 
able for permitting circuit breakers to 
produce high transient line voltages. 

In Fig. 3 S represents an a-c source 
having an impedance SL assumed to be 
predominately inductive. SC represents 
capacitance normally associated with the 
source or bus terminals of circuit breaker 
B. In practice the capacitance SC may 
vary from a minimum of bus and terminal 
capacitances of connected apparatus to 
the capacitances of many lines, and per¬ 



Fig. 6. Voltage and current relationship 
applying to ignition and interruption of shunt 
resistor current 


haps cables connected directly to the bus. 
Transmission line T is represented by dis¬ 
tributed series inductance and shunt 
capacitance units. Surge impedances 
for overhead lines vary from 400 to 600 
nliinR depending upon conductor size and 
line configuration. 

Fig. 4(A) indicates typical current and 
voltage relationdiips at the sending end 
of a 230-kv transnoission line approxi¬ 
mately 240 miles long at the time of a re¬ 
strike delayed as indicated. The line 
surge impedance is similar to an energy¬ 
absorbing resistance from the instant the 
restrike voltage surge is initiated at the 
source terminal until the surge has trav¬ 
eled the length of the line and returned. 
The restrike current loop shown in Fig. 
4(A) indicates this effect during the time 
required for the surge to traverse the line 
length and return, approximately 1/6 
cycle. 

The source impedance SL, Fig. 3, is 
usually less than one-fifth of the surge 
impedance of the line being switdied so 
that source potential is affected little at 
the instant of restrike and parallel lines 
on the source bus further stabilize the bus 
potential at this instant. The resulting 
wave front; as applied on the source ter¬ 
minal at the instant of restrike is rela¬ 
tively steep and, if the wave shape is not 
changed, an abrupt voltage rise Should 
occur at the source terminal approxi¬ 
mately 1/6 cycle after initiation of the re¬ 
strike. This should cause restrike current 



Fig. 7. Cutaway section of resistor, showing construction 
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Rg. 8. View of 230-kv switchyard 


at Hung^ Horse showing two 3.pole 230.|<v circuit break- 
ers. Test breaker on right 


se^ advisable. Also, such pumps re¬ 
quire considerably more complexity in 
^cuit-breaker pole assemblies and a large 
increase in operating forces. 

Resistors 

Resistors having a resistance in the 
order of 1,000,000 ohms can be effective 
wh^ the rate of change of potential is 
limited to that of the system frequency, 
such as at the time of low-frequencgr high- 
potential tests, and current interruptions 
followed by low-frequencjr recovery volt¬ 
age. Rapid rate of change of voltage 
across circuit-breaker poles, such as that 
caused by fault interruption and by im¬ 
pulse voltage, causes voltage division be¬ 
tween electrically isolated parts to be 
controlled by heavy capacitive currents 
so that such resistors have little bene¬ 
ficial effect. 

Resistor Chosen 


to approach zero at a rapid rate as shown 
in Fig. 4CA). Interruption of the re- 
strike at the first current zero of restrike 
current would then be difficult because of 
the rapid rate of decrease of restrike cur¬ 
rent and simultaneous high rate of rise of 
voltage. 

Actual test records indicate perform¬ 
ance similar to that shown in Fig. 4(B) 
rather than as shown in Fig. 4(A). Note 
in Fig. 4(B) that the rate of decrease of 
restrike current as it approaches zero is 
much less than the rate of rise. The slope 
of the voltage £j. between points A and £ 
as applied to the line at initiation of re- 
strike, is much steeper than the slope 
C-D of the same wave after it returns. 
Corona resistance apparently dissipates 
considerable energy from the voltage 
wave front as the latter travels from the 
source terminal to the open end of the line 
and returns. This is particularly true 
when the crest of the wave appreciably 
exceeds the line corona limit. 

'Hie effect of the phenomena just de¬ 
scribed is to allow the circuit breaker to 
extinguish rather easily the restrike cur¬ 
rent at the first current zero when very 
long lines are involved. This results pri¬ 
marily from the three effects given in the 
following; 

1. Restrike current loops are of longer 
duration and permit deionizing action of 
mterrupters to function more effectively. 

f’ll voltage immediately 

following current zero is low. 

3. Rate of decrease of restrike current 
just prior to current zero is much lower 
than the case for restrikes on shorter lines. 


From the foregoing it follows that, for 
long lines, restrike current interruption, 
will occur at the first current zero, leaving 
the line (ffiarged at high potential, which 
in turn is apt to result in even higher 
transient voltages should further restiikes 
occm. Therefore, for long lines wherein 
these effects are of definite concern, cer¬ 
tain conriderations must be given to 
breaker design to safely permit line 
switching. 

Selection of Solution to lK)ng-Line 
Switching Problem 

Some of the factors which must be con¬ 
sidered before modifying a circuit breaker 
design are: cost, reliability, freedom from 
excessive maintenance, and the increasing 
perfomance requirements of high-voltage 
circuit breakers as applied on modem 
utility systems. In general, the design 
which is chosen must be at least compet¬ 
itive in all respects from the user’s stand¬ 
point. 

Pumps 

Low-energy pumps are not considered 
to be of sufficient advantage to merit con¬ 
sideration and in some respects they can 
be a detriment as already indicated. 
High-energy pumps capable of maintain¬ 
ing pressure in the order of 60 pounds per 
square inch gauge in interrupting cham¬ 
bers have been proved effective in one or 
two porcelain-clad oil circuit-breaker de¬ 
signs. Pumps of this type, mounted so 
that severe mechanical stress occurs in 
the bushings during operation, do not 


Resistors were chosen with an ohmic 
value of 2,400 ohms for the following 
reasons: 

1. They can be readily accommodated in 
me^ existing high-voltage circuit-breaker 
design without serious modification. 

2. The resistors can be applied so that 
voltage division between the upper four 
breate can be maintained under nearly all. 
conditions. This is particularly true be¬ 
cause of the rather high distributed capaci¬ 
tance designed as part of the resistors. 

3. ^Resistors designed with adequate ther¬ 
mal capacity and distributed electrical 
cap^tance can improve circuit-breaker 
perfoimance during heavy-fault interruption 
as well as when switching long lines. 

4. Relatively low resistance lowers the 
voltage which the circuit breaker should 
withstand without restrike during linp. 
dropping operations. 

Tests indicate a tendency of such re¬ 
sistors to shorten arcing timi^ during the 
interruption of low-fault currents. How- 
this is nf little advantage because of 
the short .arcing time inherent in the 
without resistors. 

6. Resistors can be applied so that they 

carry current for less than 1 Vs cycles during 
an opening operation and less than 1/4 
^cle during a closing operation. Thermal 
duty on the resistor design is thus very 
light. . 

7. The breaker design is such that resistor 
ctwent can be interrupted m interrupter 
chambers rather than in open oil, as is 
customarily the case. Resistor current 
can thus be interrupted much more 
promptly following fault-current inter¬ 
ruption. 

8. The resistors, as applied, do not impair 
the high-voltage circuit-breaker performance 
in any way. This does not imply that the 
added equipment will not requite a pro¬ 
portionate incre^ in mamtenance, etc. 
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System 

Diagram 


Table I. Summary of Data, 1952 Line-Droppinj Tests 


Test 

No. 


Miles 

Line 


Bus Kv, 

<p to Line, 

^ Amperes 


Restrikes 


<f>A 


0B 




Maximum Crest Per-lTnit 
Line-to-Neutral Voltage 
Receiring End* 


<t>A 


<^B 




Fig. 10(A).. 



?!30 

186 




. .1.1.. 

..1.1.. 

...1.3 

241.6.. 

..242.. 

.!i91.. 

. .none.. 

. .none.. 

.. 2 .. 

...2.4.. 

. .2.2.. 

...2.6 

241.6.. 

..253.. 

..202.. 

..none.. 

.. none.. 

.. 3 .. 

...1.7.. 

..2.O.. 

.. .2.8 


«vn1ts<re at receiviner end was anoroximatelv eaual to 300 kv when sending end was 


Description of Resistor as Applied 
to an Existing Circuit-Breaker 
Design 

The resistors are applied as two separate 
units per circuit-breaker pole so that one 
unit is mounted with each bushing-sup¬ 
ported interrupter assembly. The sche¬ 
matic electrical half-pole assembly, in¬ 
cluding the resistor is shown in Fig. 6. 
The normal load current path from the 
bushing is through the upper stationary 
contact to the left into the upper moving 
contact assembly, then down and to the 
right into the lower stationary contact 
assembly and again down and to the left 
through the lower moving contact as¬ 
sembly to the other half-pole interrupter. 

The resistor is connected between the 
upper and lower stationary contact as¬ 
semblies with a center tap from the re¬ 
sistor to a probe associated with the up¬ 
per contacts. The purpose of the probe is 
to provide equal division of recovery volt¬ 
age between the upper and center inter¬ 
rupters during interruption. 

The bottom contact is set to dose 
slightly ahead of the upper contacts so 
that the resistor assembly for each pole 
can be checked by measuring resistance 
externally between bushings while slowly 
dosing the circuit breaker until the lower 
contacts touch. Further movement in 
the dosing direction causes the resistors 
to be by-passed. Normally the bottom 
contact closes less than 1/10 cyde in ad¬ 
vance of the upper contacts and, in open¬ 
ing, the delay of this contact in parting is 
negligible. 

The function of the interrupter compo¬ 
nent assodated with the bottom contacts 


held at 2S3 kv. 

^ stands for phase in all the tables. 

is normally to provide an arc-generated 
oil-pumping facility for medium and 
heavy fault currents. In addition, this 
component acts very effectively as an in¬ 
terrupting unit for low inductive, capac¬ 
itive, and load currents. It also acts 
effectively in interrupting the remnant 
resistor current immediately after fault, 
load, or line-charging currents have been 
interrupted. This appears to be a very 
satisfactory solution to the common com¬ 
plaint that low ohmic resistors maintain 
fault arc ionization for several cydes after 
interruption and effectivdy reapply volt¬ 
age to the fault path several cydes be¬ 
fore the main circuit-breaker contacts 
actually dose, so that the fault arc de¬ 
ionizing time during high-speed redosing 
operation is seriously reduced. The total 
fault arc deionizing time reduction re¬ 
sulting from the use of the low ohmic 
resistor application described here is only 
2 cydes maximum beyond that permitted 
by the normal high-speed circuit breaker 
without resistors. The start of resistor 
current flpw during a dosing operation at 
full voltage does not precede the main 


contact-making time by more than 1/4 
cyde. 

Line-Charging Current Interruption 
with New Resistor 

Line-charging current is usually inter¬ 
rupted without immediate resistor cur¬ 
rent flow, as indicated in Fig. 6. How¬ 
ever, the voltage across the circuit- 
breaker pole may reach a value of double 
normal line-to-ground crest voltage at a 
time l/2 cyde after such interruption, and 
this potential will nearly all appear across 
the bottom interrupter assodated with 
the somrce bushing. A resistor current arc 
will then be established in this interrupter 
and the corresponding unit on the other 
half-pole assembly so that the total volt¬ 
age across the circuit-breaker pole will be 
impressed on the two resistor units in 
series. The resistors then provide the 
double function of dividing the total 
voltage between the four remaining in¬ 
terrupters and reducing the line remnant 
potential, as indicated in Fig. 6. 

Protection of Resistors Against 
Effects of Impulse Voltages 

Lightning strokes are frequently repet¬ 
itive so that a circuit breaker must often 
withstand severe impulse voltages during 
interruption of faults initiated by earlier 
discharges in the same stroke series. 
Based on the requirement for sudi per¬ 
formance, the resistors were designed so 
that each of the two pole units would 
withstand a 900-kv lV2x40-microsecond 
impulse. Distribution of steep wave 
front impulse voltages through the re¬ 
sistor is controlled almost entirdy by 
capadtance rather than by the resistor 
itself. This design requirement for iin- 
proving impulse strength of resistors is 
similar to that required for transformer 
windings in that relatively large values of 
series-distributed capadtance as com¬ 
pared to shunt capadtance-to-ground are 
desirable in dther case. Fig. 7 indicates 
the resistor construction. Note that the 



Fig. 9. Typical oscillogram showing energization of' 241.6-wile 230-kv line by resistor- 

equipped breaker 
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capaatance between the honiuductively 
wound "pads” provides more series dis¬ 
tributed capadtance than would have 
beOT the case if conventional single-layer 
resistor construction had been used. 

Design Consideration for 
Performance During Heavy-Fault 
Current Interruption 

important consideration in the 
design of resistors for this application is 
tmperature rise. Energy may be dis¬ 
sipated at rates in the order of 20,000 kw 
in a single resistor unit during very short 
time intervals and nearly all of this energy 
is stOTied in the thermal capacity of the 
resistahce wire during such intervals. 
The sudden reduction of tank pressure 


following the interruption of heavy faults 
can cause hot oil on the surface of the re¬ 
sistance material to flash into vapor which 
may result in disastrous mechanical dam¬ 
age to the resistor assembly in addition to 
lowering the resistor dielectric strength. 
Therefore, from a thermal standpoint, a 
six-times factor of safety is applied to the 
resistor design for the worst operating 
condition. This is accomplished by tak¬ 
ing advantage of the unusually short in¬ 
tervals of resistor current flow and by 
providing adequate thermal storage. 

Description of Test Circuit Breaker 

The 230*kv circuit breakers originally 
supplied at the Hungry Horse power 
plant were standard Pacific Electric type- 
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900-kv BIL, 800-ampere, 3,600-mva, 1 
cycle, 20-cycle reclosing time. The tw 
breakers as well as the Hungry Hors 
switchyard are shown in Fig. 8. Inas 
much as these breakers are intended fo 
future single-pole reclosing service, thre 
type-jl(fC»-5 spring-operated mechanismi 
were supplied for each breaker. Operat 
ing (iaracteristics are similar to the con 
ventional single MO-5 mechanism and 3' 
pole breaker combination with cTnsiti^ 
time approximately equal to 8 cycles anc 
contact parting times of the order of l.f 
cycles. Speed of contact separation oi 
each break in the arcing zone is at the 
rate of 20 feet per second. The spring 
type of mechanism permits veiy dose 
synchronization of all breaker pol^ even 
though the mechanical connecting liny is 
not present. An indication of this is 
illustrated by Fig. 9, which is a typical 
oscillogram of a breaker dosing operation 


Kv Lines 
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Fig. 10. Line-switching errangemenis used for tests 


HUNGRY HORSE 
POWER PLANT 


HOT SPRINGS 

SWITCHING 

STATION 


CABINET GORGE 

SWITCHING 

STATION 


6LEN H. BELL 
SUBSTATION 


241.6 MILES 


78.7 MILES- 


—I I— BREAKER CLOSED 
—I^j—BREAKER OPEN 


-DISCONNECT SWITCH OPEN- 


I ___ A PHASE 






Fig. 12* View through manhole showin 
resistors, interrupters, and moving contac 
of test breaker 


Fig. 13. View showing resistor mounted oi 
interrupter and center tap connection be 
tween resistor and upper interrupting chambei 








Table II. Summary of Data, Test Series A, B, C and D, May 12-13,1954 


System 

Diagram 


Fig: 10-B.. 


Test No. 


.A^4:26 . 
A-4:28 . 
A-4:30 . 
A-4:32 . 
A-4:40 . 
A-4:41 . 
A-4:42 . 
A-4:44 . 
A-4:46 . 
A-4:47 . 


Bus 

Kv, 

4 , to Line, Angle 
<l> Amperes Set 


Charging Current 

Interrupting Time, Resistor Current 
Cycles* Interval, Cyclest 


Maximum Crest 
Per-Unit Line-to- 
Neutral Voltage, 
Sending End 


Maximum Crest 

Per-Unit Line-to- Per-Cent Crest 
Neutral Voltage, Voltage Left on 
Receiving End Line, Sending 


Fig. 10-B. 


Fig. 10-C. 


Fig. 10-C. 


A-4:49 .. 

. 78.7.. 

.242. 

A-4:52 .. 

. 78.7.. 

.242. 

A-4;64 .. 

. 78.7.. 

.242. 

,B-6:25 .. 

. 78.7.. 

.250. 

B-6:28 .. 

. 78.7.. 

.250. 

B-6:30 .. 

. 78.7.. 

.250. 

B-6:32 .. 

. 78.7.. 

.260. 

B-6:36... 

. 78.7.. 

.260. 

B-6:38 .. 

. 78.7.. 

.250. 

B-e:40 .. 

. 78.7.. 

.260. 

B-6:42... 

. 78.7.. 

.250. 

B-6:44 .. 

. 78.7.. 

.250. 

B-6:46 .. 

. 78.7.. 

.250. 

B-6:49 .. 

. 78.7.. 

.250. 

B-6:61 .. 

. 78.7.. 

.260. 

B-6:53 .. 

. 78.7.. 

.260. 

.C-6;13 .. 

.241.6.. 

,.242. 

C-6:33 .. 

.241.6.. 

.242. 

C-6:36 .. 

.241.6.. 

,,242. 

C-5:38 .. 

.241.6.. 

.242. 

C-6:42 .. 

.241.6., 

. .242. 

C-6:22 .. 

.241.6., 

. .242. 

C-12:21.. 

.241.6.. 

. .242. 

C-12:37., 

,.241.6. 

..242. 

C-12:40.. 

,.241.6. 

..242. 

C-12:43.. 

,.241,6. 

..242. 

C-12:45,. 

. :241.6. 

..242. 

C-12;60. 

..241.6. 

..242, 

0-12:63. 

..241.6. 

.,242, 

0-12:56. 

..261.6. 

..242. 

.D-l:09.. 

..241.6. 

,.250, 

D-l:24.. 

..241.6. 

. .260, 

D-l:27,. 

..241.6. 

,,260, 

D-l:29,, 

..241.6. 

. .250. 

D-l:33.. 

,.241.6. 

,.260, 

D-l:35.. 

..241,6, 

..250, 

D-l:37., 

..241.6, 

..260. 

D-l:39.. 

.,241.6. 

. .250. 

D-l;42,. 

.,241.6, 

, .260 

D-l:44.. 

.,241.6. 

,.2.50 

D-l:47,. 

..241.6. 

,.260 

D-l:49.. 

..241.6. 

. .250 

D-l:63.. 

..241.6. 

. .260 


0. 

15. 

30. 

46. 

60. 

75. 


.1.6...1.1.. 
.2.0...1.6... 
.1.6...1.1.. 
.1.6...1.1.. 
.1.1...2.1.. 
.1.0...1.5.. 
.1.6...1.1.. 

.1.6... 

.1.6... 

.1.6... 

.1.6... 

.1.7... 

,1.1,., 

.2.1,,. 

106. 


.1.6...1.7.. 

.1.6.. 

120. 


.1.6...1.1.. 

.1.6... 

136. 


.0.8...1.3.. 

.1.6,. 

160. 


.1.0...1.1.. 

.1.6,. 

165...2.0...2.4.. 

.2.1., 

.1.6...1.1.. 

.1.7.. 

180..,2.6...2.3.. 

.2.1.. 

.1.6...1.6.. 

.1.6.. 

, 0...2.4,..2.6.. 

.2.0., 

..1.6...1.7.. 

.2.6,. 

, 16...2.5...2.3.. 

.2.1. 

..1.6...1.6.. 

.2.1., 

. 30...2.4.,.2.2.. 

.2.0. 

..1.6...1.6.. 

.1.7.. 

, 45...2.6...2.3.. 

.2.1. 

..1.6...1.6.. 

.1.7.. 

. 60...2.0.-, .2.8.. 

.2.1. 

..2.1...1.1.. 

.1.6.. 

. 76,..2.0...2.6.. 

.2.2. 

..2.2...1.4.. 

.1.2.. 

. 90...2,1...2.5.. 

.2.3. 

..1.6...1.1.. 

.1.2.. 

.106...2.0,..2.4,. 

.2.3. 

..1.6...1.1.. 

.1.6.. 

.120,..2.6,..2.0,. 

.2.2. 

..1.1...1,6.. 

.2.2.. 

.136...2.6..,2.0.. 

.2.3. 

..1.1...1.6.. 

.1.2.. 

.150...2.6.,.2.0.. 

.2.3. 

..1.1...1.6.. 

.1.6.. 

.166,..2.6,i.2.1.. 

.2.0. 

.,1.4...1.6., 

.2.1.. 

.180...2.3...2.6.. 

.1.9. 

..1.6.,.1.1.. 

.2.1.. 

. 0..,2.6...2.4.. 

,.2.8. 

..1.2...1.2., 

.0.8 

. 16.,.2.6...2.4,, 

,.2.7. 

..1.1...0.7.. 

.0.7.. 

. 30..,2.6..,2.4., 

.2.7. 

,.1.2,..0.8.. 

.0.8.. 

. 46...2.6,..2,4.. 

.2.7. 

..1.2...1.3.. 

.0.8.. 

. 60.,.2.7..,2.6.. 

.2.3. 

..1.8...0.8.. 

.1.3.. 

. 76.,.2.8...2.6,, 

,.2.4. 

, .1.2...0.7., 

,1.3.. 

. 76...2.7...2.6,, 

..2.2. 

..0.8...0.8.. 

,.0.8.. 

. 90.,.2.8...2.7., 

,.2.5. 

..0.8...0.8.. 

,.0.7.. 

.106..,2,9..,2,8. 

..2.7. 

..0.8...0.8. 

..0.7.. 

.120...2.9,,.2.8, 

..2.6. 

..0.8...0.7, 

.,0.8., 

.136...3.0...2.9. 

..2.7. 

..0.7...0.7. 

..0.7.. 

.160...2.9.,.2.8, 

..2.6. 

..0.8...0.7. 

..0.7.. 

,165...2.7..,2.6, 

..2.8. 

..0.7...0.8. 

. .0.8.. 

.180...2.6..,2.5. 

..2.7. 

..0.7...0.7. 

,.0.7.. 


,.2.8...2.7. 
.2.9...2.7. 
,.2.9...2.7. 
,.3.0...2.8. 
,,3.0...2.9. 
,.2.5...2.8. 
. .2.6...2.4. 
.. 2 . 5 ... 2 . 4 . 
. . 2 . 6 ... 2 . 6 . 
..2,6...2.5. 
..2.7...2.6. 
.. 2 . 7 ... 2 . 5 . 
..2.8...2.6. 


..2.5...0.7. 
.2.5...0.7. 
,.2.5...0.7. 
,.2.6...0.7. 
..2.6...0.7. 
.. 2 . 7 ... 1 . 2 , 
..2.7..,1.1. 
..2.7....1.2. 
.. 2 . 7 ... 1 . 2 . 
..2.4...0.7. 
..2.4...1.2. 
..2.3;..0.7. 
.2.4...0.7. 


.. 1 . 0 ... 1 . 0 .,. 1 . 0 ... 
., 1 . 0 ... 1 . 0 ... 1 . 0 ... 
,. 1 . 0 ... 1 . 0 ... 1 . 0 ... 
.. 1 . 0 ... 1 . 0 ... 1 . 0 ... 
.. 1 . 0 ... 1 . 0 ... 1 . 0 ... 
.. 1 . 0 ... 1 . 0 ... 1 , 0 ... 
.. 1 . 0 ... 1 . 0 ... 1 . 0 .. 
.. 1 , 0 ... 1 . 0 ... 1 . 0 ., 
,. 1 . 0 ... 1 . 0 ,.. 1 . 0 .. 
.. 1 . 0 ... 1 . 0 ... 1 . 0 .. 
., 1 . 0 ... 1 . 0 ,.. 1 . 0 .. 
,, 1 . 0 ... 1 . 0 .., 1 . 0 .. 
., 1 . 0 ... 1 . 0 ... 1 , 0 .. 

.. 1 . 0 ... 1 . 0 ... 1 . 0 .. 
., 1 . 0 ... 1 . 0 ... 1 . 0 .. 
.. 1 . 0 .., 1 . 0 ... 1 . 0 .. 
,. 1 . 0 ... 1 . 0 ... 1 . 0 .. 
.. 1 . 0 ... 1 . 0 ... 1 . 0 .. 
.. 1 . 0 ... 1 . 0 ... 1 . 0 .. 
.. 1 . 0 ... 1 . 0 ... 1 . 0 .. 
. . 1 . 0 ... 1 . 0 ... 1 . 0 .. 
... 1 . 0 ... 1 . 0 ... 1 . 0 .. 
... 1 . 0 ... 1 . 0 ... 1 . 0 .. 
... 1 . 0 ... 1 . 0 ... 1 . 0 .. 
... 1 . 0 ... 1 . 0 ... 1 . 0 ., 
... 1 . 0 ... 1 . 0 ... 1 . 0 .. 

... 1 . 2 ,,. 1 . 1 ... 1 . 1 .. 
... 1 . 1 ... 1 . 2 ... 1 . 1 .. 
... 1 . 1 ... 1 . 1 ... 1 . 0 ., 
... 1 , 1 .., 1 . 1 ... 1 . 1 .. 
... 1 . 1 ... 1 . 1 ... 1 . 1 .. 
... 1 . 1 ... 1 . 1 ... 1 . 2 .. 
... 1 . 1 ... 1 . 1 ... 1 . 1 .. 
...1.4...1.2...1.1.. 

... 1 , 2 ... 1.2 . 

...1,4...1.1...1.2.. 
.. .1.5...1.1...1.2.. 
...1.2...1.4...1.2., 
... 1 . 1 ... 1 . 2 ... 1 . 6 .. 
...1.1,..1.2...1.4.. 

... 1 . 1 ... 1 . 1 ... 1 . 1 . 
;.., 1 . 1 ... 1 . 1 ... 1 . 1 . 
;... 1 . 1 ... 1 . 1 ... 1 . 1 . 

1.. .1.1...1.2...1.1. 

:.,. 1 . 6 ,.. 1 . 2 ... 1 . 2 . 

2 ... 1 . 2 ,., 1 . 2 . 
^.. 1 . 1 ... 1 . 1 ... 1 . 1 . 

5.. .1.1. 

s...1.1...1.1..,1.2, 
>...1.0...1.1...1.1. 
‘...1.0...1.0...1.1. 
‘..,1.1...1.0...1.1. 
s...1.1...1.1...1.0. 


, 1 . 0 .,. 1 . 0 , 
. 1 . 0 ... 1 . 0 , 
, 1 . 0 ... 1 . 0 , 
. 1 . 0 .,, 1 . 0 , 
. 1 . 0 .., 1 . 0 . 
. 1 . 0 .,. 1 . 0 , 
,1.3...1.0. 


.,1.5...1.0., 
..1.0...1.4. 
.. 1 . 1 ... 1 . 0 ., 
.. 1 . 0 ... 1 . 0 . 

,. 1 . 0 ... 1 . 0 . 
.. 1 . 0 ... 1 . 0 . 
.. 1 . 0 ... 1 . 0 . 
.. 1 . 0 .., 1 . 0 . 
.. 1 . 6 ... 1 . 0 . 
. 1 . 0 ... 1 . 2 . 
.. 1 . 0 ... 1 . 0 . 
.. 1 . 0 ... 1 . 0 . 

.. 1 , 0 ... 1 . 0 . 
.. 1 . 0 ... 1 . 0 , 
.. 1 . 0 ... 1 . 0 . 
.. 1 . 0 ... 1 . 0 . 
.. 1 . 0 ... 1 . 0 . 


^C 


^B 

4C 


.49.. 

.66.. 

47 


.67.. 

.48.. 

60 


.62., 

.67.. 

69 


.48.. 

.62.. 

58 


.66.. 

.47., 

.25 


.66., 

.47.. 

.64 


.48.. 

.58.. 

.41 


.57.. 

.39.. 

.49 


.36.. 

.81., 

.73 


,72., 

.51.. 

.48 


.66.. 

.67.. 

.69 


.62.. 

.60.. 

.48 


.62.. 

.48.. 

.52 


.76.. 

.50.. 

.48 


,48.. 

.44.. 

.17 


.60.. 

.38.. 

.52 


.54.. 

.46.. 

.63 


.63.. 

.81.. 

.71 


.27.. 

.46.. 

.62 


.64.. 

.48.. 

.63 


.60.. 

.61,, 

.45 


.61. 

.47.. 

.45 


..61. 

.47., 

.64 


..50. 

.61., 

.58 


..35. 

,59.. 

.58 


.46. 

.47.. 

.53 


.,13, 

. 4.. 

. 8 

.1.0. 

. .17. 

.22.. 

.17 

.1.0, 

..10, 

.25., 

.19 

.1.0. 

..19. 

. 6.. 

. 9 

.1.0. 

,, 3. 

.16. 

,11 

,1.0, 

,. 6. 

. 7. 

. 2 

.1.0. 

.. 4. 

,. 2. 

.27 

,1.0, 

,,10. 

,. 2. 

.23 

.1.1. 

.. 1. 

.. 2, 

. 4 

.1.0. 

,. 9. 

.. 8. 

.13 

.1.2. 

.. 7. 

,. 8. 

.10 

.1.1, 

.. 4. 

..23. 

..18 

,1.5. 

..13. 

..18. 

. 9 

.1.4. 

,.29. 

.,20. 

..18, 

,1.0. 

. .12. 

.. 8. 

..18 

.1.0. 

. .11. 

.. 4. 

..39 

.1.0. 

.. 8. 

.. 0. 

..19 

.1.0. 

..13. 

..12. 

.,13 

.1.1. 

..17. 

.. 6. 

..14 

.1.0. 

.. 6. 

.. 0. 

..11 

.1.0 

.. 2. 

..15. 

..11 

.1.0 

..10. 

.. 6. 

.. 9 

.1.0 

..11. 

.. 4. 

.. 3 

.1.0 

..26. 

.. 8. 

..17 

..1.0 

..14. 

.. 4. 

.. 1 

..1.0 

.. 0. 

,.11. 

.. 1 

..1,0 

..21, 

..12. 

..16 


♦ Time from energization of trip coil to interruption of charging current, 
t Time from interruption of charging current to interruption of resistor current 


in which the 241.6-mile 230-kv test circuit 
was energized. The circuit breakers were 
equipped with the conventional six series 
break interrupters previously described. 

Description of Field Tests 

Switching the 241.6-mile line between 
the Hungry Horse power plant in Mon¬ 
tana and the Glen H. Bell substation near 
Spokane, Wash., is recognized as very 
severe duty, especially with regard to the 
proposed high sending bus voltage of the 
order of 260 kv. To check circuit-breaker 
performance a series of fidd tests were 
made co-operatively with the Bonneville 
Power Administration and the Bureau of 
Reclamation. 


Table III. Summary of Avcrasc Data, 1954 Test Series A-D 


Average luterrupting Time for 
Charging Current, Cycles* 


78.7.2.3.2.3.2.1. 

241.6.2.7.2.6.2.6- 


Average Resistor Current 
interval, Cyclest 


Average Per-Cent Crest 
Voltage Left on Line 


.1.6.1.4.... 

.0.9.0.8... . 


...1.7.64. 

... 0.8 . 11 . 


...54.......63 

... 9..13 


• Time from energization of trip coil to interruption of charging current, 
t Time from interruption of charging current to interruption of resistor current. 


Tests, 1952 

To check operation of the standard cir¬ 
cuit breaker without resistors, three line¬ 
dropping tests were naade from the 
Hungry Horse power plant on December 


13, 1952. The three tests were made with 
a sending bus voltage of 230, 242, and 263 
kv. Measurements at Hungry Horse in- 
duded the three line currents and one 
phase of bus voltage. Measurements at 
Spokane included the three line-to-neutral 
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Summary of Data Test Series SF, May 12-13,1954 


System 

Diagram 


Load 

Current Fault 
Before Current, 
Fault, Amperes, 
Test No. Amperes ^A 


Charging 

Current, 

Amperes* 


60-CycIe interrupting Time, 
Recovery Cyclest 

Voltage, — —_ 1 - 

Ev,^to0 4,A iC 


f SF-l-8:25.340.j 

-D... fSP-2-5:49. 340. \ 

tSP-8-6:02.345.! 


-220 - 280.260. 

-220 - 240.253., 

...210 - 240.260., 


. 2 . 4 ... 2 . 8 ... 2 . 6 . 
.2.9...2.8...2.6. 
.2.6...2.6...2.3. 


* After breaker at receiving end cleared fault. 


, Per Cent of 

Maximum Crest Normal Crest 
Resiatar Pw-TJnit Line-to- Voltage Left on 

Interval Cvclest ^q'***?^ Voltage, Line-Sending 

interval. Cycles! Sending End End 

M »B Restri fces $B ^ 0A ^B >C 
.O.8...0.7...0.7....none....l.0...1.0...1.1....0..,40...42 

open during the test and was therefore 
subjected to the same overvoltages that 
resulted in bushing flashover. The send¬ 
ing end oscillogram covering test 2 is 
showninFig.il. 


. A 


~f'i vj'.-.r *• »1 i «tr -of * - 4 

riot .S']:!- Inj* .SuhstAt Icn 

.RHE-VO-i; ftfltch No! ,n 



FIs. 14. 0«lllosr.n> rtowin, de.««,lr«|o« of 78.7 h,II. II„, .t 848 h,, b«.k« .q„lpp«l 

with resistors 



'ixii - '' 


-AyvyvAyyvA^ 

V A V V' v V A A - 


BcnncvlIaE rcaor Aitginlntrat icm 
tfungxy Horee Swit^y«.rd - rtrop”l^ot7~ 

v>crl03 D 

SwrtmiL^ rzii©N“-DT-?^-inrT^— 

Bell Substation vlth OCB 

_ ■ 90 - H. £vit ch No, ?182 

lefft Ho, 92 j Ttras IsOVA, ou, oattir'' 0^ 

B\:a Voltaic ?50 tv * *** 



n». 15. OkIIIost.™ Aowins of 841 .6.mll, llo. .1850 k,, b«.k„ «,„Ipp«| ® 

With resistors kk of 260 kv i 

rent. 

Siltf ^of SfJp the me^ed external llashover of the Kne side bushings Test Serb 

tt»«t vbItagPs at tteS^>^ The b.^ a« rated 173.kv, SOO-kv grant ed I 

I«e. 17 ,^ voltages resulted m tte mduated by system diagram Bell substa 

ages resulted m (be . Fig. 10(A), the receiving end breaker was gizedandd 

^ ^ ^ ^ ^ ^ ^'^^r^^^^^>^'«‘kersforSwimngLmgm-KvIyines 


Tests, 1954 

Inasmuch as results of the December 
1962 tests indicated that improvement in 
performance was desirable when switching 
long unloaded transmission lines, it was 
decided to modify the breakers at Hungry 
Home by the ad^tion of low ohmic value 
resistors. Fig. 12 is a view through the 
modified test circuit-breaker tank man¬ 
hole showing the resistor, interrupters 
andmoving contacts. Fig. 13 is a close-up 
view of a similar resistor and interrupter 
assembly showing the resistor center tap 
connection to the upper interrupting 
chamber. 

After resistor installation, switching 
tests were performed on May 12-13, 
1964 with results as indicated in Tables 
II, III, and IV. Typical oscillograms are 
represented by Figs. 14,16 and 16. 

Test Series A 

With the system arranged as in the 
diagram of Fig. 10(B) the Hungry Horse- 
Hot Spring's 78.7-mile line was energized 
and de-energized. Gn de-energizing oper¬ 
ations the test breaker contact parting 
time was varied 16 electrical degrees for 
each operation, completing the 360-de¬ 
gree range, in order to check interrupting 
p^ormance through all electrical condi¬ 
tions. Bus voltage for these tests was 
maintained at 242 kv with a resulting 
60-ampere diargiug current. 

Test Series B 

The same conditions obtained as in 
senes A except for an operating voltage 
of 260 kv arid a 61-ampere charging cur¬ 
rent. 

Test Series C 

With the system arranged as in the dia¬ 
gram of Fig. 10(C) the Hungry Horse- 
Bell substation 241.6-mile line was ener¬ 
gized and de-energized. The same condi- 
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tions applied as for series A with the oper¬ 
ating voltage maintained at 242 kv with 
resulting 200-ampere charging current. 

TbstSesoes D 

The same conditions obtained as series 
C except for an operating voltage of 260 
kv and a 208-ampere diarging current. 

Test Series SF 

Two 76,000-kw water-wheel generators 
at the Hungry Horse power plant were 
isolated, except for the 241.6-mile single¬ 
circuit line connection to Spokane, and 
loaded to their capacity. Referring to 
Fig. 10(D), the test sequence consisted 
of: 1. application of solid single phase-to- 
ground fault at Hot Springs substation by 
closing circuit breaker at Hot Springs, 2. 
open Bell substation line breaker, and 3. 
open Hungry Horse test breaker. Opera¬ 
tions were conducted so that the Hungry 
Horse breaker did not operate until the 



M iv’ iv M M r n n r '■m i i i i i i m 

a'A K A a'a a'a Afr:A A A a!a A A AAA A 
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\WtWAvA/\ATy/'vwvVW 
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Bo roaylllg Pqwgr AtfTrtnlstratlJn 
iiimfiry Horae Svi-tc^arTl - yinc Drop Ytats 
L-g Sprlnra ouhst atior 

Hiaij^ry Horse Hus VolUtyT,e ?li2 Kv 
OflC.tto.'lOg. Test SF-l, timet Ji2S A 
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Fig 16. Oscillogram showing de-energization of 241.6-mile line at 242 kv, with single line- 
to-ground fault at 78.7 miles/ breaker equipped with resistors 


system had readjusted following discon¬ 
nection at the Spokane end. Complete 
voltage and current characteristics were 
recorded at both ends of the transmission 
line. 

Test Results 

The resistor-equipped breaker perform¬ 
ance throughout this series of tests was 
highly satisfactory. Capacitive current 
interruption was prompt and without re¬ 
strikes. Residual resistor current inter¬ 
ruption time was very short. System 
voltage was held to low and entirely safe 
values. 

More Severe than Normal Operation 
Tests 

Test observers have often noted that 
the first few operations, during a series of 
line-dropping operations in rather quick 
succession, produced fewer restrikes and 
lower overvoltages per operation than the 
remaining tests. This may explain to a 
degree why tests sometime indicate 
rather dangerous overvoltages, whereas 


hundreds of circuit breakers over a period 
of many years-have been switching high- 
voltage lines with no apparent damage to 
connected apparatus including the cir¬ 
cuit breaker performing the switching. 
The increase in frequency of restrikes and 
overvoltages during a number of tests in 
rapid succession may be due to carbon in 
the arc path not being given sufficient 
time to precipitate so that the dielectric 
strength of the oil gradually degrades. 

Conclusions 

A resistor has been designed specifi¬ 
cally for application to high-voltage high¬ 
speed circuit breakers. Increased ^s- 
tributed capacitance is employed to im¬ 
prove dielectric strength for withstanding 
steep wave front high-voltage lightning or 
switching surges. Dangerous gassing of 
the oil surrounding the resistor during 
interruption of severe faults is prevented 
by adequate resistor thermal capacity. 

The resistors described have demon¬ 
strated excellent performance in with¬ 
standing severe impulse tests, in success¬ 


fully switching long high-voltage lines 
with operating voltages beyond the upper 
limit of the breaker rating, and in with¬ 
standing the stress of severe fault inter¬ 
ruption duty as described elsewhere.^ 
However, they add some complexity to 
the conventional circuit breaker and 
probably will increase maintenance re¬ 
quirement for circuit breakers on which 
they are installed. Consequently, they 
are recommended only for switching high- 
voltage capacitor banks, cables, and over¬ 
head lines over approximately 180 miles 
long. They may be readily installed in the 
field, when required, in conventional 
breakers for which they were designed. 
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Discussion 

E. C. Starr and E. J. Harrington (Bonneville 
Power Administration, Portland, Oreg.): 
It is generally recognized by the industry 
that if reductions in basic insulation levels 
below those in common use could be effected, 
appreciable savings would result. Practical 
reductions in BIL are to a conaderable extent 
determined by the control that can be mct- 
cised over dynamic, lightning, and switch- 
ihg-sur^ overvoltages. 

One of the most common types of switch¬ 


ing overvoltage is that produced by a circuit 
breaker restriking during the interruption of 
line-charging current. While in most 
cases the transient overvoltages generated 
on the station bus are much lower th^ 
those produced on the line, they n^y in 
some cases reach dangerous magnitudes 
and in general are always undesirable 
because of the disturbances they may cause 
locally as well as elsewhere on the system. 

To exercise control over this type of 
switching surge overvoltage, the Bonneville 
Power Administration specifies that all 
high-voltage circuit breakers purchased 


for line-switching service shall interrupt 
line-charging current with limited restnke 
characteristics. Restrikes during such 
interruptions may not occur beyond 1/^ 
cycle after the beginning of a current 
interruption of 1/4 cycle or more. Re¬ 
establishment of current through a control 
or damping resistor incorporated in the 
breaker is not considered a restrike. 

Some circuit breaker designers and many 
users consider the use of resistors an un¬ 
desirable means of improving brewer 
performance. We entertain no objections 
to such expedients provided breaker per- 


August 1955 


Umphrey, Marsden—Breakers for Switching Long 230-Kv Lines 


701 















































144.5 KV RMS ALL PHASES 

A A A A ea-o 


Uc-oAbus/ 



130 KV RMS 
ALL PHASES 


Ea-0 line 




'AAA/^ 

_ 








-2.69 X NORMAL 


Ec-o line 


oh U' 241.6.mile line at 

XX5 Oscillogram showing resfrike gen- 
erated overvoltages at the sending end. 
Breaker not equipped with resistors 


Fig. 19. Receiving end oscillogram of 
voltages showing de-energization of 241.6- 
mile line at 250 kv/ breaker equipped with 
resistors. These are receiving end voltages 
coiresponding to those at the sending end 
shown in Rg. 15 


I50KV RMS 


152 KV RMS 


^2.55> 
I50KV RMS i 


Ea-0 line 


Eb-o line 


Ec-o LINE 


Rs. 18. Hungry Horse-Spokane line, 
bpokane (receiving end) oscillogram showing 
strike generated overvoltages during line¬ 
dropping operation of Hungry Horse. Send¬ 
ing end voltage 242 kv 

formance, reliability, and service periods 
^ m no way compromised by their use. 

the design and applica- 
tion to a breaker of resistors which have 
^kedly improved its line-dropping per- 
fomian<». Fig, 17 is an oscillogram ob- 
^ed durmg a line-dropping operation 
mth t^ use of the same line as used for 
tte tests described by the authors. In 

breaker was 

used vath no resistor equipment and the 
swit^g was done from the Spokane end 

at tip oscUlogram was taken 

at the Spokane end and shows that the 
breaks performance was characterized by 
delayed restriking which produced transient 
overvoltages on the line up to 2.7 times 
normal at the switched end. 

Fig. 18 is an oscillogram taken at the 
Spokane or open end of the line during an 
mterruption of line-charging current with 
M unmodified circuit breaker at the Hungry 
H^e end. Fig. 11 is the sending end 
w^logram taken during this same test. 

receivmg or open end oscillogram 
shows restnke generated overvoltages more 
than 2.8 times normal at this end. This 
tr^ent voltage was of a nature and of 
^aent magnitude to cause fiashover of 
the breaker bushing at the open end. The 
60-cycle withstand voltage of this bushing 
IS kno^ by test to be somewhat higher 
pff“ transient voltage that 

flyover. It appears that insula¬ 
tion subjected to a voltage above the 


/\ /\ A BREAKER OPEN 

tp CABINETca nAeil 1 

iNrriATEp'' UV \A ■ 

I TRIP C.G. V_500A 


JP_^BIN|T£ 
. FAULT X 

initiated 

I TRIP C.S. 


Rg. 20. Receiving end oscillogram showing 
de-energization of 241.6-mile line at 242 kv/ 
with single line-to-ground fault at 78.7 miles; 
breaker equipped with resistors 

corona formation level and then rapidlv 
revised may flash over even though the 
apphed Ime-to-ground voltage is less than 
tte insulation 60-cycle withstand value. 
This could be due to the trapped charge 
^ated by the ionization prior to reversal. 
The t^ voltage across the insulation at 
tbe instmt of reversal then tends to ap¬ 
proach the peak-to-peak value rather thm 
the line-to-ground voltage. Further study 
may show that certain classes of insulation 
are prone to lowered dielectric strength 
when subjected to rapidly reversed over- 
volta^, thus making the presence of such 
^Mients even more undesirable than 

Fig. 19 w an open-end oscillogram taken 
awng a line-dropping operation with the 
cn^t breaker after the resistors had been 
sending end osdllo- 
gram taken durmg the same test. It 

appreciable 

overvoltages were generated at either the 
sending or receiving ends. 

The fa^t tests mentioned in the paper 
were used as a means of subjecting the 
OTcuit breaker to line-dropping duty more 
severe than the preceding Hungry Horse 
Ime-^oppmg tests. During the fault tests, 
the Hungry Horse generators were carrying 
full load at unity power factor; conse¬ 
quently, them excitation was much TuViiPr 

when supplying line charging only. 
Apph^tion of the fault was an expedient 
to achieve rapid sequential operation of 
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tbe breakers at both ends of the line and to 
^ulate one type of normal duty. The 
HM^y Horse breaker was in this manner 
called upon to perform a line-dropping 
op^ation on the two unfaulted phases 
overvoltage against a much 
suffer bus and one whose voltage did not 
sag w^n the line-charging excitation was 
lost. Fig. 20 is the receiving end oscillo- 
to the test shown in 
pg. 16. Tins oscillogram is of particular 
interest ^ it shows transient overvoltages 
of up to 2,8 times normal on the unfaulted 
^en ph^s. These overvoltages appeared 
d^ng the interruption of load current by 
the circuit breaker at the receiving end and 
were largely due to the long-line inductive 
drop recovery oscillation combined with 
couplmg to the faulted phase. They were 
not generated by reslrikes in the test 
^er at Hungry Horse, but would have 

*be Spokane 

brea^ had been resistor-equipped. 

The resistors described by the authors 
Mve been in s^ce for nearly a year now 
and, to date, the circuit breaker perform¬ 
ance has I^en entirely satisfactory. Similar 
resistors have been added to one other 
breaker of tl^ type on the Bonneville 
Power Admmistration system, and similar 
perfomance obtained. Modification of 
additional breakers in the 230-kv class is 
planned. 


P. E. Richardson (United States Bureau of 
. Reclamation, Denver, Colo.): This paper 
IS of parfacular interest because it covers 
a su^ssful solution of the long-lines 
switching problem by the application of 
low ohmic resistors to a standard circuit 
^ demonstrated by the results 
of tests conducted on an identical breaker 
before and after modification. 

Because operation at above-no rmal volt¬ 
age IS ccmmonly necessary in systems com¬ 
posed of long lines to remotely located 
hydroelectric plants, and because relaying 
of a fault near the receiving end of a long 
Ime frequently requires sending end break¬ 
ers to operate at voltages over those held 
lOTor to the fault, the tests were conducted 
at voltaps of 106 and 110 per cent of 
rated voltage. 

series SF demonstrates this latter 
^ 242-mile 

230^v Ime was loaded at 146 megawatts at 
unity pow» factor, or at slightly more than 
Its smge impedance loading, prior to the 
application of the line-to-ground fault. 
Re^vmg end voltages were at rated level 
and sendmg end voltages at 106 per cent 
of rated. Relaying of the line was modified 
to simulate that foUowing a fault near 
the receiving end. After opening of the 
receiving end breaker and just prior to the 
opening of the sending end, or test, breaker, 
volteges on the unfaulted phases at the 
^*ng rad bus were 110 to 112 per cent of 
that held prior to the fault. 

Under heavy-load conditions it is neces¬ 
sary to hold bus voltages at Hungry Horse 
as high as 263 kv in order to retain nominal 
receivmg end voltage. 

These conditions indicate the require¬ 
ment of many hydroelectric systems for 
cirtrat breakers capable of interrupting 
X charging and fault currents 

voltage and over. 
While manufacturers are aware of this 
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problem and have provided for its solution, 
suitable coverage of the situation should 
be provided by the standards. 

Of interest is the completeness of the 
tests, the full coverage of the results made 
possible by the isolation of an extensive 
portion of 230-kv system, and the excellent 
instrumentation and recording provided 
by Bonneville Power Administration facili¬ 
ties, indicated by the data in Table I. In 
addition to records of breaker performance 
and sending end quantities, records were 
also obtained of receiving end conditions. 

Table II indicates very satisfactory per¬ 
formance of the test breaker in interrupting 
line-charging current. There were no re¬ 
strikes as defined by: “no resumption of 
main current following 1/4 cycle of current 
interruption.” By-passing of the resistor 
occurred in several of the tests but not more 
tTian once in any phase and not later than 
0.2 cycle after initial current interruption. 


G. B. Cushing (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): ThM 
is an interesting account of how an oil 
circuit breaker of somewhat unusual contact 
constructioti has been adapted in the field 
to the problem of switching capacitive 
currents. The interrupters of each termi^ 
have been equipped with arc-shunting 
resistors with the result that overvoltages 
are significantly reduced. Such resistor 
applications have numerous precedents 
many of which are reported in the litera¬ 
ture.'”^ However, this one is particularly 
intriguing because of its unique physical 
arrangement. 

Having had experience with both resistor- 
a-fiH pump-equipped interrupters I would be 
among the first to admit that without the 
substantiating data which can be obtained 
in a testing laboratory the development 
and field installation of effective pumps to 
supplement an existing design would present 
difficult and possibly overwh^ing prob¬ 
lems. However, properly designed pumps 
incorporating a delay feature to avoid 
acting at too short a contact separation 
afford control of overvoltages which is 
acceptable for many applications. The 
simplicity of their construction assures 
long life with no increase in maintenance 
requirements. 

Resistor units, on the contrary, are 
subject to many hazards. Thermal over¬ 
loads, for example, arise with out-of-step 
switching where voltages are abnormally 
Tii gl i anti arcing more persistent. When 
the temperature rise becomes excessive, 
the insulating oil is vaporized and flashover 
rhay follow with explosivelike effects on 
the unit. Insulation troubles may also 
develop in a more subtle manner. Over a 
period of time carbon will precipitate on 
horizontal insulating surfaces, creating 
creepage paths that may then develop 
into breakdowns. Undoubtedly, such fac¬ 
tors have been considered by both u^r 
and manufacturer. The added^ main¬ 
tenance responsibilities are possibly an 
insignificant price to pay for the excellent 
control of overvoltages afforded by the 
resistor units. 

In regard to the construction of the re¬ 
sistor assemblies, several questions arise.. 
The confinement of the coils in small 
horizontal compartments would appear 
to adversely affect heat dissipation and at 


the same time introduce manufacturing 
difficulties. Did factors other than the 
electrical characteristics necessitate this 
arrangement? Are the many pads in each 
resistor wound from one continuous wire 
or is it necessary to interconnect them 
during assembly. Also, what is the ma¬ 
terial used in this structure which supports 
the pads? 

there is no mention of derating, 
one might assume that the 3,500 megayolt- 
ampere short-circuit rating is maintained. 
Requisite proof is the successful interrup¬ 
tion of currents of approximately 8,800 
amperes. However, the only^ short-circuit 
tests on this breaker, those in Table IV, 
fall far short of this rating, barely exceee^g 
the 800-ampere continuous current rating. 
What other tests have been made to prove 
the adequacy of electrical clearances in the 
presence of the gas bubble formed during 
high-current interruptions? How has the 
interrupting time of the resistor cmrent 
been checked for the condition of minimum 
inductive reactance? 

Rbfbbbncbs 

1 SWITCHIKO OVBRVOLTAOB HAZARD ELIMI¬ 
NATED IN Hioh-Voltaob On. CiRcmr Breakers, 
Lloyd F. Hunt, E. W. Boehne, H. A. Peterson. 
AIEE Transactions (Electrical Engineering), vol. 
62, Feb. 1943, pp. 98-106; discussion p. 421. 

2 Resistors for 138-Klv Cable Switching, 
E. K. Sadler, T. M. Blakeslee. AIEE Trans¬ 
actions, vol. 66, 1947, pp. 39—60. 

8 The Interruption of Charoino Current at 
High Voltage, W. M. Leeds, R. C. Van Sickle. 
thid., pp. 373-382. 

4. On. Circuit Breaker For Switching 115- 
Kv Shunt Capacitors, W. M. Leeds, J. H. 
Pehrson, C. P. Cromer. Ihid., vol. 72, pt. Ill, 
Oct. 1953, pp. 1066-72. 


K. G. Darrow (General Electric Company, 
Philadelphia, Pa.): This is an excellent 
analysis of the line-switching problem. 
The authors express a dubious opinion of 
pistons or pumps in selecting a solution to 
the long-line switching problem. It would 
appear that whether a pump was selected 
or not might be due to the configuration in 
the basic circuit-breaker desi^. The 
horizontal break instead of the vertical 
break might discourage the use of a piston 
from a 'mechanical standpoint. However, 
in circuit breakers employing vertical 
movement of the crossarm the pump is a 
perfectly straight forward approach and 
the mechanical stress introduced on the 
bushing is only a small fraction of the force 
introduced by interruption itself. We have 
found the pump a distinct as^et to the 
interrupting process. Not only has it 
been valuable for switching capacitive 
currents, but it has proved equally valuable 
at higher currents, shortening arcing times 
and supplying clean oil across the contacts. 
Many thousands of tests have not un¬ 
covered any of the detrimental effects 
which the authors claim. 

We recognize the value of the resistor in 
switching capacitive currents. We have 
used this approach for over 10 years in our 
own designs where capacitive currents of 
any magnitude were to be switched. It is 
a useful accessory and one which lends 
itself to calculation so that performance 
may be predicted to a considerable extent. 
The resistor, however, is not without its 
pitfalls. The authors mention the thermal 


problem and state they have applied a 
6-time factor of safety. My question is, 
"Six titnffs what?” because we must first 
agree what normal operation of the resistor 
may be. "While the duration of resistor 
currents which are claimed to be I'A cycles 
on opening and 1/4 cycle on closing, there 
pgri be a number of these operations in 
succession with little time for cooling be¬ 
tween operations. 

Once the resistor becomes a part of the 
design, it also takes part in full-scale short- 
circuit interruptions. In fact we consider 
this a necessary part of the design proof. 
We note no such tests on this design. They 
have stated that the resistor will probably 
increase the maintenance requirements. 
We fail to see how a properly designed 
resistor should increase the frequency of 
maintenance. Finally, we have always 
contended that proof of line-switching 
performance requires a greater number of 
tests because proper results must be ob¬ 
tained statistically. The authors point 
out that they experienced no restrikes 
during these tests, but it would appear 
to us that this number of tests could faardly 
be expected to demonstrate restrike free 
performance. 


J. E. Conner (Southern California Edison 
Company, Los Angeles, Calif.): The 
authors’ explanation of the long-line switch¬ 
ing problem and its effect on circuit breaker 
restrike mechanism is a model of clarity 
anil should be extremely Valuable to those 
whose concept of this problem is vague. 
The extensive wave form diagrams, with 
expansion of the regions of interest, con¬ 
tribute immeasurably to a better under¬ 
standing of the text. It is particularly 
interesting to note that very early inter¬ 
ruption of the small capacitive current 
associated with line switching has certain 
inherent disadvantages which should be 
recognized. In discussing the line-switch¬ 
ing problem, the authors state that if a 
4 >VigiVp is necessary between the extremes^ of 
very early extinction of the capacitive 
current and extinction at a somewhat 
later time, the latter is a much more favor¬ 
able condition from the standpoint of 
li-miting overvoltages and reducing the 
probability of circuit-breaker restrikes. 

It seems paradoxical that permitting re¬ 
strike current to persist for several natur^ 
frequency half-cycles is a desuable circuit 
interrupter characteristic. 

The distinction drawn by the authors 
between the short-line or lumped capaci¬ 
tance-switching phenomena and the long- 
line switching problem points out that 
definite reasons exist for treating the latter 
in an individual manner. In the action 
pertaining to the effect of the long line on 
circuit-breaker restrike mechanism, it is 
interesting to observe that theory would 
dictate a rather poor possibility of inter¬ 
ruption at the first restrike current zero, 
while in actual practice modifying effects, 
such as corona, take precedent and ac^^ly 
tnalrp this early interruption a distinct 
probability. As the authors indicate, this 
early extinction is not without disadvan- 

tages. - 1 . 

As one solution to the problem of switch¬ 
ing long lines, the authors discuss at some 
length the use of resistors shunting the 
normal circuit-breaker interrupters. Re- 
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Mstors having an ohmic value of approxi- 
mtely one megohm have been excluded 
from consideration, based on the fact that 
such resistors will not maintain correct volt- 

frequencies 

^countered m connection with fault in- 
t^ption or other impulse phenomena. 

P^P«-' resistors 
of low ohmic value (2.400 ohms perpole) have 
bea chosen as the solution to the long-line 
problem. Considering for a mo- 
m^t the use of resistors as a means of con- 
^llmg mt^ voltage distribution, and 
problem of long-line switch- 
^g, there seems to be some di^greement 
among circuit-breaker authorities as to the 


fied It is significant that the thermal capa¬ 
bility requirements of this resistor are mini¬ 
mized by reducing the time of current flow 
to a maximum of about 1 Vj cycles. 

The auiiors are to be complimented on 
mcorporatmg in their resistor design the 
punaples of capacitance grading, found so 
M^essful wherever steep-front voltages are 
to be reckoned with. ® 


companion_ paper (see reference 1 of the 
paper). 

Hbfbrbncb 

FrSLD TbSTS. D. L. 
Allen, A. E. Zilgour. 


- --O'- inrougnout 

^ necMs^ range of operating conditions, 
whde It is realized that many different 
electrostatic configurations exist in the 

ideas re¬ 
ading the maximum rate of rise of tian- 

sient r^overy voltage are widely divergent. 

It would seem that some area of agreement 
on tbis point could be reached. 

<Iesirability of maintaining uniform 
Md proper voltage division among inter- 
mpters is recognized by all circuit-breaker 
however, the literature reveals 
few facts to substantiate the choice of any 
particidar resistance value. It would ap¬ 
pear that this problem could be attacked 

® low-voltage 

reperitive pulse technique, which, with its 
flexibility of control, would make it possible 
to determme rapidly, for any range of volt- 
a^ wave fronts likely to be encountered in 
® optimum resistance value for 
^® desired voltage distribution. 
The authors comments on the feasibility 
of this would be appreciated. ' 

^ In reviewmg the reasons for the choice 
of low ohmic resistors to cope with the 
probl^ of long-line switching, it would ap¬ 
pear that the third and fifth r^o^me St 

consistent. In a companion paper (see re- 
f^ence 1 of the paper) an 
test program on a similar type of breaker 
rated 10,(W0 megavolt-amperes at 138 kv 
IS descnbed. It is stated that the influence of 
tte reptoris most noticeable in the case 

cur¬ 
rent and that it is negligible at high cur- 

rents. It would be interesting to have the 
authors pomt out the area of improvement 

resistors 

SJ? does not appear in reduced arcing 
tune. Improved performance on low fault 
curaent interruption is unquestionable 
Une of the major considerations in ap¬ 
plying resistors of low ohmic value to high- 
breakers has been fhe 

need for adequate thermal capacity to pre- i 
ent damage to the resistor itself during 1 
cwtam types of severe switching operations. < 
it is the considered opinion of some of the 1 
engineers of the Southern California Edison s 

Company, that what little damage has been J 

sustamed on resistor-equipped circuit break- d 

^s on our system has been due to switching 

conditions where double a 

nomal voltage was impressed across the b 

Failure under these conditions I 

to w?tw tbe inabiUty of the resistor o: 
to withstand four times the normal power si 
J^pation._ The authors state that a design si 
f^tor of s^ety of six has been incotporSS c 
u^tois d^lgu for the worst operatSg coS S 
dition. which, however, has not been%eci- oi 


Otto Naef (American Gas & Electric Service 
Corporation. New York, N. Y.): The 
authora ^ to be commended for their 
contnbution to the art of resistor switching 
and resistor design. * 

A resistor of the same tspe as described 
in the paper was recently tested in a 138-kv 
^cmt bre^^ at the Philip Spom power 
pl^t on both Ime-droppingand interrupting 
p^omance. The favorable results ob¬ 
tained during the 230-kv tests at the Hungry 
Horse power plant were confirmed. The 
tMts have furthermore proven the ability of 
the resistor to withstand the stresses im¬ 
posed by severe mterruptmg duty. 

Rasters, like other accessories in circuit 
bre^^s must be designed for the severest 
conditions likely to occur unless they be- 
come a potential source of trouble. It is 
th^^ore good to know that each of the two 
designed for the full-impulse 
with^d voltage of the whole ckcuit 
breaker, and also for twice the normal re- 
^tor current. Such severe conditions oc¬ 
cur if durmg an opening operation only one 
resistor cuts in and the other resistor re- 

current in the arc 
path of Its associated interrupter. 

a thermal safety 
factor of SIX. How is this to be understood? 

I would consider a resistor in danger when 
toe wire attams a temperature of about 
300 degrees centigrade, at which oil begins 

bubbles Sat 
®®i, temperature may 

lead to flashover between turns long before 
the resistor material starts to melt. 


u,’ (Allis-Chalmers Manufactur¬ 

ing MUwaukee. Wis.): The authors are 
to be congratulated on their preparation 
Md presentation of this paper. The oil pump 
breaker has been successfully 
applied. It has been accepted by the user 
as a practical means of controlling low-cur- 
rent ma^itudes. The addition of mechani¬ 
cal load due to the pump depends on its de¬ 
sign and IS commensurate with other circuit 
brraker components which are peculiar to 
individual manufacturers. The most im- 
portant application of this pump is to have 
an ^ective oil flow to control the insulation 
bimd-up, rather than merely a large size. It 
certainly is appreciated that the rotary 
break^ presents a more difficult problem of 
applying a pump than the vertical breakers. 
An Illustration of an effective oil pump is 
demonstrated by Finneran, et al.^ 

The present paper indicates that resistors 
to be employed on a 230-kv circuit 
re^er to handle the line-charging currents 
It IS not mdicated whether this is because 
of the special location or that it will be a 
standard procedure within this breaker de- 
si^. If It is an accepted standard pro- 
** seems to be at variance with a 
application 

on the 138-kv breaker, as presented in the 
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f S’ J- Marsden: We 

toe discupers for their contributions. 
T P^pS considerably to the value of the 

M Mr. Starr and Mr. Harrington point 
reduction in system BIL 
:v must first senously consider the control that 
Si ^ switching surges as 

ig weU as other transient system voltages. The 

)- proposal that insulation may have a lower 

y ^electnc strength when subjected to rapidly 

f warrants further study, 

j additional test records presented help to 

■ 

^ « ^fl.^^^^^soiitedicates that heavy-load 

t pO“^tions make it necessary to hold voltages 

- m the order of 263 kv at the Hungry HoS 
5 pow^ plant. Consideration should perhaps 
) be ^ven to the fact that this will result hi 
5 s^dmg ^d circuit breaker recovery rms 
voltages m the order of 270 to 280 kv under 
certam switching conditions. This consti¬ 
tute rather severe duty for standard 230- 
kv breaker deigns. 

Regarding Mr. Cushing’s quetions, the 
resistor cods were arranged in the horizontal 
confi^ration primarily to obtain more serie 
distributed capacitance and to provide 
^eate thermal forage ability in the space 
availably as outlined in greter detail in the 
paper. Each reistor is an assembly of four 
groups of pads ech of which is wound from a 

joined by mechamcal means. The support- 
Eni^ufactured from National 
Electri^ Manufacturers Aeociation XJC 
paper-base phenolic material which, when 
pro^ly applied, has exhibited excellent di- 
riectnc ^acteristics through the years. 
For proof of adequacy of design under short- 
^emt conditions we refer to reference 1 of 
the paper. 

Mr. Harrow questions whether the re¬ 
sistor was selected in preference to a pump 
for mechani^ reasons. Actually it appears 
to be very difficult to install a high-energy 
S tenk-type circuit 

r^ns outlined in the paper. 

questioned in 

three of the discussions is based on a high- 
speed open-close-open operation with full- 
fault kra. Six times the value of energy 
absorbed by the resistor in this fashion ydll 
not raise the temperature of the resistor, 
wn-e ovm the vaporization point of the 
s^oimdmg oil, Concerning the number 
of t^ts bemg insufficient to prove that no 
restnkes will occur, we believe from expe- 
nence that the succestoil performance of 
the breaker under the rather severe field 
tMt conditions described adequately pro¬ 
vides the required evidence of no restrike 

performance. 

The proposal by Mr. Conner that low- 
voltage repetitive pulses be used to deters 
mme voltage division under various re¬ 
sistance and electrostatic configurations is 
worthy of study. Such a study, if found to 
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be economically practical, might result in 
considerable improvement in the measure¬ 
ment of voltage division between multi¬ 
break contacts. The improvement in 
heavy-fault current interruption is asso¬ 
ciated with more positive division of re¬ 
covery voltage actoss the interrupting 
breaks. Extremely severe fault interruption 
duty and attending pressure surges can 
produce transient reduction in dielectric 


strength so that improved voltage division, 
such as may be obtained by the use of low- 
ohmic resistors, may prove very beneficial 
in safeguarding interrupting ability. 

We agree with Mr. Naef that the resistor 
is in danger if the wire should attain a tem¬ 
perature at which the surrounding oil begins 
to vaporize. The resistor design covered by 
the paper takes this factor into account, as 
explained earlier. This is accomplished by 


the combination of adequate thermal storage 
in the resistance wire plus very short re¬ 
sistor current duration. 

In reply to Mr. Kilgoixr’s question re¬ 
garding application of the resistor, it is in¬ 
tended for economic reasons that resistors 
should be used only for those applications 
requiring the switching of high-voltage ca¬ 
pacitor banks, cables, and overhead lines ex¬ 
ceeding 180 miles long. 


A 69-Kv Compressed Air Circuit Breaker 
for 5,000^000 Kva 

R. E. KANE J. K. WALKER 

ASSOCIATE MEMBER AIEE ASSOCIATE MEMBER AIEE 


S 3 mopsis: This paper covers the develop¬ 
ment of a 6,000,000-kva compressed air 
circuit breaker rated 69,000 volts with 
2,000-ampere continuous current-carrying 
capacity. The breaker is completely metal- 
enclosed for outdoor installation. It has 
six condenser bushings extending through 
the roof for connection to the customer’s 
bus structure and for mounting of current 
transformers and potential devices. Veri¬ 
fication tests included interrupting demon¬ 
strations at 66, 44 and 22 kv, to prove the 
breaker capable of handling the high cur¬ 
rents required for 6,000,000 kva. Addi¬ 
tional • interrupting tests, with varying 
rates of rise of the recovery voltage, were 
made to prove further the ability of the 
breaker to interrupt and to indicate the 
factor of safety built into the breaker. 

E xpanding electric utility distribu¬ 
tion systems in large cities has neces¬ 
sitated the development of a 69-kv com¬ 
pressed air circuit breaker with a new and 
higher interrupting rating of 5,000,000 
kva. New York City, Philadelphia, and 
Pittsburgh already have 69-kv breakers 
with interrupting ratings of 3,500,000 kva 
of the compressed air tj^e, and a need for 
6,000,000 kva: in the New York area has 
already been anticipated. The ever- 
increasing electrical loads due to popular 
use of electrical appliances such as air 
donditioners, television sets, etc., plus the 
expanding industrial loads, have made 


necessary the use of 69 kv in the center 
of large metropolitan districts, as a dis¬ 
tribution voltage. The use of com¬ 
pressed air circuit breakers in the center 
of large cities appears to be the logical solu¬ 
tion to the problem of safer installations. 
Air breakers eliminate the use of oil and 
at the same time isolate any internal 
breaker trouble with a sheet-metal- 
grounded framework completely enclos¬ 
ing the breaker. The oil storage prob¬ 
lem, complicated by insurance regulations 
and local ordinances is nonexistent, and 
the handling and filtration of oil is no 
longer required. 

This paper is concerned with the de¬ 
velopment of a 5,000,000-kva compressed 
air circuit breaks: rated at 69 kv. The 
problems of modifying an existing 3,500,- 
000-kva compressed air circuit-breaker in¬ 
terrupting assembly to make it capable 
of handling 5,000,000 kva will be covered. 
The method of testing the new breaker 
and the electrical circuits set up during 
test to vary the rate of rise of recovery 
voltage impressed on the test breaker will 
be describ^. The use of the test data 
obtained to prove the capability of the 
new breaker to interrupt short-circuit cur¬ 
rents tmder very difficult external circuit 
conditions should be of considerable in¬ 
terest to electrical engineers. Fig. 1 
shows a view of the new breaker. 


Paper 55-218, recommend^ by the AIBEl Switch- 
gear Committee and approved by the AIBB Com¬ 
mittee on Technical Operations for presentation 
at the AIEE Winter General Meeting, New York, 
N. y., January 31-Pebruary 4, 1955. Manuscript 
submitted October 21, 1954; made available for 
printing Decemb^ 3, 1964. 

R. E. ICanb and J. K. Walkbr are with the 
Westing'house Electric Corporation, Bast Pitts¬ 
burgh, Pa. 

The authors wish to thank their colleagues J. E. ; 
fir.lir nTn»c1p and B. P. BakcT of Westinghouse 
Electric Corporation, East Pittsburgh, Pa., who 
contributed a major part in the successful comple¬ 
tion of this development and in the writing of the 
paper. 


liiterrupter 

An orifice, type of interrupter was em¬ 
ployed as shown schematically in Fig. 2. 
Compressed air passing from the air res¬ 
ervoir up the blEist tube causes the lower 
moying contact to separate from the 
lower stationary contact and to draw an 
arc. Interruption of the arc insals the 
shunting resistor. This resistance in the 


circuit reduces the amount of current 
that must be interrupted by the upper 
contact as wdl ascontrollingtherateof the 
transient recovery voltage. Compressed 
air causes the upper moving contact to 
part from the upper stationary contact, 
thereby interrupting the shunting resis¬ 
tor current. This contact structure has 
been in operation for a number of years 
at 69 kv on 3,500,000-kva breakers.^ It 
formed the basis for extending the inter¬ 
rupting capacity to 5,000,000 kva. 
Larger orifices for both the lower and 
upper contacts were used in order to 
handle the increased current (42,000 am¬ 
peres at 5,000,000 kva as compared to 
29,000 amperes at 3,500,000 kva). Other 
changes in contact configuration were 
made to reduce the clogging effect of the 
arc, to reduce back pressure, and to elim¬ 
inate copper vapor in the arcing zone, 
in order to arrive at a structure capable 
of successfully handling 5,000,000 kva. 

Intermpting Tests 

A testing procedure was selected which 
would subject the circuit breaker to con¬ 
ditions normally imposed on a breaker. 



Fig. 1. 69-kv compressed air circuit breaker 
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Rs. 2 (left). 
Schematic of 69- 
kv compressed air 
circuit breaker 


BLAST VALVE 


such as full line voltage, full short-circuit 
current, and proper rate of rise of the 
transient recovery voltage. It was 
thought desirable to use the 12-ohm re¬ 
sistor normally supplied with the 3,500,- 
000-kva interrupter on the proposed 
5,000,000-kva circuit breaker. 

It can be shown that the maTfiniiitn rate 
of rise of recovery voltage that wiU appear 
across the lower orifice is determined by 
the circuit breaker resistor when the 
breaker is applied on a circuit of a given 
short-circuit capacity. Therefore, the 
application of this breaker is determined 
when it is tested on a laboratory circuit 
producing rates of rise of recovery volt¬ 
age which axe actually greater than those 
it be required to interrupt in service. 
This is true provided the breaker insula¬ 
tion and build-up of dielectric strength 
are.suflScient to withstand the mnyi-mii-m 
voltage ultimately appearing across the 
breaker contacts after short-circuit cur¬ 
rent interruption. 

When calculating the rate of rise of re¬ 
covery voltage under short-circuit condi¬ 
tions, cable or line-charging current is 
small with respect to short-circuit current 
and the breaker shunting resistor current. 
Therefore, the capadtance of the circuit 
can be neglected in circuit calculations. 
Simil^ly, since the time duration of the 
transient recovery voltage is short com¬ 
pared to the period of the normal 60- 
cycle voltage, wave, changes in the 
peak voltage of the 60-cycle wave during 
the transient recovery voltage can be 
neglected. These assumptions have been 
checked by calculation and test results. 
The expression for transient recovery 
voltage then becomes 


transient recovery voltage, volts at 
any time t, after current zero 
crest voltage of the normal 60-cycle 
voltage wave, volts 
<=2.718, natural logarithm base 
J?=ohmic value of the shunting resistance 
across the lower orifice 
/=time, seconds, after the current zero at 
wUch interruption by the lower 
orifice occurs 

•Z/—inductance, henrys, of the circuit under 
^ort-circuit conditions determined 
from the circuit rms voltage and 
short-circuit kva 

From equation 1, the transient recovery 
voltage for a grounded system operating 
at 69 kv and capable of producing a 
5,000,000-kva short-drcuit may be cal¬ 
culated. Such calculations were made 
and a curve of the transient recovery volt¬ 
age versus time was plotted as shown in 
Fig. 3. Calculations for this curve were 
made on the assumption that a circuit 
breaker having a 12-ohm resistor across 
the low» orifice would be used. Similar 
calculations were made of an ungrounded 
S 3 rstem; see Fig. 3. The difference in 
the curves exists because, on a 3-phase 
system in the event of a breaker-opening 
operation the first phase to clear on an 
ungrounded system is subjected to 87 per 
cent of the line-to-line voltage, wh^eas 
on a grounded S 3 rstem the percentage is 
per cent. However, the short- 
drcuit current which must be interrupted 
is the same in either case. 

^ It follows that the 5,000,000-kva short- 
circuit interrupting capacity of the circuit 
breaker is demonstrated when 42,000 
amperes rms are interrupted, provided the 
voltage appearing across the interrupter 
at any time after current zero is greater 
than the voltage from Fig. 3 at any cor- 
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responding time after current zero. This 
shows that the circuit breaker has de¬ 
veloped suf&dent dielectric strength 
acroK its interrupter to withstand the 
maximum voltage applied by the circuit 
at any instant and will not break down. 
The test circuit used to demonstrate tbig 
condition is shown schematically in Fig. 4. 

Grounded Circuit 

A series of single-pole tests was made 
with the circuit breaker grounded as 
shown in Fig. 4 at test voltages of 66, 44, 
and 22 kv. A 12-ohm resistor R was 
used without any capacitance C for the 
-A- 66-kv circuit w‘as used as 
teis is a standard transformer connection 
in the laboratory. Also, 66-kv 
normal line-to-ground voltage of 40 kv 
on a 69-kv circuit and thus is a test 
under more severe conditions than the 
breaker would experience in service. 
The maximum current available, which 
measured 25,000 amperes, was inter¬ 
rupted at 66 kv and the maximum cur¬ 
rent available at 22 kv, which measured 
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Ki) TJian tne voltage from Fig. 3 at any cor- Fig. 4. Schematic of tejling circuit 
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48,600 amperes, was also interrupted. A 
current interruption of 48,500 amperes is 
the equivalent of 5,800,000 kva at 69 kv. 
This is well over the required 5,000,000- 
kva rating. During all of these tests, 
cathode-ray oscillograms were taken. 

The foregoing data are valid proof of 
circuit breaker performance at 69 and 22 
kv and show that the recovery voltage as 
produced by the laboratory circuit was 
greater in time relation than the recovery 
voltage which would appear across the 
breaker when applied on a 69-kv grounded 
circuit in service. Accordingly, the 22- 
kv voltage-time relationship taken from 
a cathode-ray oscillogram of the test 
was plotted as shown in Fig. 5 and com¬ 
bined with the two curves from Fig. 3. 
To refer to Fig. 5, it is apparent that the 
breaker interrupted on a duty greater 
than it would be subjected to in service 
on a grounded 69-kv circuit. It main¬ 
tained this condition for approximately 
60 microseconds after current zero. 

Since the circuit-breaker resistor had 
been selected so that the maximum volt¬ 
age which could ever appear across the 
resistor in service woidd be less than 
crest voltage, it followed that the 66-kv 
tests demonstrated the integrity of the 
breaker insulation and dielectric recovery. 

The application of recovery voltage to 
the interrupter due to the shunting re¬ 
sistor, as shown by equation 1, increases at 
a decreasing rate. Also, the rate of in¬ 
crease in dielectric strength between the 
contacts is always greater than the volt¬ 
age applied across the resistor because of 
the flow of clean air between the contacts. 
It follows that the dielectric strength be¬ 
tween the contacts is always greater than 
the voltage which would occur in service. 


As proof of this conclusion another test 
was made on the 22-kv laboratory circuit 
using capadtance in place of the shunting 
resistor to produce an oscillatory recovery 
voltage peaking at a time more than 50 
microseconds after current zero. The 
results of this test are shown by the 
plotted curve for Xe = 845 ohms in Fig. 6. 
Again, the interrupter successfully with¬ 
stood a recovery voltage greater than it 
would be subjected to in service and for a 
period of from 100 to 250 microseconds 
after current zero. 

The tests had demonstrated the ability 
of the breaker when applied on a 69-kv 
grounded circuit but, as shown in Figs. 5 
and 6, were not sufficient if the breaker 
should be applied on an ungrounded cir¬ 
cuit. Table I lists some typical inter¬ 
rupting tests. 

Ungrounded Circuit 

A series of single-pole tests was made 
on the circuit breaker to simulate an un¬ 
grounded circuit. Tests were made em¬ 
ploying various values of capacitive react¬ 
ance shunting the lower orifice as well as 
tests using different shunting resistance 
with the object of obtaining higher rates 
of rise of the circuit recovery voltage. 
Table I shows the test results obtained. 

The first of these tests was made with a 
shunting capacitive reactance of 880 
ohms, and a typical cathode-ray oscillo¬ 
gram was measured and plotted, as shown 
in Fig. 7. Another series of tests was 
made with capacitive reactance of 1,900 
ohms and a typical cathode-ray oscillo¬ 
gram was measured and plotted in Fig. 7. 
Additional tests were made without any 
capacitive reactance in the circuit. A 


Table I. Interrupting Tests 


Grounded Test Circuit/ Resistor Tests, R=12 
Ohms 


Test 

Voltage, 

Kv 

Current 

Interrupted, 

Amperes 

Restored 

Voltage, 

Volts 

Equivalent 
Kva at 69 Kv 

66... 

... 7,000. 

.56,600... 

.. 800,000 

66... 

...13,100. 

.69,000... 

..1,600,000 

66... 

...25,000. 

.60,000... 

..3,000,000 

22... 

...38,600. 

.19,000... 

..4,600,000 

22... 

...44,500. 

.19,000... 

..6,300,000 

22... 

...48,500. 

.20,000... 

..5,800,000 

Grounded Test Circuit, Capacitive Reactance 

Tests: 

Xe^255 ohms. 

r 3° 1.25 ohms 

22... 

...41,000. 

.20,400... 

...4,900,000 

22... 

...44,600. 

.20,600... 

...5,330,000 

22... 

...46,800_ 

.20,000... 

...5,600,000 

Grounded Test Circuit, Capacitive Reactance 

Tests: 

Xr»845 ohms. 

r ** zero 


22... 

...43,300. 

.21,000... 

...6,170,000 

22... 

...45,500. 

.19,000... 

...5,440,000 

22... 

...48,500. 

.21,000... 

...5,800,000 

Ungrounded Test Circuit, Capacitive Reactance 

Xe ^ 880 ohms 



22... 

...33,600. 

.20,400... 

...4,000,000 

22... 

...39,600. 

.20,400... 

...4,720,000 

Ungrounded Test Circuit, Capacitive Reactance 

1,900 ohms 



22... 

...32,400. 

.20,700... 

...3,870,000 

22... 

...41,000. 

.20,700... 

...4,900,000 

22... 

...41,000. 

.20,700... 

...4,900,000 

Ungrounded Test Circuit, Resistance» 6 ohms 

66... 

... 496. 

.62,000... 

59,000 

66... 

...14,000. 

.61,000... 

...1,670,000 

Ungrounded Test Circuit, Resistance» 24 ohms 

22... 

...41,000. 

.20,800... 

...4,900,000 

22... 

...49,100. 

.20,600... 

...5,860,000 

22... 

...61,000. 

.20,000... 

...6,100,000 


Low-current interrupting tests and capacitor- 
switching tests have been previously reported.' 


typical cathode-ray oscillogram of the re¬ 
sistance tests, showing the highest initial 
rate of rise of recovery voltage (test re¬ 
sistance i?=24 ohms) was plotted in Fig. 
7. 

From Fig. 7 it can be seen that the 
highest circuit recovery voltage for a 
capacitor shunt was obtained with a ca- 



Flg. 5. Recovery voltgge for a grounded Fig. 6. Recovery voltage for a grounded Fig. 7. Recovery voltage for an ungrounded 

test circuit with circuit-breaker contacts test circuit with breaker contacts shunted by test circuit with breaker contacts shunted by 

shunted by resistance capacitive reactance resistance and capacitive reactance 

August 1955 Kane, Walker — 69~Kv Compressed Air Breaker for 5,000,000 Kva 707 





















































5 ? 120,000 


M 100,000 


S 80,000 


_/ 





0 ^ 

/ 

- j — 





/ 

/ 

_ 

__j 




/ 

/ 

1 

—/- 










1 Ac 

> 





300 2000 3000 

-1/4 CYCLE- 

TIME IN MICRO SECONOS 


4000 SOOO 


pacitive reactance of 1,900 ohnis. This 
curve demonstrates sucoes^l interrup¬ 
tions at very high^ currents. Thus the 
breaJcer proved itself capable of interrupt- 
, ing a high short-circuit current and of de¬ 
veloping a dielectric strength across its 
contacts greater than that of a calculated 
69-kv ungrounded circuit for a period of 
up to approximately 160 microseconds 
after current zero. Once the breaker has 
withstood-the circuit transient recovery 
voltage for the first 150 microseconds 
after current zero, the capability of the 
breaker for an ungrounded system has 
been demonstrated. 

Test Results 

^ The results obtained for the ungrounded 
circuit apply for the grounded circuit as 
well, and demonstrate additional margin 
for the grounded circuit only. Therefore, 
the summary curves as shown in Fig. 8 
have been prepared for the ungrounded 
circuit. ^ It should be noted that control 
of any circuit is taken over by the breaker 
because of the shunting resistor, and that 
circuits—-of the highest natural frequency 
will not limit the results. 

Fig. 8 shows the relationship between 
the rate at which the breaker recovers di¬ 
electric strength and the maximum rate 
at which any 69-kv 5,000,000-kva circuit 
can apply voltage to the breaker ter- 
minals. This maximum rate may be 
repre^nted by a fault on any imgrounded 
circuit with an infinite recovery rate. 

In Fig. 8, curve A, as previously de¬ 
scribed by equation 1 , represents the rate 
at whidi voltage can appear across the 
terminals of a 12-ohm resistance-shunted 
br^er, assuming 85,000 volts,. 69 kvX 
y2X87 per cent, iurtantly applied and 
indefinitely maintained. Curve J5 repre¬ 
sents 1/4 cycle of a 60-cycle wave which 


FiS* 8 (left). Dielectric 
strength for 5,000,000-kva 
compressed air circuit breaker 
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Fig. 9 (right). Cathode-ray os¬ 
cillogram showing current flow 
through a noninductive shunt 
connected in series with 
breaker lower orifice 
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TRACE OF CATHODE RAY OSCILLOGRAM 
TEST 86094-AU • 4S,000 AMPERE CURRENT SETTING 


is the circuit voltage for the first 1/4 cycle 
following arc extinction. Curve C repre¬ 
sents the voltage-time characteristic of the 
most severe circuit as controlled by the 
12-ohm resistance shimted breaker. It 
results by subtracting the ordinates of 
curve B from 85,000 volts and then sub¬ 
tracting this difference from the ordinates 
of curve A. Curve £> represents the rate 
at which the breaker recovers dielectric 
strength. At any time after current 
zero, if curve D lies to the left and above 
curve C, the arc cannot be re-established 
since the voltage applied by the circuit 
will not be sufficient to cause breakdown 
tlmough the dielectric strength developed 
within the breaker. Point E on curve D, 
Fig. 8, was taken from curve A of Fig. 7. 
Point F and the portion of curve D be¬ 
tween points £ and F were taken from 
curve B of Fig. 7. Thus the portion of 
curve D up to point F verifies the break¬ 
er’s ability to develop sufiSdent dielectric 
strength to withstand 50 kv in approxi¬ 
mately one-half of the time available 
when interrupting currents equal to or in 
excess of its rating. Point G of curve D 
was determined from voltage withstand 
tests made on the interrupter when not 
interrupting current but with air pressure 
between the contacts equal to the pressure 
existing 1,000 microseconds after cur¬ 
rent interruption. One thousand micro¬ 
seconds was chosen on the assumption 
that the processes of ddonization are very 


CURRENT ZERO 


slow and that all ionization must be swept 
out of the arcing space by the air blast 
moving at acoustical velodty. This is a 
most pessimistic assumption. The valid¬ 
ity of the dielectric strength between 
points F and may be established by 
reference to Table I and Fig. 9 which 
demonstrate that deionization occurs 
within a very few microseconds after cur¬ 
rent zero and that unsuccessful inter¬ 
ruptions, if any, occur within the same 
few microseconds after current zero. 

Fig. 9 shows a trace of a cathode ray 
oscillogram taken when interrupting 
45,000 amperes with both the restored 
voltage and the residual current in the 
arcing space measured. This indicates 
a small residual cun'ent which is almost all 
capacity current. A leakage or ionizing 
current through the arcing space would 
be shown in phase with the oscillating re¬ 
stored voltage or by displacement from 
the 90-degree relationship between ap¬ 
plied voltage and capacitance current. 
Since this condition does not exist, ioniza¬ 
tion, which must determine dielectric 
strength, is not present. Therefore, it 
can be concluded that the portion of 
curve Z?, between points F and G, is of 
constantly increasing dielectric strength, 
since ionization is not present, and that 
all points between F and G are to the left 
and above curve C. On the next test 
sufficient additional capacitive reacthnce 
was substituted for the shunting resistor 

__V^CURRENT 
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'REIGNITION 


'REIGNITION 


'RESTORED 

VOLTAGE 


TRACE OF CATHODE RAY OSCILLOGRAM 
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Rg. 10. Cathode-ray oscillogram showing recover voltage with drcMlt-breaker contact 

shunted by capacitive reactance 


Kane, Walker—BS-Kv Compressed Air Breaker for 5,000,000 Kva August 195 f 


to give a severity of test where the inter¬ 
ruption by the breaker was problematic. 
Fig. 9 is a trace of a cathode-ray oscillo¬ 
gram taken from this test when interrupt¬ 
ing 45,000 amperes and demonstrated 
that unsuccessful interruptions, if any, 
occur within the few microseconds after 
current zero. As shown m Fig. 10, two 
unsuccessful attempts at interruption 
were made before final extinction. It is 
to be noted that the first two attempts 
showed reignition in the region corre¬ 
sponding to that between the points E and 
F of Fig. 8. This feature of never failing 
once point F has been reached has always 
characterized this breaker and successful 
interruptions always have resulted if the 
breaker developed sufficient dielectric in 


a region corresponding to th^ between 
points E and F. 

Conclusions 

Successful interruption of 5,000,000 
kva with an ample margin of safety has 
now been demonstrated for a 69-kv com¬ 
pressed air circuft breaker. The labora¬ 
tory testing circuit was made more diffi¬ 
cult than any known field circuit for a 
grounded or ungrounded system and the 
breaker still interrupted its full current 
rating. No demonstration of flame was 
noticeable even at 5,000,000 kva. Nor¬ 
mal breaker operation is very quiet so 
that installation in a metropolitan district 
would not be objectionable from the 

-—- 


noise standpoint. Absence of oil makes 
the circuit breaker desirable for crowded 
districts. 

Breaker-operating air pressure is still 
only 260 pounds per square inch as no 
need was found to increase the pressure 
even though the interrupting capacity 
was increased. Also, modification of 
p yisting breakers already in the field is 
definitdy possible so that future expan¬ 
sion needs may be easily met for those 
customers already having 69-kv com¬ 
pressed air circuit breakers. 
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opening operation or on the basis of 260 
pounds per square inch in the tank? 

2. With reference to Fig. 8, I. under¬ 
stand that point G of curve D was obtained 
when the unit was not interrupting current 
but with air pressure between the contacts 
equal to the pressure existing 1,000 micro¬ 
seconds after current interruption. Does 
this not mean that static air pressure was 
used, or was the breaker adjusted to £^ve 
the desired pressure with actual air blast 
across the contacts? 

3. lam also interested in the statement 
in Table I that low-current interrupting 
tests and capacitor-switching tests were 
previously reported on the breaker in 1949. 
Since those tests, however, design changes 
have been made in orifice, in contact con¬ 
figuration, and in the exhaust chamber. 
The 1949 low-current tests, and particularly 
capacitor switching tests, can therefore 
hardly be considered acceptable for the re¬ 
designed breaker. 

It would be most desirable if the industry 
could arrive at some general standards for 
the rating of air-blast breakers from the 
standpoint of the rate of rise of recovery 
voltage they should handle. Comparisons 
between air-blast breakers, particul^ly 
between American versus foreign desists, 
are extremely difficult to make. The 
American air-blast designs too frequently 
are based on handling the sev^est rate of 
rise of recovery voltage which c^ ^ be 
encountered under any system condition. 
This design approach eases the application 
engineer’s job but adds substantially to 
the circuit-breaker cost and can even reflect 
into the air system costs as a resffit of 
increased orifice sizes or of additional 
intermptmg nozzles. 

A. E. Kilgour (Allis-Chalmers Manu¬ 
facturing Company, Milwaukee, Wis.): 
The authors are to be congratulated for 
their interesting paper. .... 

The blast breaker with its isolated 
disconnects is a reliable method of circuit 
interruption. This basis means of inter¬ 
ruption has been successfully employed by 
the AUis-Chalmers company in their metal- 
clad switchgear units since 1942 for both 
indoor and outdoor application. 


Discussion 

H. L. Webb (Consolidated Edison of New 
York, Inc., New York, N. Y.): The need 
for a 5,000,000-kva 69-kv air-blast circuit 
breaker has developed at our East River 
generating station in New York City. As 
time goes on it will become necessary for 
us to modify many existing 3,500,000-kva 
breakers now in service to provide the 
6,000,000-kva capability. We are pleased 
to see the development of the new breaker 
along the lines which will make it relatively 
simple to change existing breakers to the 
higher rating. 

In regard to the interrupting tests, the 
novel method used for impressing voltage 
across the first contact to open we trust 
has provided conditions which adequately 
simulate those in actual service. 

It has been determined that the recovery 
voltage rate on the circuits on which these 
6,000,000-kva circuit breakers will be ap¬ 
plied is in the order of 5,000 volts per raicro- 
speond. This is without including any 
effects from the breaker itself. Does the 
author anticipate that the breakers will 
perform satisfactorily on such a circuit? 

We are much interested in the breakers’ 
ability to interrupt cable-charging current, 
since this would be a regfular type of duty 
at the East River station. The application 
of the first breakers ordered will eventually 
require approximately 250-ampere cable¬ 
charging ciurent interruption. It is, of 
course, possible that this will beconie 
larger at a later date whm more cable 
circuits are added to the system. We have 
been assured that the circuit breaker is 
capable of handling this duty. It is 
stated that the tests on this were reported 
previously (see reference I of the paper). 
The maxunum amperage reported at that 
timp was 180 amperes which was inter¬ 
rupted satisfactorily at 60 kv across a 
single pole. This was jperformed by the 
use of a capacitor load in series in approxi¬ 
mately 300 ohms of resistance. In the 
actual case this external resistance will 
not be connected in series with the capaci¬ 
tance of the cable. Only the 12-oto 
resistance of the interrupter will be effective 
in controlilng recovery voltage. Do the 
authors consider this sufficient? 
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G. D. Floyd (Hydro-Electric Power 
Commission of Ontario, Toronto, Ontario, 
Canada): I found this paper difficult to 
read, and containing several sweeping 
conclusions which do not follow directly 
from the information in the paper available 
to the reader; indeed some of them are 
predicated on unknown or little known 
information regarding the performance of 
circuit breakers. It may be that the 
conclusions are sound but this is not 
evident from the context. A number of 
these conclusions could be given as examples. 
To refer to but one, in the section 
"Grounded arcuit,” I am unable to agree 
that "...it followed that the 66-fcv tests 
demonstrated the integrity of the breaker 
insulation and dielectric recovery.’’ What 
is "integrity of breaker insulation?’’ 

I compliment the authors on development 
of a compromise test for circuit-breaker 
duty which is supported by factual informa¬ 
tion. The increase in duty in circuit 
breakers now required makes it imperative 
that such compromise tests be developed, 
as no high-power laboratOTy can economi¬ 
cally be built to test these breakers directly, 
and system tests are not always possible, 
and are difficult to arrange in any case. 
The method of using lower than normal 
voltage is apparently limited to cases 
where a resistor can be applied across ffie 
contacts. What is the possibility of making 
this test and arriving at consistent results 
if capacitor coupling is used across the 
contacts? 


R, B. Shores (General Electric Company, 
Philadelphia, Pa.): The authors have 
done a fine job in increasing the capacity 
of their 69-kv air-blast circuit breaker 
from 3,600 to 6,000 megavolt-amperes and 
in devising test circuits to prove its per¬ 
formance on systems with extremely high 
rates of rise of recovery voltage. But 
could the authors clarify several points: 

1. Air-blast circuit breakers are com¬ 
monly designed with sufficient storage tank 
capacity to perform two close-open opera¬ 
tions without'replenishment of air. Have 
the performance characteristics of Fig. 8 
and Table I been established by using air 
pressure corresponding to the second 
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It is also interesting to note that our 
experience with this type of breaker at a 
somewhat lower voltage also indicates 
values of 13 ohms to be in the proper order 
of magnitudes for the shunting resistor. 

The interrupting data presented does 
show most current magnitudes and in¬ 
teresting recovery voltage data, but nothing 
IS stated in regard to the type of fault 
applied, the time of interruption, or the 
point of contact part during these tests. 
TIm information is vital when breaker 
ability is changed, and should not be left 
to the reader's imagination. It is realized 
that no heavy short-circuit tests were con¬ 
ducted at ^this time, but that does not justify 
the omission of a limited amount of oscillo¬ 
graphic information. 


R. E. Kane and J. K. Walker: The authors 
wish to t h a nk the discussers for their 
interest in the paper and for their highly 
valued remarks. Mr. Webb anticipates 
recovery voltage rates on the Consolidated 
Edison system of 6,000 volts per micro¬ 
second. Such recovery rates will not 
affect breaker performance as control of 
any circuit is effectively taken over by the 
breaker-shunting resistor. In connection 
with the capacitor-charging current tests 
previously made, it should be noted that 
only the limitations of the laboratory 


testing ^facilities at that time prevented 
tests being made over 180 amperes. How¬ 
ever, a new bank of capacitors is now 
available and tests from 250 to 600 amperes, 
without the use of resistance in series with 
the capacitors, is now contemplated. The 
removal of resistance in series with the 
capacitors is not expected to affect test 
results to any marked degree. 

In reply to Mr. Floyd’s question, the 
phrase "integrity of breaker insulation” 
was used to convey the thought that breaker 
insulation in general, and the micarta 
insulation surrounding the interrupter in 
particular, was unimpaired and completely 
sound after having withstood many labora¬ 
tory interrupting tests. 

Mr. Shores covers the operating pressure 
of the breaker, which k normally 260 
pounds per square inch. However, all 
high-current interrupting tests were mad** 
at pressures of 260 and 216 pounds per 
square inch. The 216-pound pressure rep¬ 
resents the existing air pressure after the 
first breaker operation. Another point 
mentioned was the curve in Fig. 8 which 
includes point G. Static air pressure at 
160 pounds per square inch across breaker 
contacts was used to determine point G. 
A ^pressure of 160 pounds was selected as 
this is the actual pressure on the contacts 
during and after arc interruption as meas¬ 
ured on test magnetic oscillograms of high- 


current interruptions. Another point cov¬ 
ered was the validity of charging current 
tests made on a SVa-megavolt-ampere 
breaker, which were said to apply to the 
5-megavolt-ampere breaker. the 

contact strectures of the two breakers 
are very similar, with only minor modi¬ 
fications to contact configuration, it is felt 
that the availability of the strong air blast 
more than offsets any possible iU effects of 
contact changes. However, additional ca¬ 
pacitor-switching tests at higher currents 
are planed for the future. 

Mr. Kilgom expressed an interest in 
magnetic oscillograph records of the test 
results. Magnetic records were recorded 
on all tests made on the breaker. Time of 
interruption on all tests listed in Table I 
was constant within the range of 4.4 to 
6.4 cycles while arcing time never exceeded 
1 cycle.^ All tests were made on a single¬ 
pole unit and Table I lists grounded and 
ungrounded tests. Fig. 4 shows the test 
cucuit used.^ The point of contact parting, 
on symmetrical currents, was such that the 
breaker had to handle a full half-cycle of 
current or more before interruption. On 
asymmetrical currents, all interruptions on 
a s^ll half-cycle of current were repeated 
until a large half-cycle of current was 
mterrupted. Very heavy short-circuit tests 
were conducted with currents in excess of 
60,000 amperes being interrupted. 


Field Tests on a 138-Kv High-Speed 
Oil Circuit Breaker at Philip 
Sporn Power Plant 
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Synopsis: The continuing and rapid 
pansion of the 138-kv transmission s 3 ts 1 
of the American Gas and Electric (AG^ 
Company and of its superimposed 330 
ss^stem in terms of installed capacity t 
interconnections has created a demand 
138-kv circuit breakers rated considera 
in excess of 5,000 megavolt-amperes (m\) 
At key points of the system 10,000-n: 
breakers are being installed in large nu 
bers, and existing breakers are relocated 
positions remote from large concentratic 
of power. The new breakers were pi 
chased on the strength of single-pole facte 
tests made at full voltage and reduced int< 
opting current, and at full current and i 
duc^ voltage up to the Umit of availal 
testmg facilities. Though this kind of 
part test is never a complete substitute f 
M-capacity tests, it was felt that sat 
factory performance under field conditio: 
could reasonably be predicted on the bas 
OT such tests. Some of the 5,000-mT 
breakers recently installed are from 
^nufacturer who lacks faeflities for factoi 
testing. “Hie field tests described in th 
paper were made to prove this breaker up i 


Its full rating, and then to increase the short- 
circuit duty until the limit of either the 
brewer or thd system was reached. The 
limitation proved to be the available system 
short-circuit capacity, which resulted in a 
maximum breaker duty of 6,900 ,mva. It is 
believed that this is the heaviest fault inter¬ 
ruption ever made at the 138-kv breaker 
rating. This interruption involved all 
power available at the site, including that 
received from other large stations through 
mcoming lines. A comparison of this value 
with the 3,600 mva interrupted 10 years ago 
durmg field tests at the Philco generating 
rapid growth of the 
AG&E system during this period.^ 


Objective of Tests 

W HILE the primary objective of the 
tests was to check circuit-breaker 
performance under short-circuit condi¬ 
tions, a series of tests was also carried out 
to obtain performance data on charging 
and dropping open-circuit transmission 


lines. A related objective was to study 
the effect of large fault currents on the 
two 132/330-kv autotransformers in¬ 
stalled at the Philip Spom Station, to 
measure the voltage gradient of the 
station grounding, and to obtain data on 
the 132-kv and 330-kv bushing potential 
devices during the voltage dips associated 
with the short circuits. Valuable in¬ 
formation was also obtained on current 
transformer and relay performance. 

The test program was laid out so as to 
cover practi^Uy the whole range of 
possible short-circuit conditions on the 
AG&E system. According to location 
and type of fault the network parameters 
which chiefly determine the severity of 
an interruption vary: 

1. Highest rates of rise of transient re¬ 
covery voltage are associated with faults on 
a single generator-transformer uni t, 


- - -wjr AJIAA pWllCa- 
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Fig. 1 Simplified diagram ol AG&E Company 132-l<v . 

transmission system f'S* 2. Philip Spom Power Plant viewed from 132-l<v switchyard 


2. Highest values of normal-frequency re¬ 
covery voltage are associated with un¬ 
grounded 3-phase faults. 

3. Highest currents and unequal voltage 
distribution between interrupters, unless 
shunted by resistors or capacitors, are 
associated with single-pole faults. 

4. Repetitive redosing duty is associated 
with the majority of line brewers. 

The tests were selected to cover each of 
these conditions of maximtttn severity 
and any practical combinations thereof. 

System Setup During Tests 

Fig. 1 shows the central portion of the 
132-kv transmission system of the AG&E 
Company showing the principal lines and 
connected generating capacity at the 
time of the tests. The Philip Spom 
Plant shown in Fig 2 was chosen as a 
test site because its capacity of 600 mega¬ 
watts exceeds that of any other station 
on the system, and its central location and 
great number of interconnections assure 
maytmiiTti contributions from adjacent 
stations. At the same time it is suffi¬ 
ciently distant from important load 
centers to minimize the effect of sudden 
voltage dips. The intermpting duty was 
adjusted to the desired values by varying 
the number of generators and lines con¬ 
nected to the fault bus as well as the 
number of grounded transformer neutrals, 
as shown in Table I. 

During the tests with reduced capacity 
(system setups 1, 2, and 3) all generators 
and lines directly contributing to the 
short-circuit airrent were connected to the 
no. 2 station bus, which in turn was con¬ 
nected to the fault bus through the backup 
and test breakers. The other gmerators 
and lines terminated on the no. 1 station 
bus and indirectly contributedtotheshort- 
circuit current through the tie lines with 


other stations. To prevent the dropping 
out of plant auxiliaries of units feeding 
the no. 2 station bus, these auxiliaries 
were temporarily connected to auxiliary 
transformers fed' from the no. 1 bus, 
whose voltage never dipped below 80 per 
cent (%) during fault operations. 

During the tests with full capacity 
(system setup 4) all transformer neutrals 
were grounded and the no. 1 and 2 station 
busses were tied together as a normal 
operating condition. Every generating 
unit and synchronous condenser of the 
system was connected, save the second 
215-megawatt unit at Kanawha, the 
no. 6 110-megavolt unit at Glen Lyn, and 
the no. 2 165-megavolt tmit at Tanners 
Creek which were temporarily out for re¬ 
pairs or maintenance. But for these un¬ 
avoidable outages the total short-circuit 
duty would have ecceeded 7,000 mva. 
The two 330/132-kv autotransformers 
substantially contributed to the total 
short-circuit current through their terti¬ 
ary windings. The high-voltage side of 
these transformers was open, because the 
330-kv system was not yet in operation. 
Since the tests were carried out on a 
Saturday the system was lightly loaded. 
To compensate for the corresponding re¬ 
duction in generator excitation the normal 
loa,d distribution was changed and the 


Spom Plant operated at near full capac¬ 
ity. Of the plant auxiliaries, which were 
fed from their usual tmit-connected 
auxiliary transformers, only the fuel feed 
pumps and the belt conveyer motors 
twice dropped out during the 3-phase full- 
capacity tests. 

Switching and Physical 

Arrangements 

Fig. 3 shows the test site with the 10,- 
000-mva backup circuit breaker and the 
test breaker (right) installed side by side 
on concrete foundations some 60 feet 
outside a vacant bay of the 132-kv switch¬ 
yard. The test circuit was connected to 
the no. 2 station bus through an isolating 
switch. The fault bus was mounted on 
three insulator stacks directly behind 
the test breaker. Ungrounded 3-phase 
faults and single-phase line-to-groimd 
faults could be set up in rapid succession. 
The voltage between the insulated fault 
bus and the ground terminal was meas¬ 
ured by a 132-kv single-phase potential 
treinsformer. Heavy copper leads con¬ 
nected the ground terminal to four widely 
distributed points of the ground mat of 
the 132-kv switchyard. The neutrals of 
the four step-up transformers at the power 
plant and of the two autotransformers in 



1 . 

2 . 

3 


1 , 

2 . 

4 


none. 

. 4 . 

. 6 . 


1 grounded.none 

1 2 South Point 

2 grounded .. 1 Portsmouth 

) 1 Muskingum 
\ 2 South Point 

, 1 grounded, 3 ungrounded, 2 grounded. I 2 Turner 
330/132-kv autotransformers .. T 1 Muskingum 

J 1 Philo 


4.4. 10.4 grounded, 2 grounded. 

autotransformers 


330/132-kv 


all 10 drcuits 
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Fig. 3. Test site 


Fig. 4. Test circuit breaker 


the 330-kv switchyard were tied in to the 
ground mat through six overhead ground 
wires and two buried ground cables having 
lengths of 2,300 and 1,600 feet respec¬ 
tively. This considerably reduced cur¬ 
rent flow and ground potential gradients 
during line-to-ground faults. 

A temporary wood-pole line led from 
the fault bus through a disconnecting 
switch to a tower on the Portsmouth 
circuit and permitted the carr 3 dng out of 
line-dropping tests under conditions iden¬ 
tical to those existing for a line breaker. 
Fire-fighting equipment and floodlighting 
for night work were installed in proximity 
to the test breaker, but actually neither 
was used. 

The magnetic and cathode-ray oscillo¬ 
graphs and the breaker control and relay 
panels were installed adjacent to the dis¬ 
patching room in the control building, 
thus permitting direct communication 
between the test personnel and the system 
operators. The distance between the 
fault bus and the control building was 
approximately 300 feet. 

Test Circuit Breaker 

The test circuit breaker. Fig. 4, is one 
of a number of similar breakers already 
installed on the AG&E system. It is a 
Pacific Electric type-RHB-78 138-kv 
1,200-ampere 3-cycle common base- 
motmted oil circuit breaker. The breaker 

isoperatedbyatype-JlifO-5spring-operated 
mechanism whidh was adjusted to provide 
the standard 20-cycle reclosing duty. 
The design of these breakers is similgr 
to the line of standard circuit breakers, 
but with the following modifications which 
have been incorporated in designs for 
the higher interrupting capacity ratings. 

The breaker poles are contained in 78- 
inch-diameter tanks instead of 64-inch- 
diameter tanks that are now standard for 
Pacific Electric breakers for the 138-kv 
voltage rating. The larger diameter 


tank was considered advisable for the 
higher interrupting duty expected on the 
AG&E system because of the larger air 
space available above the oil, the larger 
air space aiding in reducing the maYiTnmn 
tank pressure developed during high- 
capacity interruptions. 

The breaker is equipped with a contact 
structure designed to handle the momen¬ 
tary and 4-second currents required by 
the higher interrupting capacities. The 
stationary contact assembly is of the 
sliding contact design consisting of six 
separate contact fingers arranged in a 
cluster such that arcing occurs on the 
front faces of the contact instead of the 
normal current-carrying surfaces. The 
moving contact is a round, hard-drawn 
copper bar with a combined contact and 
arcing tip attached to the engaging end of 
the blade. A sintered silver-tungsten 
alloy is used as the contact material for 
both the stationaiy and moving contacts. 
Fig. 5 is a schematic diagram showing the 
current path through the breaker and Fig. 

6 is a view of the stationary and moving 
contact arrangement for one bushing 
position. 

Fig. 7 shows details of the stationary 
contact structure. The interrupting ele¬ 
ments are fiber baflEles and are contained 
in rolled, paper-base phenolic tubes 
mounted horizontally at each contact 
position as shown in Fig. 8. The top 
interrupter accomplishes interruption by 
means of self-generated oil flow and the 
center and lower interrupters function as 
a unit; the lower interrupter acts as a 
pressure generating device and provides 
oil flow for the center interrupter. 

To obtain performance data on a new 
resistor design during high-capacity fault 
interruptions, the interrupters of pole 3 of 
the test breaker were equipped with a 
1,200-ohm linear resistor connected be¬ 
tween the top and center contact 
assembly. The center tap of the resistor 
unit is connected to a probe located near 


the end of the top interrupter. The per¬ 
formance of the resistor-equipped inter¬ 
rupters in switching lines at higher volt¬ 
ages has been determined by previous 
field tests but not imder fault conditions 
as severe as proposed for. this series of 
tests. The resistor design is described in 
another AIEE paper.* 

Test Program and Testing Procedure 

Short-circuit tests were carried out on 
two Saturdays, June 26 and July 3; 
line-dropping tests were made on Sunday, 
June 27. The first Saturday was de¬ 
voted to testing with interrupting currents 
from 2,000 up to 13,400 amperes, while 
on the. second Saturday the currents 
ranged betw^een 15,000 and 27,600 
amperes. A summary of the number 
and character of tests and the itiaYimi i m 
fault mva interrupted on the different 
setups is given in Table II. 

To assure smooth and rapid progress in 
carrying out these tests a detailed memo- 
randiun on the necessary switching opera¬ 
tions was prepared by the Operating 
Division. Prior to each day of testing 


Fig. 5. Current path through test circuit 
breaker 
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Fig. 6. Arrangement of stationary and mov¬ 
able contacts 



the final schedule was decided upon 
and a tentativ e time set for each test. On 
both June 26 and July 3 the tests were 
consistently ahead of the schedule. The 
actual time for running off the 31 short- 
circuit tests amounted to only 10 hours 
11 minutes. Oil handling and inspection 
of contacts between tests on these 2 days 
required an additional 7 hours. 

Visual observation of circuit-breaker 
performance was possible from two loca¬ 
tions outside the fence of the switchyard. 
A public-address system had been in¬ 
stalled to announce the type, estimated 
duty, and exact time of each test, as well 
as to communicate preliminary results 
obtained from oscillograms. 

Standard close-open-15-second-close- 
open duty cycles, being of little sigm- 
fiicance in actual operation, were not in¬ 
cluded in the test program except as part 
of the normal and more severe AG&E re¬ 
closing duty cycle, open-close-open—15 
seconds—close-open—160 seconds-dose- 
open. The redosing time on all open- 
dose operations was slightly less than the 



Fig. 7. Details of stationary contact structure 


standard 20 cycles. A plan to reduce it 
to 16 cycles could not be carried out be- 
because of lack of time to make the 
necessary adjustments. 

The operating sequence of the test and 
backup breaker was controlled by means 
of an adjustable cam switch. On straight 
opening operations and the first opening 
of a redosing operation, the trip impluse 
to the test breaker was initiated by the 
cam switch. The second opening of a 
redosing operation was initiated by in¬ 
stantaneous rdays. For backup protec¬ 
tion, both the test and backup circuit 
breakers were provided with time-delay 
overcurrent rdays, set to trip about 2 
cycles after a normal interruption. On 
straight opening operations, the backup 
breaker was also tripped by the cam 



Fig. 8. Interrupter shielding 


switch. In an attempt to obtain the 
highest recovery voltage rate possible 
during this series of tests, for system setup 
1, which is characterized by an exception¬ 
ally small decrement of the d-c component 
of the short-circuit current, the cam 
switch was adjusted to delay tripping of 
the test breaker to provide as sym¬ 
metrical a current as possible at the time 
of interruption. 

Since it was desirable to check breaker 
performance imder normal operating con¬ 
ditions, no attempt was made to score 
exceptionally high interrupting duties by 
large amounts of pretripping, as has often 
been practiced in field and laboratory 
tests. Such practice requires interrup¬ 
tion to occur at the end of the first major 
current loop and is nearly always accom¬ 
panied by a considerable decrease in 
severity. With the exception of test 12A, 
the cam switch was adjusted to initiate 
test breaker tripping similar to that nor¬ 
mally expected of an instantaneous relay. 
For test 12A, the test breaker was pre¬ 
tripped approximately 0.2 cycle. During 
some of the heaviest test duties the cur¬ 
rent at contact parting time was from 
43.6% to 49.6% asymmetrical, which 


Table IL Test Summary 









No. of l-Phase Grounded Faults 




No. of a-Pliase Ungrounded Faults . 



Open-Close- 
Open-15 Seconds- 


% Asymmetry 
at Maximum 
Fault 

System 

Setup 

No. 

Open 

Open-Close- 

Open 

Maximum Mva 
S'Phase Basis 

% Asymmetry 
at Maximum 
Fault 

Open 

Open-Close- 

Open 

Closo-Open-150 

Seconds-Close- 

Open 

Maximum Mva 
3-Pliase Basis 

1.-- 

...3... 


918.. 

.100. 

AS 

... 6.. 



.1,060. 

...... .3,350. 

.78 

.58 

2. 

.. .2... 



RR 

s'. 



.5,060.. 

.47.5 

3 . 

4 . 

.. .2... 
...1... 


..5,490.. 

.. 65. 

.... 2.. 



_6,900. 

.49.5 

Total no. of 
tests. 

...8... 



•••;. • 

...16.. 
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Table IV. 138-Kv Short-Circuit Tests at Philip ^om Plant; Results of SinsIe-Phase-to-Ground Faults 

Equipment Tested Same as for Table III 




Oil- 




Inter- 



System 


Circuit- 


Symmetrical 


Total rupting 

Rms Time, 

S-Phase Mva 

Setup and 

Test 

Breaker 

Phase 

Rms 

% 

Sym- 

Asym- 

Date 

No. Time 

Operation 

Tested 

Amperes 

Asymmetry 

Amperes Cycles 

metrical 

metrical 


3A. t • 8! 26^y2Q,.tii> * 

.open. 

..!.... 

... 2,686.... 

....29 . 

. 2.900....2.1(S) .. 

.. 670... 

. 726.. 


3AR1, .8:28. 

.open. 


... 2,685.... 

....66.5. 

,. 3,660....2.0(L) .. 

.. 670... 

. 915.. 

June 26, 1054. 
Setup 1. 

3AR2. .8:35. 

, .open. 

...1.... 

.... 2,685.... 

....38.5- 

.. 3.060....2.0(L) .. 

.. 670... 

. 760.. 

. 776.. 

SB ..9:30. 

, .open. 

...3..., 

... 2,820.... 

....33 . 

.. 3,100....2.9(L) .. 

.. 705... 


3BR1. .9:32.. 

, .open. 

...3..., 

... 2,820.... 

.... 0 - 

.. 2,820....3.0(8) .. 

.. 705... 

. 706.. 


.3BR2. .9:36. 

. .open. 

...3..., 

.... 2,820.... 

....78 - 

.. 4,200....2.6(8) .. 

.. 705... 

.1,050 


' 4B . .1:06 p.m.... 

. .open. 

...3... 

.... 9,720.... 

....28 .... 

..10.460....2.0(L) .. 

..2,430.. 

..2.610.. 


4BR1. .1:141/1. 

. .open. 

...3... 

.... 9,930.... 

....SO .... 

..12,160....2.1(L) .. 

..2,480.. 

..3.040.. 

June 26, 1064 

4BR2. .1:20. 

. .open. 

...3... 

.... 9,720.... 

_19 .... 

..10.060....2.3(8) .. 

...2,430.. 

..2,610 

Setup 2. 

a A 1 .Am/. 


.. .1... 

_10,000.... 

.45 .... 

..11,850....2.3(L) . 

...2,500.. 

..2,960.. 


4AR1. .1:461/1. 

'TP'*" 

. .open.. 

...1... 

....10,370.... 

_58 .... 

..18,400....2.0(8) . 

...2,690.. 

..3,350.. 


4AR2. .1:531/1. 

..open. 

...1... 

....10,180... 

.53 .... 

..12.760....2.3(8) . 

...2,640.. 

.,.3,180.. 

July 3, 1064 

9A . .7:10 a.m.... 

,.Open. 

...1... 

....16,280... 

.28 .... 

..17,600....2.26(8). 

...4,070.. 

..4,376.. 

Setup 3.‘ 

, 9B ..7:36. 

..open. 

...3... 

....16,770... 

.47.5.... 

,.20,210....2.4(L) . 

...4,190.. 

..6,050.. 




., 1... 

_21,530... 

.44 ..,. 

..26,300....2.1(L) . 

...6,380.. 

..6,325. 


12A ..2:11. 

. .open (1).... 

....1... 

....22,600... 

.49.5.... 

..27.600....2.0(L) , 

...6,660.. 

..6.900. 



dose-open 
(2). 

...1... 

....21,180... 

.26 ..., 

..22,630....2.4(S) . 

...6,295.. 

..5,630. 


IIB ..2:36. 

..open. 

...3... 

.;,,22.060... 

.12 .... 

..22,400....2.05(8). 

...6,610.. 

. .5,600. 

July 3, 1904 
Setup 4. 


open (1)... 

....2... 

,...22,780... 

..... 0 ... 

...22,780....2.4(S) . 

...6,680.. 

. .6,'680. 



dose-open 
(2). 

...2... 

_22,320... 

.24 .... 

,..23,560....2.3(L) . 

...6,580.. 

..5,886. 


16 ..4:00. 

.. 15 seconds 









dose- 
open (3). 

....2... 

_22,320... 

.43.5... 

...26,130....2.0(L) . 

...5,680. 

...6,530. 



150 seconds 








k 

close- 
open (4). 

....2... 

.22,320... 

.24 ... 

...28,560....2.0(L) . 

...6,680. 

...6,890. 


Tank 
Pressure. 
Pounds per 
Square Inch 


+6 
-1 
+ 16 
-7 
+16 
-6 
+43 
-14 
+35 


+20 

+43 
-14 . 
+110 
,-14 . 
+43 

+115 
.-10 . 
+12 
.-6 . 
+67 
.-9 
+77 
.-12 ; 
+72 
.-14 . 
+114 
.-13 . 
+85 . 
.-13 
+41 
.-11 
+43 
.-14 . 
+155 
.-14 
+14 
. -8 

+45 

.-14 

+50 

,.-14 


Kecovery 

Rate, 

Volts per 
Microsecond 

1,700 

1,300 

.2,600 

.2,600 

.667 

.667 

.667 

.500 

.667 

.667 

.500 

. approximately 
330 

..500 


is normal for 3-cycle interruption of a 
short-circuit current that is fully offset 
at its inception. Initiating the fault at 
random with respect to the current wave 
produced also a few wholly S3mimetrical 
interruptions, some in the highest current 
range. With the exception of test 16, all 
single-phase-to-ground tests were made 
alternately on pole 1 and pole 3 in order 
to determine the comparative perform¬ 


ance of the standard interrupters and the 
interrupters equipped with resistors. 

Line-dropping and line-charging tests 
were made first on a 68-mile section 
between the Phihp Spom Plant and 
Portsmouth and then, after adding to it 
the Portsmouth-Trenton section, on a 
total length of 167 miles. All tests were 
3 phase and the normal charging currents 
were 26 and 72 amperes respectivdy. 


Instnimentatioii 

Fault Tests 

Two 7-dement magnetic oscillographs 
were used to record fault currents, bus 
voltages, test circuit-breaker travel, tank 
pressures, and d-c closing and tripping 
impulses. Four additional portable 
oscillographs, as well as the automatic 
station oscillograph, recorded ground 











































































































Fig. 10 (left). 
3-phate un¬ 
grounded faulty 
open-close-opon 
operation, test 2 


Fig. 11 (right). 
1-phase line-to- 
ground fault, 
opening opera¬ 
tion, test 11A 


potentials, and relay, potential device, 
. and autotransfonner performance. 

Bus voltages to ground were measured 
by the existing 138-kv potential trans¬ 
former coimected to bus no. 2. Fault- 
bus-to-ground voltage during 3-phase 
ungrounded faults was measured ’by a 
132-kv potential transformer. Fault cur¬ 
rents were measured by means of three 
special 4,000/5 ratio bushing-type cinrent 
transformers located in the test breaker. 
Test breaker travel was measured by an 
electrical recorder located on pole 1. 

Tank pressures were measured by 
means of electromechanical pressure 
transducers located on each of the three 
poles of the test breaker. Each trans¬ 
ducer was associated with a preamplifier 
and a d-c amplifier for recording with the 


magnetic oscillograph. In addition to 
the electromechamcal pressure trans¬ 
ducers, a mechanical peak pressure in¬ 
dicator was located on each pole of the 
test breaker. 

A cathode-ray oscillograph with an 
associated high-speed drum-type camera 
was used for recording recovery voltages 
across the contacts of either pole 1 or 3 
of the test breaker. The potential was 
obtained from capacitor voltage dividers 
located at the capacitance taps of both 
bus-side and line-side bushings. 

Line-Dropping Tests 

Two 7-element magnetic oscillographs 
were used to record line-charging currents, 
line voltages to ground, bus voltages to 
ground, and dosing and tripping im¬ 



pulses. Line-charging currents were 
measmed by standard 1,200/5 ratio 
bushing-type current transformers lo¬ 
cated in the test breaker. Bus voltages 
were measured by the existing 138-kv 
potential transformer connected to bus 
no. 2. Line voltages were measured by 
means of capacitor voltage dividers lo¬ 
cated at the bushing capacitance taps on 
the line side of the test breaker and the 
associated d-c amplifiers for recording 
with the magnetic osdllograph. 

^ For instrumentation pmrposes, the test 
circuit-breaker ground at the test site was 
selected as the reference groimd and all 
control and instrument cables were con¬ 
nected at the control site to terminal 
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Fig. 12. . 1- 

phase line-to- 
ground fault, 
open-close- open 
operation, test 12 

August 1955 
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Fig. 14. 3- 

phase un> 
grounded fault, 
open«close> open 
operation, test 14 
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blocks equipped with protective gaps con- 
nected to the ground system at the con¬ 
trol site. The protective gaps were ad¬ 
justed to flash over at approximately 1,000 
volts. 

The station service 230/115-volt a-c 
supply is operated with one comer of the 
delta-connected transformers grounded, 
ahd since intercoimected instruments 
were located both at the test site and at 
the control site it was necessary to pro¬ 
vide a.n isolated power supply. Two dis¬ 
tribution transformers were cormected 
back to ^ back as isolating transformers 
with an insulation level of 2,400 volts. 

A d-c to a-c inverter was operated from 
the station battery to provide 115 volts 
a-c to the instruments and control devices 
requiring a completely reliable power 
source during the tests. This precaution 
Specially was necessary during full- 
capacity 3-phase faults as station service 
power is normally obtained from bus no. 

1 and/or bus no. 2. 


equal to 0.25/, where 1 is the current 
in nns amperes in the phase carrying 
the highest current. The letters L and S 
. following the interrupting time indicate 
whether final interruption occurred at the 
end of a large or small current loop re¬ 
spectively. The percentage of asym¬ 
metry indicated in these tables is given for 
the currmt wave at the time the moving 
contact is flush with the end of the sta¬ 
tionary contact and corresponds to 1.4 
cycles after energizing the trip coil. For 
the purpose of determining arcing time, 
1.4 cycles should be subtracted from the 
interrupting time. Typical oscillograms 
of short-circuit tests are shown in Figs. 9 
through 14. 

Interrupting Time 

The 3-cycle interrupting time was ex¬ 
ceeded ofily in 3-phase tests in the range 
of low currents (2,000 to 3,700 amperes) 


and high transient recovery voltage rates 
(one generator and no lines). The maxi¬ 
mum value was 3.4 cycles and occurred in 
the circuit-breaker pole having no re¬ 
sistors. pie fault current in the breaker 
pole equipped with resistors was inter¬ 
rupted well below 3 cycles under the same 
conditions. 

Table V indicates the influence of the 
resistor on interrupting time, single-phase 
pd 3-phase tests being consoh’dated. The 
influence of the resistor is most noticeable 
in the case of high recovery voltage rates 
and low current and is negligible at high 
currents. 

Interrupting Duty 

The maximum interrupted current was 
27,600 amperes which occurred during 
single-phase-to-ground test 12A on the 
first opening of a high-speed reclosing 
operation. Interruption occurred in 2.0 




Results of Short-Circuit Tests 

The test data obtained from the oscillo¬ 
graph records is given in Tables III and 
IV. The 3-phase symmetrical and asym¬ 
metrical mva values listed in Tables III 
and IV were computed at the normal op- 
eratmg bus voltage of 145 kv and are 
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Current 

Range, 


Interrupting Time, Cydes 

—- 


With Resistor 

Without Resistor 

Recovery Rate 
Range, 

Volts per 
Microseconds 

Amperes 

Avg. 

Max. 

Avg. 

Max. 

2,000to 4,200 
8,760 to 13,400 

16,000 to 27,600.... 

.2.2 ..., 

.2,32.... 

.2.28.... 

...2.7. 

.2.6. 

.3.0. 

.2.41. 

.2.29. 

. ...3.4. 

. ...2.6. 

...1,300 to 2,300 
... 250 to 1,000 
... 330 to 667 
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Tabic VI. Total Number of Circuit-Breaker Operations 


Type 

Operation 

Current Range 

Pole 1 
(Phase 3) 

Pole 2 
(Phase 2) 

Poles 
(Phase 1) 

Opening 


17 .... 

.11. 

.17 


fl .... 

.11. 

.11 

Opening. 


2 fi . 

.22. 

..28 

Closing. 

. 2,000 to 14,000 _ 

. 3. 

2 .... 

.3. 

. 5. 

. 3 

.3 

Closing. 

Total closing operations.... 


. 8.. 

.6 


cycles at the end of a major current loop 
with 0.6-cycle arcing time. Other severe 
tests were 11 A, 25,300 amperes, and the 
third opening of test 16, 26,130 amperes, 
with arcing times of 0.7 and 0.6 cyde re¬ 
spectively. Interruption occurred at the 
end of a major current loop in each case. 
The duty cyde of test 15, open-dose- 
open-15 seconds-dose-open-150 seconds- 
ddse-open, was sdected in order to test 
the breaker under the most severe reclos¬ 
ing duty in use in the AG&E system. The 
redosing time for aU immediate redosing 
tests was 19.6 cydes. The total number 
of breaker operations is given in Table 
VI. 

The integrated 3-phase mva for all 3- 
phase faults was 55,226 mva, of which 
63% was above 4,000 mva and 29% was 
above 5,000 mva. The integrated 3- 
phase mva for line-to-ground faults was 
35,120 mva for pole 3, 21,340 mva for 
pole 1, and 23,985 mva for pole 2. 

It is recognized that the duty on a cir¬ 
cuit breaker on dosing in on a high-ca- 
padty fault can be as severe as the in¬ 
terruption of a high-capadty fault. The 
iriavitnimm making cuTTent of the backup 
breaker occurred on test llA and was 
35,400 rms amperes. The maximum 
Tnalfitig current of the test breaker oc¬ 
curred diufing the third operation of test 
15 and was 32,800 rms amperes. 

Recovery Voltage 

The normal-frequency (line-to-line) re¬ 
covery voltage during the tests varied 
from 134 kv to 147 kv. The higher nor¬ 
mal-frequency recovery voltages were ob¬ 
tained on single-phase tests during system 
!setup 1 where an isolated machine was 
'being used as the source of fault current. 
'The lowest normal-frequency recovery 
voltages were obtained during 3-phase 
-tests at maximum capacity, system setup 
'4, and occurred on the second opening of a 
'hi gh-speed redosing operation, test 14. 

The normal-frequency recovery voltage 
racross the contacts of the dreuit-breaker 
pole opening first during an unbounded 
.‘S-phase fault is the sum of the Une-to- 
sground recovery voltages Ei, Sj, or Ez, as 
■the may be, and the fault-bus-tf»- 
aground yoltage Ea. The voltage Ea ap¬ 


pears on the magnetic oscillograms during 
the brief interval between dearance of 
the first pole and arc extinction in the two 
other poles. Its normal-frequency com¬ 
ponent is of the order of 40 kv, or about 
one-half of line-to-ground voltage. The 
total 60-cycle recovery voltage across the 
contacts of the first pole to dear amounted 
therefore to approximately 150% of line- 
to-ground voltage or 87% of line-to-line 
voltage during these tests. This result 
confirms and emphasizes the requirement 
contained in the latest AIEE Standards® 
that circuit breakers which are expected 
to interrupt ungrounded 3-phase faults 
should be so tested, or should have 87% 
of line-to-line voltage applied across 
terminals in case of single-pole tests. Had 
grounded 3-phase faults or double-line-to- 
ground faults been interrupted as was 
initially planned (these tests were aban¬ 
doned in order to shorten the program) 
the voltage across dreuit-breaker con¬ 


tacts would still have exceeded line-to- 
ground voltage, though to a lesser extent 
fVifln during ungrounded 3-phase faults. 
Single-pole testing of dreuit breakers with 
only 58% of line-to-line voltage must 
therefore be considered unrealistic in the 
light of these tests. 

Transient recovery voltages were meas¬ 
ured during single-phase-to-ground faults 
on pole 1 (phase 3) and pole 3 (phase 1), 
and across the contacts of pole 1 (phase 3) 
during ungrounded 3-phase tests. Crest 
values and rates of rise varied throughout 
the tests depending on the natural fre- 
quendes and the amoimt of damping in 
the external dreuit and in the breaker 
itself. These quantities were influenced 
by the system setup, type of fault, and 
the presence of a 2,400-ohm resistor in 
pole 3 (phase 1) of the circuit breaker. 
Asymmetry at current zeros was another 
variable in these tests. Table VII gives 
transient voltage crests and rates of rise 
for every test with fault current for which 
a cathode-ray oscillogram was obtained. 
A number of typical oscillograms are 
reproduced in Fig. 15. 

The horizontal columns in Table VII 
show the influence of system setup; 
the vertical columns show the effect of the 
resistor in phase 1. The influence of the 
resistor is most pronounced in the range 
of small currents such as prevailed with 
system setup 1. This is also the region of 


Table VII. Transient Recovery Voltage Characteristics 


Phase 

Measured 


Phases 

Clearing 


System Setup No. 


First 


Last 


2,3 

1*, 3 

1 * 2 


Ungrounded 3-Phase Faults 

Test 1 Test 6R1, 6R1 


182t 164 

3100t 2000 
Test IRl 
200t 164 

3100t 2000 


i - 
I - 


91 91 

330 250 


Test 6 


190 
1000 
Test 5 
164 
1000 


1 * 


- 1 


Grounded Single-Phase Faults 
Test 3A, 3AR1 Test 4A, 4AR1 

100 86 108 117 

1700 1300 667 500 

Test 3B Test 4B, 4BR1 


80t 164 

3000t 2300 
Test 3BR1 

loot 168 
' 3000t 2300 


104 100 

667 667 


Test 8 


77 

330 


Test 7 
176 
667 


Test9A 

111 

667 

TestOB 

107 

667 


Test 14 

79t 
330 § 


Test 13 
142 
667 


Test 11 A, 12A 
10611 
500 

Test IIB 


111 

600 


♦Shunt resistor of 2,400 ohms in this phase. 
tReignition preceding final current zero. 

tTransient recovery voltage crest in % of normal Une-to-ground voltage crest. 

(Rate of rise in volts per microsecond. 

llOsclllogram for test 12A. fosBiy: rate of rise approximately 3.30 volts per microsecond. 
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test 3A 


TEST 5 


667 V/juS- 


TEST 4ARI 



TEST 4R 


1000 V/juS- 



TEST 6 


TEST SRI 



test 13 

Fij. 15. Tronsfent recovery voitcge 


SSOV/jUS 


TEST 14 


•cfOfs one clrcult-brealcer pole during fault ieib 


highest recovery voltage transients, since 
no transmission lines were connected in 
ungrounded 3-phase 
faults t^ts 1 and IRl, the transient in the 
u^odified pole, phase 3, consisted of a 
slightly damped oscillation having a 
^gle natural frequency of 3,600 cycles 
liie resistor-equipped pole, phase 1 
always deared first. Though no cathode- 
ray os^ograms were taken on this phase, 
influence of theresistor is evident from 
reduction it caused in interrupting 
t^e, which was from 0.5 to 1.3 cydes 
shorter than the interrupting time of 
ph^es 2 and 3. The transient voltage 
crest dunng these tests was 154 per cent 
of ^e nonnal line-to-ground voltage 
cr^t, and the recovery rate was 2,000 
volts per nucrosecond. These values 
would have been still higher if the current 
had been wholly symmetrical at the 
final current zero. 

ne^ograms for fault tests 1 and 
IRl shew two short (anient pauses 
foDowM V lagnition. The one ^eced- 

produced a 

200% of nonnal line-to-ground 


voltage crest. The recovery voltage 
rate WM 3,100 volts per microsecond. 
Th^ higher transient values may be 
«plained by the lesser damping of the 
shorter arc, and are bdieved to resemble 
more nearly the circuit transient recovery 
voltage unmodified by the breaker. The 
height and steepness of this transient 
IS the more remarkable as it occurred 
after phase 1 had deared, which left the 
recovery voltage divided between the 
brewer poles of phase 2 and phase 3. 

Single-phase-to-ground faults with 
system setup l produced transient crest 
vdues and recovery voltage rates in 
phase 3 (no resistor) that were similar to 
^ose experienced during the correspond- 
mg ungrounded 3-phase tests when the 
res^or-equipped pole, phase 1 ., deared 
to. However, if phase 3 had deared 
tirst (there was no such 3-phase test) the 
toansieut in that phase would probably 
have exceeded the corresponding single- 
phase value by about 50%, as was the 
case m test 5 with system setup 2. The 
average frequency of the transient on 
single-phase tests was about 3,600 cydes 
as shown in Fig, 15, test 3B. The re¬ 
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sistor-equipped pole, test 3A, Fig. 15 , 
reduced the transient to a 100-kv crest 
voltage and 1,700-volt-per-microsecond 
recovery rate, and there were no previous 
reignitions. Interrupting time was from 
0.6 to 1.0 cycles shorter than in the un¬ 
modified pole. The oscillations had not 
altogether disappeared, since the resist¬ 
ance was about twice the value required 
to make the transient aperiodic. 

For faults made with system setups 
2, 3, and 4, which are characterized by 
high» emrrents and connected trans¬ 
mission lines, the influence of the resistor 
was found to be negh'gible. as indicated 
by a comparison of the fourth and fifth 
horizontal columns in Table VII. Test 
6 WM an ungrounded 3-phase fault where 
tte measured phase 3 was the phase to 
dear first (the only test of its kind). 

It produced a transient crest voltage and 
recovery voltage rate about 50% higher 
than those of the corresponding single¬ 
phase faults. There was also the ex¬ 
pected 50% increase in normal-frequency 
recovery voltage. Crest values and re¬ 
covery rates measured in phase 3 when 
that phase and phase 2 deared l^t, as 
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shown in the top column of Table VII, 
were slightly less than the corresponding 
single-phase values, which was also to be 
expected. The test data contained in the 
second horizontal coltunn of Table VII 
with phase 2 clearing first must be con¬ 
sidered anomalous. Because of the un¬ 
balance caused by the resistor-equipped 
pole, the associated unmodified pole was 
subjected to higher voltage transients 
than would prevail under normal con¬ 
ditions. 

An interpretation of the test results 
indicates that the circuit breakers at the 
138-kv switchyard of the Philip Spom 
Plant are subjected to the following 
transient recovery voltage conditions: 

1. Transformer circuit breakers are re¬ 
quired to interrupt up to 1,000 mva on the 
occurrence of a bus fault. The natural fre¬ 
quency of the recovery voltage transient 
will be somewhat higher than the 3,600 
cycles observed during the tests because 
there will be no bus sections connected to 
the transformer side of the breaker. Tran¬ 
sient crest voltage and recovery voltage 
rate are expected to reach 250% of normal 
line-to-ground crest voltage and 3,600 volts 
per microsecond respectively. 

These values apply to the recovery volt¬ 
age transient across the contacts of the 
first pole to dear an ungrounded 3-phase bus 
fault. Higher recovery voltage transients 
occur at current zeros preceding final inter¬ 
ruption. The transients may be different 
for other conditions than those existing at 
the Philip Spom Plant, which has a 2,300- 
foot transmission line connecting trans¬ 
former and drcuit breaker. 


Table VIII. Tank Prepares Recorded by 
“Lead Pellet** Pressure Indicator 


Test 

No. 

Phase 

Tested 

Tank Pressure, 

Pounds per Sauare Inch 

Phase 1 

Phase 2 

Phase 3 


3 . * * . 



...170 

4BR1 

3 



...116 


.3. 



... 80 

4AR2! 

.1. 

..130 



6. 

. 3-phase... 

..106... 

...210... 

... 80 

6R1.. 

.3-phase... 

..180... 

....180... 

... 126 

9A... 

.1. 

.. 66 




3 



...125 

7...!! 

.3-phase... 

1. 80... 

.... 80... 

... 80 


.3 . 



...160 

13.... 

.3-phase... 

..125... 

_130... 

... 36 


2. Transmission-line circuit breakers we 
subjected to a heavily damped osdllation 
attaining crest values up to 160% of normal 
line-to-ground crest voltage in the case of 
an ungrounded 3-phase fault. Recovery 
voltage rates may be expected to range 
from 750 to 1,000 volts per microsecond, 
depending on the actual system setup. 

In the unlikdy event of the breaker 
dearing a line fault with all other trans¬ 
mission lines disconnected, much higher 
values of transient recovery voltage are to 
be expected. 

3. Transient crest values and recovery 
voltage rates on transformer drcuit breakers 
can be greatly reduced by the addition of 
suitably dimensioned shunt resistors to the 
interrupters. 

Tank Pressure 

The peak values of positive and nega¬ 
tive tank pressures measured during each 
test with the electromechanical trans¬ 


ducers are recorded in Tables III and IV. 
The maximum recorded tank pressture of 
approximately 200 pounds per square inch 
occurred in pole 3 (phase 1) during test 13 
during a three-phase ungrounded fault. 
The highest average pressure for all three 
poles on a 3-phase fault occurred during 
test 14 and was approximately 130 
pounds per square inch. Test 14 pro¬ 
duced the most noticeable ground shock 
observed throughout the tests. 

One problem associated with the use of 
the electromechanical transducer is that 
of mechanical shock sensitivity. This 
factor must be recognized in interpreting 
the pressure records during interruption. 
An indication of the magnitude and dura¬ 
tion of the mechanical shocks affecting the 
transducers is given by the pressure 
records of poles 1 and 3 in Fig. 3, test 15, 
which carried no current. Pole 2 trans¬ 
mitted shock to the two other poles by 
way of the mechanical linkage and the 
foundation. Some of the oscillatory 
fluctations are probably due to vibrations 
of the soil and tank structure. The 
electromedianical transducers were de¬ 
signed to have normal sensitivity in the 
range of all negative pressures, and in the 
positive pressure range up to approxi¬ 
mately 60 pounds per square inch. 
Above 60 pounds per square indi the 
the positive pressure sensitivity has been 
reduced to facilitate recording up to 250 
pounds per square mch with the same 


Table IX. Line-Dropping Tests at Philip Spom Plant, June 27,1954 
Equipment Tested Same as for Table 111 


% Voltage Due 
to Restrike 


% Crest Voltage 
Left on Line 


Test Setup 


Test 

No. 

Time, 

Phase 1 

Phase 2 

Phase 3 

Restrikes 

El E2 

f LI ... 

..10:66 a.m.. 

...2.5 ... 

..1.86... 

...1.6 ... 

, 1, phase 2.. 

..139.... 

L2 ... 

..10:67. 

...3.0 ... 

..1.3 ... 

...1.86... 

,none. 


L4 ... 

..11:04. 

...3.2 ... 

..1.6 ... 

...1.4 ... 

.none. 


L5 ... 

..11:08‘/*.... 

_8.1... 

..1.4 ... 

...1.7 ... 

.. none 


L6 ... 

..11:11. 

...1.66... 

..1.6 ... 

.,.1,4 ... 

. none 


L7 ... 

..11:17. 

...2.7 ... 

..1.66... 

...1.4 ... 

.none 


L8 .; 

..11:20. 

...3.2 ... 

...1.6 ... 

...1.8 ... 

.. none 


LIO... 

. .ll:26‘/i.... 

...3.2 ... 

..1.8 ... 

...1.4 ... 

.none 


Lll... 

..ll:30‘/i.... 

...2.7 ... 

...1.6 ... 

...1.4 ... 

. .none 


L12.. 

..11:88. 

...3.0 ... 

..1.8 ... 

...1.66... 

.. none 


L13... 

..11:40...... 

...3.1 ... 

...1.4 ... 

...1.3 ... 

. .none 


L14... 

. .11:48. 

...3.0 ... 

...1.8 ... 

...1.6 ... 

., none 


L16.'. 

..11:46 Vs.... 

...2.8 ... 

...2.1 ... 

...1.6 ... 

. .1, phase 2.. 


, L16.. 

..11:48. 

....3.0 ... 

...1.7 .. 

...1.6 ... 

. .none 


f L17.. 

. .12:42 p.n.. 

....3.2 ... 

...1.4 .. 

...1.7 ... 

, .none. 


L18.. 

..12:46. 

....3.4 ... 

...1.6 .. 

...1.9 ... 

,, none... 

220 

L20.. 

. .12:52. 

....3.0 ... 

...2*66.. 

...1.88... 

. . 2, phase 2. 

.236... 

L21.. 

.12:67. 

. ...8.1 ... 

...2.16.. 

....2.86.. 

(1, phase 2 
(2, phase 3. 

.184... 

L22.. 

...1:00. 

....3.8 ... 

...1.6 .. 

....1.8 ... 

., none 


L28.. 

..1:06_... 

.3.4 ... 

...1.6 .. 

_1.9 ... 

. .none 


L24.. 

..1:10. 

....3.3 ... 

...1.8 .. 

....1.7 ... 

.. none 

202 

L26.. 

..l:22Vs. 

...3.0 ... 

...2.68.. 

....1.6 ... 

.. 2, phase 2. 

,.121..,.202... 

L27.. 

..1:28....... 

....8.26... 

...1.9 .. 

_1.8 .. 

. .none 


L28.. 

...1:80 Vs. 

....2.4 ... 

...1,6 .. 

_1.48.. 

. .none 


L29.. 

...1:40....... 

....3.0 ... 

...1.7 .. 

_1.8 .. 

..none 


L30.. 

...1:48. 

....3.2 .. 

...2.2 .. 

....1.8 .. 

... 1, phase 2. 

...180....182.. 

reignitions and restrikes and resistor current of phase 1. 


E3 


El 


E2 


E3 


Spcwn-Rortsmouth line. 68 miles. 
Charging current 25 amperes. Bus 
voltage 146 kv. Crest voltage to 
ground 118.5 kv. See Note 1. 


.73 _139-86 

.40 


.67 


.168....119 
.116.... 79 


.68 ....160....150 


Sporn-Bortsmouth-Trenton line. 157 
miles. Charging current 72 amperes. 
Bus voltage 146 kv. Crest voltage to 
ground 118.6 kv; See note 2. 


.163.. 

214 


.87 

.28 


.28 

.39 


,.,.143....116 
,...184..*.110 

_180....100 

.... 70.... 26 


.72 ....121....100 


..128.... 8.5....117-128. 


^JLUberrUpUUB UUte *9 -O-- 

Note 1. Tests L3 and L9 were dosing operations. 

Note 2. Tests L19, L25, and L81 were closing operations 
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IWVA A/'^ 

mAAT 


r**"_ El 


MW 

iyvWVv<- 


T 

T 


it. 


170 KV 

f- 




IMRV 


y\/\/\/\/— 

vww 




T-1901, 6-27-54 
TEST L-I7 

- 


Fig. 18. 157 miles, test L-17 
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Fig. 19. 157 miles, test L-21 


Figs. 16-19. 3-phase line-charging current interruptions 

li/ Is/1$: Phase 1,2,3 current 

El, Ej, Ej; Phase 1,2,3 line-side-to-ground voltage 


transducer. The undamped frequency of 
the transducer is 2,000 cycles per second 
which insures more than adequate fre¬ 
quency response for pressure surges up 
to 1 millisecond wave-front rise time. 

The oscillograms show that after fitiai 
arc extinction the tank pressure falls 
rapidly from its highest positive peak to a 
smaller negative peak which, in most 
CMes, is followed immediately by another 
high positive peak. If restrikes after 
final interruption are to be avoided, 
the circuit breaker must be able to cope 
with the decrease in dielectric strength in 
the arc path caused by the negative tank 
pressure. 

Some idea of the top air pressure and 
flow velocity through the vent pipe can 
be obtained from observations made on 
pole 3 of the test breaker during the 
higher capacity tests. The vent pipe of 
pole 3 overhung the foundation pad and 
tie gas blast was suflacient to dig a 4- 
inch-deep hole in the 1-inch loose gravel 
surrounding the pad by the end of the 
tests. The entrance of the vent pipe on 
the pole top has a simple baffle to eh- 


nunate oil being forced through the vent 
pipe dining interruption. However, 
some oil is trapped by the baffle, and 
during a high-speed redosing operation 
the trapped oil is forced out of the vent 
pipe. It was noted during the tests that 
on each of the higher capacity redosing 
tests approximately a cup of oil was lost 
through the vent pipes. 

In addition to the dectromedianical 
pressure transducer Used for transient 
pressure recording, a peak pressure me¬ 
chanical transducer was used. The me- 
chamcal transducer consists of a piston 
having a 90-degree conical point which 
penetrates a lead pellet, the depth of 
penetration being a function of the 
pressure acting on the piston. For single 
pressure surges of a rate of rise corre¬ 
sponding to that produced by 1/2 cyde of a 
60-cycle wave, the peak pressure recorded 
by the mechanical transducer agrees 
quite dosely with that recorded by the 
dectromedianical transducer. As the 
rate of rise of the pressure surge increases, 
the accuracy of the mechanical trans¬ 
ducer decreases because of the effect of 


inertia of the mechanical piston. Repeti¬ 
tive pressure surges or. alternating surges 
cause the lead pellet to receive multiple 
impacts from the piston, and indicated 
pressures are greater than the actual 
magnitudes. 

The time schedule during the tests 
did not permit dianging lead pellets after 
each test and many of the tests were re¬ 
dosing tests. Peak pressures recorded 
under these conditions have not been in¬ 
cluded in the summary of the mechanical 
pressure transducer record given in Table 
VIII. 

Results of Line-Dropping Tests 

The test data obtained from the oscillo- 
praph records are given in Table IX, and 
indude interrupting time, restrikes, % 
voltage to ground due to restrikes, and % 
crest voltage left on the line upon com¬ 
pletion of charging current interruption. 
Voltage values are entered in Table IX 
for all tests during which restrikes oc¬ 
curred and for typical tests which were 
restrike-free. Typical oscillograms are 
shown in Figs. 16 through 19. 

Interrupting Time 

The interrupting time indicated in 
Table IX is the total time of interrupting 
both caging current and resistor cur¬ 
rent; it also indudes all reignitions and 
restrikes. Table X is a summary of the 
charging-current interrupting time in 
cydes. 

For evaluation of arcing time during 
charging-current interruption, contact- 
parting time obtained with the low- 

voltage timing tests should be used. The 

design of the tulip-type, sliding contact 
assembly is such that the conical end of 
the moving contacts part contact with the 
curved arcing surface of the stationary 
contacts approximately 0.6 inch before 
the end of the moving contact is flush 
with the end of the stationary con¬ 
tact assembly. The contact-parting time 
for charging-current interruptions is 1.2 
cydes and should be subtracted from the 
indicated interruption times to obtain the 
ardng time. During charging-current 
interruption, at the time the charging 


Table X. Charging Current Interrupting Time, 
Cycles 


System Pole 1, Pole 2, Pole 3, 

Connec- Phase 3 Ph ase 2 Phase 1 

tion Avg Max Avg Max Avg Max 


58-mile 

line.1.47. .1.70 .1.61..2.10. .2.87. 3 20 

167-mile 

line.-1.78. .2.86. .1.76. .2.66. .3.13. .3.40 
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current is zero the system voltage is at 
crest value, the line has been charged to 
the same value, and no voltage difference 
exists between the stationary and moving 
contacts. Depending on the value of the 
current wave at the instant of contact 


Fig. 20 (left). 
Interrupters and 
movable contacts 
after Anal test 


Fig. 21 (right). 
Typical condition 
of stationary and 
movable contacts 
after Anal test 



cases the line is left charged at a voltage produced by two restrikes on phase 2 
much less than crest value. Since the during test L21. 


parting, very short arcing time can occur. 
This is evident from the O.l-cyde arcing 
time for tests L2, L8, and L13. A suffi¬ 
cient number of tests was made on a 3- 
phase basis so that the contact-parting 
time covered the complete range of 
possible parting times during 180 elec¬ 
trical degrees and insured charging-cur¬ 
rent interruption under all conditions. 
From past experience with breakers of 
the same design as the test breaker, it has 
been noted that the point on the current 
wave at whidi contacts part has no dis¬ 
cernible influence on the performance of 
the breaker in charging-current inter¬ 
ruptions. 

Charging-Current Interruption 

Performance of Pole 3 

The influence of resistors in pole 3 
was most noticeable in the case of charg¬ 
ing-current interruption. No restrikes 
occurred and no overvoltages were pro¬ 
duced other than that induced by restrikes 
on phase 2 during tests L30 and L26. 
Current reignition through the resistor 


remaining poles were not modified by 
resistors, the voltage swings of phase 1 
due to resistor current reignition induced 
corresponding voltage swings, but of 
reduced magnitude, in the other two 
phases, and caused the lines of phase 2 and 
3 to be left at a higher crest voltage than 
normal. 

Charging-Current Interruption 

Performance of Poles 1 and 2 

The present series of tests confirmed 
the performance of the standard inter¬ 
rupters as demonstrated by previous tests 
and operating experience. Infrequent 
restrikes occur but do not produce 
serious overvoltages or damage to con¬ 
nected equipment. 

One restrike occurred during test LI 
and L15 while switching 58 miles of line, 
both on phase 2, and produced voltages of 
139% and 160% respectively. In switch¬ 
ing 157 miles of line, restrikes occurred 
dining tests L20, L21, L26, and L30. 
The maximum voltage of 236% was 


Test Circuit-Breaker Inspection 

At the conclusion of tests scheduled 
for system setup 1, it was considered 
advisable to inspect pole 3 of the test 
circuit breaker as the resistor installa¬ 
tion was of an experimental nature. 
Results of the inspection indicated no 
change in the installation and the tests 
scheduled for setup 2 were begun. Oil 
samples from pole 3 tested 34 kv. No 
inspection was considered necessary upon 
the completion of tests scheduled for 
setup 2 prior to the line-dropping tests. 

Inspection of the contacts and inter¬ 
rupters of all three poles was made 
Monday, June 28. The stationary and 
moving contacts showed very slight 
erosion and required no dressing. The 
interrupter baffle plates also indicated 
very dight erosion and required no re¬ 
placements. Oil samples tested 24 kv. 

Upon completion of tests scheduled for 
setup 3, the contacts and interrupters of 













occurred on almost all tests and is nor¬ 
mally expected for this design. In all 


Fig. 22. (Left) stationary and movable contacts and (right) interrupter baffle plates disassembled after Anal test 
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all three poles were inspected. The 
contacts and baffle plates indicated more 
erosion than at the previous inspection but 
did not necessitate redressing or replace¬ 
ment before proceeding with the full- 
capacity tests on the same day. 

An inspection of contacts and inter¬ 
rupters of all three poles was made 
Simday, July 4, upon completion of the 
final tests. The stationary contacts were 
eroded slightly on the arcing surface but 
the normal current-carrying surfaces were 
in good condition and considered service¬ 
able. The moving contacts were eroded 
on the conical arcing surface and the ends 
of the blade tips were eroded back 
approximately l/16thinch. The normal 
ciurent-canyfng surfaces of the moving 
contacts were in good condition. Con¬ 
tact pressure between the stationary and 
mo\mg contacts was normal. The inter¬ 
rupter baffle plates showed considerable 
erosion on the first three plates nearest 
the stationary contacts but were con¬ 
sidered to be in sufflciently good condition 
so that further interrupting duty would 
be possible before replacement. 

Carbonization of the oil in aU three 
poles did not appear to be excessive. 
Oil samples tested 30 kv in pole 3 and 28 
kv in poles 1 and 2 upon completion of all 
tests. 

There appeared to be no great differ¬ 
ence between the condition of contacts 
and interrupter baffle plates in each pole 


or between those associated with each 
bushing position. Fig. 20 shows the 
interrupters of pole 3 in place after final 
tests, Fig. 21 a typical condition of sta¬ 
tionary contact assembly and moving 
contacts, and Fig. 22 the condition of 
stationary and moving contacts and inter¬ 
rupter baffle plates from bushing position 
3 disassembled after final test. Parts 
from all other bushing positions were 
found in a similar condition. 

Conclusions 

1. A high-speed oil circuit breaker has been 
tested under maximum capacity fault con¬ 
ditions at the 132-kv switchyard of the 
Philip Spom Power Plant. The test circuit 
breaker interrupted faults up to a maYimmn 
of 6,900 mva under the most severe system 
conditions with a minimum of system dis¬ 
turbance and within the rated interrupting 
time of 3 cycles. 

2. The addition of low ohmic linear resis¬ 
tors to the interrupter assemblies reduces 
the interrupting time imder system condi¬ 
tions giving low values of fault currents and 
high recovery voltage rates, and provides 
restrike-free operation during line-charging 
current interruptions. 

3. The current through a transformer cir¬ 
cuit breaker does not reach zero for several 
cycles after the inception of a fully offset bus 
fault; see Fig. 10. This condition, caused 
by an initially high a-c decrement and a low 
d-c decrement, justifies a small tima delay 
in tripping transformer breakers so as to 
prevent possible damage to the circuit 
breaker. 


4. Information was obtained on the nor¬ 
mal-frequency and transient recovery volt¬ 
age characteristics existing at a large power 
site under various fault conditions. 

6. The condition of the contacts and inter¬ 
rupters upon completion of a test program 
involving a large integrated value of inter¬ 
rupted mva proves the design of the test 
breaker to be more than adequate from the 
standpoint of requiring a miuinnmi of 
maintenance and replacement of parts. 

6. The ease of interrupter and contact 
inspection and accessibility of all parts of 
the breaker is shown by the short time re¬ 
quired for complete inspection during the 
progress of tests. This is an important 
factor in decreasing the outage time under 
operating conditions. 

7. The advantages of field testing under 
conditions which duplicate actual operating 
conditions were brought forth during this 
series of tests in that the complete breaker 
was subjected to full-capacity faults and the 
over-all performance could be ob.served and 
analyzed. In laboratory testing, usually 
at reduced voltages and only upon a pro¬ 
portionate part of the interrupting assem¬ 
blies, these conditions cannot be fully 
duplicated. 
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Discussion 

C. J. Balentine (General Electric Company, 
Philadelphia, Pa.): The authors have pre¬ 
sented a complete account of a set of field 
tests on a 138-kv circuit breaker, describing 
not only breaker performance but also the 
system setup and the instrumentation used 
during the tests. These tests produced a 
maximum duty of 6,900 mva on a breaker 
which was initially rated 5,000 mva. Based 
on these results and the initiaUy assigned 
rating, what will be the new name-plate 
rating of the breaker? Throughout the 
tests, one pole of the breaker was equipped 
with shunting resistors but the other two 
imles were not. Do the test results indicate 
that the breaker should be equipped with 
resistors as standard accessories? 

paper to some 
l^kv 10,000-mva breakers as foUows: 
The MW breakers were purchased on the 
* Pm of single-pole factory tests made 
at full voltage and reduced interrupting 
ewent and at full current and reduced 
available testing 
fadhties. Though this kind of 2-part test 
Js never a complete substitute for full- 
tests, it was felt that satisfactory 
field conditions could 
Mjneb^ predu,ted on the basis of such 
rests. Fig. 3 showmg the test breaker on 
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the site also shows the 138-kv 10,000-mva 
breaker used for backup protection during 
the tests. The rating of this breaker was 
not established with 2-part testing. Inter¬ 
rupting tests were made on it up to 60,000 
amperes at 53.5 kv on a single interrupter. 
This voltage is much greater than that 
normally imposed on a 138-kv interrupter 
and the current is far beyond that required 
for a 10,000-mva rating. 

It is stated that 78-inch diameter tanirc 
are used instead of 64-inch diameters be¬ 
cause the larger air space available above 
the oil aids in reducing maximum tank 
pressure. In spite of this, relatively high 
tank pressures were recorded, there was 
some oil throw on reclosing tests, and the 
blast of escaping gas during intei^ption 
dug a 4-inch hole in the gravel surrounding 
tile pad. It would seem that during the 
interruption of even high-capacity faults 
there should be no oil throw and any dis¬ 
charge from the vent diould consist only of a 
puff of gas following the interruption. 

Conclusion 7 dtes the advantages of 
field testing over laboratory testing. Actu- 
^y field testing is only a supplement to 
laboratory tests. Dtudng field testing, the 
number of tests is always limited. The 
^tem setup is very inflexible as compared 
to laboratory testing facilities. It is . not 
po^ible to m^e overvoltage tests in the 
field to establish design margins nor is it 
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possible to make the many overcurreut 
tests required to determine the mechanical 
strength of interrupter structures. 

Capacitance switching performance can¬ 
not be established on such relatively few 
tests. To adequately prove the suitability 
of a design for this type of service, many 
tests must be made with varying angles at 
relatively small increments of current over 
the entire capacitance switching range. 

Field tests do a fine job of checking the 
performance of a breaker for a given set of 
conditions but they do not give the broad 
coverage required for general application 
to meet all kinds of service conditions. 


A. K Blilgour (AUis-Chalmers Manufactur- 
mg Company, Hyde Park, Mass.): It is 
only through the courtesy and co-operation 
of the utilities that any manufacturer can 
field-test anywhere near full interrupting 

opportunity to 
test m tte field is available the interrupting 
capacities to date have not been near the 
^ger circuit-breaker interrupting abilities. 

innnn “ this particular 138-fcv 

10,000-mva breaker test program, test 
values ranging from 54 . to 69% of full 
capacity were realized. The field test 
pro^am as conducted, however, serves well 
to Illustrate the value of today's laboratory 
test procedures as practiced by manufac- 
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turers. Therefore, proper credit should be 
given to the good job of interpolating tests 
and the program that is being carried on to 
test breakers adequately in the laboratory. 

It is an accepted fa,ct that a resistor 
properly employed can reduce the possi¬ 
bilities of restrike and therefore can be 
considered as a contribution made by the 
breaker during interruption of the circuit. 
However, attention must be directed to the 
fact that the surge impedance of the line 
being interrupted by the breaker and the 
surge impedance from the generating source 
to the breaker are dictated by the system 
parameters and create the influence or 
possibility of restrike, over which the 
breaks directly has little or no control. 
The relative merits of condition to restrikes 
are ably presented in Dr. E. W. Boehne’s 
paper. ^ . This discussion is considered perti¬ 
nent here because the present paper does 
not indicate whether this breaker will be 
furnished with or without a resistor as a 
standard item. 

It is not understood why there should be 
such a variance in measuring contact-part¬ 
ing time. In the section entitled "Results 
of Short-Circuit Tests” 1.4 cycles of contact¬ 
parting time is given and in the section on 
"Results of Line-Dropping Tests" 1.2 cycles 
for contact is given. The variable is indi¬ 
cated to be due to the conical shape of the 
contacts. Our experience indicates that 
if a direct current is passed through these 
contacts dturing the testing adjustment 
period, our breakers, employing tulip 
bayonet contacts, give a very consistent 
contact-parting time, and are not directly 
dependent upon line-charging or inter¬ 
rupting-current value. It would appear to 
me that current magnitude should have 
little or no effect on the contact-parting 
time xmtil after the contacts have parted 
and an arc has formed. These values as 
presented therefore appear to be inconsist¬ 
ent. 

Conclusion 3 appears to be questionable. 
If the prime purpose of the breaker is con¬ 
sidered to be protection, normally if any 
time delay is created it is to the detriment 
of the equipment which the breaker is 
attempting to protect. The exception to 
this is when through relasdng sequence 
controlled time is for system stability or 
backup protection and therefore is in order. 

Conclusion 4 is very interesting because 
comparatively little actual field data have 
been published regarding the rate of rise of 
recovery voltages during system interrup¬ 
tion. It would certainly be advantageous 
to have more of this type of information 
available to the manufacturers, even though 
some papers which have been published 
showing the expected rate of rise of recovery 
voltages as indicated by board studies are 
of some value. However, there are con¬ 
siderable differences in R*V magnitudes, 
depending upon the method of measure¬ 
ment. No mention h^ been made as to 
the particular method employed. From 
the data given, it appears that the slope 
from current zero was used. Is this cor¬ 
rect? 

The authors are to be congratulated for 
their fine presentation of an interesting 
breaker test story. 
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R. E. Friedrich (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): This 
paper, which describes direct field tests on a 
138-kv circuit breaker to quite high values 
of current, is a definite contribution to the 
circuit-breaker art. Considering such vari¬ 
ables as ardng time, interrupted current, 
degree of asymmetry of the current, and the 
size of the last half-cycle of current prior to 
interruption, it is evident from 3-phase test 
14 that this breaker can be given a rating of 
4,625 mva on a ssmimetrical basis or 5,435 
mva on an asymmetrical basis. However, 
it does not appear to be a fair conclusion to 
state that greater amounts of fault power up 
to the maximum of 6,900 mva were inter¬ 
rupted under the most severe conditions. 
Certainly on test 12 involving a current of 
27,600 amperes the arcing time was near 
the minimum of only 0.6 cycle. The tests 
at mavimum kilovolt-amperes would be 
more conclusive had they been made under 
controlled conditions such as are available 
in a high-power laboratory, which permits 
tripping of the test breaker to give maxi¬ 
mum arcing time with interruption occur¬ 
ring at the end of a large half-cycle of cur¬ 
rent. 

It is interesting to compare the ard 
energy involved in phase 2 of the close-open 
operation on 3-phase test 14 involving the 
interruption of 21,760 amperes in 2.6 cycles 
with that involved in the opening operation 
on the single-phase test 12A in which 
27,600 amperes were interrupted in 2.0 
cycles. On both tests the last half-cycle of 
current was a large loop and the % asym¬ 
metry at contacts part approximately the 
same, 46.6% on the former and 49.6% on 
the latter. A simple graphical ^alysis 
as siiming the same linearly increasing arc 
voltage for both tests shows the arc energy 
on the 21,760-ampere interruption to be 
more than three times that on the 27,600- 
ampere test. The lower current test can be 
considered to have been the more severe 
from the standpoint of mechanical shock. 
Likewise, since the arc energy is approxi¬ 
mately proportional to the square of the 
arcing time, it would appear that test 14 
was more severe than any of the tests 
which involved greater amounts of current. 

Data obtained on field tests such as 
described in this paper are always a valuable 
supplement to but never can completely 
supplant design data obtained in the 
laboratory. Here conditions affecting the 
severity of the tests can be accurately and 
easily controlled, and the number and vari¬ 
ety of tests which can be made are relatively 
unlimited without the pressure attendant 
upon keeping within limited time schedules. 

The statement that the 78-inch-diameter 
tfl-Tilr was considered advisable for the higher 
interrupting duty expected on the AG&E 
system because of the larger air space 
available above the oil "which aids” in 
reducing the maximum tank pressure de¬ 
veloped during high-capacity interruptions 
is of considerable interest, especially since 
the modern trend is to keep the oil content 
at a minimum value. One manufacturer^ 
by the use of inverted surge chambers con- 
taning air and located at the lower end of the 
breaker tank, has been able to reduce both 


the tank diameter of a 13-kv 10,000-mva 
breaker to 62 inches and the inaximum 
tank pressures during heavy fault interrup¬ 
tions. 

Both the value and attendant disad¬ 
vantages of using low-ohmic resistors are 
well known in the industry. It would be 
of interest to know whether the authors 
have concluded that they will be standard 
equipment on breakers of this and similar 
ratings. 


J. E. Conner (Southern California Edison 
Company, Los Angeles, CaUf.): The au¬ 
thors are to be congratulated on an excellent 
and very thorough report of their field test 
program. The extensive material presented 
is an invaluable contribution to the oil- 
circuit-breaker literature and is particularly 
significant at this time. With installed 
system capacities increasing rapidly, and 
breaker interrupting ratings now com¬ 
pletely beyond the capabilities of any exist¬ 
ing test facilities, it is particularly important 
that manufacturers and utilities co-operate, 
wherever system conditions permit, in 
staging tests of this nature. The informa¬ 
tion obtained from tests made under typical 
system conditions is impossible to obtain in 
any other way. These data serve to pro¬ 
vide the circuit-breaker designer with the 
essential link required to correlate his de¬ 
velopmental experiences with the require¬ 
ments of actual field service. Conadering 
the extended ratings presently being as¬ 
signed to high-capacity oil circuit breakers 
on the basis of part pole tests, it is impera¬ 
tive that the designer have every available 
opportunity to proof-test the soundness of 
his over-all designs by actual system test. 

The participating companies responsible 
for sponsoring this program are ^so to be 
complimented for their foresight in imtiat- 
ing a field test program of this magnitude. 
The amoimt of organization and prepara¬ 
tion required to institute this type of test 
program is rather universally recogniz^ 
and respectfully acknowledged. What w - 
not so apparent is the intensive thought and 
study that must precede the final decismn 
to subject an entire powar system of this 
size to the shock and possible abuse of an 
extensive series of high-capacity fault- 
current interruption tests. This decision 
must be preceded by an awareness that aU 
connected system apparatus is being t^ted 
as well as the circuit breaker itself. Hpw- 
ever, as the authors have pointed out, a 
great deal of valuable secondary informa¬ 
tion is accumulated which could not other¬ 
wise be obtained. 

It has been a number of years smce 
similar field tests on high-voltap oil cmmit 
breakers were conducted on the Southern 
California Edison Company, system. 
Therefore, the comments on this paper are 
based, not on recent testing experiences, but 
on a definite and continuing interest m tue 
design and developmental propress m me 
circuit interruption field. In line wim e 
general rapid expansion of l^e electric 
power industry, our company k ^- 
nessing considerable increases m 
capacity with attendant requirements 
oil circuit breakers of greater interruptmg 
ratings at locations of large 
trations. At the present time new breakem 
being purchased for installation on the 
kv transmission system have an mterrup - 
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ing rating of 10,000 mva. Older breakers 
of lower mterrupting ratings are being 
moved to points in the system where re- 
severe. Some of these 
10,000-mva breakers have been subjected 
to extensive testing in the manufacturer’s 
laboratory, while others have not. In the 
l^ter case, these test facilities are unavail¬ 
able to the breaker manufacturer. 

^ As^ of this writing, the maximum short- 
circuit capacity of the 220-kv system is 
approximately 6,000 mva. At the present 
rate of powth, it is anticipated that this 
figure will reach 7,800 mva by January 1, 
1967, and will approach the 10,000-mva 
figure within a period of 10 to 15 years. In 
prove that these recently purchased 
220-kv 10,000-mva breakers are entirely 
adequate for the present and anticipated 
needs of the system, the Edison Company is 
contemplating a complete program of 
fault-current interruption and line-charging 
and -dropping tests in the near future. 

It is particularly encouraging to note that 
the authors have investigated so thoroughly 
the rate of rise of transient recovery voltage 
at the time of circuit interruption. The 
recovery voltage data, for various circuit 
arrangements, presented in this report 
^ould be invaluable to the circuit-breaker 
designer and manufacturer. Since actual 
test rates of rise were measured for specific 
system conditions, -this material should 
serve as an excellent guide in establishing 
reasonable values to be used in design 
testing in the laboratory. 

As pointed out in this paper, it is general 
practice to conduct part pole tests on 
mdmdual interrupters of a breaker pole by 
testing at full voltage and reduced inter¬ 
rupting current and then at maximum rated 
mterrupting current and reduced voltage. 
The results of these tests are then extrapo¬ 
lated to produce an over-all interrupting 
ratmg for the complete breaker. The 
validity of ^is extrapolation of part pole 
test results is dependent upon maintaining 
uniform voltage distribution among inter- 
ruptws at the maximum rates of rise of 
transient recovery voltage that are to be 
encountered in actual service. Once these 
rates of rise are known, and satisfactory ] 
voltage distribution among interrupters ha s 1 
been established for the complete breaker < 
pole, it is important that similar rates of rise i 

of transient recovery voltage be used in i 
conducting interruption tests in the labora- 1 
tory on individual interrupter elements. a 
From the data presented in this paper it t 
would appear that the maximum recovery f 
voltege rates are associated with system e 
conditions that produce relatively low o 
fault currents. Fortunately for the de- p 
velopment engineer, these conditions of high 
recovery voltage rates can be quite readily tl 
duphcated in the testing laboratory. | 3 ' 

In reviewing the part of this paper dealing oi 
with instrumentation, it was noted that in 

two apparently independent oscillographs fr 

were used to record the niajor test circuit te 

and test breaker parametei-s. The in- pe 

crewed labor of analysis with two separate p< 

oscillographic records for each test must be te 

when one notes 85 

tfiat two recording devices did not have ws 
a mutu^timmg or speed control arrange- m( 

^ modem, multichannel thi 

i^gnetic oscillograph, with provisions for du 

an measur^ent traces on a common time ad 

base, would have greatly simplified the obi 


work of test analysis and facilitated inspec¬ 
tion of the oscillograms both during and 
after the test. 

A study of the transient tank pressure 
measurements both from the authors’ 
tabulations and from the oscillograms raises 
certain questions regarding the electro¬ 
mechanical pressure transducers and their 
asMciated equipment required to obtain a 
mitable signal level for recording. A case 
in point is the 3-phase ungrounded fault 
current test 14, shown in Table III, and 
mentioned briefly by the authors in the 
section of the paper devoted to tanir 
pressure. It is reported tliat the highest 
average tank pressure of 130 pounds per 
square inch recorded for a 3-pole test 
occurred during test 14. Both the oscillo¬ 
gram and Table III verify this; however, 
it is noted that on the immediately following 
close-open operation at approximately the 
same interrupting duty, the average pres¬ 
sure recorded for the three poles was only 
25 pounds per square inch. The oscillo¬ 
gram for this test would indicate that the 
recording equipment had recovered re^on- 
ably weU from the effects of the initial open¬ 
ing operation. It would be very interesting 
to have the authors* comments on this 
point. The problem of using extremely 
low sign^ level transducers in an environ¬ 
ment of intense electric and magnetic fields 
IS a difficult one that the authors seem to 
have solved to their satisfaction. 

This discussion has not co mme nted on the 
performance of the test breaker during this 
series of interruption and line-charging and 
line-dropping tests. This does not indicate 
m any way a lack of interest in this most 
m^ortant aspect of the program, but only 
reflects the feeling that the breaker’s per¬ 
formance left little to be desired. It would 
appear both from the tabulated results and 
the oscillogra^ that the breaker manufac- 
tur^ and designer can be justifiably proud 
of the excellent performance record of their 
breaker as demonstrated by this extensive 
field test program. 


Otto Naef and R. D. Hambricfc: We would 
like to express our appreciation for the in¬ 
teresting comments presented in the dis¬ 
cussions and we are gratified to see so much 
interest aroused in the problem of correlat- 
mg laboratory and field testing experience. 
We do not wish to minimize the importance 
and advantages of controlled laboratory 
testing, though realizing that available 
facilities are not always used to the fullest 
extent for testing at maximum severity 
over as broad a range of conditions as 
possible. 

We question Mr. Balentine’s claim that 
the 138-kv 10,000-mva rating of the circuit 
breaker he mentions was established with¬ 
out recourse to 2-part testing and therefore 
involved no extrapolation. The normal 
frequency recovery vojtage for single-phase 
testing is 145X1.6/V3 = 126 kv, or 63 kv 
per interrupter, assuming equal division of 
potential by resistor control. The actual 
test voltage of 53.6 kv was therefore only 
85% of what is required, though the current 
was in excess of the rated value. Further¬ 
more, only one of the two interrupters in 
the same tank was subjected to this high 
fl-iid the over-all effect and the inter¬ 
action between interrupters were not 
observed. 


c- Several questions were raised concer nin g 
id a new name-plate rating for the test breaker. 

Although test results indicate that the 
re maximum interrupting ability of the breaker 
s’ has not been determined by this series of 
IS tests, the name-plate rating will undoubt- 
5- edly remaiin the same. Further tests will 
IT be necessary to demonstrate satisfactory 
a performance at the next highest standard 
le rating. 

It Resistors are not considered as standard 
1 accessories for this breaker provided 250% 

c maximum line-to-ground voltage during 

t line-dropping operations is considered one 

t of the criteria for satisfactory performance, 

r Resistors will be provided for applications 

t requiring restrike-free performance. 

We agree with Mr. Kilgour and his 
» reference to Dr. Boehne’s paper that circuit 

r parameters create the necessary conditions 

- during which restrikes can occur, but cannot, 

agree with his conclusion that the breaker 
has little or no control over whether or not a 
restrike will occur. It should be obvious 
raat one function of the breaker is to create 
favorable conditions within the breaker 
I^oper during line switching operations 
that preclude or minimize the occurrence 
of a restrike. 

Conclusion 3 carries with it no recom¬ 
mendation as to what the relay ttmA of a 
transformer breaker should be, but calls 
attention to the fact that because of inher¬ 
ent circuit characteristics over which it tins 
no control the breaker may be stressed 
beyond its capabilities if tripped instantane¬ 
ously on the occurrence of a bus fault. 
The recovery rate was measured by a tan¬ 
gent to the curve passing through the 
point of zero recovery voltage. 

Mr. Kilgour has questioned the variable 
contact-parting times used. It should be 
pointed out that under low-voltage condi¬ 
tions normally used for contact-parting- 
tnne determinations, the test breaker is 
consistent in the contact-parting time 
indicated ^ 1.2 cycles. This condition 
still prevails under fault interruptions. 
However, the value of 1.4 cycles, ■ corre¬ 
sponding to the time the end of the moving 
contact is flush with the stationary contact 
assembly, which is 0.2 cycle after the con- 
tacte part, is used as being a more realistic 
mdication of the effectiveness of the inter¬ 
rupter during fault conditions inasmuch as 
the interrupter can begin to function effec¬ 
tively only after the end of the moving con¬ 
tact is flush with the end of the stationary 
contact ass<^bly. This condition does not 
prevail during line charging-current inter- 
niptions, as described in the paper, and the 
indicated contact-parting time of 1.2 cycles 
is applicable. 

The^ authors have no quarrel with Mr. 
Friedrich’s comparison of arc energies, based, 
on a widely accepted method of computa¬ 
tion but not necessarily applicable in every 
case. They wish to point out that the 
calculated ratio of arc energies in tests 14 
and 12A would be reduced to 2.4 if contact¬ 
parting time were determined by the instant 
of physical separation (1.2 instead of 1.4 
cycles) as Mr. Kilgour suggests, and as 
appears to be the norm among most manu¬ 
facturers. 

It should further be noted that the arc 
Mergy vphich is generated during a fault 
interruption is influenced by a number of 
factors oth» than current and arcing time, 
a few of which are the rate at which ions are 
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removed from the arc path during the high- 
current portion of the current wave, the 
pressure within the interrupter, and the 
length of the arc—such factors being influ¬ 
enced directly by the particular interrupter 
design involved. The interrupting units in 
this instance are of a design that minimizes 
the arc energy generated during the high- 
current wave and thus reduces the quantity 
of noncondensable gases produced during 
the interruption. We are confident that 
the circuit breaker could have interrupted 
6,900 mva and probably considerably more 
at the most unfavorable instant of contact 
separation but we acknowledge that docu¬ 
mentary proof is yet to be obtained. 

It is interesting to note that another 
manufacturer of high-capacity circuit break¬ 


ers recognizes the problems attendant upon 
oU column movement and disturbances 
during interruption. The addition of an 
inverted surge tank is indeed an interesting 
although not a novel solution to the prob¬ 
lem. 

We agree that reduced oil volume is a 
highly commendable and worth-while design 
goal. However, it is felt that the efficiency 
and reliability of performance should be the 
prime consideration. 

We wish to thank Mr. Conner for his very 
pertinent and helpful comments concerning 
laboratory and field testing. We are look¬ 
ing forward with genuine interest to the 
results of the 220-kv field tests contem¬ 
plated by the Southern California Edison 
Company. In answer to his question con¬ 


cerning the pressure transducers, it is a 
noatter of record that on immediate re¬ 
closing duty cycles at higher interrupting 
capacities, there is a sufficient quantity of 
disassociated oil gaseous products remaining 
from the first interruption to reduce the 
pressure surges resulting from the second 
interruption. 

We hope that the interest shown in the 
problem of correlating laboratory and field 
testing results will serve as a stimulus for the 
various standardizing activities to re-ex¬ 
amine and publish test codes that will 
accord field testing its rightful place in de¬ 
termining breaker ratings. As in the past, 
the field experiences of circuit-breaker users 
must provide the final criteria of circuit- 
breaker performance. 


Some Fundamentals on Capacitance 
Switching 
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T here are a number of switching de¬ 
vices on electric power systems which 
must handle the switching of capacitive 
kilovolt-amperes (kva). Some of these 
devices are primarily designed to inter¬ 
rupt heavy inductive short-circuit cur¬ 
rents or load currents; others are designed 
to handle only capacitive current or mag¬ 
netizing current of relatively few amperes. 
Generally the capacitive kva to be 
handled by any switching device can be 
■dassiiied as to the predominant system 
■componemt involved, such as overhead 
lines, cables, and shunt capacitor banks. 
'Because of the differences in capacitance 
•configurations and grounding conditions 
-that can be encoimtered, each of these 
•system components can impose different 
•switching voltage conditions on the 
•switching device and as a consequence 
<iifferent capacitive kva capabilities of the 
switchgear can be obtained. 

Industry performance standards for 
-rating the capacitive kva ability of switch- 
gear have not been established. Each 
manufacturer at present may evaluate the 
capacitive capability of switchgear on a 
'basis 'ttiat is not common to all. Not 
only do questions of system voltage con- 
■ditions arise but also, in so far as equiv- 
.alent single-phase test circuits are used 
;in the evaluation, do questions on the 
-equivalence of the test circuit, of the test 
•voltages, and of the 3-phase kva being 
•switched. 

Although many investigators have 
•studied vlaridus phases of the subject of 
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capacitance switching,^"® it is the pmpose 
of this paper to present the results of a 
more complete investigation of the volt¬ 
age conditions that may be encoimtered 
by switchgear in the interruption of 
capacitive kva of overhead lines, cables, 
and shunt capacitors, factoring in the 
effect of system configuration. In a 
companion paper these results are used to 
evaluate test circuits and to interpret 
results in establishing the capacitive kva 
capabilities of switchgear.* This investi¬ 
gation of system requirements was facil¬ 
itated by the use of the transient network 
analyzer. 

Conclusions 

Unfaultbd Circuits 

1. Under fault-free conditions, the recov¬ 
ery voltage across the first pole to interrupt 
is different when switching grounded capaci¬ 
tor banks, overhead lines, and tmgrounded 
capacitor banks. Assuming no re-establish- 
mqnt of the arc, the peaks of the recovery 
voltages are 2.0, 2.4, and 3.0 per unit (pu) 
of normal line-to-neutral crest voltage 
respectively when the system is effectively 
grounded (type-B grounding). 

2. Restriking in the interrupting device 
can greatly increase the recovwy voltage 
values over those imposed on the switch if no 
restriking takes place. 

3. The recovery voltage across the first 
pole of a switching device to interrupt can 
be increased by the opening of a second pole 
depending on the capacitance configuration. 

4. No appreciable change in the recovery 
voltage across the switch occurs as a result 


of system grounding conditions, providing 
the system remains within that region de¬ 
fined as effectively grounded. 

5. If the system is not effectively grounded 
but is grounded through a high reactance or 
resistance, recovery voltages in excess of 
those given in conclusion 1 can occur across 
the first pole to interrupt for grounded 
banks, cables, and transmission lines. Sys¬ 
tem grounding has no 'effect on the voltages 
associated with switching an ungrounded 
capacitor bank. 

6. If the source is not grounded, a recovery 
voltage of 3.0 pu occurs across the first pole 
regardless of the capacitance configuration. 

Faulted Circuits 

1. The recovery voltages involved in 
switching an unfaulted phase of an un¬ 
grounded capacitor bank with a line-to- 
ground fault on one phase are not as‘high 
as those associated with switching under 
fault-free conditions if the source is effec¬ 
tively grounded. 

2. The failure of capacitor bank units in 
one phase of an ungrounded bank can in¬ 
crease the recovery voltage across the first 
pole to dear if it is in one of the sound 
phases. The recovery voltage can be as 
Tii gTi as 3.46 pu as against 3.0 pu for the un¬ 
faulted case. If the first pole to open is in 
the faulted phase, the recovery voltage is the 
same as in the unfaulted case. 

3. "When switching a faulted transmission 
line, the recovery voltage across the first 
pole to open, if it is in an unfaulted phase, 
is increased over the unfaulted case. The 
recovery voltage will be 2.6 pu instead of 
the value of 2.4 pu assodated with switch¬ 
ing unfaulted transmission lines. 

4. When switching a grounded capacitor 
bank or a shidded cable, the withstand re¬ 
covery voltage across the first pole to open, 
if it is in an unfaulted phase, is increased to 
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shown in Fig. 1. The circuit of Fig. 1 
contains both grounded and ungrounded 
capacitances which are defined in terms of 
positive- and zero-sequence quantities. 
In this circuit, the zero-sequence capaci¬ 
tance Co is the grounded capacitance, and 
the positive-sequence capacitance Ci is 
the sum of the grounded and the un¬ 
grounded capacitances. Thus, when all 
the system capacitance is solidly grounded 
the ungrounded capacitance Ci-Co is 0, 
or the circuit has a Ci/a ratio of l.Q. 
When all the system capacitance is un¬ 
pounded, the grounded capacitance Co 
is 0, or the circuit has a Ci/Co ratio of 
For a transmission line, which in¬ 
volves both grounded and ungrounded 
capacitances, the Ci/Co ratio fhlls in the 
range of 1.6 to 2.0. 

TTie testing of switching devices to 
evaluate their ability to switch capacitive 
cinrents may be done with single-phase 
circuits. For this reason, it is necessary 
to know the voltages between the con¬ 
tacts of a switching device following the 
opening of the first and second poles in 
the interruption of a 3-phase capacitive 
circuit. It is especially important to 
evaluate the variation of these voltages 
with changes in the parameters of the 
system. 

Fig. 2 shows the effect of the Ci/Co ratio 
on the crest of the recoveiy voltage across 
the first pole of a switch to open. The 
recovery voltage is plotted in pu of the 
crest of normal line-to-neutral voltage. 

It is assumed in all cases that the switch 
interrupts at the instant the current goes 
through 0 and that the regulation in¬ 
volving the source inductance is negligi- 
JFjg- 2 shows that the crest of the 
recovery voltage increases from twice 
to three times normal line-to-neutral crest 
value when the Ci/Co ratio changes from 

1.0 to CO, 

Not oidy is the duty on a switch when 
interrupting capacitive currents deter¬ 
mined by these capacitance grounding 
conditions but also by the grounding 
conditions of the source as well. Of con¬ 
siderable importance is the effect of 
system faults on the switching duty in the 
unfaulted phases which may experience 
capacitive currents. It has been shown 
that capacitive switching performance of 



A generalized capacitance circuit 
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current in circuit of Fig. 1 without restriking 


2.6 pu as against 2.6 pu associated with the 
twaulted case. This assumes an effec¬ 
tively grounded source. 

Three-Phase Capacitive Circuits 

In power systems, switching devices 
may be called upon to de-energize three 
basic types of capacitive circuits. These 


1. All capacitance solidly grounded. In 
some instances capacitor bank neutrals are 
grounded and the neutral of the capacitance 
of most cables, in effect, is grounded. 


2. A portion of the capacitance grounded. 
Transmission lines and some cable circuits 
have both phase-to-phase (ungrounded) 
and ph^e-to-ground capacitances. That is, 
the ratio of the positive-sequence capaci¬ 
tance to zero-sequence capacitance is greater 
than unity and, in effect, only a portion of 
the total or positive-sequence capacitance 
is grounded. 

3. .^1 capacitance ungrounded. A major 
portion of the shunt capacitor bank installa¬ 
tions does not have the neutral grounded. 

A generalized capacitance circuit ener¬ 
gized from a grounded source that will 



Rg. 3. (A)-Three- 
phase circuit with souicu 
and all capacitance 
grounded. (B>~Single- 
phase circuit equivalent 
to circuit of A 
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Rg. 4 (leh). 
Voltages in the 
circuit of Fig. 
3(B) Illustrating 
build-up of volt¬ 
age by succes¬ 
sive restrikes 
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2.0 
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a circuit breaker is appreciably affected 
by the available short-circuit kva at the 
switch location.^ Furthermore, the de¬ 
gree to which the switching device re¬ 
strikes, if at all, will have a bearing on 
the duty imposed on the device. Each 
of these effects will be considered indi¬ 
vidually in the following sections. 

Unf aulted Circtiit-—First Pole 
Opening 

Grounded Capacitor Banks 

The switching of a grounded capacitor 
bank or a shielded cable from a system 


Fig. 6 (right). 
Oscillograms 
showing recov¬ 
ery voltage 
across first pole 
of switch to open 
in Fig. 1 and 
voltage to 
ground on capac¬ 
itance side of 
switch associated 
with a single re¬ 
strike which 
causes the switch 
to remain con¬ 
ducting 

with a grounded source may be repre¬ 
sented by the circuit shown in Fig. 3(A). 
Since, as is shown in Fig. 3(A), the neutral 
of the capacitor bank and the neutral of 
the power source are both always at the 
same potential, the circuit of Fig. 3(A) 
is essentially three single-phase circuits 
and each of the phases is independent of 
the others. That is, a switching opera¬ 
tion in one phase is not influenced by the 
presence of the other phases. The results 
of switching one phase of the capacitor 
bank, therefore, may be analyzed on a 
single-phase basis as shown in Fig. 3(B). 

Fig. 3(B) will be recognized as the 
classical circuit for the analysis of capac¬ 
itance switching. For the sake of com¬ 
pleteness the analysis of the single-phase 
circuit will be reviewed in the following 
paragraphs. 




^ ii\ r" 



OSCILLOGRAM *\ 
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VOLTAGE ACROSS SWITCH 

VOLTAGE TO GROUND 
ACROSS CAPACITOR 

OSCILLOGRAM *Z 
C,/Co»8.0 

VOLTAGE ACROSS SWITCH 

VOLTAGE TO GROUND 
ACROSS CAPACITOR 


Fig. 4 shows the voltage on the source 
side of the switch and on the capacitor in 
the interval during which the switch in 
Fig. 3(B) is in the process of interruption. 
Since, in a purely capacitive circuit, the 
current leads the voltage by 90 degrees, 
the instant of current extinction, which is 
at a current zero, must occur while the 
voltages on each side of the switdi are at 
a maximum. Because the switch has 
opened, and the capacitor is separated 
from the source, the charge on the capaci¬ 
tor cannot dissipate itself and remains on 
the capacitor. In other words, following 
current extinction, a trapped voltage 
equal in magnitude to the crest value of 
the 60-cycle source voltage remains on 
the capacitor. 

The source voltage continues to 
undergo a 60-cycle variation. Therefore, 
a voltage, increasing with time, appears 
across the switch, as shown in Fig. 4. 
This recovery voltage beginning with a 
zero value reaches a maximum value of 


Xl 



Fig. 5. (A)—Three-phase circuit with grounded source and ungrounded capaci¬ 
tance. (B)—Voltages in A for first pole of switch to open illustrating: 

1. Successful interruption 

2. Restrike at maximum recovery voltsge followed by continued conduction of 

current = 

3. Restrike at maximum recovery voltage with subsequent clearing at first 

natural-frequency currentzero 


CAPACITOR TERMINAL VOLTAGE 
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causes the switch to remain conducting 


VOLTAGE TO GROUND 
ACROSS CAMCITOR 


Fig. 7. Oscillograms showing recovery 
voltage across first pole of switch to open 
In Fig. 1 and voltage to ground on capacitance 
side of switch associated with a single restrike 
which is cleared at the first natural-frequency 
current zero • i I 


twice the crest of the source voltage 1/2 
cyde after the current zero at which arc 
extinction occurred. 

If the switch cannot withstand the 
recoveiy voltage at any time during this 
half-cyde, a re-establishment of the arc 
occurs reconnecting the capacitor to the 
source. As a consequence, the voltage 
on the capacitor changes from the trapped 
voltage condition. Because of the in¬ 
ductance in the system, the voltage on the 
capacitor osdllates past the value of the 
source voltage and overshoots by an 
amount equal to the recovery voltage 
just before the re-establishment of the 
arc. For a restrike at the crest of the 
recoveiy voltage, as shown in Fig. 4, the 
voltage of the capacitor overshoots the 
crest of the source voltage by an amount 
equal to twice the crest voltage of the 
source and reaches a maximum value of 
three times crest voltage. 

At the instant of maximum voltage on 
the capacitor, the transient current is 
zero and the switch may again interrupt, 
leaving a charge corresponding to three 
times voltage on the capacitor as illus¬ 
trated. If the switdi withstands the 
resulting recovety voltage without re¬ 
establishment of the arc, a voltage of 4.0 
pu of line-to-ueutral crest voltage will 
appear across the switch in another half- 
cyde. ^ A restrike at this point would 
result in a maximum voltage of 6.0 pu on 
the capacitor. 


Although the foregoing discussion on 
&e phenomenon of restrfking is perhaps 
idealized, the mechanism by which the 
build-up occurs does happen and the fore¬ 
going analysis is an aid in understanding 
the more complex circuits that were 
studied. 

Ungrounded Capacitor Bank 

If the neutral of the capacitance is un¬ 
grounded, as shown in Fig. 6(A), the 
opening of a switch in one phase does not 
entirely isolate the capadtor in that phase 
from the system as in the previous case. 
If it IS assumed that the first phase to dear 
does so at the instant of zero current and 
that the other two phases remain con¬ 
ducting, then a charge resulting in crest 
line-td-neutral voltage is trapped on the 
capadtance in the swdtched phase. In 
each of the other two capacitances a 
charge resulting in one-half of crest volt¬ 
age is trapped, since, at the instant of 
crest voltage in the switched phase, the 


voltage of both of the other phases is at 
one-half of normal crest value. 

The voltage to ground on the neutral of 
capacitances departs from zero value at a 
60-cyde rate and reaches a maximum 
value of crest line-to-neutral voltage 1/2 
cyde after the extinction of current in the 
first phase, as is shown in Fig. 5(B). The 
line terminal of the switched capacitance 
must remain at 1.0 pu voltage above its 
neutral because of its trapped charge. 
With respect to ground, however, it 
rises to a maximum value of 2 pu voltage; 
and, at this instant, the system voltage 
reaches a maximum value of opposite 
polarity to that at the instant of current 
interruption, resulting in a voltage across 
the open switch of three times normal line- 
to-neutral crest voltage. 

During this process the switching de¬ 
vice will do one of three things: 

!• It will withstand the recovery voltage 
and therefore successfully clear the circuit. 
2. It will re-establish an arc at some instant 


VOLTAGE ACROSS BREAKER 
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vSIDE OF SWITCH 
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ground on capacifainee side of switch in Fig. 1 following a single resirike which is cleared at the 

first natural-frequency current zero 
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Rg. 10, Oscillograms showing recovery 
voltage across first pole of switch to open in 
fig. 1 and voltage to ground on capacitance 
aide of switch associated with a single restrike 
which is cleared at the first natural-frequency 
current zero 


Oscillogram grounded capacitance 


during this process and continue to conduct 
until a subsequent 60-cycle current zero 
occurs. Fig. 6(B) shows a restrike at the 
crest of the recovery voltage. This may be 
compared to oscillogram 2 of Fig. 6. 

3. It will restrike and dear at a nattural 
frequency current zero as is shown in the 
latter part of Fig. 5(B). This is demon¬ 
strated in osdllogram 2 of Fig. 7. 

If no restrike occurs, the voltage of 
three times nonnal is the highest across 
the switch contacts and the capacitance 
terminal voltage of 2 pu to ground will 
not be exceeded. If no restrike occurs, 
the highest voltage across the terminals of 
any capacitance appears in one of the 
unswitched phases and reaches a maxi¬ 
mum value of 1.366 pu. This voltage 
consists of 0.6 pu due to the trapped 
charge and 0.866 pu due to the 60-cycle 
excitation on the unswitched phases. 

If the switch is unable to withstand the 
crest value of the recovery voltage of 
three times line-to-neUtral crest, a restrike 
occurs. If, on this restrike, the switching 
device continues to conduct until the next 
60-cyde current zero, not interrupting at 
the zeros due to the natural frequency 
oscillation, a maximum voltage of three 
times normal line-to-neutral crest appears 
from line-to-ground on both the capac¬ 
itance side and the source side of the 
switch as shown in Fig. 5(B). On the 
occurrence of the restrike, the voltage 
conditions in the circuit are such that the 


neutral of the capacitance instantly re¬ 
turns to its normal condition of zero po¬ 
tential and remains there as long as all 
three phases of the switch continue to con¬ 
duct current to the capacitances. There¬ 
fore, the maximum line-to-ground voltage 
of 3 pu also appears across the line-to-neu¬ 
tral capacitance terminals in the switched 
phase. At the same time, each of the 
unswitched phases experiences a transient 
voltage having a maximum value of iVa 
times normal line-to-neutral voltage. 

If the switch restrikes, it may interrupt 
the current again at one of the natural- 
frequency current zeros. The latter part 
of Fig. 6(B) shows an interruption at the 
first natural-frequen{y current zero 
following the restrike. This results in the 
highest possible voltages obtainable with 
one restrike. At the instant of restrike, 
the capacitor bank neutral retmrns to 
zero potential as mentioned previously; 
however, it now remains there for a period 
of only 1/2 cycle of the natural frequency 
while the switch is conducting current. 
After the interruption of current at its 
filrst zero, the voltage to ground of the 
neutral of the capacitance jumps imme¬ 
diately to a value of 1 pu opposite to its 
polarity prior to the restrike. The in¬ 
terruption of the current in the switched 
phase again leaves a trapped charge on 
the capacitances. Because the circuit 
conditions until the time of current inter¬ 
ruption at the natural-frequency current 
zero are exactly the same as in the pre¬ 
vious case where conduction continued, 
the voltage due to the trapped charge 
resulting from the restrike on the switched 
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Fig. 11. Oscillograms showing recovery 
voltage across first pole of switch to open in 
Fig. 1 and voltage to ground on capacitance 
side of switch associated with a single re- 
ttrike which causes the switch to remain 
conducting 




SWITCH RECOVERY VOLTAGE 



Fig. 12. Effect of source grounding con¬ 
ditions on recovery voltage and voltage to 
ground when switching a transmission line 
with one restrike and clearing at first natural- 
frequency current zero 


phase of the capacitance corresponds to 
the transient voltage of three times 
normal that whidb occurred in this pre¬ 
vious case. This voltage of three times 
normal (due to the trapped charge) plus 
the neutral displacement of 1 pu results in 
a voltage to ground on the switched phase 
of the capacitance of four times normal 
line-to-neutral crest voltage. Because 
of the normal excitation of the two un¬ 
switched phases, the neutral undergoes a 
voltage variation at power frequency of 
1 pu or, 1/2 cycle after the restrike, the 
Vnp terminal of the switched phase 
capacitance reaches a value of 6 pu volt¬ 
age to ground. At this instant, the volt¬ 
age across the open switch is six times 
line-to-neutral voltage. 

Transmission Lines 

It was previously pointed out that the 
capacitance network associated with a 
transmission line consists of both 
grounded and ungrounded capacitances. 
Because of this, voltages due to switch¬ 
ing unloaded transmission lines lie some¬ 
where between the values obtained in the 
previous cases involving all capaxntance 
neutrals grounded and all capacitance 
neutrals ungrounded. 

To illustrate the foregoing, consider 
the circuit in Fig. 1 showing the first pole 
of a switch to open when switching an 
unloaded transmission line. Following 
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Rg. 13 (left). 
Pint end second 
crest of recovery 
voltage across 
Arst pole of 
switch to open 
when switching 
unfaulted transr 
mission line with 
a reactance 
grounded source 
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Fig. 15 (right). Voltages due 
to opening of second pole 
when switching an ungrounded 
capacitance 
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the opening of the first phase in Fig.. 1, 
there is a redistribution of the trapped 
charge on the capacitance network of the 
transnussion line. This redistribution of 
trapped charges plus the capacitance- 
coupled effects froni the 60-cycle voltage 
variations of the two unswitched phases, 
results in a voltage on the switched phase 
of the transmission line that is a function 
of the relative magnitude of the capac¬ 
itances, or a function of the ratio of the 
positive-sequence capacitance to the 
zero-sequence capacitance (Ci/Q. 

The crest voltage across the switch in 
pu of the line-to-neutral crest voltage is 
given in Fig. 2 as-a function of the Ci/Co 
ratio. Note that as the Ci/Gy ratio varies 
from 1.0 to 00 (all capacitance neutrals 
grounded to all capacitance neutrals 
ungrounded), the maximum recovery 
voltage varies from 2.0 to 3.0 pu. These 
numbers are the same as those given pre¬ 


viously for these two specific cases. The 
voltages to ground on the transmission 
line vaiy from 1.0 to. 2.0 pu for the same 
conditions. 

Generally transmission lines and un¬ 
shielded cables will have a ratio of Ci/G 
in the range from 1.6 to 2.0. Accordingly 
the recovery voltage across the first pole 
to open of a switch varies from 2.28 to 
2.4 pu as shown in Fig. 2. The voltage to 


ground on the transmission line terminal 
of the open switch for this range of 
^i/ G> would fall between the limits of 
1.28 to 1.4 pu respectively. 

Summary op Results 

To summarize the foregoing discussions 
on the switching of capacitor banks, 
cables, and overhead lines, the results 
from a transient network analyzer setup 
are given in Figs. 8 and 9. The circuit 
used was the same as that shown in Fig. 
1. With the capacitance (Cl-Q held 
fixed, the capacitance G was changed in 
steps so as to vary the ratio of Ci/Co from 
1.6 to 21. The capacitances also were 
adjusted so as to produce ratios of Ci/Gt 
down to 1.0. 

. 8 are based on the 

initiation of a restrike in the interrupting 
switch after an initial clearing so as to 
produce the maximum transient line-to- 
ground voltage as a consequence of the 
restrike and on the assumption that the 
transient oscillation so produced is not 
intermpted until it has been damped, 
and interruption occurs, at a power fre¬ 
quency current zero. In Fig. 9 the re¬ 
sults are based on a restrike as for Fig. 8, 
except that the recovery voltage across 
the switch and the voltage to ground on 
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Fig. 18. Interval in electrical degrees between opening of firrf pole and first current tero in 

other two phases 


r 



Ao-VOLTAGE ACROSS "a" PHASE SWITCH 
WHEN "B" phase opens SECOND 

Ac-voltage across "a" phase switch 

WHEN"C“ PHASE OPENS SECOND 
Bft -voltage across "B“ PHASE SWITCH 
WHEN "B" PHASE OPENS SECOND 
Cc-VOLTAGE ACROSS "C“ PHASE SWITCH 
WHEN "C" PHASE OPENS SECOND 

Rg. 16. Recovery voltages due to opening 
of second pole when switching an ungrounded 
capacitance 


the capacitance side of the interrupting 
switch are those obtained when the 
transient produced by the restrike is 
interrupted at the first natural-frequency 
cu 3 crent zero after initiation of the restrike. 
Representative oscillograms of the data 
plotted in Figs.. 8 and 9 are shown in Figs. 
6, 7, 10, and 11. 

In comparing these data with the values 
mentioned in the previous discussions, it 
should be mentioned that the transient 
restriking voltages and the recovery volt¬ 
ages, depending on the restrike, may be 
lower than theoretical upper limits by a 
factor of about 10 per cent because of 
damping in the analyzer circuit. 

.Source Grounding Conditions 

Up to this point consideration has been 
given to capacitance conditions only. 
It has been assumed that the source has 
been grounded in such a manner than the 
j5ro/.Xi of the source is eq^uai to unity. 
For the circuit studied, as in Fig. 1, there 
is no appreciable change in the results if 
the source grounding does not exceed the 
conditions for an effectively grounded 
system or a grounding (Xd/.X'i 

<3.0, 22o/Xi<1.0.)® This is illustrated 
in Fig. 12 where the voltages due to 
switching and restriking in one phase 

August 1955 


when switching a transmission line axe 
plotted superimposed for Xa/Xi—lSi and 
for type-jB grounding of the source. 

If the conditions of type-F grounding 
are exceeded, as, e.g., by adding a ground¬ 
ing reactor, very high voltages may result 
when the first pole opens when switching a 
grounded capacitor bank, cable, or trans¬ 
mission line. With one phase open, a 
path through ground involving the 
grounding reactance and the capacitance 
may result in a series resonant circuit. 
Fig. 13 shows the magnitude of the first 
and second crests of the recovery voltage 
across the first pole of an interrupter 
when switching a transmission line as 



VOLTAGE FROM "A" PHASE AND 
"B" PHASE CAPACITOR TERMINAL 
TO GROUND WHEN "B" PHASE 
OPENS SECOND 


A»33 P.U. 
B«2.6 P.U. 



VOLTAGE ACROSS "A“ PHASE AND 
"B" PHASE SWITCHES WHEN "B" 

PHASE OPENS SECOND 
A» 4.0 P.U 
B« 3.3 P.U 

Fig. 17. Oscillogram of voltages due to 
opening of second pole when switching 
an ungrounded capacitance 


the X<i/Xi ratio of the source increases. | 

For example, it is well known that open- i 

ing one phase in a system grounded with : | 

a ground-fault neutralizer results in a 
very high voltage. ! 

If the grounding impedance is largely j 

resistive, the recovery voltage varies | 

between the ground and ungroimded con- . 

ditions as the grounding resistance is in¬ 
creased. This is shown in Fig. 14 where ' 

the change in the recovery voltage across 
the first swtch pole to dear is given as a 
function of the Ra/Xx ratio of the circuit. : 

If the source is ungrounded, the re- ; j 

covery voltage across the first switch pole ; 

to open is independent of the grounding | 

conditions of the capacitance. The cir¬ 
cuit recovery Voltages are the same as in 
the case of the ungrounded capacitance 
Q-nfl grounded source. The voltages to ; 

ground in the circuit, however, are a func- ; 

tion of the grounding of the capacitance. 

TTnffliilted Circuits—Second Pole I 

Opening [ 

Grounded Banks 

It has been previously shown that in a 

circuit with a grounded capacitor bank or 
a shielded cable, and a grounded source, 
the phases are independent of each other 
under switching conditions. That is, 
each pole of a switch experiences the 1 

same duty whether it is the first, second, j 

or last to open. I 

Ungrounded Banks 

After the first phase has opened when 
switching an imgrounded capacitor bank, 
there is a shift in the currents in the other 
two phases. Since the remaining two 
phases of the capacitor bank are con- 
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3.0 r— “b“ phase SECOND TO OPEN 



1.0 1.2 14 1.6 J.8 ZO 22 2.4 26 2j8 30 


C| /Co 


VOLTAGE ACROSS SWITCH 
"A" phase 

“b" phase 

VOLTAGE TO GROUND 

“a" phase 
“b" phase 

+“ calculated points 


Fig. 19. Voltages due to opening of second pole when switching an unfaulted transmission line 
as measured on transient network analyzer 


nected in series across a phase-to-phase 
voltage, the same current flows in both of 
them and leads the phase-to-phase volt¬ 
age by 90 degrees. This current now has 
the same phase relationship as that of the 
source voltage on the first phase to dear, 
and has its first current zero 1/4 cyde 
after the cmrent zero in the first phase to 
dear. With the same current flowing in 
the remaining two phases, interruption of 
current in these phases occurs simultane¬ 
ously. If physical separation of the 
switch contacts in these phases takes place 
at nearly the same instant, the capadtor 
bank will be separated from the system, 
both dectrically and mechanically, at the 
instant of current interruption. In this 
case, the voltage across the open switch 
contacts will be governed by the stray 
capadtances of the capadtor bank to 
ground and through the switching, device. 
If, however, one of the last two switch 
poles is mediamcally ddayed in opening, 
the capadtor bank as a whole unit will 
be subjected to the voltage variations of 
the last phase connected to the source. 
Because of the trapped diarges on the 
capadtor bank, the first and second poles 


of the switch to open can be subjected to a 
high voltage across their contacts. 

The voltages to ground on each side of 
the switch contacts following the second 
pole dearing are shown in Fig. 15. The 
voltages due to either B phase or C phase 
opening second are shown. As a refer¬ 
ence, the voltage due to the first switch 
pole to open, assiuning a delayed second 
pole opening, is shown. It will be noted 
that the highest capadtor bank voltages 
due to the second pole opening occur on 
the terminal of the first phase to dear. 
Even though the same current flows in 
the last two phases, higher voltages result 
if B phase is second to open mechanically 
assuming interruption at the first current 
zero in B phase after interruption in A 
phase. The trapped charge on C phase 
capadtor adds to the voltage of C phase 
but the trapped diarge on the B phase 
capacitor subtracts from the B phase 
source voltage. 

The voltages that appear across the 
switch contacts are shown in Fig. 16. It 
is seen that the recovery voltage across 
the first pole to open readies a peak of 
4.1 pu of the line-to-neutral crest. This 


peak voltage occurs 210 degrees after the 
initial opening in A phase and reaches 
this magmtude only if B phase opens at 
the next current zero. However, the re¬ 
covery voltage across the second pole to 
open reaches a crest of 3.47 pu in either 
B phase or C phase. If the second and 
third phases had separated mechanically 
at the same instant, the voltages pre¬ 
viously given would occur across the two 
breaker poles in series. 

The osdllograms of Fig. 17 show the 
voltages from capadtor tenninal to 
ground and across the breaker contacts 
for the second pole opening. 

Transmission Line 

Following a successful dearing in one 
phase of a switch, another phase may dear 
at the next successive current zero. Fig. 
18 gives the number of degrees between 
dearing in A phase and the next current 
zero in B and C phases as a function of the 
Cl/ Co ratio of the circuit. It can be seen 
that for any practical value of Ci/Co 
associated with a transmission line a 
current zero occurs in C phase before one 
does in B phase. 

The voltages due to the second pole 
opening are shown in Fig. 19. Several 
calculations are shown together with 
results obtained J^rom the transient net¬ 
work analyzer. Here it is seen that the 
severest voltages are assodated with the 
first phase that opened (A phase) and 
occur when B phase opens second. These 
voltages are only slightly higher than 
those occurring with the opening of the 
first pole (2,6 pu as against 2.4 pu for 
Cl/ Co=2.0) and can only occur if the first 
current zero in C phase is skipped as¬ 
suming second pole opening occurs within 
1/2 cyde of first pole opening. 

Effect of Source Grounding 

For the second pole opening, the effect 
of source grounding is about the same as 
for the first pole opening. Up to the 
limiting grounding impedance of Xo/Xi ^ 
3.0 and iSo/A'i^l.O, the numbers given 
in the preceding sections are not appre¬ 
ciably changed. 

Faulted Circuits 

Even though faults may exist on one or 
two phases of a 3-phase system, a circuit 
breaker in dearing the fault may be re¬ 
quired to interrupt capadtive current in 
the unfaulted phases. This investigation 
is concerned with the effect of the fault 
on the voltages encountered when switch¬ 
ing these capadtive currents. Because 
of the large number of combinations of 
faults, system and capadtance grounding 
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FIs. 21 . Generalized 3-phase circuit showins the switchins ot unbalanced capacitance. Xc ?2 

can be Sf^^iter or smaller than Xci 



Xc2 f ^Cl 


Fig. 22. Current and recovery voltage associated with first pole of switch to open for the circuit 

of Fig. 21 



Fig. 23. Effect of transmission line constants on recovery voltage across first pole to open in an 
unfaulted phase when switching a transmission line with a line-to-ground fault at various distances 

from the switch 


conditions, etc., this study was limited to 
a consideration of faults involving one 
phase only. 

Grounded and Ungrounded Capacitor 
Banks 

A generalized circuit diagram showing 
the switching of a grounded or un¬ 
grounded capacitor bank with a single¬ 
phase fault is given in Fig. 20. The 
source is considered to be grounded as 
follows: 

1. Solidly grounded (Z=0 or Xo/^i =* l-O)* 

2. Type-i5 grounding (Jfo/-X’i=3.0, R^IXx 

= 1 . 0 ). 

3. Ungrounded (Z = ® ), 

If the capacitor bank is grounded 
(switch S closed) and if the source is 

1. grounded solidly, the duty on the first 
unfaulted switch pole to open is the same as 
for the unfaulted case since the three 
phases are independent of each other, 

2. grounded in accordance with type-B 
grounding, the voltages and currents in the 
first unfaulted phase to open are no more 
than about 30 per cent greater than for the 
unfaulted case. 

3. ungrounded, referring to the first un¬ 
faulted phase to open, the maximum volt¬ 
ages across the switch are twice normal line- 
to-lme voltage (1.73 pu) for a circuit with 
zero regulation. It has been shown that the 
crest of the recovery voltage for the same 
circuit with no fault is 3.0 pu; thus the effect 
of the fault is to increase the maximum re¬ 
covery voltage by about 15 per cent. The 
voltage to ground on the switched capacitor 
is 1.73 pu compared to a value of 1.0 pu for 
the unfaulted case. The current in both 
unfaulted phases is about 1.73 times normal. 

If the neutral of the capacitor bank 
is not grounded (switch S of Fig. 20 
open), and if the source is 

1. grounded solidly, the voltage and cur¬ 
rents of the unfaulted phases are the same 
as for the unfaulted case. 

2. grounded in accordance with type-B 
grounding, the voltages associated with the 
switching of an unfaulted phase are no more 
than approximately 30 per cent greater than 
for the unfaulted case with a solidly 
grounded source. The currents are slightly 
less than for the unfaulted case. 

3. ungrounded, the recovery voltage and 
currents are the same as for the unfaulted 
case with the neutral of either the capacitor 
bank or of the source grounded. With only 
one point of the circuit grounded, no cur¬ 
rent can flow in the ground which is merely 
a point of voltage reference. Of course, it 
should be pointed out that the volta^ to 
ground before the switch opens in this cir¬ 
cuit are not the same as in the unfaulted 
circuit with either neutral grounded but are 
1.73 pu. 

One other type of fault that is of 
interest is the failure of a portion of the 
capacitance in one phase. Such a case is 
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Fault Location 
From Breaker, 
Miles 


PU Crest of Bresker 
Recovery Voltage TTnfaulted 
Phase First to Open 


Fault on 
B Phase 


Fault on 
C Phase 


2.0. 


.0.01. 

.1.6 

60. 

100. 

....3.36. 

....3.88. 

-3.40. 

..3.86 

..3.38 

..3.40 





60. 


,.3,36 

4:0. 


.0.01.. 


100...,,. 

....3.40. 

..3.40 

4.0. 

4.0. 

.....2.0. 

.0.01. 

. 1 . 6 ...... 

60...... 

100. 

.100. 

....3.36. 

....3.38...... 

....3.40. 

... .3 40 

..3.36 

..3.38 

..3.40 

4.0. . 


.0.10. 

.0.10... 


. 0. 

60. 

100. 

....3.80. 

-8.80. 

-3.80. 

..3.60 

..3.64 

..3.70 





60. 

100. 

....3.80. 

....3.80.. 

....8.80. 

.3.60 

.3.64 

.3.70 


shown in the circuit diagram of Fig. 21 
where the capacitive reactance in one 
phase is different from that in the other 
two phases. The capacitive reactance in 
the odd phase Xa can be larger or 
smaller than the reactance of the sound 
ph^es Xc\, depending on the manner in 
which the unbalance arises. 

If the first switch pole to open is in one 
of the sound phases, the recovery voltages 
of Fig. 22 can appear across its contacts. 
These recovery voltages are plotted as a 
function of the ratio of the capacitive 
reactMce in the faulty phase to the 
capacitive reactance in the sound phases, 
Xa/Xci, Note that for either all of the 
capacitance short-circuited in one phase 
iXc^Xci^^O) or for an open circuit in 
that phase {Xa/Xci^ oo)^ the recovery 
voltage is twice line-to-line voltage. 

Also shown in Fig. 22 are the currents in 
the switched phase in pu of the vdlues for 
normal balanced conditions. These cur¬ 
rents range from 1.73 pu for one phase 


capacitor short-circuited {Xa/Xci^Q) 
to 0.866 pu for one phase capacitor open- 
circuited (Xca/Xci’^ 

If the faulty phase of Fig. 21 is the first 
to open, the crest of the recovery voltage 
is always 3.0 pu of normal line-to-neutral 
voltage except, of course, for the trivial 
case of Xot/Xci— <» which is an open 
circuit in the switched phase. The cur¬ 
rent in the switched phase under these 
conditions is a function of the capacitive 
reactance in the faulty phase and varies 
between the limits of three times the 
current in the unfaulted circuit for 
Xc 2 /Xoi =0 and a current of zero for 

Xc2/Xol=: 00 . 

Transmission Line 

Fig. 23 shows the recovery voltage 
across the first switch pole to clear if it is 
an unfaulted phase when switching a 
transmission line with a line-to-ground 
fault on one phase. The recovery volt¬ 
ages are shown for different impedance 


parameters of the transmission line and 
for different fault locations. It is seen in 
Fig. 23 that the location of the fault has 
little effect on the recovery voltage. The 
recovery voltages change from 2.4 pu to 
2.6 pu as the Xo/Xi ratio of the line itself 
is varied from 2.0 to 4.0. These voltages 
are to be compared with the value of 2.4 
pu that can be expected when switching 
an unfaulted transmission line. These 
data were obtained by means of the 
transient network analyzer. 

If the source is ungrounded, the re¬ 
covery voltages across the first unfaulted 
phase to clear are given in Table I. Here 
it can be seen that the voltages are of 
the order of twice normal line-to-line 
voltage. 
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Ulscussion 

E. J. Harrington (Bonneville Power Ad¬ 
ministration, Portland, Oreg.); I would like 
to comphment the authors on an excellent 
and most timely paper. The subject of 
capacitor switching and the interruption of 
transmission-line charging current is of 
mterest to the industry at the present time. 


This subject should also be of particular in¬ 
terest to members of the AIEE Subcom¬ 
mittee on Power Circuit Breakers as they 
are actively engaged in formulating stand¬ 
ards of performance for breakers under such 
duties. 

particular interest to me is the fact that 
we have obtained oscillograms during vari¬ 
ous capacitor and line charging current inter¬ 
ruption tests on the Bonneville Power Ad¬ 


ministration system that are in close agree- 
mrat with the values given in practically 
all the cases treated hx the authors’ paper, 

L B. Johnson, A. J. Schultz, N. R. Schultz, 
and R. B. Shores: We appreciate the com¬ 
ments by Mr. Harrington, particularly those 
on tte experimental data from field studies 
verifying the analytical results of the paper. 
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Increased Current Ratings For Step 

Regulators 

WILLIAM C. SEALEY 

FELLOW AIEE 


R egulators, Uke other trans¬ 
formers, have a rated name-plate 
current. Like the transformers, tliey 
have overload capabilities without sacri¬ 
fice of normal life, when the ambient 
temperature is below 30 degrees centi¬ 
grade (C) or when full load is not carried 
continuously. Such overloads are de¬ 
scribed by the American Standards 
Association^ (ASA) and are illustrated in 
Fig. 1. 

In addition to these overloads, regu¬ 
lators have a further increase in overload 
capacity without exceeding the guaran¬ 
teed temperature rise, when they raise or 
lower the voltage less than the full range 
of operation. The losses of a regulator 
decrease as the load tap changer moves 
toward its neutral position. This decrease 
in losses mahes it possible to increase the 
current ratings on the tap voltages closer 
to the neutral position. 

While the ability of the regulator 
windings to carry the load current with¬ 
out exceeding a safe temperature is the 
most important consideration, other 
factors must be considered in appl 3 nng a 
regulator. Factors which affect the 
design of a regulator are: 

1. Desired overcurrent rating on the re¬ 
duced taps. 

2. The voltage of the desired reduced taps. 

3. The short-circuit duty required on each 
tap. 

4. Short-time overload capacity required. 

5. Arcing duty required of the tap-chang¬ 
ing mechanism on overloads. 

6. Ease of changing from one current rat¬ 
ing to another. 

These values are not the same for all 
applications of a given size regulator. 
Consequently different designs would be' 
required if each regulator were made to 
fit each application exactly. This practice 
would not permit the advantages obtained 
by standardization. At present there is 
no general agreement as to the desirable 

Paper S5-353, recommended by the AIBB Trans¬ 
formers Committee tmd approved by the AIBB 
Committee on Technical Operations for presenta¬ 
tion at the AIBB Southern District Meeting, St. 
Petersburg, Pla., April 13-15, 1955. Manuscript 
submitted January 10, 1955; made available for 
printing March 4, 1955... 

WiLJLiAM C. Sbalbv is with the AUis-Chalmers 
Manufacturing Company, Milwaukee, Wis. 


characteristics of a standard regulator. 
At least five different types of standard 
regulators have been made and used. 

Standard Regulator Characteristics 

The following types of standard regu¬ 
lators have been made. They all meet 
specific service requirements. 

1. Simple single-core regulator with 100- 
per-cent (%) rated current on all taps. 
There is no provision for taking advantage 
of the inherent increased thermal capacity 
on the reduced taps. This is the least ex¬ 
pensive regulator and fits service require¬ 
ments when a =lzl0% range is always re¬ 
quired. 

2. Single-core regulator provided with ad¬ 
justable.limit switches and designed so that 
160% of rated current may be carried on 
the 5% tap and intermediate overcurrents 
on intermediate taps. The short-circuit 
capacity is less than 25 times normal on 
overcurrent ratings. This is a larger, more 
expensive regulator than that described in 
item 1 and may be limited in its appli¬ 
cation on the reduced range taps by the 
short-circuit limitations. 

3. Single-core regulator provided with ad¬ 
justable limit switches and designed so that 
200% of rated current may be carried on 


the 5% tap. Full rated kilovolt-amperes 
(kva) may be carried on all taps from 5% 
to 10%. Full 25 times short-circuit cur¬ 
rent for 2 seconds can be carried on all taps. 
This is a larger more expensive regulator 
than that described in item 1 or 2 but 
it provides maximum performance in all re¬ 
spects. 

4. Regulator provided with a series auto- 
transformer and series parallel connection 
for 200% current rating on the 5% tap con¬ 
nection. No provision is made for in¬ 
creased current capacity on the intermediate 
taps. This regulator is generally used for 
higher current ratings and is usually com¬ 
parable to the regulator of item 3 in cost 
and performance except that, it does not 
provide overcurrent ratings on the inter¬ 
mediate taps. 

5. Regfulator provided with auxiliary series 
autotransformer to provide 200% current 
capacity on the 5% taps and intermediate 
ratings on intermediate taps. The best 
application of this circuit is to provide over¬ 
current reduced voltage taps to existing 
regulators by adding an external autotrans¬ 
former. It is inherently the most expensive 
unit. It provides full kva performance on 
all taps in all respects. 

Each of these specific regulators is 
representative of a general class. They 
may be though of as representing one 
point on a curve in which performance is 
plotted against size and cost. For the 
purpose of comparison, tliese five kinds of 
voltage regulators will be considered. 
Three of them are single-core regulators 
and two are 2-core units. 

A single-core regulator even without 
rated overcmrent capacity has inherent 
continuous overcurrent capacity on re¬ 
duced voltage taps. Let 
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Fig. 2 (left). Current rat¬ 
ings of single-core regula¬ 
tor/ both windings same 
leva rating 


Fig. 4 (right). Current rat¬ 
ings of siitgle-core regula¬ 
tor with reduced gradient 
of series winding 


watts copper loss of the exciting wind¬ 
ing on the full 10% tap connection 
1 ^ 2 «watts copper loss of the series winding 
on the full 10% tap connection 
JFa “Watts copper loss of the preventive 
autotransformer and bushing leads 
gradient between hot-spot copper and 
top oil temperature 
no-load loss or excitation loss 
JV as per-unit portion of tap range in use 
T'=oil rise at rated current on the 10% tap 

When operating on reduced tap, the 
current in the exciting winding with full 
load current in the line is proportional to 
the portion of the tap range in use. Con¬ 
sequently the copper loss in the exciting 
vending is equal to WiN*. The current 
in the series winding is equal to the line 
current but it flows through only the used 
portion of the series winding. Con¬ 
sequently the copper loss in the series 
winding is equal to WaN. The copper loss 
of Ws and the excitation loss are unaffected 
by the tap position. 


Total loss on the reduced voltage tap* 

where I is the current expressed as a per 
unit of rated current on the 10% tap. 
The oil rise is proportional to the total 
loss to the 0.8 power. The copper 
gradient is proportional to the current to 
the 1.6 power. 

The hot-spot temperature rise of the 
regulator on any tap = 

/«( +W 2 N+ Ws) -j-F y-* 
Wi+Wi-\-W,+F ) 

( 1 ) 

An inspection of equation 1 shows that 
on the reduced voltage taps where N is 
less than 1, the temperature rise at rated 
current will be less than when N — 1. 
This equation can be solved graphically 
for 1 for given values of the other param¬ 
eters. Obviously I will be greater than 
1 when iV is less than 1, i.e., a regulator 



KVA PARTS 


has inherent increased current capacity 
on its reduced range taps. 

For constant leva output the current I 
is inversely proportional to N, i.e., I = 
Ii/N. Substituting in equation 1 for i 



An inspection of equation 2 shows that 
the temperature rise increases as N 
becomes smaller, i.e., for a regulator rated 
on constant kva, the maximum heating 
occurs on the lowest rated tap position. 
The inherent kva capacity on the higher 
range taps will always be greater than the 
rated kva on the lowest tap for any single¬ 
core regulator. 


Total loss on the 10% position = PFi-|-1^2+ 
W,+F 



Fig. 3 (left). Connec¬ 
tion diagram of single¬ 
core regulator 


Fig. 5 (right). Current 
ratings of single-core 
regulator with increased 
short-circuit rating of 
series winding 
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Fij. 6 (left)* Diagram of 2- 
core regulator with exciting 
autotransformer and 2- 
winding series transformer 


Fig. 8 (right). Circuit dia¬ 
gram of 2-core regulator 
with series autotransformer 



The following values of loss are typical 
of a standard regulator: 


No-load loss F 0.3 


PFi 0.3 


Wi 0.38 


Wi 0^ 


Total 1.00 


Top oil rise 

50 C 

Gradient hot-spot copper to top oil 

16 

Total hot-spot rise 

65 C 


On the 5% tap, N = 0.5. The total 
losses = 1^ (0.25W^i + O.SWs 4- Wt) + F, 
The hot-spot temperature rise on the 5% 
tap = 

JX0-25iri-f 0.5 Wj+tTt) +F Y* 
Wi->rWi-\-Wt+F ) 

60+G/‘-«=66C (3) 

Substituting the typical values previ¬ 
ously given and solving equation 3 either 
graphically or by triad and error, it is 
found that 1 = 1.33. This means that on 
the 5% tap this regulator can carry 133% 
of rated current without exceeding the 
guaranteed temperature rise. Expressed 
in round numbers this is taken ais 135% 
for a typical value. Limit switches can 
be provided on the mechanism to limit 
its travel to ±6% when it is desired to 
tadce advantage of this increase in current. 

A greater increase than 35% cam be 
secured by increasing the rating of the 
series winding so that it is proportional to 
the current. The current rating obtain¬ 
able is shown by the curves of Fig, 2. 
The short-circuit current rating is 26 
times normal for 2 seconds on the 10% 
tap. It is equal to 25/1.35 or 18.6 times 
normal on the increased ratiogs on the 
5% tap. 

The advantage of this connection is that 
it merely needs the addition of a limit 
switch to provide the increased current 
rating. Such switches can be made for 
dianging the setting in a few minutes. In¬ 
creased current ratings intermediate be¬ 
tween 1.35 and 1.00 times rated current 
on the 10% tap can be provided on the 


intermediate taps by suitable construction 
of the adjustable limit switches. 

The arcing duty on the tap changing 
mechanism is increased. The regulator 
is suitable for ASA overloads except that 
in some cases the tap-changing mecha¬ 
nism may be the limitation to the safe, 
overloads. This connection and propor¬ 
tions would be the choice where the 
combination of reduced short-circuit duty 
and increased current ratings meet 
service requirements and where no 
further reduction in short-circuit require¬ 
ments is permissible. 

Single Core With Decreased 
Gradient 

Another way of increasing the capacity 
of the single-core regulator of Fig. 3 is by 



Fig. 7. Current ratings of regulator of Fig. 6 


decreasing the gradient of the series 
vending so that it is equal to 15 C on the 
TTiftyimuiTi current rating on the 5% tap. 
Since the maximum pennissible oil rise 
according to the ASA standards is 50 C, 
this means that the copper los.ses on both 
the 5% and 10% connections at their 
rated currents are equal. That is 

IK0.25Wi+0.5Wi+W,) = Wi+Wt+Wi 

Solving for I 


■■V 


Wi+Wi+Wt _ 

( 0 . 26 TFi+ 0 . 61 Fa+W,) 


(4) 


An inspection of equation 4 shows that 
I must always be less than 2, whenever 
Wi, Wi, and Wi have positive finite 
values. 

For the values previously given 


4 


0.3-I-0.38H-0.02 
nn?.*! 4-0.194-0.02 


70 , 

-.■■1.57 


which is a typical ratio. Expressed in 
round numbers this is taken as a ratio of 
1.6, i.e., the current rating on the 5% tap 
is 1.6 times the aurent rating on the 10% 

tap. 

This requires a reduction of the series 
winding gradient to 16 C at 160% load 
current which corresponds to a hot-spot 
gradient of 7 C at 100% load current. 
Such a reduction in gradient can be 
accomplished by an increase in the size of 
the kva parts of the series winding of 
approximately 20%, representing an 
over-all increase in kva parts of only 
10% since no increase in the kva parts of 
the exciting winding is required. Still 
further increase in current rating on the 
5% tap can be accomplished as shown in 
Fig. 4 by further increase in the kva parts 
of the series winding. 

The rating on the intermediate tap 
voltages can also be increased an inter¬ 
mediate amount by suitably constructed 
limit switches. The short-dreuit rating 
on the 5% tap is equal to 25/1.6, nr only 
15.6 times rated current for 2 seconds. 
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Fig. 1 0. Current ratings on 


The increase in current increases the duty- 
on the arcing contacts of the mechanism. 

The regulator is suitable for ASA over¬ 
loads except that in some cases the tap- 
(Aanging mechanism may be the limita¬ 
tion to the safe overloads. This con¬ 
nection and proportions would be -the 
choice where the reduced short-circuit 
duty is acceptable and where the increase 
in current meets service requirements. 

Single-Core Regulator With 
Increased Size of Series 
Winding Copper 


never exceed ASA temperature rises. 
At 200% rated load on the 5% tap the 
current in the exciting winding is equal to 
full load current, so the curve is not ex¬ 
tended beyond this point. 

This connection has the advantage of 
intennediate increases in rating on the 
intermediate taps by the use of sui-tably 
adjustable limit switches for the tap 
changer. Full 25 times rated current for 
2 seconds is provided on all taps. The 


KVa parts 

the 5% tap of various regulator constructions 

regulator is suitable for ASA overloads. 
The tap changer should be applied so it 
is not the limitation on ASA overloads. 
This construction would be applied where 
it is desirable to have full short-circuit 
duty on all taps at their mcreased ratings. 

All of the connections described so far 
have the advantage of obtaining -the in¬ 
creased current on the reduced tap by 
m^ely changing the position of the limit 
s-witch trips which can be made as a 


The curves of Fig. 5 are dra-wn for a 
repilator in which the size of the series 
winding is increased proportionally to the 
current rating, leaving the shunt winding 
unchanged. The gradient from copper 
to oil is designed for 15 degrees on the 
maximum current rating. 

The loss in the series winding will be 
reduced. In an extreme design these 
values might be obtained: Wi = 0.3; 

W2=0.15; ^8=0.01. For the same oil 
rise 


Table I. Comparison of Characterlsllcs of Various Systems 


J 0-3+0.15-1 -0.01 
10.07J 


V 0.46 


•.075-|-0.076-f0.01 

i.e., tte current on the 5% tap might be 
1.7 times tie current on the 10% tap for 
the same oil temperature rise. 

However, tins type of unit is rated on 
the basis of 25 times rated current for 2 
seconds on all taps. This means that the 
temperature rise may be different on dif¬ 
ferent taps at their rated loads but must 
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Gradient 
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Winding 
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Section 
in Series 
Winding 

2-Cere 

Rxciting 
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2-Core 
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Auto 

Single-Core 
Regulator Not 
Overloaded 

Figure No. 
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Kva parts for 13S% current 
on 6% tap. 
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.... B . 
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...136. 
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Kva parts for 160% current 
on 5% tap. 

_119. 


....118. 

...134... 


Kva parts for 200% current • 

on 6% tap.. 

....148. 

...126._ 

1 <;n 

..;136. 

... 140... 


Short-circuit rating at 200% 

current on 5% tap_ 

Arcing current at 200% cur¬ 
rent in tap changer in % 
of 10% current rating... 

.... 18.6... 

... 16.5... 

... 25,,... 

... 26.... 

...150.,«, 

25 


....200. 

...200..;.. 

...200... 

Tnn 



Power terminal board re¬ 
quired 

Adjustable limit switch re¬ 
quired. . 

. 

.,.no. 

....no ,..;, 




-yes. 






No. of core and coil ele¬ 
ments. 

... 1.. 

1 



...no 


Intermediate tap ratings 
available... 

.. ,ves. 



... 2. 

.. 2 .,.. 

... 1 

Can ASA overloads be car¬ 
ried without limitation_ 

Current capacity at .10% 
tap based on thermal 
characteristics for 200% 
current unit on 6% tap... . 

.. ,110 

• • no.. 

,. .ves. 

,,no 

. .yes_ 


...148. 

..125...... 

..136. 

..100...... 

..100. 

....200 
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simple adjustment to the control circuit. transformers. It has the disadvantage The circuit is sometimes advantageous to 
They all employ a single core and coils that a terminal board or tap changer is limit the current in the tap changer, per- 

which makes the construction simple. required in the power circuit. It will raitting a smaller tap changer to be used. 

They all increase the duty on the arcing meet ASA overloads without limitation. Other autotransformer coimections are 
contacts as the current rating is increased. Its kva parts are shovra in Fig. 7. It is available but none of tliem have advan- 
They are particularly applicable to the particularly applicable to heavy current tages for general use over those described 

smaller regulators where core and coils ratings where it permits the use of a so they have not been included, 

are a less significant part of the total cost smaller tap changer. 

compared to the mechanism and control. 5% Tap Ratings 

2-Core Regulator With Series 

Tapped Autotransformer With Series Autotransformer Rig- 10 shows a comparison of the kva 

Transformer parts required to produce different cur- 

The use of a standard regulator com- rent ratings on the 5% tap. There is a 

The circuit for a tapped autotrans- bined with a series autotransformer is wide variation in the kva parts required 

former and 2-winding series transformer shown in Fig. 8. The autotransformer for a given current on the 5% tap and a 

with series parallel winding is shown in may be connected to any tap between 5% wide variation in characteristics. Curve 

Fig. 6. The kva parts of the exciting and 10% voltage. Its kva parts, shown A is shown for comparison purposes, it 

autotransformer are equal to 3p% of the in Fig. 9, are equal to 50% of the regula- represents a normal regulator operated as 

regulator kva parts. The kva parts of tor kva. The total kva parts are equal a maximum rated device on all taps. A 

the series transformer are equal to the to 1.5 times the regulator kva. It can comparison of the characteristics of 

kva rating of the regulator. be supplied either as an integral part of various systems is given in Table I. It 

Twice the 10% rated current capacity the regulator or it can be added exter- will be noted that no one system is in 

can be obtained at 5% range by a series nally to an existing regulator. first place in all respects, 

parallel connection of the series winding Full rated kva and full short-circuit The smallest kva parts or the maximum 

as shown in the figure. Intermediate current are obtained on all tap connec- current rating is only one phase of the 

current ratings on intermediate taps are tions. The structure is larger and more process of selecting the regulator perform- 

not obtainable with this connection. This complicated than the kva parts size indi- ance and type of construction which is 

connection has the advantage that the cates because the kva are divided between best suited to the application, 

arcing current on full 10% rating is only two transformers. It requires a ter- 

10% of the line current. On the 5% minal board or tap changer in the power Limit Switches 

connection it is only 5% of the line cur- circuit. The current in the load tap 

rent. Full short-circuit capacity is ob- changer is the same for all taps. Itisap- The limit switches. Fig. 11, may be ad- 

tained on both connections. plicable not Only to new units but may justable to provide a decreased range of 

The structure is larger and more com- be added to eristing regulators where operation through a manhole in the cover 

plicated than the kva parts size indicated the need for increased current on a re- or externally without removing the regu- 

because the kva are divided between two duced tap arises on an existing regulator. lator from service. Fig. 12 shows a typi- 
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construction for the latter type where 
the adjustment is made by moving a pin 
from one position to the desired positi on. 
In some cases, the “lower’' limit switch 
can be set for a greater range than the 
raise ’ limit switch because the increased 
current will occur only when the regulator 
is raising the voltage. 

Conclusions 

1. Any single-core regulator can carry in- 
cr^sed current on its reduced voltage tap 
without exceeding the guaranteed tempera- 
135% of full load current on the 
5% tap is a typical value. 


By a 10% increase in the physical size 
the current capacity on the 5% tap can be 
increased to 160% of rated current on the 
10% tap without increasing the capacity on 
the 10% tap. An increase in current capac¬ 
ity on the 6% tap to 200% can be accom- 
plished but it will be accompanied by an in¬ 
crease in the continuous current capacity 
on the 10% tap also. The short-circuit 
capacity of the regulator may restrict the 
advantage which can be taken of the in¬ 
creased thermal capacity. By increasing 
the physical size and cost, any desired in¬ 
crease in short-circuit capacity may be se¬ 
cured. The ability to carry ASA overloads 
may be limited by the capacity of the load 
tap changer. An increase in capacity on 
the 5% tap is accompanied by an increase 
in capacity on the intermediate taps also. 


2. An increase in current on reduced range 
taps can also be secured by the use of auxili¬ 
ary autotransformer connections. 

3. A wide variety of overload and short- 
circuit characteristics can be secured with 
corresponding variations in size and cost of 
the regulators by the use of different con¬ 
nections and design proportions. Service 
requirements should be the major factors in 
determining the selected characteristics of 
standard regtilators. 
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Discussion 

W. A. Munson (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): The 
question of allowable overload, or increased 
current rating, when operating at reduced 
tap range is one which has plagued the in- 
dustey for some time. The problem has 
at times been partially solved by using the 
oil temperature only as a guide for loading. 
This, however, has not been entirely correct 


and as such h^ probably been detrimental 
to the equipment. 

The method presented by the author 
enables taking into account not only the oil 
temperature but also predicting, with a 
fair amount of accuracy, the coil temper¬ 
ature characteristics. Therefore, a more 
realistic picture of regulator operation 
at a reduced tap range can now be pre¬ 
dicted. 

As summer loads continue to increase at 
a rate higher than anticipated, the method 


pven by the author will enable using exist¬ 
ing equipment to handle the heavy peaks 
by reducing the total tap range without 
equipment damage. Thus, by merely limit¬ 
ing the range of the regulator, the increased 
loads can now be handled and larger equip¬ 
ment installed when convenient. 

^ Mr. Sealey’s method, due to its con¬ 
ciseness and clarity, is easy to apply and as 
such will be a great aid to the industry 
in evaluating the problem of regulator over¬ 
load ability. 


Behavior of High-Volta3c Busses and 
Insulators During Short Circuits 

R. M. MILTON 

MEMBER AIEE 


I N the near future, the maximum fault 
current on the 161-kv busses at some 
of the generating plants and switching 
stations of the Tennessee Valley Au¬ 
thority will require the use of oil circuit 
breakers having an interrupting capacity 
of 10,000 megavolt-amperes (mva). It 
was felt that tests ^ould be made to 
determine how these 161-kv busses and 
their supports would react mechanically 
whm subjected to high fault currents. 
Sumlar information was needed also on 
the performance of 161-kv disconnecting 
switches. Accordingly, plans were made 
and suitable temporary test equipment 
was mslAlled for conducting the tests 
and collecting data. This article relates 
to the tests made on busses and insula¬ 
tors; the test facilities and the discon¬ 
nect switch tests are not described. 

; Many of the 161-ky busses are of 
3Vs-inch aluminum tubing spaced 9 feet 
apart and supported by pedestal 
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insulators spaced 38 feet apart. Some 
of the 161-kv busses are supported in 
the underhung position with the top 
insulator cap being bolted to the steel 
structure, and this results in the maxi¬ 
mum lever arm being applied to the top 
insulator cap when force is exerted on 
the bus. 

Joints in the 3Va-inch aluminum tubing 
busses have been made either with bolted 
connectors or by butt welds (in an 
atmosphere of nitrogen). The ability 
of this welded-butt connection to stand 
up under such heavy fault currents was 
something that needed to be checked. 

A wealtli of information is available 
from the various insulator manufacturers 
on bus-stacking insulators, but prac¬ 
tically all of the mechanical streng;th data 
are based on a steady pull. This is in 
contrast to the way that the force would 
actually be suddenly applied as a result 
of short-circuit currents. Tbe approach 


to this investigation was t® obtain as 
much realistic data as practicaable by 
simtilating as nearly as feasible the 
conditions that exist if a bus is suddenly 
subjected to the magnetic forces caused 
by a short circuit and to observe any 
distortions, distresses, or failures of 
busses, bus connections, and bus suppoits. 

Description of Test Setup 

To subject the insulators to tests 
representative of conditions actually 
encountered in service, two concrete 
foundations were poured, spaced 38 
feet apart. Anchor bolts were cast in 
each foundation for bolting down two 
independent insulator stacks used to 
support the two parallel busses. It was 
felt that such a moimting would be more 
rigid than those encountered in actual 
service and would subject the insulators 
to the somewhat more adverse but com¬ 
parable conditions. 


Paper SS-11, recommended by the AIEE Switch- 
Sear Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Winter General Meeting, New 
York, N. Y., January 31-February 4, 1956, and for 
representation at the AIEE Southern District 
Meeting, St. Petersburg, Fla.,. April 13-16,1956. 
Manuscript submitted August 16, 1964; made 
available for printing October 27, 1964. 
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» INSULATORS INVERTED 
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Fig. 1. Arrangement of insulators and busses 
during tests 


The two insulator stacks, used to 
support one of the busses, were mounted 
in the upright position with a SVa-inch- 
high steel base between the bottom 
insulator and the concrete foundation. 
The other two stacks supporting the 
second bus were mounted upside down 
in order to simulate insulators mounted 
in the underhung position. Here again 
a base was provided between the bottom 
units and the foundation. Each in¬ 
sulator stack consisted of four standard 
strength basic impulse insulation level 
stacking units, each 14Va inches high. 
These units were selected at random 
from stock, and most of them had pre¬ 
viously been in service. 

The busses were SVa-inch iron pipe 
size aluminum tube, alloy 63S-T6, and 
each piece was approximately 44 feet long. 
The bus on the upright insulators was 
in one continuous piece with no welds. 
The bus supported on the inverted in¬ 
sulators had a butt weld in the middle 
third of the span. No sleeve was pro¬ 
vided on the inside of the tube to add 
strength at the weld. 

The tubes were rigidly clamped to the 
insulators on the ends toward the power 
transformer, while slip-tjrpe supports 
were provided at the opposite end. The 
busses overhung the insulators as indi¬ 
cated in Fig. 1. 

Flexible shunts were connected be¬ 
tween the busses at a point 3 feet outside 
the insulator supports at the transformer 
terminals and these were kept as straight 
as possible to eliminate inherent forces. 
One foot beyond the insulators on the 
end away from the transformer, a short- 
circuiting bar was connected between 
the two busses. Flexible shunts were 
used to connect the short-circuiting bar 
to the tubular busses so the insulators 
would be free to move. Thus, the 
insulators nearest the power transformers 
were subjected to forces amounting to 
52.6 per cent of the total force exerted 
on the 42-foot loop. 

To record insulator movement, a 
graphic recorder was provided at the 


Table I. Tabulation of Test Results 


Calculated Forces 


Bus Initial Symmetrical Initial, Symmetrical, Maximum 

Test Space. Peak, Peak, Pounds Pounds Deflection, 

No. Inches Amperes Amperes per Foot per Foot Inches 


1..... 

2. 

3 .. .. 

_48. 

_48. 

. ..48. 

.68.800. 

.58.000. 

.66,700. 

.39,500. 

.36,100. 

.40,600. 

_ 53.3.. 

.... 37.8.. 
_ 48.6.. 


...17.6. 
...14.6. 
...18.6. 

4. 

_48. 

.69,600. 

.42,500. 

_ 54.5.. 


...20.4. 

5. 

_48. 

.73,400. 

.48,200. 

.... 60.6.. 


...21.2. 

6. 

....48. 

.76,500. 

.47,100. 

_ 66.8.. 


...25.2. 

7. 

.48. 

.78,100. 

.49,400. 

_ 68.6.. 


...26.2. 


Bus section shows sign of failure at point of weld. Permanent deflection 
noted. Bus rolled over to maintain parallel position and decreased spacing. 

8...42.77,300.50.200 76.8.32.6- 

9.42.86,400.49,400 96.0.32.6- 

Bus badly bent at point 1 inch from weld, 7 inches out of line. Bus replaced. 

10.36.91,300.48,800.125.0.37.2.1 •/»• 

Bottom insulator of Inverted stack failed; was completely shattered. Bottom insulator 


. ‘Vie 
. Ve 
. ‘Vie 
. «/ie 
. 1 ‘/le 
. 1 ‘/le 
.1 

of 6‘A inches 


_1 ‘A 

.... ‘Vie 



replaced with heavy-duty type. 




11. 

.36. 

.87.000. 

49,700. 

.113.6. 

.38.4. 



Heavy-duty insulator replaced with standard insulator. 



12.. 

.48. 

.75..300. 

44,600. 

. 63.8. 

.23,2. 

. Vi 

13. 

.48. 

.69,900. 

47,900. 

.40.4. 

.26.8. 

. V« 

14. 

.48. 

.79,000.. 

44,900. 

. 70.2. 

.23.4. 

. */♦ 

IS. 

.48. 

.63,000. 

.47,000. 

. 44.7. 

.25.8. 

. ‘A 


Upright stack located near the trans¬ 
former. The Chart traveled at a speed 
of 3 inches per second. It was started 
prior to the test so that it would be up 
to speed. A 7-inch arm attached to the 
tubular bus adjacent to the bus clamp 
was used to support the stylus. 

It was intended originally to have 
each bus supported on three insulator 
stacks, thereby providing two 38-foot 
spans per bus, but calculations indicated 
that Ae impedance of such a circuit 
would be so high that the current output 
of the power transformers would be too 
low. TTie actual arrangement used con¬ 
sisted of only one span as described in 
the foregoing, and as indicated in Fig. 1. 
Two motion-picture cameras were used 
to take pictures during the tests. They 
made 62 pictures per second and were 
started automatically at the beginning of 
each test. 

The test current was provided by two 
furnace transformers temporarily in¬ 
stalled with their 12.6-kvprimary windings 
in parallel and their low-voltage windings 
(about 190 volts open-circuit) connected 
in series to provide the single-phase cur¬ 
rents. The 12.6-kv circuit was so short 
that the system was practically an in¬ 
finite bus as far as the a-c component was 
concerned. Practically all of the imped¬ 
ance to the busses being tested was react¬ 
ance so that the current decrement was 
practically all composed of the d-c com¬ 
ponent. A slight amount of a-c decre¬ 
ment resulted from the heating of the low 
resistance in the circuit. 

Details of Individual Tests 

Single-phase currents were used for the 
tests, and the forces were calculated from 


the equation 

5.4X/*Xlength in feet 

Force in pounds®-:——r~7— 7777 ^ 

spacing m inches X10’ 

( 1 ) 

The current reading is the maximum peak 
value of the first loop as taken from the 
calibrated oscillograph film. 

Fifteen test shots were made in all, 
with the initial tests made at the lowest 
value of current obtainable from the 
transfonner taps. A synchronous timing 
device was used to hit the voltage wave 



Fig. 2. Insulator failure 
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Table II. Apparent Forces Imposed on insulators 


Force Imposed by lO.OOO-Ikfva 
Fault on 38-Foot Span 


Kind of Insulator Stack 


Accepted 
Factor of 
37.4, Pounds 


Factor 
of 30.7, 
Pounds 


Inserted standard-duty nturp . 

Inverted with one heavy-duty unit. 
Upright standard-duty unit. 


Withstood Broke 

Force, With Force, 

Pounds Pounds 


.1.S58.2,117. 2.756 

. 1, flOO.1,568.2,502 

l.flOQ-....1.568......2,756 


tice to test oil circuit breakers for their 
ability to cany momentary currents by 
using values equal to the calculated sym¬ 
metrical rms multiplied by 1.6, and this 
product again multiplied by 1.6. Hence, 
if the same assumptions were ma d e in 
determining magnetic forces on busses, 
the force on the middle bus with the fault 
occurring at the worst point on the volt¬ 
age wave would amount to 


at zero and obtain the maxim um offset. 
The functioning of the device was unfor¬ 
tunately erratic, and the results were not 
as uniform as expected. The controls 
were arranged to open the circuit auto¬ 
matically in less than 10 cycles after the 
short circuit was established. Table I 
gives a r^sum^ of the pertinent data. 
Tests 1 through 7 were all made 
similar conditions with a bus spacing of 48 
inches. The current was gradually 
stepped up between shots by changing 
transformer taps. For test 7, all taps had 
been cut out and in order to secure more 
current and forces for subsequent tests, 
the bus spacing was reduced to 42 inches. 
The insulator anchor bolts were tightened 
between shots, the busses examined for 
bending, and the insulators inspected. 

Tests 8 and 9 were made with still 
higher currents and without insulator 
failure; however, the welded bus was so 
badly bent that it was replaced with one 
having no welds. The bus spacing was 
reduced to 36 inches, and test 10 was made 
at a still higher current which completely 
shattered the porcelain in the bottom unit 
of the inverted stack nearest the trans¬ 
former. This is shown in Fig. 2, the first 



Pertec»T0n and d(e$tructfo^^^ test curve 
•Pjilylns tb: stahdiird 4-iinit basic impulse 
Insulation level insulator stack 


picture taken by the motion-picture 
camera showing Ike break. 

The broken insulator was replaced with 
a high-strength insulator, and test 11 was 
conducted unda: the same conditions. 
There were no insulator failures during 
this test but the initial peak current was 
not quite as high as that in test 10. As 
all transformer taps had been cut out and 
as the bus spacing could not be further 
reduced (the busses almost swung to¬ 
gether in this test), it was decided to try a 
few reclosing shots. 

The bus spacing was increased to 48 
inches, and shots 12 and 13 were taken in 
succession as quickly as the controls would 
permit; however, shot 13 was approxi¬ 
mately 75 cycles after shot 12, and fur¬ 
thermore, the offset was poor. Shots 14 
and 15 were taken in an effort to improve 
on the previous two shots, but they re¬ 
sulted in no improvement. These last 
tests were of no real sigfiificance as the 
last shot in each instance was delayed so 
long that the swing of the busses had 
been largely dampened out. 

Force Calculations 

The maximum force between parallel 
conductors spaced on 9-foot centers (stand¬ 
ard for 154 kv on the Tennessee Valley 
Authority system) imposed by a 3-phase 
10,000-mva fault (38,000 amperes at 154 
kv) occurs on the middle bus at the time 
the middle bus voltage wave is 45 degrees 
past zero. According to the accepted 
equation, the forces would then amount 
to 

5.4 X0.867(/2X2 X7)(/2X2 XI) 
spacing in inches X 10 ^ 

S7AXP 

— -:—r~:- ( 2 ) 

spacing m inches X 10 ^ 

or 50-pounds-per-foot length of bus. This 
is somewhat higher than would actually 
be encountered under these conditions be¬ 
cause in this accepted equation, the maxi¬ 
mum value of the crest of the first loop is 
obtained by multipljdng the rms of the 
steady-state value by the square root of 


5.4X0.867(1.6X1.6 XJ)(1.6X1.6X/) 

spacing in inches X10^ 

30.7X7* 

“ ^XIO* ~pounds per foot (3) 

The accepted equation for calculating 
magnetic forces was used as a basis for 
these tests. Accordingly, if bus supports 
are 38 feet apart and a maximum force of 
50 pounds per foot for a 10,000-mva short 
circuit is used, each bus support is sub¬ 
jected to a force of 1,900 pounds. 

With the currents actually measured 
during the tests in the basic equation 

- 5.4X7* 
dX10» 

it is found that the inverted insulators 
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Fig. 4. Insulator deflection chart made during 
tests 6 and 12 



2 and then doubhng this figure (no decre- fig. 5. Oscillograms made 
ment assumed). It is the accepted prac- 6 and 12 
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nearest the power transformers appar¬ 
ently withstood an initial force of 96 by 
42 by 0.526=2,121 pounds in test 9 with¬ 
out breaking. During test 10 the bottom 
insulator in this inverted stack failed when 
subjected to a force of 125 by 42 by 
0.526 = 2,761 pounds. The inverted stack 
with a heavy-duty unit at the bottom 
withstood a force of 113.5 by 42 by 0.526 
= 2,507 pounds. A summary of the forces 
that would appear to be imposed on the 
insulators and results are given in Table 
II. 

Fig. 3 shows a typical load stress de¬ 
flection and destruction test curve made 
with the force applied as a steady pull on a 
4-uiut insulator stack, equivalent to 
those used to support the busses in the 
tests described herein. There is such a 
wide variation between the test results 
contained in Tables I and II (calculated 
forces and actual deflection) and Fig. 3 
(actual force and corresponding actual de¬ 
flection) that it is reasonable to doubt 
that the force effective at the insulators 
was as much as the calculated forces 
sliowm in Table II. 

Shown in Fig. 4 is a reproduction of the 
insulator deflection chart made during 
tests 6 and 12. Fig. 5 shows a reproduc¬ 
tion of the oscillograms of the same two 
shots. An examination of pictures made 
from the motion-picture film during test 
12 shows that the busses continued to 
bend outward for approximately 6 cycles, 
and this is checked very closdy by tlie 
deflection curve made on the chart, which 
moved at the rate of 3 inches per second. 
The oscillogram for test 12 shows a good 
offset with the wave back to symmetrical 
configuration at the end of about 5 cycles. 
It seems reasonable to consider the busses 
as being bent outward by a series of suc¬ 
cessive forces, each proportional to the 
square of its half-cycle of current; how¬ 
ever, these successive forces are not trans¬ 
mitted entirely to the insulators because 
they are partially consumed by bending 
the busses and initiating the movement of 
the insulators from rest. Since the ac¬ 
cepted rate of decay for short-circuit cur- 


Table III. Torsion on End Insulator Stacks 


Calculated Twist 
Calculated Twist Assuming Insula- 
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rents gives an average current from incep¬ 
tion to steady state of approximately 
1.25 times the steady-state value, these 
successive forces as applied to the insu¬ 
lators would then be equal to a current 
1.25 times the peak of the steady-state 
current. The insulators in turn deflected 
as they picked up stress. 

With this method of computation, it is 
found in test 6 the force on the busses, 
which is effective on the insulators, was 
39 pounds per foot, or a total of 860 
pounds on the insulator stack. In the 
insulator deflection chart (Fig. 3), it is 
shown that this force should cause the 
insulator stack to deflect 1.05 inches, 
whereas it actually moved 0.9 inch. In 
test 12, the effective force on the insula¬ 
tors was 34.8 pounds per foot, or 770 
pounds on the insulator stack. The chart 
shows that this will produce a deflection 
of 0.75 inch, and this is the value actually 
measured. In test 10 the effective force 
on the insulators was 55.8 pounds per foot, 
or 1,230 pounds on the insulator stack. 
The chart shows this to be more than the 
strength of the stack, which agrees with 
the test results, since the bottom unit 
failed during the test. This theory pre¬ 
sents a strong argument that will be hard 
to disprove as the results agree so favor¬ 
ably with the calculations. 

This theory is suggested for high-volt¬ 
age long-span tubular busses which per¬ 
mit the high initial forces occasioned by 
the few first half-cycles of current to be 
partly used in bending the busses and de¬ 
flecting the insulators. The proposed 
equations for obtaining the forces on the 
insulators would be, for a single-phase cir¬ 
cuit 


16.86XJ» 

dXW 

and for a 3-phase circuit 
14.60 


F=- 


dXlO’ 


xs 


(5) 


( 6 ) 


where 

force, pounds 

d=spacing, center to center of busses, inches 
I—symmetrical rms short-circuit current, 
amperes 

S=» one-half of sum of adjacent spans, feet 


The foregoing proposed equations 
should not be used to calculate the forces 
on busses as these forces would be deter¬ 
mined by using the equation suggested 
earlier in this article. Furthermore, the 
proposed equation for determining forces 
on insulators does not apply if the busses 
have excessive sag or nonreinforced butt 
welds in the middle third of the span. 
It will be noted. Fig. 4, that maximum de¬ 
flection in test 12 occurred during about 


the first 7-cycles of time. In test 6, how¬ 
ever, the deflection during the first 7 
cycles was not as great as it was a few 
cycles later. As previously stated, the 
bus in test 6 had a butt weld in the mid¬ 
dle third and the heat when welding had 
softened the metal near the weld; conse¬ 
quently it had more sag than the bus. in 
test 12. The second peak in the deflec¬ 
tion curve was due to the whip which oc¬ 
curred when the excessive sag at mid¬ 
span reached its maximum swing. This 
condition did not occur in test 6 as the 
strength of this bus had not been reduced 
and there was no whip from excessive 
sag. 

Because of the long spans, and height, 
and the considerable weight of the in¬ 
sulator stacks, the “natural period’’ of 
mechanical vibration of both the bus in¬ 
sulators and the total bus are so low when 
compared to the period of 60 cycles, that 
no resonance from the alternating cur¬ 
rent could be expected. There was no 
evidence during any of the tests of the 
60-cycle magnetic forces getting in phase 
with the natural period of the busses used 
on any of the tests. 

Torsion Stresses 

Fig. 6 is a reproduction of the insulator 
deflection chart made dtrring test 7. 
During tliis test the chart remained sta¬ 
tionary, and plainly shows the torsional 
stresses imposed on the insulators as the 
busses swing outward and then inward. 
Torsional stresses are a problem only to 
the insulators supporting the ends of the 
busses. The bus used during this test 
was the one with the weld which had ex¬ 
cessive sag and this increased the de¬ 
flection and torsion. Unfortunately no 
similar chart was obtained during tests on 
a nonwelded bus. However, the reverse 
movement in test 12 indicates that tor- 



Fig. 6. Insulator deflection chart made 
during test 7 
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Sion was present in a substantial amount 
during that test. 

Table III shows the amount of twist 
imposed on an end insulator stack for 
various deflections at mid-span. These 
calculations apply to a 3 V 2 -inch iron pipe 
sizt aluminum tube bus supported on 
insulators spaced 38 feet apart with one 
end clamped rigidly to the insulator 
and the other end equipped with a slip- 
type support, free to move. 

One column shows the twist imposed on 
the insulator at the end of a bus g.<sgiiTntTig 
no restraint by the insulator. The other 
column shows what this twist would be 


assuming the insulators restrained the 
bus by 33 Vs per cent. This percentage is 
M assumption based on observation and 
it is recommended that further tests and 
studies be made to determine this value 
more accurately. 

Conclusions 

It would appear that the..,present ac¬ 
cepted equation for calculating forces on 
Wgh-voltage long-span busses is not con¬ 
sistent with the method used in deter¬ 
mining the momentary rating of oil cir¬ 
cuit breakers, as it gives too high a value. 


It would also appear that the present 
method used to determine the forces on 
insulators supporting high-voltage long- 
span tubular busses results in values ex¬ 
cessively high, and that consideration 
should be given to the use of the proposed 
equations 5 and 6. 

It is suggested that the size tube used in 
long-spM tubular busses be selected on 
iiie basis that sag will not be excessive. 
It is also suggested that no welds be made 
in the middle third of the bus unless re¬ 
inforced with a sleeve or equivalent for 
maintaining the original strength of the 
tube. 


Discussion 


A. S. MicMey (Philadelphia Electric Com¬ 
pany, Philadelphia, Pa.): This paper is a 
considerable ad^tion to the test data avail¬ 
able for the design of high-voltage busses to 
withstand short-circuit forces. Before these 
tMts are accepted as a basis for modifying 
the present convention equations, however. 
It might be well if the authors would clear 
up a few questions on the analysis of then- 
data: 

1. ^ Ihill offset on the initial crest was not 
obt^ed in all tests, since the fault initiating 
device was admittedly erratic. However, in 
the case of equations 5 and 6, the 
empnical constant is used to explain all 
tests (1,26 times the symmetrical peak), re¬ 
gardless of the actual degree of offset ob¬ 
tained. Should not the varying offsets 
obtained under test be taken into account in 
mmng at an empirical constant to be useful 
for a design calculation assuming a prede- 
termmed offset? 

2. The authors would apply their equa¬ 
tions to an infinitely long bus. Has any 
attempt been made to correct the data for 
the relatively short test bus used and for the 
effect of the corner connections? 

3. Equation 3 is presented as applicable 
to the calculation of bus stress. Have the 
test data been analyzed on the basis of i-bj s 
equation, and, if so, what comparison f-a n 
be made between the calculated stress, the 
yield strength of the material, and the ob¬ 
served deformation of the busses? 

4. Have the authors computed a stress 
factor for this system, and, if so, what is its 
value? 


Joel S. Tompkins and L. T. Guess (Alumi- 
num Company of America, Pittsburgh, Pa.): 
This paper is an interes^g and valuable 
contribution. The problem of short-circuit 
steesses on busses and supports is becoming 
of more widwpread interest as the magni¬ 
tudes of maximum possible short-circuit cur¬ 
rents increase. 

Emphasis of some of the fundamental rela- 
^on^^s involved may be of interest. 
Equa^on 1 is basic and indicates the mag¬ 
netic force between two long parallel wires 
in a single-phase circuit. If a peak value of 
current is used, a value of maximum force 


results from the equation. If an rms value 
of current is used, the resulting force value 
IS an average. It can be seen that, with a 
symmetrical alterating current, the force 
varies at a double frequency, 120 cycles per 
second (cps), between zero and maximum 
with the average force equal to one-half the 
maximum force. With an offset wave, the 
average force is somewhat less than one-half 
the maximum force. As noted in the paper, 
the use of equation 2 results in a value of 
maximum force. 

l^ile the use of equation 2 would result 
m the correct value of maximum force, it 
does not appear that it should be used to 
calculate stresses or deflections of long busses 
or supports. The maximum stress in a tubu¬ 
lar bus under short-circuit conditions de¬ 
pends on the deflection of the bus. Simi¬ 
larly, the maximum stress in bus supports 
depends oh the deflection of the supports. 
The natural frequencies of a long span of 
high-voltage bus and of the bus and its sup¬ 
ports are much lower than 60 cps. As noted 

in the paper, the bus can be considered as 
bemg deflected by a series of successive im¬ 
pulses, which are at double frequency (120 
cps). The net movement of the bus would 
be more nearly a function of the average 
force than of the maximum force. 

A tubular bus and its supports form a 
mechanical system which has mass, elastic¬ 
ity, and some damping. The relationships 
involved in the d 3 mamic response of the 
system to a suddenly applied force are com- 
phcated, though the response can be calcu¬ 
lated if the constants of the system and the 
characteristics of the force are known. In 
general, the difference between the ex¬ 
ternally applied force and the internal resist¬ 
ing force, because of the stiffness of the sys¬ 
tem, is effective for accelerating the mass of 
the system. This may be expressed in gen¬ 
eral terms as 

■Faf—kx=ma=m~ 


Fm => effective magnetic force 
k * effective spring constant of the system 
X == effective displacement from the at-rest 
position 

m = effective mass of the system 
a effective acceleration of the system 

From this equation, it may be seen that 
when a constant magnetic force is first 


applied the displacement is zero and the 
acceleration is a maximum. However, as 
there is no displacement initially, there are 
^bending stresses in the bus or its supports. 
The shearing stresses which would occur 
would normally be negligibly small. If the 
me Janical system is critically damped, and 
if the magnetic force is large in relation to 
the effective mass of the system, the deflec- 
tion will soon reach and remain at its maxi- 
muin value (assuming deflection within the 
elastic range). The velocity and accelera- 
tion will then be zero, the right-hand por¬ 
tions of equation 2 v^l be zero, and the 
ma^etic force will be balanced by the re¬ 
sistive forces of the system. As the damping 
in the mechanical system would probably be 
smaller than critical, there could be some 
overshoot of the displacement with attend¬ 
ing mcreased bending stresses. This possi- 
bihty of overshoot is recognized in the paper 
Md is indicated in Pig. 4. The maximum 
bending stress is a function of the 
deflection. 

This equation is of course an oversimpli¬ 
fication for a bus system. Normally, the 
m^imum bending of the bus would occur 
quite quickly after a short circuit, so the bus 
would reach its maximum bending stresses 
quickly. Becuase of the large mass of the 
supports, these would reach their maximum 
biding stre^es more slowly, though prob¬ 
ably the maxi mum would be reached during 
the short circuit. 

Because of the relatively large mass and 
low natural frequency of the supports, it 
appears that the normal maximum deflec¬ 
tion and bending stresses could be esti¬ 
mated approximately by using values of 
average magnetic force as calculated using 
imtial rms current values. This force would 
be roughly one-half of the maximum force 
as calculated by equation 3. It is interesting 
to note that equations 6 and 6, derived by 
the authors using a somewhat different 
analysis, result m values about half of those 
resulting from equation 3. 

Because of the probability of overshoot of 
maximum bending stresses in 
the bus probably would be somewhat greater 
than would be estimated by using average 
magnetic force, but it appears improbable 
that the stresses could be as ^eat as would 
be estimated by using maximum force. The 
use of force as calculated by equation 3 
would result in excessively high bending 
stresses, it is believed. The maximum bend¬ 
ing stresses probably would be between a 
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value calculated using the maximum force 
and a value calculated using the average 
force. 

The comments concerning the welding of 
tubular aluminum bus are of interest. For 
maximum bending strength, welds should be 
located outside of regions of high bending 
stresses, and the strength of welds can be 
increased materially by the use of internal 
reinforcing sleeves. A basis for estimates of 
reduction of strength of welded bus is avail¬ 
able.^** 

Rbfbrbnces 

1. Mbchanical Properties op Aluminum Elec¬ 
trical Bus, 6. W. Stickley, C. O. Smith. AJEE 
Transactions, vol. 73, pt. Ill, Apr. 1964, pp. 100- 
06. 

2. Practical Calculation op Short-Circuit 
Stresses in Supports por Straight, Parallel 
Bar Conductors, Schorig, Frick, Sayre. General 
Electric Eeview, Schenectady, N. Y., vol. 29, 1926, 
pp. 634-44. 


C. G. Adams (General Electric Company, 
Schenectady, N. Y.): In reporting the re¬ 
sults of their extensive tests, the authors 
have made an important contribution by 
focusing attention on the severe mechanical 
stresses imposed on bus insulators by the 
high values of short-circuit currents which 
are associated with interrupting duties pres¬ 
ently encountered on important high-ten¬ 
sion busses. Using their proposed equation 
for effective force, it appears that, in spans 
whose lengths are in the order of magnitude 
of that tested, there are forces sufficient to 
cause breakage of insulators at 16,000 rava 
interrupting duty on a 161-kv bus with 9- 
foot spacing. Test results have been cor¬ 
related with calculations employing the pro¬ 
posed equation. It would be useful to have 
the authors’ comments on several points in¬ 
volving the extension of the use of the equa¬ 
tion from test conditions to the design of 
high-voltage busses. 

Referring to equation 6, the effective 
force is interpreted to mean that force which, 
if applied slowly and steadily to the top of 
an insulator, would result in an insulator 
deflection and stress comparable to that ob¬ 
tained with a fully offset short-circuit cur¬ 
rent. For this t 3 rpe of short circuit, the 
pulsating components of force are 60 and 120 
cps. Since the test bus appears to have a 
natural frequency of about 2 cps and the 
insulator stack about 6.6 cps, the pulsating 
components of force are not effective in 
producing insulator stress. The average 
forces are the ordy ones that need to be 
considered. For purposes of easy compari¬ 
son, a force equal to the average force due to 
the symmetrical alternating current may be 
defined as 1 per unit (pu). It can be calcu¬ 
lated from equation 1, when I is defined as 
the nns value of the symmetrical current. 
One pu force when slowly and steadily ap¬ 
plied will produce 1 pu insulator stress. If 
the bus structure were to be considered 
equivalent to a single mass restrained by a 
single spring with very little damping, the 
sudden application of 1 pu force would result 
in a Tnaximum transient insulator stress of 
about 2 pu, since the top of the insuktor 
would overshoot its steady-state position 
by nearly 100 per cent. But, the average 
force due to a fully offset current wave, with 
no d-c decrement, is three times the average 
force due to a symmetrical current havii^ 
the a-c component, or it is 3 pu. This 


force, suddenly applied, would result in a 
TTiftx tmum insulator stress of 6 pu. The time 
rate at which the average force changes from 
3 pu to 1 pu, in relation to the natural fre¬ 
quency for the system, is important in de¬ 
termining the maximum insulator stress. 
This time rate of decay is largely determined 
by the effective X/R ratio of the circuit. 
Til the authors’ tests from observation of 
Fig. 6, the X/R ratio of the test circuit is 
approximately 6. Equation 5 suggests that 
the maviTnum insulator stress is 3.12 times 
the stress produced by the application of the 
average force due to the symmetrical cur¬ 
rent. The ratio of maximum insulator stress 
to the stress produced by the slow and 
steady application of 1 pu force may be 
defined as the insulator stress factor. Would 
the variation of circuit X/R ratio have a 
significant effect upon the proposed equa¬ 
tion? Also, what would the authors con¬ 
sider the effective X/R ratios of their high- 
tension busses to be? 

Referring to Fig. 6, a large insulator de¬ 
flection appears to occur in a direction 
tangential to the bus direction. This 
tangential deflection combines with the 
lateral deflection to produce the total insula¬ 
tor deflection. In the center spans of a long 
uniformly supported bus, a tangential deflec¬ 
tion could reasonably be expected to be 
small, if not entirely absent. Also, in a 
simply supported bus, if one end were rela¬ 
tively free to move through the insulator 
clamp, again substantially no tangential 
deflection should occur. Since a tangential 
deflection app^ed to a rather great degree 
in the test pattern, would the authors de¬ 
scribe the test bus clamping arrangement? 
In their opinion, would the method of clamp¬ 
ing influence their test results appreciably? 

Considering only lateral deflection of a 
uniformly supported bus, an insulator stress 
factor of 1.8 has been calculated from an 
analytical investigation for a circuit X/R 
ratio of 6.28 for a single application of short- 
circuit current. This is to be compared to 
the value of 3.12 from test results on a sim¬ 
ply supported bus where a large amount of 
tangential deflection appeared to be present. 
A stress factor of 3.41 was calculated for the 
same uniformly supported bus, when the 
alternating current was applied witli a cir¬ 
cuit X/R of 25.12 for 6 cycles followed by 
the reapplication of the same current 26 
cycles later at a point to obtain nearly the 
maximum insulator stress. Where high¬ 
speed reclosing is employed on lines radiat¬ 
ing from high-voltage busses that may be 
subjected to high values of short-circuit 
current, it would appear that this should be 
factored into the determination of maximum 
insulator stress. The authors’ comments on 
the practical necessity for taking rapid reclos¬ 
ing into account would be pertinent. 


S. C. 'gillian (Delta-Star El^tric Division, 
H. K. Porter Company, Inc., Chicago, Ill.) 
The authors are to be commended on their 
paper since it fills a long-felt want. We have 
all been aware of the fact that, in most 
cases, calculated forces on busses were not 
transmitted into insulators undiminished. 
It has been understood that when making 
short-circuit calculations on busses, "Part 
of this instantaneous force will be absorbed 
by the intertia of the bus system so a safety 
factor is naturally present.”^ This is par¬ 
ticularly true in power circuits where the d-c 


component decays rapidly, making any 
similarity to the long, steady load in a test¬ 
ing machine even less of a possibility. No 
actua 1 measurements or calculations had been 
made on this problem, however, and here 
in this paper for the first time we have a 
measure of the decrease in insulator loading 
due to this effect. 

The authors are correct in their statement 
that 37.4 factor used in short-circuit equa¬ 
tions is high for any average power circuit 
condition. This factor has been understood 
to be high since, “Some decrement will be 
present, even in the first half-cycle^ pe^. 
On the other hand, generator overexcitation 
will tend to increase wave amplitude. Since 
these factors oppose each other, it is reason¬ 
able to suppose that the ratio is approxi¬ 
mately correct. Their use makes bus calcu¬ 
lation conservative.*” Power circuits do 
have a generally accepted 1.6 value instead 
of a doubling factor. This builds a safety 
factor into all power short-circuit calcula¬ 
tions and it should be recognized as such or, 
as the authors suggest, new equations with 
smaller constants used. 

Equations 6 and 6, based on an average 
current multiplier of 1.26, do give very close 
agreement with test results as the authors 
point out. It would seem, however, that 
these equations would apply only to insula¬ 
tor stacks 4 standard units high and with 
bus spans of about 40 feet. Is it not reason¬ 
able to assume that with stronger busses and 
shorter spans, such as are used in lower 
voltage work, more of the initial force will 
be transmitted into the base of the bus sup¬ 
port since neither the conductor or insulator 
are so limber? Could we generalize by 
sa 3 ring that such equations as 5 and 6 
would be applicable to insulator stacks 4 
high and above since even if heavier units 
are used the extra height will likely compen¬ 
sate for the individual insulator stiffness. 
Forty-foot spans are representative enough 
to apply in a general manner. On lower 
voltage busses where heavier busses and 
stiffer insulators are used, some value should 
be used between the 14.6 constant and the 
30.7 or 37.4 value. 

In a very general sense, this paper teaches 
that a standard stack of insulators, 4 units 
high, can withstand a force two to three 
times as large under diort-circuit as it can 
under steady loading. This is very valuable 
information. 

Rbfbrbncb 

1. Mechanical Forces on Buses Dub to Fault 
Currents, S. C. Killian. Electrical World, New 
York. N. Y.. Dec. 12, 1942. 


R. L. McCoy (Locke Insulator Corporation, 
Baltimore, Md.): The authors have made 
a significant contribution to the electrical 
industry by making and reporting on this 
series of high current tests done on sections 
of actual bus mounted conventionally on 
practical high-voltage bus supporting insula¬ 
tors. This paper illuminates the frequently 
made error of calculating the m a ximu m 
instantaneous force developed in the span 
and comparing this value with the strength 
rating of the proposed insulator as developed 
from steady, slowly increasing appUed 
cantilever loads. 

A true appraisal of the situation requires 
the analysis of many obscure factor involved 
in any particular case. These can often 
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be only roughly approximated. However 
vaud judgments deliberately slanted to- 
wards the conservative side can usuaUy 
evolve a safe and economical design. 

It appems from the description of the test 
setup used in these tests that the flexibility 
usually mvolved in mounting the insulator 
was largely eliminated. This flexibiUty adds 
to that of the insulator and tends to reduce 
imposed on the insulator and 
further lowers the natural period of the 
entire bus structure. As the authors point 
out, this makes the results pessimistic with 
respect to the insulator’s ability to with¬ 
stand the forces imposed. 

Since high-capacity equipment, such as is 
involved m this study, is usually protected 
by extremely fast-acting oil circuit breakers 
the nature of the forces imposed on the 
msi^tors becomes one of cantilever impact 
^d the mertia effects of the bus and insula- 
tors be^me important factors to consider 
VVhere fast reclosing is practiced, considera¬ 
tion should be given to the reclosing time 
natural period of the bus 
structure, so that these do not coincide in 
period and phase if the bus should still be 
short-circuited on subsequent reclosures 
^ authors’ comments 

on Fig. 6 showing the deflection chart made 
di^g test 7, it would appear that longi- 
tudm^ components of the trace could result 
from longitudinal movements of the bus 

length of the bus, as weU as from torsional 

from insulator resulting 

fT(m sidewise deflection or sag of the bus. 

the marvelous 
abihty of modern high-voltage switch and 
bus msulators to take repeated severe pun-' 
ishment ^der actual short-circuit condi- 
Si, o toimectiou with disconnect 
witch construction there has been in recent 
ye^s a demand for stiffer insulators to hold 
switch parts m closer alignment. It should 

perceptible degree of 
flexibihty which is inherent in the design of 

bus cap-and-pin-type switch and 

short-circuit imposes 
flfrl support the bus adequately time 

murt construction 

must withstand greater stresses since they 

do not yield as much and allow inertia to 
cushion the blow. It is interesting to note 

-7 of standard 

str^gth units m the underhung or weaker 
position withstood without failure to the 
equ^t of a 16,000-mva short-circuit on 
^164-kv sj^tem with a center to center bus 
spa^g of 9 feet and an equivalent span of 
22 feet uud» the very adverse conditions of 

support and a weakened 
8ud badly bent bus section. 


insulators. The test analysis presented in 
ttis paper indicates the size of this margin 
for this particular test arrangement. This 
formation will be most useful in maTring 
future calculations. * 

Since the insulators were mounted directly 
on a concrete base, the test stresses may 
have been more severe than actual condi¬ 
tions impose. In service, the insulator 
stacks are often mounted on steel structures 
to that part of the force from short-circuit 
conditions wiU be lost in the deflection of the 
structure. 

This investigation supports the conclusion 
that standard cap-and-pin-type bus insula- 
tom still meet the severe requirements of 
this growing power system. Use of standard 
ms^tors contributes to effective manufac- 
turmg and minimizes stocking problems. 

The discussion of torsion stresses and the 
data sui^arized as Table III introduce 
another factor. Were the indicated mid- 
span deflection of 21 inches and the assumed 
33 /j-per-cent twist restraint by the insula¬ 
tors based on twt observations or on calcu¬ 
lations? If torsion stresses caused by short 
circuits may be critical, then it will be a dis- 
tiiKt service to the industry for additional 
tests to be made to determine the safety fac¬ 
tors. 


R. M. Milton and Fred Chambers: We 
deeply appreciate the discussions which 
s^ve to call particular attention to some of 
the phases of tliis problem. Reference has 
been made to the use of the term “stress 
factor and we believe that this term may 
be rather mdely used in this connection as 
the general problem is explored (of course 
our te^ covered only the specific problern 
escnbed). Possibly the general equation 
Uor d-phase busses) would be 


and bus forces. For circuit-breaker ap- 
.plication, consideration must be given to 
the maMimum momentary values of cur¬ 
rents while the maximum bus forces are 
experienced at a time when no phase is carry¬ 
ing the maximum current (3-phase). Equa¬ 
tions 6 and 6 are based on a maximum offset 
current wave and on using a 1.25 multipUer 
tunes the sjmimetrical peak current. This 
value IS based on the square root of the 
average of the squares of each loop from 
initml short circuit to steady state when the 
initial loop has maximum offset. The re¬ 
resulting equation checked very closely with 
the results of the steady pull test. Equa¬ 
tions fi and 6 should, as Mr. Mickley sug¬ 
gests, be revmed (downward) if the current 
wave IS considered to be different from maxi¬ 
mum offset; however, we were interested in 
mwstigating the worst possible condition 
We realized that, in order to consider the 
forces that are actually transmitted by 
busses to insulators, the following were 
among those factors that needed to be con¬ 
sidered: 

1. The maximum rms short-circuit cur¬ 
rent with all lines and equipment in service 
and any expected overexcitation applied to 
generators. 

2. Taking the peak of the first loop as 
1.8, mstead of 2, times the peak of the 
steady state (possibly the forces between the 
busses would be more realistic if this were 
done). 

3. The characteristics of the busses 
hemselves Md the mechanical arrangement 

that determines the abflity of the busses to 
^ansmit average values of forces to the 
in^lators instead of instantaneous values. 
This Would include: 




37.4I« 

dXlO^ 


J. Sheadel (Ohio Brass Company, 

s^^ort-circuit tesS 

W J ^ presented 
Chambers fill a real 
f ^ bigh-voltage station insulator 
studies. Such high-current tests can be 
nia4e by power systems with far better 
r^ism t^ can be accomplished by insula¬ 
tor ir^ufacturers. 

It ha.d beep recognized in the past that the 
^al methods of calculating high-voltage 

a number 

mar^^^ facitors and .that an additional 
margm normally w;as not necessary for 
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fe^r^ being used to designate the stress 

In determining stress factor there are 
many vambles that will have to be evalu¬ 
ated and it is thought that this will probably 
be extremely difficult to do precisely. 
Others may also find it desirable to run some 
tests for their specific problem in order to 
check the cdculations. In the accepted 
equation for forces between busses, the rms 
current is rmsed by a factor of ■s/2 to obtain 
the peak of the steady-state loop and then 
the peak of the first loop is assumed to be 
double the peak of the steady-state loop for 
a maximum offset wave. (Actually it is 
iinprobable that the peak of the first loop 
will be greater than 1.8 times the peak of the 
steady-state loop.) This is the basis for the 
accepted equation 2. In determining the 
possible rms fault currents at various loca- 
tions, it is usual to take into account the 
po^ble overexcitation that may be applied 
to its generating units. 

Some of the discussers recognized that 
equation 3 was given to Ulustrate the cal¬ 
culated forces that would exist if the same 
assumptions were made that are permitted 
m consideration of circuit-breaker applica- 
tion We did not, as Mr. Mickley under¬ 
stood, advocate the use of equation 3 for 
calculation of bus stresses. Direct compari¬ 
son .^not be made correctly for the 
consideration of circuit-breaker application 
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a. The spacing of the busses and bus 
supports. 

^ b. The characteristics of the busses 
toemselves, such as size, weighty shape, and 
the elastic and damping characteristics of 
me busses. The magnetic forces cause the 
busses to bow outward and store energy to 
result m transferring.. the forces to the 
msulators in more of an average value form 
man as instantaneous amounts. Also the 
bowed-out busses receive less magnetic 
force^due to their increased separation. 
Mr. lompkms gave some very interesting 
comments ^d suggested a general equation 
which should be very helpful in approaching 
me problem of evaluating these factors 

c. The natural “period” of the busses 
and of the bus supports. This could cause 
some very high values being appUed to the 
insulators if the bus period were to be about 
me same as the frequency of the current 
loops. 

d. The amount of sag that the busses 
may have which would result in some 

whippmg because when the magnetic 
forces are applied there would then be some 
liftmg of this sagged bus. 

4. The expected duration of the fault 
currrat. It is normal to expect to clear a 
bus fault by differential relay in 6 to 8 
cycles. 

^". 1 . ^/F ratio of the system at the 

point of fault. As Mr. Adams indicates, 
wi a low X/R ratio, the d-c component 

V ^ '«^hereas wim a 

nigh X/R ratio it may continue for 16 or 
20 cycles. Hence, the square root of the 
average of the squares of the loops for the 
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first 6 cycles will be higher for the higher 
X/R ratio. 

6. The insulator mounting which may 
be on steel members that will themselves 
absorb some of the force. On the other 
hand, the “period” of the insulators and 
their mounting could be changed to result 
in about the same period as the busses them- 
sleves and worsen the situation. 

Some of the variables, such as those listed 
in the foregoing, could be determined but 
some of them could not be defined suffi¬ 
ciently close for design purposes, so the tests 
were made for the specific conditions that 
required immediate investigation. 

As a result of the tests, it was concluded 
that the stress constant K for the conditions 
investigated is 0.39. Possibly only minor 
changes in some of the conditions could re¬ 
sult in a materially different stress constant. 
Doubtless, there would have been some addi¬ 
tional tortional and tangential forces on the 
insulators that had slip-type supports if 
these had been replaced with rigid clamp- 
type supports. 

The insulators were assumed to restrain 
the tortional deflection by about 33 Vj 
cent. This assumption was based on the 
calculated angle deflection for a sjnn- 
metrically loaded beam and then this was 
compared with the estimated actual deflec¬ 
tion. The estimates of actual deflection 
were based on a study of the motion pictures 
that were made at 62 frames per second and 
the movement of the stylus. Less attention 
was paid to tortional forces because they 
would theoretically only occur to the end 


insulators and these insulators would nor¬ 
mally expect to have a maximum of one-half 
of the total forces that are incurred by the 
insulators located between equal spans. 

The X/R ratio of the system at the loca¬ 
tion of the tests was of the order of 15 to 1. 
The X/R ratio at points on the Tennessee 
Valley Authority system where a 10,000- 
mva fault may be possible will probably be 
more nearly of the order of 30 to 1. Other 
conditions during the tests, however, were 
more rigid than would be encountered at 
locations of a 10,000-mva fault because the 
insulators were mounted in concrete, in¬ 
stead of being mounted on steel members 
that would have some flexibility (unless 
their flexibility resulted in a “period” about 
equal to the period of the bus); the insula¬ 
tors were subjected to torsional and tan¬ 
gential forces in addition to lateral forces, 
whereas only the latter forces would be 
encountered in actual service, except for the 
end insulators where the total forces are only 
about one-half of the others; the fault cur¬ 
rents were applied for over 8 cycles in each 
case, whereas an actual fault may be cleared 
in some 4 cycles for a close-in line fault and 
6 cycles for a bus fault. 

Mr Killian seems to have made a sound 
speculation that the stress factor determined 
from this test would not be exceeded if the 
bus supports were to remain spaced 38 feet 
apart and all other conditions unchanged 
except for additional units used in the sup¬ 
porting stacks for higher voltage insulation. 

No instantaneous (20-cycle) reclosing 
tests were made. Tests 12 and 13 and tests 
14 and 15 attempted to duplicate reclosing 


conditions; however, the reclosing WM not 
made until some 75 cycles later and it was 
not made at the worst point on the voltage 
wave. We virtually discounted the value 
of these tests. In considering reclosing it is; 
of course, important to know the exact 
position and direction , of movement of the 
bus at the moment the circuit breaker re¬ 
closes, in addition to other factors. Further 
study is certainly indicated for this phase of 
the problem. 

The Tennessee Valley Authority does not 
have any circuit breakers to reclose auto¬ 
matically following a bus differential opera¬ 
tion. Of course, a close-in fault on one of the 
lines may cause currents approaching 10,000 
mva to flow, and possibly high-speed re¬ 
closing may be used on the circuit breakers 
for the lines. The worst reclosing condition 
occurs when the mechanical forces, stored in 
the bus assembly, are additive to the mag¬ 
netic forces caused by the fault current and 
if the reclosing is made at the instant tha.t 
these magnetic forces are a maximum. This 
would represent a compounding of assump¬ 
tions. The probability would be great that 
the fault current contributions would be 
divided on the busses and only the cross bus 
which supplies the faulted line would carry 
all of the current. In Tennessee Valley 
Authority plants, these cross busses are 
parallel for only a short distance and the 
supports are more closely spaced than on the 
main busses. 

It is hoped that others who investipte 
these problems will make their findings 
known to the rest of us who have consider¬ 
able interest in the matter. 


Intermittently Increased Kilovar Output 
of Large Capacitor Banks 


. P. M. MINDER 

ASSOCIATE MEMBER AIEE 


applications for 1 minute or less is 
limited to 200 to 300 during the life of the 
capacitor. For longer periods of 5 min¬ 
utes or more, a greater number of applica¬ 
tions is permissible providing the aver¬ 
age kvar does not exceed the kvar rating 
of the capacitor. If the range between 
5 minutes and 24 hours is interpolated, 
one arrives at 


T he AIEE has made recommendations 
for permissible 60-cycle overvoltage 
operation of power capacitors.^ Opera¬ 
tion at overvoltage of capacitors means an 
increased kilovar (kvar) output propor¬ 
tional to the square of the voltage in¬ 
crease. So far, little use has been made 
of tbp economics offered by this overload 
capacity.* The overload capacity of 
capacitors can be used advantageously 
for two temporary system requirements: 
1. a short-time comparatively large kvar 
increase for s)^tem stability in emergency 
cases; and 2. a longer time comparatively 
e mail kvar increase for intermittent ex¬ 
treme voltage or power-factor improve¬ 
ment. 

Two methods of applying an overvolt¬ 
age on all or part of the capacitors of a 
large bank are described. Both methods 


are similar in that they are applicable 
only to multiseries group capacitor banks. 
Under certain conditions both methods 
can be of great economic advantage 
since the temporary kvar increase is 
accomplished only by the addition of a 
few small capacitor switches. 

Overload Characteristics of Power 
Capacitors 

Some specific values of the AIEE re- 
commen(^tionS for short-time 60-cycle 
overvoltage operation are the following: 

1. 1.8 times rated voltage for 15 seconds. 

2. 1.7 times rated voltage for 1 minute. 

3. 1.55 times rated voltage for 5 minutes. 

4. 1.1 times rated voltage for 24 hours. 

The permissible number of overvoltage 


1, 1.2 times rated voltage for about 6 
hours. 

2. 1.3 times rated voltage for about 1.5 
hours. 

These figures are often considered to be 
quite conservative. 

Series-Short-Circuiting Method 

The first method of temporarily in¬ 
creasing the kvar output of a capacitor 


per SS-3S6, recommended by the AIEE Trans- 
ision and Distribution Committee and approved 
the AIEE Committee on Technical Operations 
presentation at the AIEE Southern Disteict 
seting, St. Petersburg, Fla., April 13-15, 1966. 
_Tanuarv 6. ’ 


P. M. Minder is with the Line Material Company, 
South Milwaukee, Wis. 
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bank is the series-short-circuiting method. 
The principle of this method is to have 
one or more series groups in all three 
phases short-drcuited, preferably the 
ones closest to the neutral. Fig. 1 shows 
this s ch e m atically. By short-circuiting 
some but not all series groups of a multi¬ 
series group capacitor bank, higher ^-han 
normal voltage is applied across the re¬ 
maining series groups which results in an 
increased kvar output of the whole bank. 
The short-circuited series groups do not 
produce any kvar. This is a disadvan¬ 
tage which, however, is offset by the ex¬ 
treme simplicity of this method. 

The cost of this kvar increasing method 
is very small. The only equipment in¬ 
volved is small 15-kv capacitor switches, 
some low-cost current-limiting reactors, 
and possibly some insulating transfor¬ 
mers. If the neutral of the bank is 
floating and if the switches are not 
grounded, the control power for the elec¬ 
trically operated switches should be sup¬ 
plied through one or several cascaded 
insulating transformers. Likewise, if 
more than one series group in each phase 
is equipped with a short-circuiting switch 
and if a potential difference exists be¬ 
tween the frames of the series groups, an 
insulating transformer should be applied 



NIMBCR OF SERIES GROUPS PER PHASE.. 
NsH»NU^«gH OF SH0R1ED SERIES CROUPS PER PHASE. 

Fig. 2. Series^short-clreuiiing kvar increasing 


between the controls of the switches in 
the same phase. 

For a typical example on a 69-kv 9,900- 
kvar grounded-neutral single wye bank 
consisting of six series groups of 6,640- 
volt capacitors, the cost of the switches 
and reactors to short-circuit one series 
group in each phase, thereby obtaining a 
20-per-cent increase in kvar, would be 
slightly over 1-per-cent of the cost of 
the total bank. For an ungrounded 
neutral bank of the same rating the cost 
would be slightly over 2-per-cent of the 
total bank cost because of the need for 
insulating transformers. 

The insulating transformers should 
have a 120 to 120-volt ratio and the in¬ 
sulation between the two windings should 
be of the 15-kv class. Depending on the 
design of the switch control, two trans¬ 
formers may be required: one for the on 
and one for the off operation of the 
switches. Such insulating transformers, 
two units in one tank with three low-volt- 
age bushings and three high-voltage 
bushings, are a standard part of the volt¬ 
age divider switching (VDS) scheme and 
are available on the market.® 

Fig. 2 shows a graph of the kvar in¬ 
crease as a function of the number of se¬ 
ries groups with the number of short- 
circuited series groups as a parameter. 
With the series-short-circuiting method, 
the ratio of the kvar increase above rated 
kvar is the same as the increase in voltage 
above rated voltage of the series groups 
which are not short-circuited. The 
square relationship between kvar increase 
and voltage increase is lost for the bank 
as a whole because the short-circuited 
series groups do not produce any kvar. 
To study the use of the graph, take as an 
ex^ple a capacitor bank with five 
series groups per phase. If two series 
groups in each phase are equipped with a 
short-circuiting switch, the kvar output 
can be increased to 1.66 times the rated 
kvar of the total bank for a safe duration 
of about 1.5 minutes. If only one series 
group in each phase is short-circuited, 
^e kvar increase is 25 per cent, and this 
increase can be utilized safely for about 3 
hours. 

As an illustration of the economic ad¬ 
vantages of this series-short-circuiting 
method. Fig. 3 shows a very favorable 
example, namely, a large bank consisting 
of five series groups and four steps of 
which three steps are switched by the 
VDS scheme, and the addition of a fifth 
step is under consideration. If this fifth 
step is not required for periods longer 
than 3 hours and sufficient time is allowed 
between increased output periods, the 
additional step can be obtained simply by 


PHASE A OCB 



NEUTRAL 


O SWITCH 

INSULATING TRANSFORMERS. CONTROL WIRING AND POSSIBLE 
INRUSH CURRENT UMITING REACTORS ARE NOT SHOWN. 

Fig. 3. Series-short-circuiting method ap¬ 
plied on VDS bank of four steps 


the insertion of one small capacitor switch 
in each phase. This procedure elim infltft.s 
the expense of additional capacitors. 
The reason for the requirement of only 
three switches per short-circuited series 
group in a multistep bank is that with 
the use of the VDS method all series 
groups are connected in parallel, ener- 
pzed or not energized. In VDS banks, as 
in this example, the cost per additional 
kvar can be an extremely small fraction 
of the cost of an original kvar. It is 
understood that the rated cxurent of the 
total bank is not allowed to exceed the 
rated current of the short-circuiting 
switch. 

If each step is switched separately or if 
only 1-step, banks are applied, switches 
are required for each step. Even so, if 
this short-circuiting scheme is applied 
on a system-wide basis, a considerable 
amount of kvar can be gained for inter¬ 
mittent duty at a very low cost. 

Series-Parallel Method 

The second scheme to apply overvolt¬ 
age on a capacitor bank is the series- 



y G ET 4 TIMES RATED KVMt 
SyWTCHlFgSBJIJENCe 
CLOSE L OPEN 2. CLOSES. 


TDGETRATED KUAR 
SWITCHING SEQUENCE 
OPENS. CLOSE 2. OPEN I. 


CONTROL WIRES NOT SHOWH. 
Q SWITCH. 


Fig. 4. Series-parallel method 
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parallel method. Its principal idea is to 
switch in parallel two series groups which 
normally are in series, so that double¬ 
rated voltage is applied on all capacitors. 
Therefore, the kvar output is four times 
rated kvar. This scheme is especially ef¬ 
fective for increasing the system stability 
for a short emergency period. Fig. 4 
shows a schematic for the series-parallel 
scheme. Its advantage over the series- 
short-circuiting scheme is that all capaci¬ 
tors contribute to the increased kvar but 
its disadvantage is the larger amount of 
switches required and a more complicated 
scheme in general. 

To get four times rated kvar, the 
following switching sequence has to be 
applied; 

1. Close switch 1. 

2. Open switch 2. 

3. Close switch 3. 

To get rated kvar the switching sequence 
has to be: 

1. Open switch 3. 

2. Close switch 2. 

3. Open switch 1. 

To make this switching scheme fool¬ 
proof, provisions have to be made so 
that switches 2 and 3 can never be closed 
at the same time. This requires inter¬ 
locking. An advantage of this scheme is 
that the bank is always connected in wye, 
regardless of producing rated or four 


Discussion 

L. W. Robbins (General Electric Company, 
Hudson Falls, N, Y.); One of the principal 
reasons for applying capacitors to a power 
system is to reduce system losses. It has 
been shown* that loads can be corrected to 
nearly 1.00 power factor with substantial 
savings in system investment. Some stud¬ 
ies not yet published indicate that maxi¬ 
mum economy of system losses and system 
equipment result when loads are corrected 
to 0.98 power factor lead or more. Since 
the methods presented by Mr. Minder can 
only be used occasionally over the life of the 
equipment, they' diould not be compared 
directly with the alternative of using added 
shunt capacitors which can be operated at 
all times to reduce system losses and im¬ 
prove system performance. 

In the conclusion Mr. Minder refers to the 
"neglected use of the overload capacity of 
power capacitors." It should also he 
pointed out that use is already being made 
of the overload characteristics of power 
capacitors. In large capacitor banks such 
as discussed in the paper, it is industry prac¬ 
tice to fuse each capacitor unit. • A single 
failed capacitor unit removed from the 
capacitor bank results in a nominal over¬ 
voltage on the remaining units. In gen- 
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times rated kvar output, and therefore 
has all the advantages of a wye-con¬ 
nected bank. 

Of course, the series-parallel method 
can be used on capacitor banks with an 
even number of series groups greater 
than two, and each two series groups can 
be converted into one parallel series 
group. However, this may lead to a 
somewhat impractical and complicated 
layout. 

Benefits can be derived from using the 
series-parallel method on only two out of 
a total of three or four series groups per 
phase. Then, the total kvar output of 
the whole bank with three series groups 
can be increased to 200 per cent and 1^e 
overvoltage acro^ the unchanged series 
groups would also be 200 per cent. With 
a total of four series groups and the series- 
parallel method applied on two series 
groups, the kvar of the total bank can be 
increased to 1.6 times rated kvar and the 
overvoltage across the two unchanged 
series groups would be 1.6 times rated 
voltage. Of co^e, the series-parallel 
method can be applied on two series 
groups for banks with an even larger 
number of total series groups than four. 
However, beginning at a total nmnber of 
five series groups, the series-short-circuit¬ 
ing method is more advantageous since it 
accomplishes the same result with less 
equipment and with generally less com¬ 
plexity. 




Conclusion 

This paper has brought to attention a 
so-far neglected use of the overload ca¬ 
pacity of power capacitors. Under cer¬ 
tain circumstances, and using capacitor 
banks with more than one series group, 
the two methods described here can result 
in considerable economy if an intermit¬ 
tently applicable kvar increase of the 
bank is desirable. The first method is 
the series-short-circuiting method which 
is extremely simple and inexpensive but 
somewhat limited in the kvar increase. 
The second one is the series-parallel 
method which requires more equipment, 
is more complicated, but results in a 
larger kvar increase. 

It is not believed that any such method 
is in use at present, but it is hoped 
that this paper will arouse some inter¬ 
est among the electric companies to 
utilize every dollar’s worth out of a 
capacitor bank. 
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eral, the capacitor banks are designed in 
such a manner (and the user schedules his 
inspection of the equipment in such a man¬ 
ner) as to prevent exceeding the overload 
characteristics referred to be Mr. Minder. 
Obviously, changes may be required in the 
method of design and the method of inspec¬ 
tion during operation if this overvoltage 
characteristic is to be used for other pur¬ 
poses. 

The series-short-circuiting method, when 
used across a single section, does not intro¬ 
duce transient voltages that are not already 
encountered with normal unit failure and 
the resulting fuse operation. When naore 
than one section is short-circuited the simi¬ 
larity no longer exists and each application 
should be checked carefully. 

Under ideal conditions the series-parallel 
method subjects the capacitors to a tran¬ 
sient peak voltage of three times nonn^ 
peak voltage. Referring to the paper, it 
can be seen that if the step of closing switch 
1 could be performed simultaneously in each 
phase, the energized section must pass from 
a ste^y-state voltage of one times normal 
to a steady-state voltage of two times nor¬ 
mal. The resulting transient voltage oscil¬ 
lates between one times normal and three 
times normal before the steady-state voltage 
of two times normal is reached. With un¬ 
equal closing of switch 1, even greater over¬ 


voltages may result. Such overvoltages 
probably exceed overvoltages encountered 
from other causes and definitdy exceed the 
two times normal voltage frequently felt to 
be the maximum voltage which electric 
equipment should be subjected to.® 
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P. M. Minder: In replying to Mr. Robbins 
it should be remembered that any allowable 
overvoltage below 1.5 times rated voltage 
can be applied any practical number of 
times.*-* Voltage increases below this value 
are the rule with the series-short-circuiting 
method. Therefore, this method is very 
well suited when an extreme power-factor 
correction is desired for a limited paiod of 
time for as many times as necessary. 

It is true that aiiy overvoltage due to a 
disconnected unit is added to the overvolt¬ 
age applied for kvar increasing (except if 
the open unit is in the short-circuited series 


-Increased Kilovar Output of Large Capacitor Banks 


751 



group). However, this is something which 
can easily be accounted for by shorter in¬ 
spection intervals or adjustment of the un- 
bdance detection. Moreover, it is felt that 
the small additional overvoltage increase 
does not appreciably shorten the capacitor 
life even if it were to go unnoticed for a long 


time. The reliability of present-day capaci¬ 
tors makes this a minor problem. 

With respect to the transient voltages, 
th^e are no larger in the system than when 
switching on additional kvar in the conven¬ 
tional^ way. The transient voltages at the 
, capacitor units will not exceed the very 


short-time values recommended in reference 
References 

1. See reference 1 of the paper. 
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Some Factors influencing the Temperature 
Rise of Armature Windings 


M. M. UWSCHITZ-GARIK 

FELLOW AIEE 


E XPERIMBNTAL data showing the 
influence of the volume of air in 
radial vents, voids in the slots, and copper 
loss upon the performance of wat^-wheel 
generators have been published by F. L. 
Lawton. 1 The aim of this paper is to 
investigate the influence of these and sev¬ 
eral other factors upon the temperature 
rise of the stator winding of salient-pole 
S3mchronous machines. 


Method of Investigation 

Two rnethods axe available for the 
investigation of the temperature rises g-nd 
the heat flow in the electric machine: 
the equivalent circuit method and the 
analytical method based' on Fourier’s 
equation of heat flow. Both methods 
have advantages and disadvantages. 
Both require an estimation of the copper 
losses m the windings, i.e., of the tempera¬ 
ture rises of the windings, in order to 
determine the temperature rise of the air 
in the radial vents, in the gap, and at the 
end windings. Since the designer can 
estimate the copper loses with reasonable 
accuracy, an error in this estimation will 
produce only a small error [of 1 to 2 
degrees centi^ade (C)] in the computa¬ 
tion of the air temperature rises. Such 
an error in the air temperatmre rises has 
little influence on the end results of the 
computation of the temperature rises of 
the windings. 

The disadvantage of the equivalent 
circuit is that it requires the estimation of 
the copper losses, not only for the deter- 
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mination of the temperature rises of air 
but also for the computation of the tem¬ 
perature rises of the windings themselves. 
An error in the latter estimation may in¬ 
troduce a considerable error in tlie tem¬ 
perature rises of the windings and a repeti¬ 
tion of a large part of the tedious calcula¬ 
tions may become necessary in order to 
account for the wrong estimation. 

The advantage of the analytical method 
based on Fourier’s equation is that the 
knowledge of the copper losses for the 
computation of the temperature rises of 
the windings is not required. On the 
other hand, in order to simplify the differ¬ 
ential equations of the heat flow, it is 
expedient in the Fourier equation method 
to neglect the radial thennal resistance of 
the iron between teeth and core. This is 
not necessary when the equivalent circuit 
method is used. Computations made by 
both methods show that normally only a 
very small error is made when the radial 
thermal resistance of the iron between 
teeth and core is neglected. . 

The method used for the present in¬ 
vestigation is the Fourier equation 
method. It is explained in the Ap¬ 
pendix, the basis of which is a paper 
presented at the Congress International 
d’Electricite.».3 This paper gives a 
comparison between calculated and tested 
tempCTature rises for a large number of 
machines of different types showing that 
the method 3 delds satisfactory results. 
The Appendix is an enlargement and im¬ 
provement of that paper. 


3. Voids in the slot portion (embedded 
part) of the winding. 

4. Thickness of the insulation in the slot 
and end windings. 

(axial) heat conductivity 
or the laminations, 

6. Copper losses; 

7. Iron losses. 

Results of the Investigation 

The results of the investigation are 
shovm in Figs. 1 through 14 and Tables 
I through VII. The point 100 per cent 
(%) refers to a typical water-wheel 
generator of 35,000 kva, 112.5 rpm, 
13,200 volts, 3 phases, 60 cycles, and 0.9 
power factor with the following data: 

Bore diameter, 293 inches 

Core length, 45 inches 

No. of stator slots, 360 

Radial vents, 24 

Width of a vent, 3/8 inch 

^ngth of the end winding, 35 inches 

Cross section of copper in the slot, 2.2 inches* 

imckness of insulation, 0.216 inch 

Core loss, 270 kw 

Total stator copper loss, 231 kw 

Sfray load loss, 163 kw 

Field winding loss, 84 kw 
Friction and windage loss, 129 kw 
Air volume, 88,400 feet® per minute 

The heat-transfer constants are: 

0.037 watt per inch* per C in the vent (aver¬ 
age value) 

0.024 watt per inch* per C between the end 
wmdmgs 
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Factors Investigated 

The influence on the temperature rises 
of the stator winding and iron by the 
following factors is investigated in this 
paper: 

1. Air volume through the radial vents. 

2. Air volume through the end windings. 


LmschUz-Garih^TemperaiureR^^^ of ArmaPure Windings 


The heat conductivities are: 

Insiflation, 0.0065 watt per inch* per incl 
per C 

Air, 0.00063 watt per inch* per inch per C. 
Wedge, 0.0043 watt per inch* per inch per C. 
Iron in radial direction, 1.0 watts per inch* 
permchperC 

Iron in axial direction, 0.026 watt per inch* 
permchperC 

Copper, 9.1 watts per inch* per inch per C 

^ The losses and air volume just given 
3 deld the following air temperature rises: 

In the vent at the teeth, 12.7 C 
In the vent at the core, 18.1 C 
In the gap, 3.7 C 

Influence op Air Volume Tbrough 
Radial Vents 

Figs. 1 and 2 and Table I show the in¬ 
fluence of a reduction of the air volume 
in the radial vents. Fig. 1 shows the 
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Fig. 1 • Influence of the air volume in the 
radial vents on the temperature rise of the 
stator winding 


temperature rise along the stator winding 
between the middle of the core and the 
middle of the end winding; see Fig. 15 
also. It can be seen that a reduction of 
air volume in the radial vents raises the 
temperature level of the whole winding, 
i.e., even of the end windings. A reduc¬ 
tion of the air volume by 25% increases 
tlie temperature rise of the winding in 
the middle of the core by about 10 C, 
and a reduction of the air volume by 
50% increases the temperature rise of 
the winding dn the middle of the core 
by about 25 C. The temperature rise 
of the end winding is lower than that 
of the embedded part of the winding, as 
it should be. 

Fig. 2 shows the end points of the curves 
of Fig. 1, i.e., the temperature rises of 
the winding in the middle of the core 
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Fig. 2. Influence of the air volume in the 
radial ventf on the temperature rise of the 
vending and iron in the middle of the core 
end on the error and reading of the RTD 


Table I. Influence of the Air Volume in the 
Radial Vents on the Heat Flow From the Em¬ 
bedded Part of the Copper to the Iron, to the 
Air in the Gap and in the Vents, and to the 
End Winding 


Per Cent 

Air volume in the radial vents. 

100. 


76.. 

60 


. .61, 

.2. 

.58.5.. 

61.6 


.. 7, 

.3. 

. 7.5.. 

7.8 


..26, 

.2. 

.23.9.. 

21.5 

Qeu-end wlodiog. 

.. 6. 

3. 

.10.1.. 

19.1 


(Armiddio <.ore) and in the middle of the 
end winding (ATmiddu end windina), and, 
in addition, the error in the reading of the 
resistance temperature detector (RTD), 
the temperature rise shown by the RTD, 
and the temperature rise of the iron in the 
middle of the core (ATfo, middle core). 
Though the readings of the RTD are 
considerably smaller than the actual 
temperatiue rises, the increases, due to a 
reduction of the air volume in the radial 
vents, are about the same as for the actual 
temperature rises, i.e., about 10 C and 
25 C for an air volmne reduction of 25% 
and 50% respectively. For the computa¬ 
tion of the error in the RTD reading, a 
ratio of longitudinal to transverse thermal 
conductivity of 5 was assumed.^*® 

It is seen from Fig. 2 that a reduction 
of the air volume in the vents causes 
also an increase of the temperature rise 
of the stator iron. For the machine 
considered, this increase is about the 
same as for the stator winding in the 
middle of the core. 

The main consequence of a reduction of 
the air volume in the radial vents is a 
decrease of the air velocity and of the 
heat-transfer constant to the air in the 
vents. The increase of the temperature 
rise of the air in the vents due to the 
smaller air volume also has some in¬ 
fluence. 

Table I shows the heat flow from the 
embedded part of the stator winding to 
the iron (Qou-re), to the gap through the 
wedges {Qcn^), to the air in the radial 
vents (^oo-v), and to the end winding 


Table 11. Influence of the Air Volume Be¬ 
tween the End Windings on the Heat Flow 
From the Embedded Part of the Copper to the 
Iron, to the Air in the Gap and in the Vents, 
and to the End Winding 



Per Cent 


Air volume between the end 

windings. 100.. 65.. SO,*- 

Oou-Fe.......61.2.. 63.9. .70.6 

Qca-g.. . 7.3.. 7.6 7.9’ 

Qou-v ..26.2..26.0 . 27.7 

Oou-and windinc..6.3.. 2.6.—6.1 



Fig. 3. Influence of the air volume between 
the end windings on the temperature rise of 
the stator winding 


(^eu.ond *indi..«). A rcduction of the air 
volume through the radial vents reduces 
the amount of heat flowing from the em¬ 
bedded copper to the iron and to the air 
in the radial vents, but increases the 
amount of heat dissipated by the end 
winding and the air in the gap. 

Influence op Air Volume Between 

End Windings 

Figs. 3 and 4 and Table II show the 
influence of reducing the air volume 



Fig. 4. Influence of the air volume between 
the end windings on the temperature rises of 
the winding and iron in the middle of the core 
and oh the error and reading of the RTD 
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Rg. 5, Influence of voids in the slot on the 
temperature rise of the stator winding 

through the end windings. Fig. 3 shows 
the temperature rise along the stator 
winding between the middle of the core 
and the middle of the end winding. It 
can be seen that a reduction of air volume 
between the end windings cause only a 
little increase of the temperature rise of 
the winding in the middle of the core, but 
the increase of the temperature rise of 
the end winding itself can be considerable. 
A large reduction of the air volume be¬ 
tween the end windings may lead to a 
temperature rise of the end winding higher 
^han that in the middle of the core where 
the temperature detector is placed. A 


■■■ ■■■■ ■■a 
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PERCENT HEAT CONDUCTIVITY /iNFUJEHCE OF VOIDS Im'\ 

V SLOTS I 

Rg. 6. Influence of voids in the slot on the 
temperature rises Of the winding and iron in 
the middle of the core and on the error and 

reading of the RTD 


laoie III. inHuence of Voids in the Slot, on 
the Heat Flow From the Embedded Part of 
the Copper to the Iron, to the Air in the Gap 
and in the Vents, and to the End Winding 

Per Cent 


Heat conductivity be¬ 
tween copper and iron 100.. 75 . 60 50 

.fll.2..66.1..61.'8..48;6 

. 7.3.. 7.9.. 8.4.. 8.8 

.25.2..27.7..29.8..31.6 

^ou-end yjndina.. 6.3.. 8.3. .10.0. . 11.6 


temperature rise distribution such as that 
^ corresponding to 30% air volume is un- 
* desirable because it requires a heat flow 
> from the end winding to the embedded 
part of the copper (see Table II), a 
condition which must be avoided. 

Fig. 4 shows the end points of the 
curves of Fig. 3. i.e., AT™,a,,. and 

ATiniddia and windinc. 2 -ud also the error in the 
reading of the RTD, the temperature rise 
^omi by the RTD, and 
There is little change in the error of the 
reading and in the temperature rise 
of the iron due to a reduction of the air 
volume between the end windings. 

As in the previous case of an air volume 
reduction in the radial vents, the main 
consequence of the air volume reduction 
between the end windings is the decrease 
of the air velocity and of the heat-transfer 
constant to the air between the end 
windings. 

Table II shows the heat flow between 
the embedded part of the stator winding 
and the iron, the air in the gap (through 
the wedges), the air in the vents, and the 
end winding. As the air volume between 
the end windings decreases, more heat 
flows from the embedded part of the wind¬ 
ing to the iron and to the air in the gap 
and vents, and less heat flows to the end 
winding. At 30% air volume, heat flows 
from the end winding into the embedded 
part of the winding (^ou end winding is nega¬ 
tive). 

Influence op Voids in Slot Portion 
(Embedded Part) of Winding 

Voids in the slots decrease the heat 
conductivity between copper and iron. 

Table IV. Influence of the Thickness of In¬ 
sulation on the Heat Flow From the Em¬ 
bedded Part of the Copper to the Iron, to the 
Air in the Gap and in the Venb, and to th? 

End Winding 


4sb 



Fig. 7. Influence of thickness of insulatior 
on the temperature rise of the stator winding 

Figs. 5 and 6 and Table III show the 
i^uence of reducing the heat conduc¬ 
tivity. Fig. 6 shows the temperature 
rise along the stator winding between the 
middle of the core and the middle of the 
end winding. It can be seen that voids i n 
the slot influence the temperature rise of 
the end winding relatively little, but in¬ 
fluence the temperature rise of the em¬ 
bedded part of the winding considerably. 
Even a small amount of air in the slot 
may cause an increase of the temperature 
rise in the middle of the core by 5 to 10 
C. 

Fig. 6 shows the end points of the 
curves of Fig. 5, i.e., AT^uddu core and 
A Jmiddid end winding, and also the eiTor in the 
reading of the RTD, the temperature rise 








Per Cent 

Thickness of insulation. 100.. 126 160 

•X'“'^*...61.2..62.'2..64.6 

X*""‘..7.3.. 7.2.. 7.2 

....26.2. .24.4. .24.2 

Veu-end winding. 6.3.. 6.2.. 4.0 


100 105 110 115 120 125 130 135 MO 145 150 
PERCENT THICKNESS OF INSULATION 

Fig. 8, Influence of thickness of insulation 
on the temperature rises of the winding and 
iron in the middle of the core and on the 
error and reading of the RTD 
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Fig. 9. Influence of the transverse heat con¬ 
ductivity of the laminations on the temper¬ 
ature rise of the stator winding 


shown by the RTD, and ATvt middu aow 
With increasing voids, i.e., with de¬ 
creasing heat conductivity between 
copper and iron, the temperature gradient 
between copper and iron increases and, 
therefore, the error in the reading of the 
RTD increases. As a consequence, the 
RTD readings change relatively little 
with increasing voids. Voids in the slot 
must be avoided since they may cause 
large errors in the readings of the RTD 
and thus lead to the wrong assumption 
that the temperature rise of the winding 
stays within the permissible limits. It is 
understood that voids must be avoided 
also in the end windings, though they do 
not influence the temperature rise of the 
winding in the middle of the core and the 
errors in the reading of the RTD to the 
same degree as voids in the slot. As can 
be seen from Fig. 6, voids in the slot have 
little influ ence on the temperature rise 
of the iron in the middle of the core. 


Table V. Influence of the Transverse Heat 
Conductivity of the Laminations on the Heat 
Flow From the Embedded Part of the Copper 
to the Iron, to the Air in the Gap and in the 
Vents, and to the End Winding 


Per Cent 

Transverse heat 

conductivity 

60... 

33.3 

of the iron..;.. 

.. 100... 


..61.2. 

.66.7. 

.62.6 

Heu-c.i.. •. • • 

... 7.3. 

.....26.2. 

, 7.8. 
.27.2. 

. 8.3 
.29.2 

Qpu-end winding. .. 

... 6.3. 

. 8.3. 

. 9.9 


Table HI shows the heat flow between 
the embedded part of the stator winding 
and the iron, the air in the gap (through 
the wedges), the air in the vents, and the 
end winding for different values of heat 
conductivity between the copper and iron. 

As the latter heat conductivity decreases, 
less heat flows from the embedded copper 
to the iron and more heat flows to the 
end winding and to the air in the vents 
and gap. 

Influence of Thickness of Insulation 

IN Slot and End Windings 

The thickness of the insulation of a 
winding should not be larger than 
necessary for dielectric and mechanical 
reasons, because thicker insulation means 
a decrease of the heat conductivity be¬ 
tween copper and iron for the embedded 
part of the winding and copper and air for 
the end winding. 

Figs. 7 and 8 and Table IV refer to three 
different values of the thickness of the 
insulation. Fig. 7 shows the temperature 
rise along the stator winding between the 
middle of the core and the middle of the 
end winding. It can be seen that an in¬ 
crease of the thickness of the insulation 
raises the temperature rise of the whole 
winding between the middle of the core 
and the middle of the end winding. The 
embedded part of the winding and the 
end winding are raised by about the same 
amount of 6 to 6 C for a thickness increase 
of 25% and 11 to 12 C for a thickness 
increase of 50%. 

Fig. 8 shows the end points of the 
curves of Fig. 7, i.e., ATmiddu core and 
ATmiddio end winding, und also the error in the 
reading of the RTD, the temperature rise 
diown by the RTD, and ATV* middle core. 
As in the case of voids within the slots, 
the error in the reading of the RTD in¬ 
creases with increasing thickness of 
insulation so that the readings of the 
RTD show only small changes with in¬ 
creasing thickness of insulation. Corre¬ 
sponding to a change of the insulation 
thickness of 25%, there is an increase of 
the actual temperature rise in the middle 
of the core of 5.4 C, while the RTD will 
show an increase of only 1.1 C. It is seen 
from Fig. 8 that the temperature rise of 
the iron is affected very Uttle by the thidc- 
ness of insulation. 

Table IV shows the heat flow between 
the embedded part of the-stator winding 
and the iron, the air in the gap (through 
the wedges), the air in the vents, and the 
end winding for different thicknesses of 
insulation. As the thickness of the 
insulation becomes larger, less heat flows 
from the embedded copper to the end 
winding. The largest amount of the 



PERCENT AXIAL HEAT CONDUCTIVITY OF UMINATiONS 


Fig. 10. Influence of the transverse heat con¬ 
ductivity of the laminations on the tempera¬ 
ture rises of the winding and iron in the 
middle of the core and on the error and read¬ 
ing of the RTD 


embedded copper loss stiU flows to the 
iron. 

Influence of Transverse Heat 
Conductivity op Laminations 

Tables I through IV ^how that about 
two-thirds of the heat devdoped in the 
embedded part of the winding flows into 
the iron and axially through the iron to 
the air in the vents. Therefore, it can 
be e 3 q)ected that an increase or decrease 
of the axial (transverse) heat conductivity 
of the laminations will influence the 
temperatures rises of the winding and 
iron. 

Figs. 9 and 10 and Table V refer to three 
different values of the transverse heat 
conductivity of the laminatioM. Fig. 

9 shows the temperature rise ^ong the 
stator winding between the middle of the 
core and the middle of the end winding. 

It can be seen that a decrease of the trans¬ 
verse heat conductivity of the laminations 
causes a considerable increase of the 
temperature rise of the winding in the 
middle of the core while the temperature 
rise of the end windiag is influenced Uttle. 
The temperature rise of the winding in 
the middle of the core may increase 5 to 
8 C in the case of loose laminations. 

Fig. 10 shows the end points of the . 
curves of Fig. 9, i.e., ATmiddie core and 
Ar,n,ddie winding, and slso -the error in 
the reading of the RTD, the temperature 
rise shown by the RTD, and ATj-e middle core. 
The error in the reading of the RTD is 
influenced Uttle by the transverse heat 
conductivity of the laminations and so 
the RTD readings show for different 
values of conductivity the same differ¬ 
ences as the actual temperature rises, 
ATmiddi. oor,. The influence of the 
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Table VI. Influence of Copper Losses on the 
Heat Flow From the Embedded Part of the 
Copper to the Iron^ to the Air in the Gap and 
In the Vents, and to the End Winding 


iisimn 


Per Cent 


Copper losses. 

Qou-Pe. 

Qeu-g . 

Qeu-v . 

0flu~6nd Mrtadinic 


.77- 100_ 

..S6.1....81.2... 
.. 8.0.... 7.3... 

..26.6_26.2... 

. 9.3.... 6.3... 


A-P Xc-^ 15 10 S 0 

CORE Xe 5 . 

• ENfWOO; 

Fig. 11. Influence of copper losses on the 
temperature rise of the stator winding 


transverse heat conductivity of the 
laminations on the temperature rise of 
the iron in the middle of the core is still 
larger than that on the copp^ in the 
middle of the core. ' 

'I'able V shows the heat how between 
the embedded part of the stator winding 
and the iron, the air in the gap (through 
the wedges), the air in the radial vents, 
and in the end winding. A decrease of 
the transverse heat conductivity of the 
laminations reduces the heat flow from the 
copi^ to the iron and forces a larger 
•portion of heat to flow to the ^ in the 
:gap and in radial vents and to the end 
•winding. 

Influence op Copper Losses 

The copper losses to be considered are 
the d-c losses and all additional copper 
losses due to the alternating current. It 






100 no 120 130 140 150 
PERCENT COPPER LOSS 

fig. 12. Influence of copper losses on the 
tempemtiire rises of the Winding and Iron In 
■the middle of the core and on the error and 
reading of the RTD 


can be expected that the magnitude of 
the copper losses will influence the tem¬ 
perature rise of the winding considerably 
and, to a lesser degree, the temperature 
rise of the iron. 

Figs. H and 12 and Table VI refer to 
^ four different values of the copper losses. 
Fig. 11 shows the temperature rise along 
the stator -winding between the middle 
of the core and the middle of the end 
winding. It can be seen that an increase 
of the copper losses raises the temperature 
rise of the whole winding, from the middle 
of the core to the middle of the end 
winding. 

Fig. 12 shows the end points of the 
curves of Fig. 11, i.e., AT^wdie .ore and 
ATmiddie end windin«, and also the eiTor in 
the reading of the RTD, the temperature 
rise shown by theRTD, and ATp, ,,,adi. .or.. 
Because the temperature gradient be¬ 
tween embedded copper and iron in¬ 
creases with increasing copper losses, 
the . error in the RTD reading also in¬ 
creases wi-th increasing copper losses. As 
a consequence, the RTD readings show 
for different values of copper losses 
smaller differences than the actual tem¬ 
perature rise (Ar„wdie .ore). For ex¬ 
ample, corresponding to an increase of 
the copper losses by 50%, there is an 
actual increase of the temperature rise 
of the winding in the middle of the core 
equal to 21,8 C, while the RTD shows an 
increase of only 15.1 C. 

The change of the temperature rise of 
the winding in the middle of the core, 
^Tmiddie oore, is not propoiTtional to the 
change of the copper losses. For copper 
losses equal to 77% there is a decrease in 
ATmiddia core of 14.5%, and for copper 

Table VII. Influence of Iron Losses on the 
Heat Flow From the Embedded Part of the 
Copper to the Iron, to the Air in the Gap and 
In the Vents, and to the End Winding 

Per Cent 
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.64.6_66.5 
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Iron losses.50_ 76_ 100 

...64.9... .61.2.' 

...6-5-7.0_7.3.. 

X***'’'.22.6- 23.9 _26.2. 

Qau-end winding.... 2.6.,.. 4.2.... 6.3. 




Fig. 13. Influence of Iron losses on the tem¬ 
perature rise to the stator winding 

losses equal to 150% there is an increase 
in ATmiddie oore of 31.5%. It is seen from 
Fig. 12 that a change of the copper losses 
may cause a considerable change of the 
temperature rise of the iron in the middle 
of the core. 

Table VI shows the heat flow between 
the embedded part of the stator winding 
and the iron, the air in the gap through 
the wedges, the air in the radial vents, 
and the end winding. An increase of the 
copper losses increases the amount of 
heat flowing from the copper to the 
iron, while the amount of heat flowing to 
the end winding and the air decreases. 

Influence; op Iron Losses 

Just as a change of the copper losses 
influences the temperature rise of both 
copper and iron, a change of the iron 



50 60; 70 80 90 |00 110 120 130 

PERCENT IRON LOSS 

Fig. 14. Influence of iron losses on the tem¬ 
perature rises of the winding and iron in the 
middle of the core and on the error and read¬ 
ing of the RTD 
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losses also influences both, although the 
temperature rise of the copper is in¬ 
fluenced to a lesser degree and that of the 
iron to a higher degree than when the 
change is effected by the copper losses. 

Figs. 13 and 14 and Table VII refer 
to four different values of iron losses. 
Fig. 13 shows the temperature rise along 
the stator winding between the middle 
of the core and the middle of the end 
winding. It can be seen that the iron 
losses influence the temperature rise of 
the winding in the middle of the core 
considerably, but not very much in the 
middle of the end winding. 

Fig. 14 shows the end points of the 
curves of Fig. 13, i.e., ATmiddio core and 
ond windinffj and also the error 
in the reading of the RTD, the tempera¬ 
ture rise shown by the RTD, and 
ATf* middle core. The ciTor in the reading 
of the RTD is little influenced by the iron 
loss and so the differences between the 
RTD readings and the actual temperature 
rises are nearly the same for the same 
change of iron losses. As could be ex¬ 
pected, the relative change of the tem¬ 
perature rise of the iron is larger than that 
of the copper for the same change of iron 
losses. 

Table VII shows the heat flow between 
the embedded copper and the iron, the 
air in the gap through the wedges, the 
air in the radial vents, and the end wind¬ 
ing. An increase of the iron losses 
reduces the amount of heat flowing from 
the copper to the iron and increases the 
amount of heat flowing to the air and the 
end winding. 

The values of temperature rises and 
lieat flow shown in Figs. 1 through 14 and 
Tables I through VII refer to a specific 
machine, the data of which were given 
previously. These values themselves and 
their changes with changing parameters 
(volume of air in the radial vents, voids in 
the slots, etc.) will not be the same for 
.fill types of salient-pole machines. On 
the contrary, they will vary depending 
■on a number of factors, such as distri¬ 
bution of losses, ratio of core length to 
pole pitch, etc. Yet, the foregoing com¬ 
putations give a general idea about the, 
influence of the considered parameters 
upon the temperature rises for all saUent- 
pole machines. 

List of Symbols 

v4i,.d2 “integration constant 
4ap“area of axial cooling vents of a stack, 
inches* 

4c “area of the inn er cylinder of a stack of 
laminations, inches* 

4c'“area of the outer*cooling surface of a 
stack of laminations, inches* 


4c“area of both sides of a stack of lami¬ 
nations, inches* 

bt “Width of a radial vent, inches 
f=cross section of the copper (of both coil 
sides, without ground insulation), 
inches* 

ft “heat-transfer constant, watts per inch*' 
per C 

fti=heat-transfer constant from the end 
windings to the air at the end wind¬ 
ings 

ft 2 = heat-transfer constant from the coil to 
the air in the radial vent 
ftaa “heat-transfer constant from the sur¬ 
face of the axial vents to the air 
ftc“ heat-transfer constant from the inner 
cylinder surface of the stack to the 
air in the gap 

ftc'“heat-transfer constant from the outer 
surface of the stack to the air 
ftj“heat-transfer constant from the side 
surfaces of the stack of laminations 
to the air in the vent 

ft “heat conductivity of the heat conductor, 

* watts per inch* per inch per C 
fti“heat conductivity of the insulation of 
the end windings (including air 
layers) 

ft 2 “heat conductivity of the insulation in 
the slot (including air layers) 
fte<,“heat conductivity of copper 
ftj “heat conductivity of the laminations in 
axial direction 

/'“length of a stack of laminations, inches 
£= length of the core (including radial 
vents), inches 

Li “length of the end winding, inches 
I,Fa'“iron loss in a stack of laminations, 
watts 

N “ number of slots 

«=circumference of the heat conductor 
(of both coil sides in 2-layer windings, 

measured in the middle of the ground 
insulation), inches 

“ circumference of both coil sides, meas¬ 
ured in the middle of the end winding 
insulation, inches 

«j “ circumference of both coil sides, 
measured in the middle of the ground 
insulation, inches 

««j//“heat transferred through the surface 
per unit volume, watts per inch* 

Vo “heat developed in unit volume of the 
substance at ambient temperature, 
watts per inch* 

»io“heat developed in a cubic inch of the 
copper of the end windings, watts 
V 2 o“heat developed in a cubic inch of 
the copper embedded in the slots, 
watts 

W“heat transferred by the embedded part 
of the winding (average value for a 
stack of laminations and a vent), 
watts per inch* 

wi “heat transferred to the air by the end 
windings, watts per inch* 

1^8*“ heat transferred to the air by the 
axial vents in a stack of lamina¬ 
tions 

TFx“heat transferred to the air in a radial 
vent by the winding 

TYc “heat transferred to the air by the inn^ 
cylinder surface of a stack of lami¬ 
nations 

H^'c'^heat transferred to the air by the 
outer surface of a stack of lami¬ 
nations 

Wa “heat transferred to the air by the side 
surfaces of a stack of laminations, 
watts 


temperature coefficient of the heat con¬ 
ductor (<*“0.004 for copper, <* is 
assumed equal to 0 for iron) 

5i“ thickness of the end-winding insulation, 
inches 

52 “thickness of the slot insulation, inches 
A r “ temperature rise 

Xi“ thermal conductivity of the end wind¬ 
ing, watts per inch* per C 
Xa = thermal conductivity of the winding 
in the radial vents (equation 32), 
watts per inch* per C 
d “temperature rise above ambient tem¬ 
perature, C 

d“ temperature rise of winding or iron as a 
function of x 

di=temperature rise of the outer surface 
of the insulation of the end windings 
d 2 “temperature rise of the outer surface 
of the slot insulation in the radial 
vent 

dav“ temperature rise of the copper, aver¬ 
age value as found by resistance test 
d^i=temperature rise of the air at the end 
windings 

dji8“temperatmre rise of the air in the ra¬ 
dial vent at the root of the tooth 
d^s “temperature rise of the air at the inner 
cylinder surface 

dx 4 “temperature rise of the air at the 
outer surface of the core 
dju “temperature rise of the air in the axial 
vents 

dx6 “temperature rise of the air in the radial 
vent at the middle of the tooth 
dFo“ temperature rise of the iron of a stack 
of laminations (average value) 
dF«.m“temperature rise of the iron in the 
mid<ile of the stack 

dmin,“ temperature rise of the copper in the 
middle of the end winding 
dma 3 t=temperature rise of the copper in the 
middle of the core 

= temperature rise of the side surfaces of 
a stack of laminations 
temperature gradient between the 
inner and outer surfaces of the in¬ 
sulation in the vent 
average temperature gradient in 
the slot insulation within a stack of 
laminations 

Appendix. Heat Flow and 
Temperature Rises of Copper 
and Iron in Electric Machines 

The method of calculating the heat flow 
and temperattire rises of copper and iron 
described here is applicable to stators and 
rotors of machines with radial, as well as 
with axial, cooling. It is applicable to dis¬ 
tributed, as well as to concentrated, wind- 
ings. ^ . 

The assumptions on which the theoretical 
derivations are based are: 

1. The height and width of the coil are 
srnall in comparison to its length so that 
there is no heat flow within the cross section 
of the coil. 

2. The radial heat conductivity of the 
iron is large so that the thermal iron re¬ 
sistance between teeth to core can be neg¬ 
lected. 

With these two assumptions, the heat-flow 
problem becomes a linear one. 
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15. Embedded 
part of a coil and its 
end winding. System 
of co-ordinates 


The heat transferred to the air by the 
side surfaces is 

— — (22) 

The heat transferred to the air by the 
inner cylinder surface of the stack is 

We^Ae(ifPe — ^As)Ae (23) 

The heat transferred to the air by the 
outer cooling surface of the stack is 


Wc'=‘h/(^Fe — ^Al)Ae' (23A) 

and the heat transferred to the air by the 
axial vents of the stack is 


Wax=kaie(i9Fe—^At)Aax (13B) 

Under steady-state conditions, the heat 
produced must be equal to the heat trans¬ 
ferred to the cooling medium, i.e. 


Equation of Heat Flow 

For the unidimensional heat flow, the 
heat balance under steady-state conditions 
IS given by 

(2) 

Equation 1 means that the heat developed 
in the unit volume of the heat conductor 
IS equal to tte sum of the heat conducted 
to the neighbormg space elements and the 
heat transfetred through its surface. 

Temperature Rises of Stator Copper 
and Iron 


Combining equation 5 with equation 1 




The solution of the differential equatic 
0 is 


J^^+J^Fe'=W, + Wc-hW/ + JVax 

= ~^A2)As-l-^e(i^Fe—zfA3)Ae + 
Ac^(dFe — ^A4)Ae'-h 

^aa;(^Fe—^AB)Aax (14) 

With the aid of equation 14, it is possible 
to set up the equation of heat flow in the 
stack of laminations and to determine the 
t^perature rise across the stack as a func¬ 
tion of the co-ordinate x, the origin of 
which is placed in the center line of the 
stack. Then dp# can be eliminated from 
equation 14 and the equation for the heat 
flow in the embedded part of the winding 
set up. 

The total heat transferred through the 
side surfaces of the stack is 


Applymg the equation of heat flow, equa¬ 
tion 1, to the stator of the electric mac^e 
jadmg and the part of the coil 
^bedded m mon are to be considered 
separately. Subscript 1 will be used for the 

co-ordi- 
Subscript 
coil em- 
subscript Fe will be used 
£ co-ordinates 

fw the embedded part of the coil will be 
^ middle of the machine. The 
iron (including vents in the 
vent,lation) is assumed to be 

End Winding 

per unit surface of 
wmdmg IS proportional to the 
^erence between the temperature rise of 
Ae conductor material t> and the temper- 

rio? of the insula¬ 

tion of the end wmding i.e, 

. (2) 

“ transferred to the air (in 
^eral to the coohng medium). It is true 


Wi=Aa(,h~t>^) 

wiS equations 2 and 3 that 

iiki 

Iki+AiSi (4) 

v>i becomes 


The temperature rise of the conductor t? as 
a faction of xt is symmetrical with respect 
to the middle of the end winding, i,e., with 

tSfSS Ai^Bi and 

the differential equation 9 becomes 

^“2^41 cosh (iiXi -\—^ (9A) 

EjpEDDED Part op Winding and Stator 
Iron 

The heat transferred from the surface of 
the wmding material to the iron within a 
stack of laminations of the length V(l'’^L 
for axial ventilation) is 

TFFe=Ape(t?—j?Fe) 


Apo = Xp8»aFiV 


AFe'= — 
S 2 


The iron losses in a stack of laminations 
will be denoted by Lf„\ Then the total 
heat m the stack is This 

heat IS to be carried away by the cooling 
medium. * 

Because ^e arial heat conductivity of 
the laminations is small, the temperature 
nse of the side surfaces of the stack of 
laminations is smaUer than that in the 
imddle of the stack. In accordance with 
the ^sumption that the radial heat con¬ 
ductivity of the iron is very large, the tem¬ 
perature rise ^8 is the same for the inner 
and outer cylinder surfaces of the stack. 


Ws=Wv9+LFi' — he(&Ve-^A3)Ac — 
hc'i^F.-i>Ai)Ac'-^ 

kax(^F»~^AB)Aax (15) 
and the heat transferred per unit volume is 


Therefore the equation of heat flow for the 
stator iron is 


The solution of this equation is 

(IS) 

The constants A and B can be determined 
from the boundary conditions 

r 

--- (29) 


*.+- 






d, is different for the different stacks of 
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(42) 


laminatiofts. Setting (rfi>)/(<i3i:)=0, the 
maximum temperature rise of the iron of 
the stack is obtained 


dr*.m'“d*+ 


Ska 


( 22 ) 


The average temperature rise of the iron 
of the sta<± is 


^F« = ds + 


Wgl'* 

mo 


(23) 


Thus, independent of the magnitude of the 
quality (•u>sl'*)/(8kq) 


— 1.6dpe—0.6d* 


(24) 


The average temperature rise iha, as 
well as the maximum temperature rise 
dFe,m is different for the different stacks of 
laminations. From equations 23,16, and 15 

*?Fe “ da H [ Wfo H-ip« ' —fte(dPd “ ^A3)-^e 

A* 

Ae^(dFe”dji4)-^c*“ A(ce(dFa“ ^Ai)-^ax] (2S) 
where 

1 V* V 


2 


(26) 


Substituting equations 10, 25, and 26 into 
equation 14 

T 1 1 

Wfb =* Apa cd — ” Lpe^-77 koAi&Ai ~~ 

L A oA 

-(^C-4«dilJ +AcM<!^d^4"l"AfflJ!-^«*6x6)^ (27) 


where 


c = 


, 1 I 

A* 


Ap+dApa 

h.p = JliAs-\-d{hcAo'\'kcAo’'\'kaxAca!) (28) 

i ^ 

A Ap +dApe 

The heat which flows through the insula¬ 
tion into a radial vent is 


(29) 


ki 

Wa ^— (d—da)?taiV&ti 
$2 

This heat is carried away by the air. There¬ 
fore 

TVa “ fe(d— d‘Ai)^Nhv (30) 

It follows from equations 29 and 30 for 
Wa 


WA^ ^^(d — ^A6)^Nbv 
where 

kihi 




The heat conduction from the coil to the 
air in the vent is different from that from 
the coil to the iron in the slot. An exact 
mathematical treatment would make it 
necessary to consider both coil parts sep¬ 
arately and to set up two different differ¬ 
ential equations for the heat flow. How¬ 
ever, for the sake of simplicity, an average 
value for the heat transferred over the 
length I'+bo (stack + vent) will be intro¬ 
duced 


Wa-^-Wfo 

Ml'+boW 


(33) 


With this value of the transferred heat, 
the differential equation of the heat flow 
in the coil part embedded in iron becomes 
the same as for the end winding (equation 
6) and its solution is 


d=2i4t cosh a^+ 


h 


where 


02® 


^2+^252 


(31) 

(32) 




1 ^ 2 / XpaXpe^ 

^^kcoA A ^I'+bo 


V b 

+X 2 


r+6 


(34) 

(35) 
•djl64- 


X2 = 


V c 

Xpe-;777- X—(As^sdx2+dAfl Aedxs+ 

r-pOfl Kp 


i8Xx“l"^^^XFa 


V+bt 


The differential equation 9 for the end 
winding must yield at Xi—Lil2 the same 
temperatiue rise and the same temperature 
gradient (dd)/(dx:) with opposite sign, as 
differential equation 34 yields at xi=‘Lf2. 
It follows from this for the integration con- 


dmln “ ~+2Ai 
Oi* 

The average temperature rise ©f the wind¬ 
ing, as determined by the resistance test, is 


l?BV • 


L+Li 


a it /2 /•i /2 \ 

&dx\+ I ^dXi j 


L+Li 


201* 

2 A 2 . , 02 L & 2 L ^ 

— sinh —(43) 
02 2 2o2® 

To determine the average temperature 
rise of the stack of laminations 2 >pe, the 
assumption is made that the temperature 
rise of the winding within the stack is 
constant and equal to the temperature rise 
in the middle of the stack dm- Equations 
10 and 27 yield then 

dF. = (l-c)dTO+:r lfia-^s^A2+d(hcAe^A3’{' 

iLp 

Lfo' 

he'Ae'^Ai~i~^hxA(tx^A6)] 1 ^ (44) 

The average temperature rise of the side 
surfaces of the stack of laminations is then, 
according to equations 25 and 27 

d8=dFe+-— I^Ac(dPe—d,18) + 

A* 

ftc^-^c^(dFe —dx4)4’Aa2:-4fla;(dPa—djis)] ~ 


(36) 

Af. / h»Aa 

-cl dm--—dA2 — 


As \ Ap 

(37) 

— (&cAcdA3+ftc'-4c'dA4+ 
Ap 


HqxAox^ A 3 ) 




(4S) 


The maximum temperature rise of the 
stack of laminations is, according to equa¬ 
tion 24 


stants Ai andu42 



dFo,m=“ l'6i^Fe-*0.5ds (46) 

\a2* ai*/ 

[02 . , dzL 
- sinh — 

'e 2 

(38) 
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Effect of Skew on Induction Motor 
Magnetic Fields 


C E. LINKOUS 

ASSOCIATE MEMBER AIEE 


I NDUCTION motor designers must 
account for the saturation of the vari¬ 
ous components of magnetic reactances 
• to make accurate predictions of the 
motor’s performance. To predict the 
saturated value of these component re¬ 
actances is difficult because the superpo¬ 
sition principle can no longer be applied 
with accuracy. When saturation is pres¬ 
ent, to be rigorous, the net field must be 
studied not the component fields. 

To determine the net field under satu- 
ra,ted conditions, it should first be dealt 
with as though there were no saturation. 
To find the net field with no saturation, 
it is valid to find the field of earh com¬ 
ponent of reactance and superimpose 
them in the various areas of interest. 

In studying a particular motor, the 
author found it convenient to separate 
fiuxes, having a portion of their path in 
the iron, into three components: the 
slot leakage flux, the air-gap space har¬ 
monic leakage flux, and the air-gap 
space fundamental flux. It is this latter 
flux with which this pap^ is concerned. 

Designers have long recognized that 
the space fundamental air-gap flux varies 
with axial position because of skewing 
the rotor slots with respect to the stator 
slots, but to the author’s knowledge 
nothing has been published giving quan¬ 
titative data showing how much this 
flux may vary. It is important that 
designers have a knowledge of this effect 
because it not only affects the degree of 
saturation but also affects iron losses and 
noise. 

Nomenclature 

2 a “magnitude of major axis of ellipse 
26 “magnitude of minor axis of ellipse 
B “magnetic induction 
ii“ stator current 
is “rotor current 


recommended by the AIEE Rotating 
Coi^ttee and approved by the AIEE 
Operations for presenta- 
Eastern District Meeting, 
Manuscript 

l^uttor wi^es to ^ress his gratitude to M. L. 

Electric Com- 


st Im — magnetizing current 
■{. T=® length of stack 

JV* amplitude of backward wave of mag¬ 
netic induction 

i* “amplitude of forward wave of mafimetic 
te induction 

»- /i? 2 =forward rotor resistance 

6 -^ 2 “backward rotor resistance 

j s =slip 
/“time 

« “axial distance of a plane from the end of 
e the stack which has the leading end 

of the rotor bars 
.STs “rotor leakage reactance 
j. “magnetizing reactance 

a “the skew, electrical degrees 

electrical angle away from center of the 
, r^erence winding pole in the direc¬ 

tion of rotation 

^ ~ electrical angle away from major axis of 
ellipse in the direction of rotation 
T/* electrical angle by which the forward 
magnetizing current, referred to the 
reference windings, leads the voltage 
applied to the reference winding 
^6 ~ electrical angle by which the backward 
magnetizing current, referred to the 
reference winding, leads the applied 
voltage 

^—electrical angle by which the major nvic 
of the ellipse is located from the 
rrference winding. Measure in the 
direction of rotation 
«=angular velocity of applied voltage 
NL =no load 
“full load 

•^T“maximum torque 
•5'‘S'“ standstill or locked rotor 
axial plane=a plane perpendicular to the 
axis or, in other words, a plane paral¬ 
lel to the plane of the laminations 
reference mmf ** the peak value of a space 
sine wave of magnetomotive force 
(mmf) which would produce the flux 
required to balance the line voltage 
for a balanced polyphase motor with 
no skew or, in oth«- words, the mni f 
that would produce the design flux 
density 

maximum rnmf “the actual iriRviTniiTii minf 
divided by the reference mmf de¬ 
fined in the foregoing 

Variation of Net Rotating Field in 
Unbalanced Polyphase and Single- 
Phase Motors at a Particular 
Axial Location 

Techniques have been established for 
many years for resolving an unbalanced 
polyphase or a single-phase motor into 
forward and backward rotating sinusoidal 
fields of constant amplitude and angular 
velocity.^"* Let it be assumed that the f 
fundamental flux density waves at a 


particular axial location have been found 
by these techniques to be 

cos {(at-e+rj) ( 1 ) 

Bif^N cos (w/-t-^~i“Tj) ( 2 ) 


F/=magnetic induction of the forward field 
at the angular location 8 
Fft* magnetic induction of the backward 
field at the angular location 8 
P=pcak value of the forward magnetic 
induction wave, positive sequence 
N—pe^ value of the backward magnetic 
induction wave, negative sequence 
6 )=tiectrical angular velocity 
/“time 

^“angular location of a point on the stator 
measured from the center of a refer¬ 
ence winding pole, positive in the 
direction of rotation 

T/=a phase angle for the forward wave for a 
voltage applied to the reference 
winding of cos at 

rj=a phase angle for the backward wave 
for a voltage applied to the reference 
winding of Vm cos at 

These waves are represented by rotat¬ 
ing vectors in Fig. 1, At any instant, 
these two vectors may be added to get a 
resultant vector representing the net 
field. The projection of the resultant 
vector along the line labeled major 
in Fig. 1 is 

(P+iV; cos ^ 2 ^- 0 ,/-^*^ 

The projection of the resultant vector 
along the line labeled minor axis in Fig. 1 
is 

(P-iV) sin 

These are the same form as the well- 
knovm expression for an ellipse in para¬ 
metric form and, therefore, the tip of 
the resultant vector traces out an ellip¬ 
tical locus. The expression for the an¬ 
gular velocity of the resultant vector is 


MAJOR AXIS 



Fig. 1. Vectors representing the forward and 
backward rotatiiig fields 


Linhous Effect of Skew on Induction Motor Magnetic Fields 


August 196£ 





has been normalized to the following, 
extent: {P-N)/iP+N) is called . Jlf, 
and —(t/—t 6)/2] is called X. This 
means angular position is measured from 
the axis of the ellipse instead of from a 
reference pole. 

Equation 4 then becomes 


/ Btaax \ 

\p+n) 



Fig. 2. Locus of rotating vector representing 
the resultant field 

very interesting. It is developed in 
Appendix II. 

The locus is shown in Fig. 2(A). 
The angle of tilt of the major axis of 
the ellipse away from the reference pole 


Thus the ellipse shown in Fig. 2(A) 
gives the amplitude of the wave of mag¬ 
netic induction as the peak of the wave 
crosses any particular angular position. 
However, this is not in general the maxi¬ 
mum magnetic induction which that loca¬ 
tion experiences. This can be seen from 
Fig. 2(B). 

The plot of a sine function in polar 
co-ordinates is a circie. The construc¬ 
tion of Fig. 2(B) shows that the mag¬ 
netic induction at the , angle ^2 is greater 
at the instant the peak of the sine wave 
crosses the angle than whm the peak 
of the sine wave crosses the angle 4>i. 

It is greater by the ratio OC/OA. Thus, 
to find the locus of maximum magnetic 
induction, the envelope of the circles 
having a diameter from the origin 
out to any point on the dhpse must be 
fotmd. 


Fig. 3. Normalized curves for determining 
the maximum magnetic induction 

Locus OF Maximum Magnetic 

Induction at a Particular Axial 
Location 

The maximum magnetic induction is 
found in Appendix I to be 

Bmax 

- U-2PW.{l-2cos>|tM-[(^)x 

cos |g —tan~*X 

Equation 4 is cumbersome so a set of 
curves has been made to facilitate finding 
the plot of this equation. The equation 



= \/Af*+(l-Af®) cos*[tan-^ (M tan X)] X 
cos [X—tan“^(M® tan X)] ( 5 ) 

Equation 5 is shown plotted in Fig. 3 
for various values of • M. The curve 
shows that at the major and minor axes 
of the ellipse the maximum magnetic 
induction is equal to the peak value of 
the sine wave as the peak crosses those 
axes. At all other locations, the maxi¬ 
mum induction is greater than when 
the peak of the sine wave crosses that loca¬ 
tion. In the figure, K = 0 corresponds 
to the backward and forward fields being 
equal, and Af = 1 corresponds to the 
zero backward field. 

Variation of the Mmp Across the 
Stack of an Induction Motor Dub 
TO Skew 

The several mmf’s in a balanced poly¬ 
phase induction motor with skew are 
shown in Fig. 4. The situation shown is 
the rotor skewed at an angle a with re¬ 
spect to the stator. Fig. 4(A) shows the 
traveling wave of the stator mmf. The 
two shaded waves are at each end of a 
stack of length L. Fig. 4(B) shows the 
opposing rotor mmf which is leading the 
stator mmf at the center of the stack by 
an angle A. Fig. 4(C) shows the result- 


Fig. 4 (left). The mmf waves in a poly¬ 
phase induction motor 

Fig. 5 (below). Transformer equivalent 
circuit 
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Table I. Parameters of the Particular Sinsle-Phate Motor 


Load 

Current 

Speed 

No load . 

—.\n ] 

()* gg i. 

- 1,795. 

Full load. 

— '44 8 

4. ag . 

- 1,745. 

Maxiiaum torque.... 

— 84 4 

... .11.4 

.... 1 ,525. 

Locked rotor. 

—148 1 

-19.9 - 

. ..•. 0.. 


ant mmf. For reasons of symmetry, 
the time- and space-phasing of the rotor 
currents are the same at the center of 
the stack when there is skew as when there 
is zero skew, except for a difference 
caused by the higher leakage reactance. 
For the same reason, the time-phasing 
of the currents obtained from the trans¬ 
former equivalent circuit of an induction 
motqr represents conditions at the center 
of the stack. Thus, the angle A in Fig, 
4 is the same angle as that between stator 


Xm Xj (Rt 


.73.7.4.74.1.78.»..2.66 

.75.4.3.66.1.80.2.61 

.77.3.2.11..1.85.2.57 

.78.9.1.60.2.18.2.18 


and rotor current phases associated with 
the transformer equivalent drcuit of 
Fig. 5. 

The mmf shown in Fig. 4 are propor¬ 
tional to the current phasors in Fig. 6(A). 
The mmf wave at the center of the stack 
in Fig, 4(C) is then proportional to the 
phasor in Fig, 5(A). Similarly, the 
mmf corresponding to the end of the stack 
with the leading and lagging ends of the 
rotor bars are proportional to the phasors 
Iml and respectively. Note that 


the mmf is a minimum at a distance h 
beyond the middle of the stack. This 
corresponds to the location where the 
rotor and stator current waves are in 
space or time phase, depending upon 
whether Fig, 4 or 5 is being studied. 

An easy means of finding the mmf at 
any axial location has thus been illus¬ 
trated for the forward field. Exactly 
the same approach can be used to find 
the mmf at any axial location for the 
backward field after the conditions at 
the center of the stack have been de¬ 
termined from one of the techniques 
presented in the references. 

Determination of Maximum Magnetic 
Induction at Any Location in 
THE Am Gap op Yoke 

To determine the maximum magnetic 
induction of the fundamental field at a 
particular axial and angular location in 
the air gap, the following procedure could 
be followed: 



Fig. 6. Maximum mmf versus angular position for three axial planes at 

no load 



Fig. 8. Maximum mmf versus angular position for three axial planes at 
maximum torque 



Fig. 7. Maximum mmf versus angular position for three axial planes at 

full load 
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Fig. 11. Variation of several significant mmf's with an axial position in 
the stack at full load 


Fig. 13. 


.1 .2 ,3 .4 .5 .6 .7 .8 .9 1.0 

X . proportion of axial LENGTH 

Variation of several significant mmf’s with axial position in 
the stack at standstill 


1. Determine the forward and backward 
stator and rotor cuirents with respect to a 
reference winding at the center of the stack 
from the transformer equivalent circuit. 

2. Rotate the rotor current phasor through 
an angle corresponding the accumulated 
skew at that location, and calculate the 
forward and backward magnetizing curr^ts. 
The forward and backward flux fields will be 
proportional and in time or space phase 
with these magnetizing currents. The 
author has found it convenient to normalize 
these magnetizing currents by letting the 
current which would balance the line voltage 
flowing through Xm eqml to unity. 
Then the normalized magnetizing currents 
are equal to the normalized fundamental 
magnetic induction fidd and no further 
conversion need be made. 

3. From the time phase angles of the mag¬ 
netizing currents, determine the location of 
the major axis of the dlipse by equation 3. 

4. Determine the magnetic induction at 
the particular angular location by using the 
curves of Fig. 3. 


the yoke is desired, the curve of normal¬ 
ized magnetic induction for the air gap 
need only be rotated 90 electrical degrees. 

Fields in a Particular Sin^e-Phase- 
Motor 

A 1/2-horsepower 4-pole 60-cycle-per- 
second single-^phase induction motor was 
chosen for a quantitative study. The 
stator punching had 36 slots and ^e rotor 
was skewed 21.6 electrical degrees as 
dete rmine d by mechanical measurement 
(20 electrical degrees would be one stator 
slot). The rotor slots were closed and 
had a 15-mil bridge. The conditions 
were investigated with only the main 
winding excited at no load, full load, 
iTiflviTniifn torque, and standstill. 

The input currents were determined by 
test measurements. The circuit param¬ 
eters were determined by a combination 
of test measurements and design for¬ 


If the curve of magnetic induction in of test measurements and design lor- respect w 

August 1955 Lirikous—Effect of Skew on Induction Motor Magnetic Fields 


mulas. They are as tabulated in Table I. 
The motor was operated at a 1/3-horse- 
power rating to obtain these data. The 
results of this study are shown in Figs. 

6 through 14. 

Figs. 6 through 9 show how the maxi¬ 
mum (with respect to time duly) air-gap 
rn-mf varies with angular position for 
three axial planes at no load, full load, 
maximum torque, and locked rotor re¬ 
spectively. The three axial planes are 
the two ends and the middle of the stack. 

Figs. 10 through 13 show the variation 
of several significant mmf aaross the 
stack at no load, full load, maximum 
torque, and locked rotor respectivdy. 
The trinvimiim and minimum mmf as 
shown on these curves are the maximum or 
TniniTniim with respect to both time and 
angular position. The angular position 
at which they occur is not specified. Fig. 
14 shows how the maximum mmf (with 
respect to both time and angular position) 



















Fig. 14 (left). 
Maximum mmf oc- 
currins for three 
axial planes versus 
the angular position 
of its occurrence as 
ftre load is varied 
ftom no load to 
standstill 


Rg. 15 (right). 
Locus of resultant 
vector 


varies in magmtude and angular position 
as the load is varied from no load to locked 
rotor for the tv\^o end planes and the 
middle of the stack. 

Conclusions 

1. Skew causes the flux wave to vary 
significantly across the stack, 

2 . There is a considerable degree of satura¬ 
tion on the end of the stack with the leading 
end of rotor bars in the single-phase motor 
studied. 

3. The fundamental frequency iron losses 
are increased because of skew. 

Appendix I, Development of 
the Equation of the Locus of 
Maximum Magnetic Induction 
at a Particular Axial Location 


X. Substituting this value of yp into 
^nation 8 will then give the expression for 

Taking the partial derivative of equation 
8 with respect to yp and equating it to zero 
gives 


Yp = tan “ 1 Q tan X^ (q) 

This is the value of yp which makes £ a 
maximum at the angle X. Substituting 
equation 9 into equation 8 gives 

• T cos 2 j^tan-i Q tan X^ J X 

cosj^X~tan-i tan X^ J (10) 

Substituting into equation 10 that 
a^P+JV 



V — • A 

/ -P sin (ut+Tf) —N sin (to/+T&) \ 

\P cos (a>t+Tt) -f-JV cos (wi-j-Tft)/ 

Differentiating this with respect to time 
gives 


_ P»--JVa 

- \Pi+m+2PNcos (2cot+ 

At the time 


(16) 


(17) 

the vector has its maximum angular velocity 


It has been shown that the net field at a 
particular axial location in an unbalanced 
polyphase motor or a single-phase motor is 
a traveling sine wave whose amplitude and 
angular velocity varies, and that the mag- 
mmde varies in an elliptical manner. Pig. 
2 (B) shows that the maximum induction 
experienced at a point on the stator bore is 
not generally the peak of the sine wave as 
the peak passes that location. The expres- 
sion for tte locus of the maximum induction 
will be developed here. 

Let the major and minor axes of the 
ellipse be denoted by Pigs. 2(A) and (B) 
respectively. See Pig. 15 . The ellipse 
can be expressed in parametric form as 

y*cqpsy f,. 


—b sin y . 

The equation for the magnetic induction 
at the mstant the peak of the sine wave 

passes point P is 

P * cos* Yj»+&® sin* «y^ x 

cos|^X-tah“iQ tan Yi>^J (8) 

“ to find the value of -vp 
which will make B a maximum at the an^e 


X=5 — \f/sag. 


- U-2/>^r|l-2cos=|tan-.[(|^)x 


■—tau~*X 


Appendix 11, Development of 
the Angular Velocity of the 
Vector Representing the 
Resultant Field 

It follows from Fig. 1 that the location of 
the resultant vector at any time ^ is 


(1 

Substituting equation 17 into equation 
shows that 

2 2 (1 

when the angular velocity is maximut 
Note that this is the angle at which tl 
amplitude of the resultant wave is min 
mum. 

Similarly, at the time 

■ ( 2 ( 

the angular velocity has its minimum valu 
of 


■■(M) 
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Substituting equation 21 into equation 

shows that 


when the angular vdocity is minimu 
Note that this is the angle at which t 
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amplitude of the resultant wave is maxi¬ 
mum. 
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Discussion 

P. L. Alger (General Electric Company, 
Schenectady, N. Y.): Designers have long 
realized that spiralling, or skewing, the slots 
of an induction motor increases the react¬ 
ance and affects the performance in many 
ways, besides reducing the magnetic noise 
and locking tendency. Despite its import¬ 
ance, no one until now has made any thor¬ 
ough analysis of this subject. This paper is 
therefore of great interest and importance 
to all motor designers. Mr. Linkous has 
brought out very clearly the large amount 
of flux distortion produced by skew, and has 
provided methods for clearly visualizing 
and calculating its effects, which should be 


immediately useful in machine design. 

It is my opinion that the skew reactance 
flux is in large measure the cause of the shaft 
vibrations and corresponding noise phenom¬ 
ena that occur during the starting period 
of t 3 ^ical single-phase motors. It seems 
probable, therefore, that further analysis 
along the lines of this paper will enable 
many of the features of small motor per¬ 
formance that are now obscure to be ac¬ 
curately calculated. 


C. E. Linkous: I thank Mr. Alger for his 
comments. The curves for the distribu¬ 
tion of mmf at standstill are for the excita¬ 
tion of a single winding, which of course 
is not an actual operating condition. How¬ 


ever, the mmf will be badly distorted 
due to skew under heavy current no matter 
how many windings are excited. It is my 
opinion, too, that these very high mmf’s 
contribute to the shaft vibrations. 

It should be realized that the distortion 
increases as the skew increases. In the 
fractional-horsepower range the skew may 
vary from about 15 electrical degrees for a 
1 / 2 -horsepower 2 -pole to 46 electrical dei- 
grees for a small 4-pole business-machine 
motor. 

The calculations reported in the paper 
assumed the rotor currents were confined to 
the rotor cage. Of course, with a cast rotor 
cage this may or may not be a sufficiently 
accurate assumption, depending upon many 
casting conditions. 
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\5^eiglitecl Mutual Reactances for a 
Triple-Cage Motor Circuit 


E. R. MARTIN 

FELLOW AIEE 


A t a symposium on double-cage 
motors held at Toledo in 1952,^ 
the motor designers had difficulty in cal¬ 
culating the performance of the 70 -horse¬ 
power motor which had been built and 
tested by Westinghouse Electric Corpora¬ 
tion. 

• Following are some' of the many reasons 
why the calculated and test results did 
not check very well, the test conditions 
being then unknown: 

1. Considerable time was taken to obtain 
the locked rotor test, thus the rotor became 
hot. 

2, The rotor currents in the three cag^ 
are considerably out of phase and it is 
diflflcult to calculate the mutual effects. 

3. Different designers do not use the same 
method of calculating coil end and zigzag 
reactances, or of taking account of changes 

in reactance due to saturation. 

The author thought it ^ould be possi¬ 
ble, with the information available, to 
take account of all the variables involved 


and set up a circuit that would give close 
results. This led to a different method of 
handling the mutual reactances, which is 
the main contribution of the paper. Re¬ 
sults obtained are close to test values, 
without making unreasonable assump¬ 
tions for the effects of saturation. 

Analysis of Rotor Bar Temperatures 
Under Locked Test 

The average time to talce locked read¬ 
ings was 6.7 seconds. During this time 
the outer cage bars (hereafter referred to 
as 2) are loaded 84,000 to 65,000 amperes 
per square inch. At the latter value, the 
bars will rise 100 degrees centigrade (C) 
in about 0.6 second with no heat loss. 
Curves are shown giving the effect of dif¬ 
ferent loading for copper and 60-per-cent 
(%) conductivity aluminum with no heat 
loss; see Fig. 1. The curve for copper is 
used for estimating the temperature rise 
in the stator windin g, and those for alumi¬ 


num are used for the rotor. The sur¬ 
rounding rotor iron will start taking heat 
from the bars as soon as there is a tem¬ 
perature difference between them. A 
metliod was suggested of calculating the 
conduction of heat from the aluminum to 
the iron, and calculations were made. 
Since the aluminum shrinks away from 
the rotor teeth when it cools a model was 
made up and tested. It was found that 
heat was transmitted from a brass bar 
to a small stack of 0.75 X0.76 lamina¬ 
tion only five-eighths as fast with about 
0.002 (tlie approximate shrinkage) clear¬ 
ance in the hole as compared to a tight 
fit. The temperature rises in the outer 
bar and surrounding iron with no other 
heat conduction were calculated on this 
basis and are shown in Fig. 2, which also 
shows the slot shape. These computa¬ 
tions are not included since they would 
take considerable space; but the informa¬ 
tion in Fig. 2 ■^l indicate that the enor¬ 
mous amount of heat cannot get into the 
iron fast enough to avoid a considerable 
rise in the aluminum bar temperature. 

The middle cage bar (to be designated 

Paper 55-273, recommended by the AIEE Rotating 
Machinery Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Middle Eastern District Meeting, 
Columbus, Ohio, May 4-6, 1965. Manuscript 
submitted February 3, 1956; made available for 
printing March 21, 1955. 

E. R. Martin is with the University of Michigan, 
Ann Arbor, Mich. 
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as (3) or bridge between the outer and 
inner cage bar (4) will also be heavily 
loaded and will be losing heat to the rotor 
iron. At the same time it will conduct 
heat from bar 2 to bar 4 at the rate of 4.6 
watt-seconds per second per degree dif¬ 
ference in temperature. Accordingly, bar 
2 is assumed to reach a temperature of 176 
instead of 280 as shown in Fig. 2. Other 
temperatures used are shown on the cir¬ 
cuit diagram, Fig. 3. 
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A Watts per bar for temperature rises above 25 desrees C 
B—Temperature rise above 25 C for bar 2 asainst seconds 
C-Temperature rise above 25 C for rotor teeth, against seconds. 
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Ii6actaiic6s and Saturation 

If the current at starting is known, the 
ampere-turns per slot can be calculated. 
At 563 amperes, there will be 281.6 am¬ 
peres per circuit, or 2,816 ampere-conduc- 
tors per slot. This will be 2,816 ampere- 
t^ acting across the 0.150 slot opening, 
giving a maximum flux density of 84,600.’ 
No appreciable ampere-turns can be ab¬ 
sorbed by the iron at this density, so no 
satiuration will be allowed for the stator 
slot reactance. The pitch is 1 to 12 so 
th^e are only four slots in which both 
coil sides carry current of the same phase, 
for each of the three phases. In the other 
slots the current is less. 

. Bar 4 carries about 825 amperes, so it 
can produce a maximum flux density of 
106,000 across the 0.036 slot. The iron 
on each side of the slot can absorb only 
about 16 ampere-turns, so no saturation 
willbeusedforbar4. The only saturated 
pam at starting is the bridge over the tun¬ 
nelled slot 2, which may be 0.002 to 


0.004^ thick at the center, and it will be 
carrying a flux density much beyond the 
range of the magnetization curves. This 
.flux will be thrown in with the zigzag 
reactance, which is calculated as 0.114 
ohm unsaturated. This value is split 
69% for the rotor and 41% for the stator. 
The reductions for saturation are to 63% 
for cold start, 70% for hot start, and 85% 
for pull-out. These values, the only ones 
in these calculations are arbitrary values. 
A skew reactance of 0.0175 ohm is con^ 
sidered constant in each circuit. 

Mutual Reactances and Method 
of Weighting 

Wheii locked, the rotor bar currents 
will be of different value and phase. It 
would be convenient to use a value of self- 
reactance plus two mutual reactances in 
each bar circuit. In circuit 2, /gXi is the 
self-reactance drop, hXims is the mutual- 
reactance drop in bar 2 caused by h, and 
is the same for the effect of/4. The 
slot reactances are calculated nearly the 
same by eveiyone, and the following per¬ 
meances should be easily verified. Kz — 
0.66, Jrj=4.6, and ir 4 * 11.216. These 
multiplied by 0.044 for this motor give 

reactances, Ar2=0.029, X8 = 0.198, and 

^4-0.493i The motor constants are 
A:=:(100)2X3X60X10-=<'=0.018. K,= 

(20.05 X8)/60 = 2.67 for the stator. 
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(20.06 X8) (0.958 X0.914)2/60=2.45 fa 
the rotor. Krt=KKr-- 0 .Q 4 A, 

The mutual effect of bars 3 and 4 oii 
bar 2 will use the permeance of a round 
slot with the current at a point on the 
circle or outside it, and this is 1.56. Since 
all the flux across the slot will not cut all 
of bar 2, it can be seen that half can be 
assumed to cut all the bar. So, 0.044X 
1.66/2 gives 0.0341 ohm as the mutual 
reactance between bars 3 or 4 and 2, and 
also between bar 2 and 3 or 4, when the 
currents are equal and in phase. Bar 4 
sets up flux across slot 2, all of which cuts 
bar 3, and also a flux across slot 3, only 
half of which may be assumed to cut bar 3. 
So the mutual reactance between bars 3 
and 4 is 0.044(1.56+0.5X0.31/0.035) = 
0.263 ohm. 

To avoid handling reactance drops not 
in phase, the following procedure is used. 
Say U and 1 % differ by B degrees. Mutual 
reactance to. be put in circuit 2 for voltage 
induced by Jj, is 0.0341 X/s cos B/h, and 
that to be put in circuit 3 for the effect 
produced by It is 0.0341 XU cos B/h. 

The circuit is set up and calculated with 
the best assumed values of total reactance 
for each circuit, then the currents and 
phase angles are found, the reactances 
corrected, and the circuit recalculated. 
If the first values are too far'off, a third 
calculation may be necessary to get mu¬ 
tual reactances which will not change. 
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This, of course, is not strictly correct, but 
it greatly simplifies the calculations. 

Circuit for Starling Hot 

In Fig. 3, the circuit is shown with the 
various final values of resistance and 
reactance, together with the currents 
and voltages in the equivalent circuit. 
Rotor bar currents can be found by multi- 


changed slightly for bars 2 and 3 and in¬ 
creased from 0.1656 to 0.248 for bar 4. 
See totals of bar reactances in Fig. 3. 
The zigzag reactance was reduced to 63% 
for increased saturation. The calcula¬ 
tions then gave 639 amperes at start and 
607 pound-feet of torque which closely 
checks the test values of 650 and 605. 

Break-Down or Pull-Out Torque 


plying by 5.25, the turns ratio. The ac¬ 
tual voltage induced in a bar is R)/87.5, 
the divisor being the effective conductors 
in series per phase. The equivalent im¬ 
pedance of the three bar circuits in 
parallel is Z' = 0.i554-hj0.094 = 0.182. 
The values in the common circuit are 
added to this, giving Z, *0.1759+^0.2106 
— 0.275. The starting torque, hot, is 
3(549)2(0.1759) = 159,000 synchronous 
watts which gives 2.79 per unit torque or 
• 624 pound-feet. Ii is 563 amperes and Ir 
is 549 amperes. Test values were 563 
amperes and 622 pound-feet. 

It is probable ^at the rotor averages 
60 C higher than the stator, in which 
case the air gap would close down 0.0025 
on each side, but this was not used. 

•The circuit was tried starting cold to 
check the test values extrapolated back 
to zero time. Resistances were reduced 
to 25 C values, which gives 1.25 times the 
calculated value for i?*, to take account 
of tmequal current distribution. When 
the current shifts towards the air gap, the 
slot reactance will also be reduced. How¬ 
ever, for bar 4 this correction applies to 
only a small part of its total so it is neg¬ 
lected both here and in the hot-start 
calculations. The mutual reactances 


Under this condition, the current in bar 
4 is higher than at rotor-locked, being 233 
amperes (as compared to 154 amperes) 
in the equivalent circuit, or 5.25X233 
or 1,225 amperes in the bar. This would 
give a maximum flux density of 158,000 
across the 0.035 gap if all the ampere- 
turns were used on the gap. However, 
at this density, the adjacent iron will 
absorb an appreciable amount and the 
TTiflyimuTn density will be reduced to 
about 135,000. This will reduce the total 
flux about 6 . 3 % by flattening the peak 
of the sine wave. This affects the major 
item of slot -4 reactance, the middle term 
in ii:4=0.805+8.86+1.55, so this is 
changed to 1^4 = 0.805+8.3+1.55. This 
times 0.044 gives 0.47 instead of the un¬ 
saturated value of 0.493 for slot-4 react¬ 
ance, a rather small reduction. 

Using the reduced Xi and 85% of the 
Xst and the d-c value of JR* with all re¬ 
sistances at 65 C except Ri, which was 
taken at 35 degrees, the puU-out calcula¬ 
tions gave Ji = 346 and the torque 630 
pound-feet against test values of 362 
amperes and ^28 pound-feet for 0.15 slip. 
Seventy-five per cent of zigzag reactance 
was also tried and this gave 352 amperes 
and 540 pound-feet of torque, but it was 
assumed that the change from starting 



FIs- 3. Triple-cage circuit of 75-hor$epower motor starting hot. This shows all values of re¬ 
sistance and the components of reactance, the assumed temperature of the resistance, and the 
currents and voltages for the different parts of the circuit 


Full-Load Torque 

The full-load calculations gave 94.2 
amperes and 105% torque at 0.01667 
slip. Since there is no load loss in this 
circuit, the efficiency is high. The total 
reactance is low and the power factor 
is high, which indicates that one or more 
of the reactances are not correctly cal¬ 
culated for this motor. 

Alger and Wray* used for this motor 
0.171-0.083 or 0.088 for the stator end- 
turn reactance instead of 0.057. If this 
value were used the current would be re¬ 
duced to 93.5 amperes. The stray load 
loss by test was 927 watts, which would 
add 0.036 ohm to the stator circuit. If 
this were also added the current would 
drop to 92.7 amperes and the torque to 
102 %, which is dose to test values. 
However, the full-load calculations do 
not give as much trouble as the others, 
so not much attention is given it here. 

It may be that a higher stator coil-end 
reactance should have been used, the zig¬ 
zag and skew reactances combined, and 
both reduced drastically for starting. 

Summary 

Another method has been presented 
for cfliciilflting the starting and pull-out 
performance of double- and triple-cage 
motors, in which the mutual effect of the 
rotor bars on one another is based on the 
physical conception of the conditions. 
Effects of saturation were investigated 
and found to require practically no cor¬ 
rection except in the case of the zigzag 
reactance. Since the rotor slot react¬ 
ances can be figured accuratdy, the 
method used, though it entails some extra 
labor in making computations, leads to a 
greater assurance concerning the ac¬ 
curacy of the slot reactance values than 
can be said of the resistances. 

Another check on the circuit that can 
be made is to draw a phasor diagram. 
Subtracting IiZi from Ei leaves Eo the 
induced voltage per phase. The flux den¬ 
sity in the air gap can then be calculated 
for the locked condition and the equation 
F=8.85 BIL cos fiXlO"* used to get 
the average pounds force per rotor slot, 
where B is the effective flux density in 
the air gap, I is the phasor sum of the 
actual rotor bar currents, or 549,. L is 
the length of bar in inches, and 6 is the 
angle between the rotor current and 
the induced voltage. This force multi¬ 
plied by 60, the number of bars, and by 
11.08/24, the rotor radius in feet, gives 
619 pound-feet as compared to 622 test. 
This shows that the stator reactance is 
about right, since £o gives an air-gap 
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flux density that -will check the starting 
torque. 

The circuit was tried on a 7.5-horse¬ 
power double-cage motor for which satis¬ 
factory data were at hand and the 
greatest discrepancy was 36.25 pound- 


feet starting torque against 35 test. It 
is not often that a motor is tested so care¬ 
fully and completely as was this 75-horse¬ 
power motor; therefore the opportunity 
to try a circuit on it was too inviting to 
resist. 
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Triple Squirrel Cages por 


Computation of Skin Effect in Bars of 
Squirrel-Cage Rotors 


M. M. LIWSCHITZ-GARIK 

FELLOW AIEE 


■N A previous paper^ equations were 
I derived analytically for the ratio of 
a-c to d-c resistance and for a-c to d-c 
inductance in the more commonly used 
bars of large squirrel-cage rotors. Dif¬ 
ferent methods can be used for the de¬ 
termination of these ratios. In certain 
cases, Poynting’s vector can be applied; 
in other cases, the method shown in the 
aforementioned paper can be used 
mere only the ratio of a-c to d-c re¬ 
sistance is of .interest, the equation 




leads to the desirable results. 

^ No matter which method of calculation 

IS applied, the actual width of the bar 
does not appear in the ratios and 
Ao//d«, i.e., the actual width of the bar 
does not influence the skin effect. How¬ 
ever, the skin effect depends largely upon 
the ratio of the widths of the various 
parts of ^e bar. For example, the ratio 
of the width at the top to the width at 
the bottom affects considerably the mag¬ 
nitude of the skin effect in the tapered 
bar. 

Since the actual width of tlie bar does 
not influence the magnitude of the .skiti 
^ect, the question arises whether or not 
the depth of penetration” is influenced by 
the shape of the bar. It is easy to define 
a depth of penetration for the straight 
bar; see Fig. 1 (A). If this depth of 
penetration remains the same for other 
. bar shapes, the pro blem of computa- 

AIRIS Coininittee and approved by the 

script subpiitted 

fpr printing March 13, 1966.’ ' available 


e tion of ra.Jrd,^ and 4e//do becomes a very 

3f simple one, for it resolves itself to the 

•c calailation of only d-c resistances and 
d d-c coefficients of self-inductance (as 
f- shown in the following). The further 
k advantage of this fact would be that it 
a would m^e possible the determination 
•. of the skin effect in bars of any shape, 
e i.e., in bars for which no straightforward 
mathematical solution is possible. 

E. ziu* Nieden* used tlie assumption of 
the same depth of penetration as in the 
straight bar in order to calculate the 
skin effect in a tapered bar and in a 
± bar. ^ The results obtained were com¬ 
pared with those determined by a graph¬ 
ical method. The comparison shows a 
close agreement, especially for the tapered 
bar. In the following, a comparison will 
be made for two bar types between the 
r^ults obtained from the accurate equa-. 
tions derived in the previous paper and 
those determined on the basis of the same 
depth of penetration as in the straight bar. 

It will be seen that the assumption of 
constant depth of penetration yields 
accurate results for bars with gradual 
changes in the width and satisfactory 
approximate results for bars with sud¬ 
den changes in the width. A general 
analytical proof for the admissibility and 
accuracy of the assumption of independ¬ 
ent depth of penetration is much too 
involved to be useful. 

Nomenclature 

width of bar 

width of slot 
<7=* cross section of bar 

/i “line frequency 

G “ loral alternating current density 
Go “direct current density 
A“total height of bar 

A;pr“ depth of penetration with respect to I 

a-c resistance 


depth of penetration with respect to 
a-c inductance 
/ao =* a-c inductance of bar 
/do=d-c inductance of bar 
rno“a-c resistance of bar 
rdc * d-c resistance of bar 
S“slip of the rotor'with respect to the 
fundamental rotating flltix 
Xao“a-c permeance 
Xdo “ d-c permeance 
P“bar resistivity, microhms per inch® 

Definition of Depth of Penetration 
for Straight Bar ^ 

It has been shown m the previous 
paper® that for the straight bar shown in 
Fig. 1 (A)' 


cosh 2f-cos 2f 

^00 , . 

=— sinh 2g—sin 2g 
cosh 2f—cos2f 


Vif 


t“0.316A 


hpr can be defined as 

Tdc hpT 


and hpx can be defined as 




I 

^ ^prt 

7T h 




Explanation of the 
tion 


LiwschUzrGariJtr--Skin Effect in Bars of Sguirret-Cage Rotors 


depth of penelra- 


August 1955 




Table I. Comparison of Computations for Tapered and Composite Bars 




hpxj^^a Jh>x 
k/Zbs h 


(9) 


i.e. 

hpx^h^i) (10) 

The values of <p(^) and as functions 
of ^ are given in Fig. 2. 


The Ratios laa/tdo and Uo/ldo for 
Any Bar Shape 


The assumption that the depth of pen¬ 
etration is independent of the shape of 
the bar means that equations 8 and 10 
apply to any bar shape with h being the 
total height of the bar. Thus, the 
three bar shapes shown in Fig. 1 having 
the same total height will have the same 
values of the depths of penetration hpr and 
hpx for given values of fi, s, p, and h/ba- 
It follows from this that the ratio rdo/fao 
for any one of the three bar shapes is 
equal to the cross-hatched area de¬ 
termined by hpr, divided by the total 
area of the bar, and that the ratio ha/he is 
equal to the d-c inductance of a bar with 
the cross-hatched area determined by 
hpx, divided by the inductance of a bar 


ffto/rdo loc/ldo 


Cycles 

Equations Derived 
Analytically 

Equations Derived on 
Independency of 

Deptli of Penetration 

Equations Derived 
Analytically 

Equations Derived on 
Independency of 
Deptli of Penetration 

60. 

.5.0 . 

Tapered Bar 

.4.99. 

.0.408. 

.0.414 

45. 

.4.26. 

.4.21. 

.0.480. 

.0.478 

30. 

.3.33. 

.3.38. 

.0.598. 

.0.689 

15. 

.......2.05. 

.2.07... 

.0.796. 

.0.801 

5. 

.1.17. 

.1.16. 

.0.969. 

.0.964 

flO . .. 

.8.88 . 

Composite Bar 
.8.63. 

.0.378. 

.........0.387 

45. 

.7.56. 

.7.40. 

.0.451. 

.0.488 

30. 

.6.70. 

.6.81. 

.0.583. 

.0.635 

15. 

..3.01. 

.2.73.;. 

.0.815. 

.0.860 

5. 

.1.30. 

.1.2. 

.0.976. 

.0.976 


the ratio of two d-c inductances. The 
computation becomes simple, since no 
Bessel or hyperbolic functions are in¬ 
volved. 

The calculation with the depths of 
penetration hpr and hpx leads to simple 
equations for the tapered bar, for the bar 
composed of a straight bar and tapered 
bar, and also for the -L bar. These 
equations are given in the Appendix. 

To prove the admissibility and ac¬ 
curacy of the assumption of independent 
depth of penetration, a comparison is 
maAp- for ^e tapered bar and the com¬ 
posite bar in Table I. The values of 
raoAde and IJIa„ are calculated using the 
equations derived analytically in the 
foregoing paper and the equations of the 
Appendix based on independency of 
depth of penetration. 

The dimensions of both bars are given 
in Fig. 3. Copper (at 75 degrees centi¬ 
grade) is assumed as the bar material. 
The ratio h/hs is assumed to be 1. The 
calculations were made by slide rule. 
For the Bessel functions, the curves used 
were given in the foregoing paper. The 
depth of penetration method yields for 
the tapered bar the same results as the 
analytically derived equatioiK, and this 
holds for any bar the width of which 
changes gradually. However, the results 
of both computation methods do not 


agree entirely with each other in the case 
of the composite bar. This is because 
the depth of penetration method does 
not taJce into account the sudden change 
of the field intensity at the spot where 
the width of the slot changes suddenly. 

The depth of penetration method yields 
somewhat higher ratios of Tm/tao and 
ho/ha than the analytical method when 
hpr and hpx contain a sudden change 
in the slot width. For these cases, a 
RTnall correction factor can be used in 
order to take into account the sudden 
change of the slot width. This factor 
by which hpr and hpx must be multiplied 
is giyen in Fig. 4. 

Examples of Calculation 

Prof. W. V. Lyon® has discussed tlie 
application of functions of complex hy¬ 
perbolic angles to the calculation of 
skin-effect problems. He demonstrated 
the method of a X bar, the dimensions 
of which are shown in Fig. 5. The results 
of his calculations with complex hyper¬ 
bolic functions are 

rM/rdo=*2.01, a:m>/rdo=3.19 

These results will be compared with those 
obtained by the depth-of-penetration 
method. 

From equation 6 for 60 cycles, copper 
at 100 degrees centigrade, and hh — 


with total bar area. 

With the deptibi of penetration inde¬ 
pendent of the shape of the bar, the com¬ 
putation of r»cAdo for any bar shape 
reduces to the determination of the ratio 
of two areas and the computation of 
lao/ha reduces to the determination of 



RATIO OF THE BAR WIDTHS AT 
THE POINT OP SUDDEN CHANCE 



0.62 



0.8 


Fig. 3 (left). Dimemions 
of the two ban for which a 
comparison of calculation 
methods has been made 


Fig. 4 (above). Correction 
factor for depths of penetration 
hpr and hpx 


V 60 

From Fig. 2 and equation 8 
^^»1.34, V=0-564/1.34=0.42>ftd 


Fig. 5 (right). Dimensions 
of the X bar calculated 
using complex hyperbolic 
functions and the depth-of- 
penetration method 


0.0625 =bd 
n 0.282 =hj 

|0.282=h, 

O.I08=b, 


lAwschitz-Garik—Skin Effect in Bars of Squirrel-Cage Rotors 


August 1965 


769 




























































\lA 


Fig. 6. For derivation of rac/rdo 



For bi/ba — 3, the correction factor 
for bpr and hp^ is 0.925, Fig. 4, i.e. 

Apr=0.926X0.42«0.388 
From equation 17 
V'=0.388 -0.282 =0.106 
rae 0.188X0.282+0.0625 X0.282 
>'do “0188 X0.106 +0.0625 X0.282 " 

From Fig. 2 for { = 1.45, = 

0.906. From equation 10 

=0.906 X0.664 =0.511>Atf=0.282 

With the correction factor 0.925, 
hpx — 0.925 X 0.511 = 0.472 and from 
equation 25 

**=0.472-0.282 =0.190 

**=*1=0.188,/3=1, «=l 

From equations 19 and 18 

c*=0,188 XO.190+0.0626 X0.282 =0.0533, 

Chx =0.0357 

_L 0.190 . 


Composite Bar 

(a) hpf^k^ 

r„ j, 

iah,, 

(b) hpf'>ha 

hp/ = hpr-ha, */=*! 

fioh 


C-^)‘ 

ru \ 2 / 
^de / *1 

Tapered Bar 


1*2*1+*d*d 

l*pr*+*d*d 




^ A*+('l—/So)*»f 

/So* 

rdo /*l+6r\, 

\ 2 

(14) 

(15) 

X Bar 



0 282 

0-0357a ^^^4-0.0357 0.2822+ 


0.0626 


Therefore 

af«, =4*- X10 -«X3.32 X2ir X60 X2.54 

=0.399X10“^ ohms per inch 

Since 

__0.91X10-* 

0.282(0.0626+0.188) 

=0.1287X10"^ ohms per inch 
3eae_ 0.399X10"* 
rde 0.1287X10-<“^‘^ 

The diffeience between the two methods 
of calculation is only 6 per cent and 
3 per cent respectively. 

Appendix. The Ratios r^/r* and 
lae/lde for Composite Bar^ 
Tapered Bar, and x Bar on the 
Basis ohhe Depth of 
Penetration 

_ With tte v^ue of *,, from equation 8 and 

tte Sobols given by Fig, 6, the ratio rac/rdo 
IS as follows. . ac/rdo 


(a) *pr^*d 

rae *l*i+*d*tf 

rdc bahpr (16) 

(b) **r^*d 
^r' ’^hpr—ha 
r«e * 1*1 +&d*d 

rdo *l*j>r^+*d*d (1^) 

With the value of hpx from equation 10 
and the symbols given in Fig. 7, the d-c and 
a-c permemces become as follows: Fig. 7 
and equation 7 of the foregoing paper yield 
the following general equation for the per¬ 
meance 


e as a function of 0 is given in Fig. 8 
The values of ** and ** for the different ba^ 
shapes are as follows, 

Composite Bar 

For Xdo 

**= hi, **=*2, /3=^ =/9o (20) 

For Xac, when hpx^h^ 

**=0, ha^hpx (21 A) 

For X«o, when hpx>hd 

**=***-*d.**=&i^?^±^lZ^ gj± 
^0*1 * hr 


Tapered Bar 

For Xdo 

*d=0, *a;=*i, hx=bi, j8=^=j8o (22) 

*2 

For Xao 

*d=0. h^^hix. **=*/^2^±^1 z£!^\ 

V ft*i / 

*1 

/3=r (23) 
Ox 

X Bar 
For Xdo 

**=*1, 6*=6i=*2 (24) 

For Xao, when hpx^ha 
**=0, *d=*pa, (25A) 

For Xao, when hpx>ha 

*a:=*2?*-*rf,**=*i,j8 = l (25B) 

The ratio /ao/^do is the same as the ratio 

*ao/*do. 
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Discussion 

P. L. Alger (General Electric Company, 
Schenectady, N. Y.): I concur fully in the 
accuracy and generality of the methods for 
calculating the effective impedance of odd¬ 
shaped squirrel-cage bars that are presented 
in ^is paper. However, I do not feel that 
the methods shown are the most suitable for 
design use. For the methods outlined en¬ 
able the over-all resistance and reactance 
to be determined, but they do not show the 
division of the losses between the various 
parts of the squirrel cage, nor do they offer 
any means of allowing for the magnietic 
saturation which may occur across a narrow 
part of the conductor. 

In practice, especially with cast aluminum 
squirrel cages, composite bars with a small 
section above and a large section below, con¬ 
nected by a narrow leakage slot or neck, are 
frequently used. To calculate the imped¬ 
ance of such a squirrel cage, at a particular 
frequency and impressed voltage, it is 
necessary to determine the fraction of the 
total current flowing in the neck, and also in 
the lower bar, and thence to determine the 
degree of saturation and the corresponding 
effective width of the neck; and this in turn 
will affect the over-all impedance of the 
squirrel cage. Also, in order to determine 
the temperature versus time relations, and 


thence the permissible stalled time of a 
motor, it is necessary to know the distribu¬ 
tion of losses between the various parts of a 
composite bar, and the effects of changing 
temperatures on this distribution. 

With these purposes in mind, it seems to 
me preferable to calculate the performance 
of composite squirrel-cage bars by means of 
an extended equivalent circuit.^** There are 
two ways of using such an extended equiv¬ 
alent circuit. 

One way is to divide the bar into suffi¬ 
ciently small sections, so that the current 
distribution can be assumed to be uniform 
within each section. In this case, simple 
transmission-line theory applies. The sec¬ 
ond method, which I prefer, is to divide the 
bar into only two, three, or at the very most 
four sections, such as the top bar, the neck, 
and the bottom bar of a cast aluminum 
double squirrel cage. In this case, the cur¬ 
rent distribution cannot be assumed uni¬ 
form, and skin effect ratios must be applied 
to both the resistance and inductance of 
each bar section. However, for all practical 
cases, the three bar sections taken separately 
are suflSciently small so that the skin effect 
ratios can be expressed as an infinite series, 
of which only the first one or two terms 
need be considered. Hence, it is readily 
possible to develop simple algebraic equa¬ 
tions for the factors J and K to be applied 
to the self- and mutual reactances and re¬ 


sistances of the separate bar sections, and. 
thus to adjust the values of impedance in a 
simple equivalent circuit, taking full ac¬ 
count of whatever frequency, temperature, 
and saturation may be present. By this 
method no curves, tables, or complex mathe¬ 
matical equations are needed, while at the 
same time the entire performance of the 
squirrel cage is easily visualized and readily 
adjusted to suit any desired change in design 
or other conditions. 
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M. Liwschitz-Garik: I am grateful to Mr. 
Alger for commenting on my paper. His 
comments, I believe, are based on a mis¬ 
understanding. The method of “fictitious 
depth of penetration,” as dealt with in my 
paper, applies to single-cage rotors, while 
Mr. Alger has in mind multicage rotors., I 
agree with Mr. Alger that for these latter 
rotors other methods for calculation of skin 
effect should be used and I do not apply the 
depth of penetration method in designing 
multicage rotors. 


Basic Sequence Networks 

H. S. KIRSCHBAUM 

MEMBER AIEE 


T he most general type of series fault 
occurring in a 3-phase transmission 
system is one in which three unequal 
impedances are introduced in the three 
line conductors between two points in 
the system. In this case, while it is 
possible to write the equations relating 
the sequence components of voltage and 
current at the fault, there is no simple 
way to interconnect the sequence net¬ 
works because the mutual impedance 
terms in the equations are nonreciprocal 
and, as a consequence, any intercoimec- 
tions of the sequence networks would 
require the use of ideal amplifiers. If, 
however, the series fault is symmetrical 
with respect to the phase whose sequence 
components are being used as a rrference 
(generally phase o), the mutual impedance 
terms become reciprocal and the sequence 
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networks can be interconnected m a 
simple manner. Heretofore, only one 
such intercoimection has been presented, 
e.g., Fig. 21(t) of reference 1. This 
figure is reproduced here as Fig. 1. This 
interconnection can be used on a network 
analyzer only for those cases in which 
the real part of Za exceeds or equals the 
real part of Zb- It is not valid when the 
real part of Zh exceeds the real part of 
Za, since this would require a negative 
resistance in the interconnection. For 
the sake of simplicity, “the real part 
of” will be dropped from the foregoing 
statement in the remainder of the paper. 
It is in such cases (e.g., lines b and c 
open) that each problem has been treated 
as a special case. 

A network interconnection will be 
presented in this paper which can be 
used when the aforementioned intercon¬ 
nection is not physically realizable, it 
will further be shown that a great many 
of the generally used interconnections 
for shunt and series faults are but special 
cases of either one or the other of the two 
general interconnections presented. 


The Shunt Representation 

For the sake of completeness, the net¬ 
work interconnection of Fig. 1 will be 
derived. It has been called the shimt 
representation because for some of the 
simpler types of faults, the sequence 
networks are coimected in parallel with 
each other. 

Fig. 2 shows a portion of a 3-phase 



Fig. 1. Series unbalance and equivalent net¬ 
work interconnection from reference 1 
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FiS" 2» Series unbalance showing positive 
sense of current and voltage 

system with three unequal It ti p imped¬ 
ances and an impedance in the neutral 
line. The portion of the S 3 ^tem to the 
left of point x is balanced as is also the 
portion of the system to the right of point 
y. These two portions may also be inter¬ 
connected through a perfectly balanced 
interconnection. At the fault location, 
Kirchoff’s voltage equations may be 
written in matrix form 

(.^ax Van) InZn \Za. 0 0 Ja 

(.Vhx Vny) -f- “jo Zj) 0 Jj 

(Vex Vev) InZn 10 0 Zg /g 

Also, the line currents can be written 
in terms of the symmetrical components 
of phase-cj current as 

ffl I an 1 

h =||r|| Ja, (2) 

Ic /oxl 

where 


By multiplying through equation 2 
with the inverse of ||r||, the symmet¬ 
rical components of phase-a current in 
terms of the line currents are obtained 


sequence networks because of the non¬ 
reciprocity of the mutual impedance 
terms. If, however, Zg is set equal to 
Zi, Zao becomes yi{Za+2Zn) and Zai and 
Za 2 each become Vs(2a—Zfc). 

Equation 6 can then be written, after 
some manipulation as 

( VaxO"™ Vayo^SZtiTaoi) 

“ 2 f~ X-fflO “h-fai 

(Vaxi~ Vaiy) 

~^b)(.Iaa+Ial-\‘Tai) ■\‘IaiZy ( 10 ) 

( Vaxi~ Vayt) 

’^^(^a—Zi,)(Ia(i -|-/ai +108) +fa 8^6 

These equations are satisfied by the 
interconnection shown in Fig, 3, which 
can be used to calculate all the sequence 
quantities on either side of the fault. 


Tao--(Fa-|-Fj-t-Fc)?^~- (25) 

° ^ao 

^ 0 . 1 ^ (Ya+aYy+a^Yg)^^- ( 25 ^ 

Zoi 

Ytii==-{Ya+a^Yy+aYe)9^~ (27) 

^ Za 2 

As before, if Ya9^Yi,9^Y„ thei*e are 
nonreciprocal mutual admittances in equa¬ 
tion 14 and there is no simple intercon¬ 
nection of the sequence networks which 
can satisfy these equations. However, 
^ Fg = Fj 5 *^ Ya, the mutual admittances 
Yai and Fa 2 are equal to each other. 
For this case 


Foo»- (Fo+ 2 F 6 ) 


The Series Representation 

This representation has been called the 
series representation because under cer¬ 
tain special conditions of fault the se¬ 
quence networks are connected in series. 

It is complementary to the shunt rep¬ 
resentation in that it can be used where 
the former is physically unrealizable and 
vice versa. 

The network equations for Fig. 2 can 
be written in the alternative form 

Ta F« 0 0 {Vax-Vay) YJ 

Fi “ 0 Yy 0 X (Vyx-Vny) +InZn Yn\ 

0 0 Fg iVex-Vey) Ya\ 


F«i=Fa2 = -(F„-Fj) (29) 

Equation 14 can then be written after 
some manipulation 

[( Vaxa— Fairtj— 3 Z»Jao)+(Faii;x— Fapj) + 
(Vaxz— Foj^)]- (Fo— Fj)-)- 

( Vaxo Vayt— SZnIat) Yt 
lol — f( Vaxt~ Foj,o“3Z«Jflo)+( Fa*!-- Vay\) + 

CFoa: 2 — Foj 2 )]g( Fb— Fe,) + 

( Foari — Vayi) Fj (20) 
Ja 2 = [( Foxo— Vayt—ZZnlat) +( Foaii — Foyi) + 

( Faarx— Fay2)]-( Fo— Fj)-|- 


( FBii;2— Vayi) Yy 




If equation 2 is substituted into equa¬ 
tion 1 and the resulting equation multi¬ 
plied through by 11 r| I 

(Fo*o ~ Foyo)jj InZn Zao Za2 Zai lae 

(Fatl-Fow) + 0 = Zai Zao Zai X /oi 

l( 0*8 Foy 2 )l| 0 Zai Zai Zat Itn I 

where 

■ 2 ao=J^(Zo+Z 6 +Zg) ( 7 ) 

• 2 ^ai“^(Za+aZ 6 +<r*Zg) ( 3 ) 

■^« 8 **J^(Zo+c*Z 6 +aZc) ( 9 ) 

As stated previously, these equations 

admit no simple interconnection of the 


Fo“^, etc. 

As before 

(Foa-Foy) 
{Vox-Vyy) =11 
( Fgj:— Vcy) 


(Vaxo — Foyo) 

(Faa;i— Vayi) I 
.(Fa® 8 — Fajrt) 


If equation 13 is substituted into equa¬ 
tion 11 and the resulting equation midti- 
pKed through by ||r||“i 


These equations are satisfied by the 
intercoimection shown in Fig. 4 which 
can be used to calculate all the sequence 
quantities on either side of the fault. 
It will be noticed that, when the inter¬ 
connection of Fig. 3 yields a negative 
impedance in the element yz(Za-Zb), 
the interconnection of Fig. 4 yields a 
positive impedance in the element 
VsC Fb — F6) , and vice versa. 

At this point some comments with re¬ 
gard to Figs. 3 and 4 are in order. The 
, method used in deriving these network 
interconnections resulted in a separate 
identification of the neutral terminals 


Fb, 

F,2 

F«, 

( Vaxo— Vayo) 

Yao 

Ffli 

F«, 

F«2 

X (Fo®!^ Vayi) -^Ir^n 

Fa, 

Fb8 

Fbi 

Fbo 

l( Fb®2— Vayi) 

F«2 
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Fig. 3 (left). Equivalent shunt 
interconnection for series 
unbalance 



Fig. 4 (right). Equivalent 
series interconnection for series 
unbalance 



Nx and JV„ in both the positive- and the 
and negative-sequence networks. Man¬ 
ifestly, however, it is impossible for these 
terminals to have any potential differ¬ 
ence between them other than zero. For 
this reason, in all of the network inter¬ 
connections to follow, these are connected 
together in the positive- and negative- 
sequence networks and may be considered 
to be one and the same terminal. With 
regard to the zero-sequence network 
in Figs. 3 and 4, the question might be 
raised whether it is necessary to show 
that Jflo flows from JV^o to Nxa in order to 
show that 3Zn is validly placed between 
these points. If the x and y planes of 



Fig. 5. Interconnection for a line-to-line-to- 
neutral fault 
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Fig. 2 are connected together by Za, Zj, 
Zc, and Zn as shown and by no other im¬ 
pedances, then it is obvious that the zero- 
sequence currents iao> Ao. and leo must 
each flow from to Nxa and that Z« 
could be connected between terminals 
JV*o and iV^. However, if there is a 
balanced connection between x and y 
some place within the network, not all of 
the zero-sequence current will flow from 
iVjo to Nafi. Hence it is necessary to 
place 3Z« in series with either Ayti or 
iljjo. In this case, Nxq and iVyo are then 
connected together. This connection 
does not imply however that Ngo and 
iVyo are actually at the s^e potential. 



Fig. 6. Interconnection for a single-line-to- 
neutral fault through impedance 
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To show how these two networks can 
be used to represent a great variety of 
both series and shunt faults, some ex¬ 
amples will be given in the following 
sections. 

Line-to-Line-to-Neutral Short 
Circuit 

In Fig. 2, let the terminals Ay, By, Cy, 
and Ny be isolated terminals, i.e., not con¬ 
nected to any part of the system. If these 
four terminals are connected together and 
Zb, Zc, and Z» are set equal to zero and 
Ztt is allowed to be infinite, the result will 
be a line-to-line-to-neutral short circuit 



Fig. 7. Interconnection for two lines open 
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between C*, and N^. At point y, 
all the line-to-neutral voltages are zero 
and the S3annietrical components of these 
voltages are also zero. 

Thus, in Fig, 3, the terminal pairs at 
the right side of each sequence network 
are short-circuited. Setting Zb and Z* 
equal to zero and Za to infinity, the final 
result is shown in Fig. 5. This is the 
familiar result for this t 3 ^e of fault. 
This example is typical of the way in 
which Fig. 3 can be used to represent the 
various series and shunt faults for which 
Za exceeds Zj. 

Single-Line-to-Neutral Fault 
Through Impedance 

In Fig. 2, let the terminals Ay, By, Cy, 
and Ny be isolated terminals. If these four 
terminals are connected together, this will 


correspond to a short circuit at each of 
the right-hand terminal pairs of Fig. 4. 
If now Zb and Ze are allowed to approach 
infinity and Z^ is allowed to approach 
zero, Fig. 6 will be the result. The ad¬ 
mittance 1/3 Ya is equivalent to the im¬ 
pedance 3Za which is expected to be 
found in series with the 3-sequence net¬ 
works. This example is typical of the 
way in which Fig. 4 can be used to repre¬ 
sent the various series ,and shunt faults 
for which Ya exceeds F>. 

Two Lines Open 

As a final example let Zb and Ze go to in¬ 
finity and let Za and Z^ go to zero. 
This is a case where F® exceeds Fi and 
Fig. 4 must be used to represent this con¬ 
dition. When the necessary substitu¬ 
tions are made in Fig. 4, the result is 


Fig. 7, which is the well-known result for 
two open lines. 

Conclusion 

The three aforementioned examples 
illustrate the versatility of the two basic 
network interconnections in representing 
various fault situations. In fact, the 
24 different fault conditions shown in 
Fig. 21 of reference 1 are special cases of 
either Fig. 3 or 4. While the use¬ 
fulness of these individual special cases 
will continue undiminished, it is important 
to realize that they are but special 
cases of a moi;e general fault situation. 

Reference 
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Interpretation and Significance of Tests 
Indicating the Concentration of Polar 
Compounds in Transformer Oil 

R. W. JOHNSON 


NONMEMBER AIEE 


Definitions 

The specific orientation polarization 


of a substance is defined by 


Po^p—pd 

(1) 

where 


a-1 1 


^“c+2 d 

(2) 


which is the Clausius-Mosotti equation® 
in its original form, and 


T ransformer oil before it is put 

into service consists of nonpolar hy¬ 
drocarbons. Oxidation results in the for¬ 
mation of polar compotmds. To predict 
how much more useful life remains, the 
users of transformer oil run tests which 
indicate its current degree of oxidation. 
These tests directly or indirectly indicate 
the concentration of one or more of the 
oxidation products. Hydroperoxides, al¬ 
cohols, carboxylic adds, aldehydes, ke¬ 
tones, keto-adds, hydroxy adds, and 
esters are among the t 3 rpes of chemical 
compounds formed upon oxidizing a mix- 
tiu-e of hydrocarbons.^ The relative 
quantity of any one type of compoimd 
will depend on the conditions of service, 
the relative proportions of the hydro¬ 
carbon types originally present, and on ' 
;&e extent to which the oil has deterio¬ 
rated. 

A test such as the interfadal-tension 
(IPT) test,®""* whidfi is sensitive to all of 
the oxidation products of oil, should be 
of more univdsal significance than a test 
which IS dependent on a spdific chemical 
property, such as the ability to react with 


potassium hydroxide. However, while 
the IFT test is sensitive to very small 
amounts of polar compounds in oil, it 
progressively looses sensitivity and signifi¬ 
cance as oil approaches the point of 
sludging. 

The dielectric constant of a substance 
has been found to be a useful tool to 
follow the course of oxidation.®"^ In 
order to be a measure of oxidation, the 
dielectric constant must be referred to 
another measurement, e.g., the dielectric 
constant of the pure unoxidized sub¬ 
stance. 

The name “specific orientation polari¬ 
zation” is suggested for a polar index 
which refers the dielectric constant of oil 
to its density and refiactive index. For 
xmoxidized oil the specific orientation 
polarization is a measure of its aromatic¬ 
ity. It is a practical gauge of the degree 
of oxidation of transformer oil. Although 
it is not as sensitive as IFT to very gmqll 
concentrations of polar compounds, the 
specific orientation polarization of oil 
increases in significance as the oil ap¬ 
proaches the end of its useful life. 


. Tip*--! 1 

nD^+2d 

which is the Lorentz-Lorenz equation.® 

6 is measured near 25 degrees centi¬ 
grade (C). In equation 2 d is the density 
of the oil at the temperature at which the 
dielectric constant was measured. The 
index of refraction np of the substance is 
measured at the wave length of the 
sodium D line (r). In equation 3 d is 
corrected to the same temperature at 
which np is measured. 
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The specific refraction® of the substance 
is given the S 3 anbol Pa instead of the 
conventional R because of the analogy of 
equation 1 to the conventional equation 
for (molar) orientation polarization® 

Po^P-Pa (4) 

where 


Pc=4/3iri\r-^=20.4P*at25 C 
okT 

from the Debye theory® 
e+2 d 


(SJ 




guard electrode but a guard circuit was 
not used. The cell was used with a 43.0- 
milliliter sample, which put the liquid level 
above the bottom of the guard electrode 
and made the capacitance reading inde¬ 
pendent of small changes in sample 
volume. The cell was calibrated with 
benzene. It had an intorelectrode ca¬ 
pacitance of 90.4 micromicrofarads and a 
stray capacitance of approximately 14 
micromicrofarads. 

The dielectric constant® was calculated 
from 


Cmea~|-90.4~ CiaU 
904 

and the dissipation factor from 

jDmeaGnoa”” PoellCcell 

Gnoa-f-90.4“ GmII 

The oil samples were dried before test¬ 
ing by heating at 106 C for 1 hour. With 
other oil samples it was found that these 
conditions would reduce the dissipation 
factor of "used” oils considerably but had 
very little effect on the dielectric constant. 
The dielectric constant can decrease 


the Clausius-Mosotti equation,® and 


Pd 


«o»®-lM. „ 

I- \-Pj^ 


(7) 


Nomenclature 

Po=P—Ptf*= (molar) orientation polariza¬ 
tion 

P=-—i ^=molar polarization 
6+2 d 

Pd ®= ^ “ (molar) distortion 

»oi®-l-2 d 
polarization 

Pd “ 1 ^=specific refraction specific 

d 

distortion polarization 

p = \=P/M =specific polarization 

e+2d 

pg=p—p^=z specific orientation polarization 

Pa. =atomic polarization 

X =mole fraction 

/=weight fraction 

(i = dipole moment, electrostatic units 

(permanent) dipole moment, 
Debye units 

«<jo “refractive index extrapolated to infinite 
wave length light 

»j) “refractive index, sodium D line 
JV“Avogadro’s number 
k — Boltzman constant 
molecular weight 
dielectric constant 
density (grams per centimeter®) 

Cceii and jDoeii “Capacitance and dissipation 
factor readings before introduction 
of the sample into the cell 
Cmoa. and jDmea“ readings with the sample 
po'” is the po value of the oxidized oil 
po* is the value of the same oil before oxida¬ 
tion 

subscript 1 or ' refers to less polar com¬ 
ponent 

subscript 2 or " refers to more polar com¬ 
ponent 

subsoript 3 or refers to the mixture 
TAC = 1,000 TAN/66.1 “total acid concen¬ 
tration in micromoles per gram 
TPC “ (po —10® “ (minimum) total 
polar concentration in micromoles 
per gram 

Experimental 

The capacitance and dissipation fac¬ 
tors® were measured with a General Radio 
Company type-7I5C capacitance bridge. 
The power-factor cell was equipped with a 



Fig. 1. Deterioration of three inhibited transformer oils in simulated service oil life cells. 
Specific orientation polarization Po total acid number, dissipation factor, and IFT versus de¬ 
terioration time in months 
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slightly when heating a “new” oil or in¬ 
crease slightly when heating a “used” oil 
t-butyl alcohol solutions were not 
heated.) 

The oil samples in Fig. 1 were deterio¬ 
rated in accelerated, simulated service, 
oil life cells similar to the type described 
by Zwellingio but with modifications to 
enable the use of smaller samples. The 
top oil temperature was cycled between 
60 and 98 C and the number of cycles was 
recorded by an electric counter. The 
cells averaged 13 cycles per day. 

To keep the oil level in the oil life cells 
sufficiently high it was necessary to dis¬ 
continue IFT measurements after 13.75 
months except for the final sample. For 
the same reason no total acid number de¬ 


ration. It has not lived up to early ex¬ 
pectations, however, as an indicator of 
tire sludging propensity of oil. When oil 
is near the sludging point the concentra^ 
tion of polar compounds is so high that 
the IFT value is more nearly an indica¬ 
tion of the quality or types of oxidation 
products formed than it is a gauge of total 
polar, contamination. The as 3 miptote 
which the IFT approaches as oil oxidizes 
depends on the degree of refinement of the 
oil. The reason for this is probably that 
the less aromatic oils produce oxidation 
products of lower molecular weight and 
it is possible, therefore, to have a higher 
concentration of polar groups per unit 
area at the oil-water interface. 

The more aromatic oils, which have a 
greater tendency to sludge at a given de¬ 
gree of oxidation, have the higher a^onp- 
totic IFT value. This is illustrated by 
Fig. 1 which shows plots of IFT dissipa¬ 
tion factor, Pa, and total acid number 
against time for three inhibited oils 
evaluated in simulated service oil life 
cells. The least aromatic oil had the 
lightest imtial color, the lowest initial pQ, 
the longest induction period, and the 
least sludge formed at the completion of 
the test, but it had the lowest final IFT. 

Nature of Specific Orientation 
Polarization Test 


tenninations were made on oil B between 
8.76 and 16 months and on oil C between 
8.76 and 20.26 months and between 20.25 
and 31.2 months. 

The oils and were initially the 
same as oils B and C but were deteriorated 
in a Zwelling-type cell.w The top oil 
temperature of oil B^ was cycled between 
40 and 98 C; oil between 40 and 108 C. 

Nature of IFT Test 


Like the IFT test, specific orientation 
of polarization is a polar index of a sub¬ 
stance. See Table I. The p^s of com¬ 
pounds like water and low molecular 
weight alcohols approach one; symetrical 
hydrocarbons approach zero. 

The values of po approximate the 
(molar) orientation polarization divided 
by molecular weight Po/M. If the Debye 
theoiys were accurate for polar’Hquids, 


po would nearly equal 20.4 D^/M. (See 
equation 5.) 

The Debye theory has been found to 
be adequate for measurements made 
with gases, nonpolar liquids, and dilute 
solutions of polar compounds in nonpolar 
liquids. However, it is not in harmony 
vrith data on polar liquids.^^ A quantita¬ 
tive explanation of the discrepancy be¬ 
tween Po and 20.4 polar liquids, 

Table I, would best be based on a modem 
theory of polarization, e.g., Onsager’s 
or Kirkwood’s. 12 However, the discrep¬ 
ancy can be qualitatively rationalized by 
noting that polar liquids like water are 
associated. The molecular weight of a 
liquid will increase with association but 
the dipole moments can either add to or 
cancel each other. 

In spite of the limitations of the ap¬ 
proximations involved relating po to the 
dipole moment, it is possible to malce a 
reasonable estimate of the concentration 
of polar compounds from the po of an 
oxidized oil. To calculate a minimum 
polar concentration it is probably con¬ 
servative to assume a dipole moment of 
2.2 Debye units for oxidized oil mole¬ 
cules. Based on oxygen absorption and 
dielectric constant measurements Bals- 
baugh® calculated an effective dipole 
moment of 1.4 for the oxidation products 
from two highly refined oils and 1.8 Debye 
umts for the oxidation products from an 
underrefined oil. 

Notice in Table I that when the dipole 
moment’ D is zero Po may have either a 
small positive or a small negative value. 
The difference between 20.4 D^/M and po 
at this end of the scale is due to the fact 
that equation 3 involves neither atomic 
polarization nor the refractive index at 
infinite wave length. (See equation 7.) 
For Po to be consistent with the Debye 


The type of molecule that lowers the 
IFT between oil and water is one which 
has a polar group with an affinity for 
water and a nonpolar group with an 
aflSnity for oil. This type of molecule is 
in its most stable state when at the inter¬ 
face because of the greater attractive 
forces. Hence, the interface is relatively 
more rich in polar compounds than the 
oil. Th^efore, a small concentration of 
polar compounds in the oil has a dispro¬ 
portionately large effect on the IFT. 
However, as the interface tends toward 
saturation the IFT becomes a less sensi¬ 
tive gauge of the polar concentration.^^ 
The IFT test is ideal for detecting fimall 
amounts of contamination in new trans¬ 
former oil, or detecting the oxidation prod¬ 
ucts of oil in the early stages of deterio- 


Table II. Physical Properties of Oils Studied by Balsbaugh? 


D6F2R DSETFR I>6E5FR D6E4FR P6E3FR D6E2AFR 


Specific gravity I . 0.8801 

16SC/4C. 0.8673, 

Refractive index { . 1.4900 

_ .. 12Vd« . 1.4736 

Specific dispersion, 20C. 0 . 0126 , 

Waterman analysis: 

Per-cent aromatics. 9.9 

Per-cent naphthenes. 19.3 

Per-cent paraffins.70 8 

Dielectric constant. 86C.2.20 ’ 


0;8402.. 

0.8262... 

1.4644.. 

1.4482.. . 


0.8674. 

0.8644.. 

1.4790. 

1.4630.. 


0.8823 - 0.9067 . 0.9446 


0.8698... 

•1.4888... 


0.8770 _ 0.9345 

1.5060. 1.5345 


1.4717- 1.4880. 1.6178 


0.0102.... 0.0108 - 0.0120 _0.0134.. 


-20.7 37.6 

...25.1 11.0 

-54.2 51.6 

- 2.26 . 2.396 


Table III. Values of p, pa, and Po Calculated From Data in Table II 


2QC, fid... . 

65C, fid . 

Estimated 85C, d ... 
Estimated 86C, fi... 
Estimated 86C, fio .. 


D6E7FR D6E5FR D6E4FR D6E3FR D6E2AFR 


...0.3280.0.3220.0.327S. 

...0.3246.0.3236.0.3220. 

...0.8185.0.8486.0.8642. 

... 0.3270...... 0.3290.0.3290. 

■..0.002 .0.006 .0.007 . 


. .0.327S.0.3280....;. ; .0.3296 

..0.3220.0.3285.0.3246 

..0.8642.0.8642........0.9301 

. .0.3290......0.3425....... .0.3410 

..0.007 .0.014.........0.016 
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Fig. 2. IFT and specific orientation polariza¬ 
tion Po as a function of the weight fraction of 
t-butyl alcohol in transformer oil 

theory, Pa/M would have to equal the 
difference between Pd and [(wa®—1) 
(«c»*+2) ](l/d). The two factors do tend 
to cancel. In the case of paraffinic and 
napthenic compounds, the dispersion ef¬ 
fect {ud not equal to w«) is the more im¬ 
portant. Cyclohexane and n-octane have 
negative p/s. 

Unsaturated bonds will cause a dis¬ 
persion factor of larger magnitude. The 
absorption bands are at a longer wave 
length, altliough still in the ultraviolet. 
Specific dispersion is used as a gauge of 
the aromaticity of a mixture of hydro¬ 
carbons. However, the increased atomic 
polarization^^ of unsaturated hydrocar¬ 
bons more than compensates for the in¬ 
creased dispersion, e.g., benzene. 

As far as evaluating transformer oils is 
concerned, the failure of po to be consist¬ 
ent with the Debye theory is fortunate in 
two respects. First, it enables the po 
of a new oil to be an index of its degree of 
refinement. Second, it mates the Po 
value of a partially oxidized oil of greater 
utility than Po/M would be even if it 
could be measured conveniently. 

The greater the degree of retoement of 
an oil ihe lower will be its initial p, , The 
po of an oil increases with its aromatic 
content. This is illustrated in Tables II 
and III; the data in these tables are 
from reference 7. It should be noted, 
however, that the po values in Table III 
are approximate. The didectric constant 
was measured at a higher temperature 
than the density, (or refractive index) 
and the dielectric constant Could be esti¬ 
mated from a graph with a precision of 


only 0.005 to 0.01 unit. This mahes the 
calculated Po's uncertain to at least 
± 0 . 002 . 

The second respect in which the incon¬ 
sistency of po with the Debye theory is for¬ 
tunate is that it allows the Po value to be 
a practical test for estimating the life 
expectancy of a used oil. Oils with a 
high aromatic content will produce sludge 
at a lower degree of oxidation than one of 
low aromatic content. Moreover, the 
Po of the more aromatic oil is larger than 
the less aromatic oil. Thus if all oils 
were removed from service when po = 
0.020 (this would correspond roughly 
to an acid number of 0.4 for a moderately 
refined oil), then the oils with the greater 
tendency to sludge would be allowed the 
lowest degree of oxidation. 

Any utility which is now measuring 
power factor and IFT of oil can deter¬ 
mine po with very little additional effort. 
The density of the oil must be known in 
order to calculate the IFT value from the 
scale reading of a Du Nouy tensiometer. 
The dielectric constant can be calculated 
from the capacitance reading at the time 
the power factor of an oil is measured. 
Refractive index measurements can be 
made easily and rapidly. 

A rough approximation of Po can be ob¬ 
tained without refractive index measure¬ 
ments by assuming that the specific re¬ 
fraction pd, equation 3, is 0.326. If this 
approximation is used, it is better to use 
the density of the original oil in equation 


2, if it is known, rather than the density 
measured at any later time. Even though 
the specific refraction is approximately 
the same for oils otherwise greatly dif¬ 
ferent in properties, nevertheless during 
oxidation the index of refraction is more 
nearly constant than the specific refrac¬ 
tion. 

Specific Orientation Polarization po 
and IFT as a Function of 
Concentration 

Fig. 2 shows a plot of the po of a solu¬ 
tion of t-butyl alcohol in a transformer 
oil as a function of the concentration, in 
weight fraction, of the t-butyl alcohol. 
It is ^own in Appendix I that the po of a 
mixture of a polar compound and a non¬ 
polar liquid should be directly propor¬ 
tional to the weight fraction of the polar 
compound. The dashed line is the theo¬ 
retical relationship for these two com¬ 
ponents: ^0=63+(795-53)/. At least in 
the case of t-butyl alcohol the Debye 
theory is adequate up to a Po of 0.015. 

Fig. 2 also shows a plot of the IFT of 
the same solutions as a function of con¬ 
centration. It illustrates the progressive 
loss of sensitivity of the test at increased 
concentrations. t*' •! 

That the IFT test suffers a loss of 
sensitivity at low values is well known. 
However, it is probably not generally 
realized just how insensitive the test is 
at low values. It would be^useful to 



Fig. 3. (Logarithm) specific concentration versus IFT of transformer oil solutions of t-butyl 
alcohol, linoleic acid, and oxidized transformer oil 
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Fis. 4. Rela¬ 
tionship of spe¬ 
cific orientation 
polarization pg 
and IFT tests. 
Total polar con¬ 
centration TPC 
versus iFT for oils 
A, C, and 
and solutions 
of t-butyl alcohol 


translate IFT values to some function of 
tte IFT which would be approximately a 
linear function of concentration and 
which would allow a more realistic ap¬ 
praisal of a given IFT value. 

If IFT is plotted against the logarithm 
of the concentration of a polar compound, 
a straight line is obtained between IFT 
values of 20 and 40 dynes per centimeter. 
This suggests a function of the IFT of the 

type€("-**^T)/coi.stantt^ 

into a significant gauge of contamination 
or oxidation. In the range of IFT values 
from 20 to 40 this function of the IFT is 
the ratio of the concentration to that 
concentration winch would give a solu¬ 
tion mth an IFT of 30. So the name 
“specific concentration” suggests itself. 

Fig. 3 is a plot of the specific concen- 
tra,tion ■ (calculated from actual concen¬ 
trations, however, rather than from IFT) 
as a function of IFT for t-butyl alcohol 
solutions, linoleic acid solutions, and an 
oxidized transformer oil successively di¬ 
luted to lower concentrations with new 
transformer oil. The curves show that 
the IFT test is much more sensitive to t- 
butyl alcohol than to either linoleic add 
or the oxidations products of oil, The 
re^on for this is probably that only in 
the ca^ of t-bulyl alcohol is the diffusion 
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of the solute into water large enough to 
lower the surface tension of the water as 
well as the IFT between water and oil. 

The equation for the spedfic concentra¬ 
tion of the oxidation products of oil as a 
function of IFT between 20 and 40 is 


Notice that according to equation 8 one 
unit of contamination will lower the IFT 
from 60 to 30; or 30 to 25.8; or 20 to 19. 

According to the curve for oil oxidation 
products, Fig. 3, it would take an 
in concentration of 0.00009 unit to lower 
the TFT from 50 to 49; 0.03 unit to lower 
the IFT from 40 to 39; 0.2 unit to lower 
the IFT from 30 to 29; 1.1 units to lower 
the IFT from 20 to 19; and 8 units to 
lower the IFT from 16 to 14. 

Significance of Specific Orientation 
Polarization po and IFT as 
Measures of Oil Deterioration 

Fig. 1 shows Pa, dissipation factor, 
IFT,* and total acid number^® as a func¬ 
tion of time for three inhibited oils de¬ 
teriorated in simulated service oil life 
cells. Only in the case of oil A were all 
four tests run at regular intervals. In 
the case of oil B, the Pa test was used to 
indicate the end of the induction period 
and acid number measurements were re¬ 
sumed to follow the rate of oxidation dur¬ 
ing the postinduction period. The only 
^d number in the case of oil C which 
mdicated oxidation had taken place was 
with the final sample. The time interval 
between the end of the induction period 
and the cutoff point was less one 
sampling period, 1.26 months. 

Fig. 4 shows the relationship between 
the IFT test and the po test for these three 
oils and the t-butyl alcphol-oil mixtures. 
Fig. 6 is a plot of the square root of the 
total acid number against pa for oils A, B, 
B^, C, and C^. For small values the 
square root of the total acid number in¬ 
creases linearly with Pa. At larger values 
the square root of the total add number 
increases at a slower rate. 


3a —IFT 


m—iFT 


( 8 ) 



V . 

FIj. 5. R.U«on*lp of .pocffic poUriirioo p. total told oomb« to*.\m, 

square root of the acid number versus Po for oll$ A, B, C, and O ' 
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Table IV. Values of TAC, TPC, and TPC/ 
TAC for Various Oils 


oil 

poX10« 

TAW 

TAC 

TPC 

TPC/TAC 

A. 

...120.. 

..0.10. 

. 1.8.. 

. 43... 

...24 

A. 

...173.. 

..0.23. 

. 4.1.. 

. 96... 

...23 

A. 

...200.. 

..0.37. 

. 6.6.. 

.123... 

...19 

A_ 

...240.. 

..0.62. 

.11.0.. 

.163... 

...15 

B. 

...110.. 

..0.11. 

. 2.0.. 

. 72... 

...36 

B_ 

...126.. 

..0.20. 

. 3.7., 

. 88... 

...24 

B.... 

...187.. 

..0.43. 

. 7.7.. 

.149... 

...19 

B.... 

...225.. 

..0.63. 

. 9.6.. 

.187... 

...20 

B.... 

...241.. 

..0.49. 

. 8.7., 

.203... 

...23 

B>... 

...460.. 

..1.64. 

.27.5., 

.422... 

...16.4 

B»... 

...622.. 

..1.94. 

.34.6. 

.484... 

...14.0 

B»... 

...663.. 

..2.46. 

.43.7., 

.616... 

...11.8 

B«... 

...694.. 

..2.36. 

.42.1., 

.556... 

...13.2 

C.... 

...280.. 

..0.47. 

. 8.4.. 

.291... 

...36 

C>... 

...860.. 

..4.41. 

.78.5. 

.871... 

...11 


One possible explanation of this is that 
acid fonnation is a second-order reaction 
with respect to the primary polar 
oxidation product. Or in other words, 
acid formation is possible only after the 
collision of two polar molecules or two 
polar molecules and one nonpolar mole¬ 
cule. The decrease in the rate of in¬ 
crease of the square root of the total acid 
number with respect to Po could be the 
consequence of sludge formation. That 
is, sludge formation removes a larger frac¬ 
tion of add molecules in the oil than it 
does the predominate polar type. 

If this theory is correct, oil A should 
have been free of sludge at a Po of 0.0120 
and add number of 0.10 but not at a 
of 0.0173 and add number of 0.23. Oil B 
should have been free of sludge at a po 
of 0.0126, add number 0.20; possible 
sludging at />«=0.0187, add nrunber 0.43; 
and definite sludging at = 0.0226 and 
acid number 0.63. The curve is ap¬ 
parently not a continuation of curve B. 
Perhaps under different deterioration 
conditions sludge did not form until a 
higher add number was reached. Oil C, 
a highly refined oil, had produced a meas¬ 
urable, but insignificant, amount of sludge 
at the cutoff point. Oil had produced 
a considerable amount of sludge by the 
time po reached 0.0860 so the point for 
should have fallen below the curve for C 
instead of on it. Perhaps the deteriora¬ 
tion conditions for C^, 10 C higher maxi¬ 
mum oil temperature, and a different type 
of deterioration cell favored a higher 
acid formation and a lesser sludge forma¬ 
tion. 

To evaluate the Po test and total add 
number test against each other, it is use¬ 
ful to translate each to comparable con¬ 
centration terms. They both can be con¬ 
veniently converted to a concentration in 
micromoles per gram of oil. The add 
number value can be converted to total 
add concentration TAC, the add concen¬ 
tration in micromoles (technically micro¬ 


equivalents) per gram of oil, by dividing 
by the molecular weight of potassium 
hydroxide and multipl 3 ring by 1,000. The 
po value of an oil can be converted to total 
polar concentration TPC by assuming a 
dipole moment of 2.2 Debye units for the 
oxidation products. The units of TPC 
are also micromoles per gram of oil. The 
dipole moment, 2.2, chosen is probably 
higher than a “typical, effective’’ dipole 
moment for the oxidation products of oil. 
This choice was made in order to be able 
to consider the calculated total polar con¬ 
centration minimum probable values. 

From Appendix I 

po'"^po'+(po"-pc')f2 
^ (polax)micromoles 

gram of oil gi+ft 



, rTPC)Jlfs 
Po"'^Po'+iPa"-por—^ 


(po"'-pc')10'‘=iTTCX20.4D^-po'M2) 


20.4I>*=101 


and po'Mi can be dther positive or nega¬ 
tive but in any case is small. For oil A 
it is probably near -|-3 and for oil C it is 
probably near —0.4. So a satisfactory 
approximation of TPC is 


TPC=10<(^'"“/>/) 

Values of TAC, TPC, and TPC/TAC 
for oils A, B, B\ C, and C^ are given in 
Table IV. Since TPC is probably a mini¬ 
mum concentration of polar compounds, 
acids apparently account for much less 
than 10 per cent of the soluble, nonvola¬ 
tile, oil oxidation products. The amount 
of acids relative to other oxidation prod¬ 
ucts increases during the course of oxida¬ 
tion at least up to the point of sludging. 
A highly refined oil produces a smaller 
amount of nonvolatile acids relative to the 
other nonvolatile oxidation products. 


Conclusions 

The significance, sensitivity, and limi¬ 
tations of the IFT test would be more ob¬ 
vious if IFT values -were converted to 
some function of the IFT which would 
•vary approximately linearly with the 
concentration of the polar compounds 
which lower the IFT, e.g., specific con¬ 
centration; Yjjg jpT test 

is excdlent for detecting smdl amounts 
of contamination in an unoxidized oil or 
vice versa. An oil with a high IFT 
should have a good life expectancy but an 
oil with a low IFT does not necessarily 
have a poor life expectancy. 

Since the amount of adds relative to 


other polar compounds formed during the 
oxidation of oil is dependent on the nature 
of the original oil and the conditions of de¬ 
terioration, it is believed that the Po test 
will allow a more accurate prediction of 
the remaining useful life of a transformer 
oil than the add number test. 

Although the po of an unoxidized, un¬ 
contaminated oil is a measure of its aro- 
matidty, or degree of refinement, it is 
not necessary to know the initial value to 
estimate the life expectancy of an oxidized 
oil. 

It is believed that experience with the 
use of the Po test in predicting the useful 
remaining life of a transformer oil will 
result in criteria that dosely approxi¬ 
mate the following, which are suggested 
by the results from the long-term simu¬ 
lated service tests: 

1. Large fraction of original life remaining r 

po<0.0100. 

2. Small fraction of original life remaining: 

0.0100<po<0.0160. 

3. Negligible useful life remaining: Po 
>0.0176. 

A rough, but useful, approximation to 
po can be obtained without refractive 
index measurements by assuming that the 
specific refraction is equal to 0.325 ±0.005. 


Appendix l> Specific Orienta- 
ion Polarization Po of a Two- 
Component Mixture 

According to Glasstone,® p. 548 

-= UXiMi+XtMt). 

From the definition of mole fraction 

gi/Mi ,, _ g2/Ma 

Cl®* ~ _ _ 

Ml Mi Ml Mi 


p, ^ 

^'Mi ^ ^Mi 

I , gt £1 _L 28 


Si I 

Ml Mi 

( £i , £8 


«^11 Pj 

’e-2d“jlf 


Ji+£ 8 £i+£j 
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In a simUar manner it can be shown that 
since molar refractions are additive if con- 
CMtrations are expressed in mole fractions 
(Glasstone,® pp. 531-532) specific refrac¬ 
tions are additive in an analogous manner if 
concentrations are expressed in weight frac¬ 
tions, namely 

P<i"'^Pd%+Pa'% 


Po = p — pd 

Po'”’^P"'-P^'"^(.p'~Pdyi+(p"-py')f^ 

Po"'-‘Po'fi+Po'% 

since 

/I+/2*! 

Po"'^po\l~A)+Po'% 

Po"'^po'+(po"-po')fi 


Po'^^O 

Po'"=>Po'% 
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Discussion 


G. M. L. Sommermau (Westinghouse Re¬ 
search Laboratories, East Pittsburgh, Pa.): 
This paper coutains a valuable analysis sup¬ 
ported by experimental results showing the 
advantages and limitations of several meth¬ 
ods for evaluating the extent of oxidation of 
commercial transformer mineral oils. The 
IFT test (a physical test) is shown to be a 
sensitive m^ns for detecting the presence 
of hydrophilic polar materials in mineral 
oil when the concentration of such materials 
IS small. The acid-number test (a chemical 
test) is shown to indicate, as expected, only 
a small percentage of the total polar com¬ 
pounds in an oxidized oil as determined by 
the po (specific orientation polarization) 
test (a test based on electrical and physical 
properties). 

In reg^d to the conclusion that "An oil 
wath a high IFT should have a good life 
expectancy . . „» it should be noted that 
overrefined mineral oils may have high IFT 
but poor life. 

From the auAor’s data and reasoning on 
the ^fference in the results of the TAG 
(acidic material) test and the TPC (polar 
material) test, it is obvious that better cor¬ 
relation would be secured if the saponifica- 
faon numbers were measured, and if values of 
TSC computed therefrom were compared 
with the values of TPC. In fact, it was noted 
by Stoops^ that when transformer mineral 
oils were oxidized the increases in dielectric 
constant due to formation of polar com¬ 
pounds did correlate with the increases in 
saponification number. 

Table IV and Pig. 1 if the times when sludg- 
*iig was actually noted to occur were indi¬ 
cated thereon, and if the frequency of the 


voltage used in the measurements was 
stated. 

In regard to the background for the orien¬ 
tation polarization test, it may be of interest 
to cite some of the literature which appeared 
pnor to the references given in the paper. 
The work of Stoops* has already been men¬ 
tioned. In three papers by the writer,*'* it 
may be noted that: 

1. Equation 10 of reference 2 was derived 
to permit computation of ei-eo from a, M, 
and the weight fraction of a polar solute in 
a nonpolar solvent even though the molec¬ 
ular weight of the solvent (which could 
actually be a mixture of a large number of 
hydrocarbons) was not known. 

2. In reference 3 the specific polarization 
was defined and shown to be nearly equal to 
0.33 for a wide variety of hydrocarbons And 
refined petroleum products. 

^*1^^^*°** ^ of reference . 3 defined the 
difference between the specific polarization 
^d the specific refraction; also, the value 
of this entity as a measure of polar com¬ 
pounds in petroleum products of widely dif¬ 
fering (and unknown) molecular weights 
was stated. 

4. In reporting the results of aging tests 
at 120 C on nine viscous mineral oils it was 
stated in reference 4 that the increases in oil 
power factor were accompanied by propor¬ 
tional increases in dielectric constant. For 
these oxidized viscous oils it was found that 
A€86c2siAPF«ic at 60 cycles per second. 

FVom this last result for viscous oils, I 
now compute po=0.02 for viscous oils aged 
to the pomt where PFsjo reaches 0.07, a 
value unsuitable for many electric equipment 
applications. It thus appears that the nu¬ 
merical values for po stated in Mr. Johnson’s 
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conclusions for the fraction of oil fife re¬ 
maining of transformer mineral oils may be 
approximately true for more viscous mineral 
oils. It should be noted that more precise 
nummcal limits would depend on the service 
requirements of the particular apparatus 
involved; also, that mmeral oils with little 
life remaining may be rejuvenated by well- 
known techniques not involving acids or 
solvents, and that such oils may be reused 
for extended additional times. 
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^ W. Johnson; I would like to thank Mr 
Sommerman for his comments. He ha 
pointed out that it is possible for an over 
r^ed oil to have a high IFT but a pooi 
life expectancy. I should have concludec 
that an oil with a high IFT should have £ 
large fraction of its original life remaining 
rather than "should have a good life ex¬ 
pectancy. Mr. Sommerman’s comment 
can be generalized for all oil tests which are 
a measure of the concentration of oxidation 
products. Tests like IFT, TAN, Ae can 
directly indicate only whether or not a meas- 
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urable fraction of the oil life was used up. 
The number of years of useful life remaining 
can only be inferred from a test value if one 
has knowledge or makes assumptions re¬ 
garding the rate of change of the property 
and the extreme value permissible for the 
particular oil tested. It is possible to esti¬ 
mate these qualitatively from the degree of 
refinement of the oil, and the degree of re¬ 
finement of the oil from the color and the 
relative values of TAN, IFT, and Ae. 

Some, but not all, of the necessary as¬ 
sumptions to translate po into a life expec¬ 
tancy in years (rather than the fraction of 
life remaining) are automatically taken into 
account because of the relationship between 
po and aromaticity. Highly refined oils in 
general have the best inhibitor response. 
Unless it is inhibited a very highly refined oil 
will have a poor life expectancy. An under¬ 
refined oil will have a poor life expectancy 
whether or not it is inhibited. Underrefined 
oils have high po’s. Therefore, an oil with 
a low po, 0.002 or less, will have a good life 
expectancy only if inhibited and not pre¬ 
viously subjected to deterioration. How¬ 
ever, an oil with a high po, 0.0176 or more, 
would be expected to have a poor life ex¬ 
pectancy in any case. 

The capacitance and dissipation factor 
measurements used to calculate data for 
Table IV and Fig. 1 were made at 60 cycles 
per second. 

The acid numbers at which oils A and B 
started to sludge are not known. Because 
of the construction of the cells it was pos¬ 
sible to observe only that fraction of the oil 
removed for testing. The only sludge 
measurements made were at or after the 
cutoff point. However, the conclusions 
drawn from Table IV and Fig. 5 are con¬ 
sistent with the final sludge measurements. 
At the cutoff point oil A had produced more 
sludge than oil B. This is as expected since 
oil A was "apparently sludging" at an add 
number of 0.23 whereas oil B did not 
"appear to be sludging" until an acid num¬ 
ber of 0.4 had been exceeded. 

It is possible to make a semiquantitative 
estimate of the relative amount of sludge 
formed up to the cutoff point by oils A and 
B from TPC and TAG values and t he as- 
sumed relationship between TPC/VtAC 
and sludge. At 6.25 months oil A had a 
TPC/VtAC value of 32. At 10.6 months 
the TPC was 163. Presumably, if no sludge 
had been formed the TAG would have been 
163V32* or 26 micromoles per gram of oil. 
The difference between 26 and the acttxal 
TPC, 11, should be a measure of the amount 
of sludge formed up to the cutoff point. 
Similar calculations for oil B at 15 and 20.2 
months give 15.8—8.7 =*7.1 micromoles of 
acid per gram of oil used up in sludge 
formation. Therefore, one would expect 
that up to the cutoff point oil A would have 
formed roughly twice as much sludge as oil 
B. 

Sludge measurements indicate that oil A 
produced about 3.3 times as much sludge 
as oil B. At the cutoff point oil B had de¬ 
posited 113 units of chloroform soluble 
sludge. In the following 12 months with 
the oil at room temperature an additio^ 84 
units of sludge were formed. In this 12- 
month period the soluble sludge (precipit- 
able with pentane) decreased from 0.025 
per cent to 0.0^ per cent. No sludge 
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measurements were made on oil A until 4 
months after the cutoff point. The oil was 
at room temperature during this period. 
The total amount of sludge produced by 
oil A was 652 units. The soluble sludge was 
0.023 per cent. Oil C at the cutoff point 
had formed 47 units of sludge. The soluble 
sludge was 0.0015 per cent. Although oils 
A and B precipitated sludge after the cutoff 
point at room temperature, they were sub¬ 
ject to a pressure fluctuation, 0 to 5 pounds 
per square inch gauge, 13 times a day. The 
sludge would not necessarily have fomied 
at a constant pressure. 

There are several points in the paper 
which have not been questioned, but which 
should nevertheless be discussed. There 
are two sentences that I wish I had omitted 
from the original manuscript. The initial 
l inpqr relationship between TPG and the 
square root of TAG can be explained on the 
basis of a first-order rather than a second- 
order reaction. The explanation requires 
the following assumptions: 

1. The initial oxidation product (prob¬ 
ably hydroperoxide) has attained a steady- 
state concentration. (This should be true 
if hydroperoxide formation were a slow 
reaction compared to the reactions which 
use up hydroperoxides.) 

2. Acids are formed from the predomi¬ 
nate constituents by a first-order reaction. 
Let X, P, and A represent the concentra¬ 
tions of hydroperoxides, polar compounds 
(other than acids), and acids respectively. 

hi. hi 




dP/dt = kiX-kiP=K- kip 

(9) 

dAldt = kiP 

(10) 

P=iK/ki)0-€-^^') 

(11) 

A--Kt-(K/ki)il-€-’^^^) 

(12) 

PAA^Kt 

(13) 

+ 

(14) 

A Kt-(K/kiXl-e-’‘^*) 

i-^i*=l-k-AA(ikityM-ikity/3l+.- 

. (15) 

when <<< 1/^2 


e-^‘^l-kitA(,kity/2 

(16) 

PAA _ . Kt 2 

(17) 

A Kt-Kt AKkiP/2 kit 

From equations 13 and 17 


{PAA-Y/A^^^Klfkit 

(18) 


Since TPG is approximately equal to 
PA-A and TAG is equivalent to A with con¬ 
centrations expressed in microequivalents 
per gram 


with time; in the case of oil B the ratio 
increased after an acid number of 0.43 was 
reached. Notice that the approximation in 
equation 16 is accurate to within 10 per cent 
when kit is 0.30 or less; but according to 
equation 14 if kzt is 0.3 or larger TPG/TAC 
is 9 or less. 

A discussion of Figs. 3 and 4 is in order. 

It was surprising to me that the IFT results 
with t-butyl alcohol solutions deviated so 
radically from other IFT measurements. 
IFT is not only comparatively more sensi¬ 
tive to changes in t-butyl alcohol concen¬ 
trations at high concentrations but it is also, 
compared to higher molecular weight polar 
solutes, less sensitive at low concentrations. 
This result perhaps should have been ex¬ 
pected. According to Traube’s rule (refer¬ 
ence 11 of the paper, p. 496) in dilute solu¬ 
tions the higher members of a homologous 
series are more effective in lowering the sur¬ 
face tension of water. The concentration 
necessary for a given lowering of surface 
tension is diminished by a factor of one- 
third for each additional GHj group. This 
can be explained by the greater mutual at¬ 
traction of the higher molecular weight 
molecules. The lowering of surface or IFT 
depends on adhesive forces rather than co¬ 
hesive forces; but for equal bulk-phase 
concentrations the substance with the 
greater cohesive force will have the greater 
concentration at the interface and thus give 
a greater lowering of surface or IFT. 

Perhaps one of the reasons the dielectric 
constant of oil has not been more widely 
used in the past to follow the oxidation of 
transformer oil was the fear that water 
might cause erratic results. Actually at¬ 
tempts to dry oxidized oil by heating usually 
will increase rather than decrease po- 
Water is soluble only to the extent of about 
50 parts per million in unoxidized trans¬ 
former oil at room temperature. This con¬ 
centration of water would increase po about 
0.0002. If the oxidization products of a 
transformer oil had an effective dipole 
moment of 2.2 Debye units and a molecular 
weight of 300 and if the unoxidized trans¬ 
former oil had a po of 0.0065, then when the 
po of the oil reached 0.02 the weight frac¬ 
tion of oxidation products would be 0.06, or 
60,000 parts per million. 

Because of the approximate relations^p 
between the refractive index and density 
of an oil it is possible to get approximate>o 
values eluninating one or the other measure¬ 
ment. In the paper the possibility of calcu¬ 
lated Po without density measurements 
was overlooked. It can be shown that 


0.976(e-Arz)*) , ,, ,, .n 

iJo- --^(=1=1.5 per cent) 

(e-t-2)(W-l) 


if 

^d=0.326d=0.005 


TPG/V'TAG£==iV'2ii:/fe (19) 

It should be noted that even if it were 
n ot for sludge formation eventually TPG/ 
VTAG would increase with time. There 
can be little doubt, however, that sludge 
formation, or some other process removing 
acids, comes into play before this effect be¬ 
comes important. According to equation 
14, TPC/TAG should continually decrease 


or 

^<'= 0-232 per cent) 

ass nming 2.2 as a typical value of e or 

^„=(e-Nz)*)/5.2(d=6.6 per cent) 

in addition 2.2 is the typical value 
of 


•Concentration of Polar Compounds in Transformer Oil 


781 







Combination Load-Flow and Stability 
Equivalent for Power System 
Representation on A-C Network 
Analyzers 


made on an a-c network analyzer in the 
following manner; Apply a voltage be¬ 
tween one particul^ point and the ground 
bus to which all other («—1) points have 
been connected. Measure the current 
flow to the ground bus from each of the 
(w—l) points. The transfer impedance 
between the one particular point and one 
of the {n- 1) points is equal to the applied 
voltage divided by the current measured 
at the (« —‘ 1) point. 
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O NE of the major problems en¬ 
countered when an extensive power 
system is to be represented on an a-c net¬ 
work analyzer is that of developing 
proper equivalents for those portions of 
the power system which are not to be 
represented in detail' either because of 
limitations of the analyzer or because of 
a desire for simplification of the over-all 
system. Several methods are currently 
available for developing fairly satisfac¬ 
tory equivalents for load-flow studies. 
There is no correspondingly satisfactory 
method available for developing an 
equivalent for stabihty studies where 
there are several points of interconnection 
between that portion of the system to be 
retained as real and that portion to be 
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thought that approximate representation 
during transient conditions of those ma¬ 
chines in the system being represented by 
an equivalent will alter appreciably the 
swinging of the machines in the system 
retained as real. A greater tendency 
towards instability will be indicated when 
the new equivalent is used in those in¬ 
stances where the conclusion as to stabil¬ 
ity will depend upon whether or not the 
actual system is represented in detail. 
Conclusions regarding stability obtained 
with the use of the new equivalent will, 
therefore, tend to be conservative. 

Methods Currently Available for 
Developing Load-Flow Equivalents 


A change of loads will negligibly modify 
the transfer impedances between the inter¬ 
connecting points and the generating bus¬ 
ses but •will result in an appreciably dif¬ 
ferent set of values for the transfer imped¬ 
ances to the neutral bus. New transfer 
impedances to the neutral bus must be 
measured for each load level that is to be 
studied. The chief disadvantage of this 
type of equivalent is in the relatively 
large amount of analyzer equipment re¬ 
quired because of the retention of all 
generator busses as real. 

Method 3 

The system to be sho'wn as an equiva¬ 
lent is represented by replacing its line 
impedances with an equivalent mesh net¬ 
work and by estabHshing net loads or 
generation at the terminals of the equiva¬ 
lent. Transfer impedances for the equiva¬ 
lent mesh network are measured in the 


represented by an equivalent. Stability 
equivalents which have been used have 
not been identical in performance to load- 
flow equivalents. Modification of the a-c 
analyzer setup has been necessary when¬ 
ever it is desired to change from a system 
representation suitable for a load-flow 
study to one suitable for a stability study. 

A method is preseu'ted for developing a 
new equivalent which can be used inter¬ 
changeably for both load-flow and sta¬ 
bility studies. Included also are the re¬ 
sults of an investigation made with the 
use^ of an a-c network analyzer to test the 
validity of the proposed new equivalent. 
Several of the methods available for de¬ 
veloping load-flow equivalents are sum¬ 
marized briefly. The present practice of 
devdoping equivalents for stability stud¬ 
ies is discussed. 

The proposed new equivalent is by no 
means a rigorous replacement which can 
be used in^scriminately for stability stud¬ 
ies. It is designed particularly for those 
cases where it is thought that the steady- 
state conditions of the system retained 
as real will vaay appreciably, depending 
upon the t 3 rpe of. equivalent used. 
Nether the proposed new equivalent nor 
any equivalent which has been used in the 
past ^ould be employed where it is 


oeveral methods are currently availa¬ 
ble for developing load-flow equivalents.^ 
These are summarized briefly in the fol¬ 
lowing primarily to facilitate the discus¬ 
sion of the proposed new equivalent. 

Method 1 

The system to be shown as an equiva¬ 
lent is represented by net loads or genera¬ 
tion at the interconnection points ad¬ 
justed so as to establish line loadings of 
predetermined values. This method has 
limitations since proper line loadings, es- 
pedally for future conditions, cannot be 
estimated with any reliable degree of ac¬ 
curacy. 

Method 2 

The system to be shown as an equiva¬ 
lent is represented by an equivalent net¬ 
work which retains the identity of all of 
the generator busses and of the neutral 
bus to whidi all load impedances are con¬ 
nected. This results in a network con¬ 
taining (»/2)(« 1) branches where n 
represents the total number of terminals 
to be rdained as real. This equivalent 
is rigorous, assuming that loads can be 
represented by fixed impedances. Meas¬ 
urements of the transfer impedances be¬ 
tween the n points retained as real can be 
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loads emitted from the system on which 
the measurements are made. Net loads 
and generation are determined by the use 
of distribution factors. Measiirements 
for distribution factors are made on an 
a-c network analyzer by connecting to 
ground the terminals of the system to be 
shown as an equivalent. A current is im¬ 
pressed on each of the load and generator 
busses which are to be eliminated and the 
current flow to ground from each of the 
ground terminals is measured. Distribu¬ 
tion factors are obtained by calculating 
the per-cent contribution of each of the 
load and generator busses to the various 
terminals of the equivalent. The loads 
and generation assigned to 'the various 
load and generator busses are then re¬ 
assigned to the terminals in accordance 
with the distribution factors. 

This method for obtaining load-flow 
equivalents is fairly versatile inasmuch as 
equivalmts can be developed wittout 
prior knowledge of line loadings and:; 

Paptt 55-282, recommended by the AIEE Trans- 
msaon Md Distribution Committee and approved 
by the AIEE Committee on Technical Operations 
for prwentation at the AIEE Middle Eastern Dis¬ 
trict Meeting, Columbus. Ohio, May 4-6, 1956 
Manusalpt submitted February 3, 1966: made 
available for printing March 9,1966. 

^ J- CtOtTBS are with the 
Philadelphia Electric Company, Philadelphia, Pa. 
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changes in load levels or generation in the 
equivalent can be readily made during a 
study once the basic distribution factors 
are known. 


1. Compute a load-flow equivalent in 
accordance with method 3. A suggested 
method for handling off-nominal turn-ratios 
of transformers is given at the conclusion of 
this section. 


in step 2. Where the voltages of the inter¬ 
connection points are known, the megavar 
component of the assigned loads should be 
adjusted during the analyzer studies until 
the desired voltages are obtained. 


Present Practice With Respect to 
Stability Equivalents 

There appears to be no general method 
for developing equivalents for stability 
studies where there are two or more 
points of interconnection between the 
system to be retained as real and the sys¬ 
tem to be represented by an equivalent 
and where it is necessary, because of lack 
pf analyzer equipment, to combine several 
generators into one equivalent generator. 
One common method of obtaining a sta¬ 
bility equivalent is to measure an equiva¬ 
lent with all generator transient react¬ 
ances connected together. This results 
in what is hereafter termed a conventional 
stability equivalent, in which all genera¬ 
tion appears back of transient reactance 
and all loads are reflected to both the 
point back of transient reactance and to 
the terminals of the equivalent. Methods 
2 or 3 described for load-flow equivalents 
may be followed in obtaining this conven¬ 
tional stability equivalent. 

One major disadvantage of the resulting 
equivalent is that the magnitude of the 
exports or imports at each of the inter- 
cotmecting points will not be correct 
unless the vector voltages back of the in¬ 
dividual generator transient reactances 
would be identical to each other if the 
system were shown in detail. The equiv¬ 
alent will usually give incorrect results 
from a load-flow point of view. It also 
may lead to incorrect conclusions with 
respect to stability problems, particularly 
where initial line loadings affect the rela¬ 
tive phase angles of the generators in the 
portion of the system retained as real. 

Proposed Combination Load-Flow 
and Stability Equivalent 

The combination load-flow and stability 
■equivalent presented here is basically a 
•combination of the load-flow equivalent 
■described under method 3 and the sta¬ 
bility equivalent described in the section 
entitled “Present Practice with Respect 
to Stability Equivalents.” A detailed 
description of the mechanics of obtaining 
the new equivalent is given in the Ap¬ 
pendix. A-c network analyzer investiga¬ 
tions u tilizing this new equivalent are 
discussed in the section entitled “A-C 
Analyzer Investigations of Cbihbination 
Load-Flow and Stability Equivalent.” 
Principal steps involved in obtaining the 
new equivalent are as follows: 


2. Measure the « transfer impedances be¬ 
tween the n interconnection points and the 
point back of generator transient reactances 
with all transient reactances tied together 
at a point designated by g. Compute the 
distribution factors, or factor, for the point g 
for all load points. 

3. Convert the n impedances of step 2 to 
an equivalent mesh of (n/2)(n—i) branches 
between the interconnection points, losing 
the identity of point g. 

4. Compute a new mesh which, when 
combined with the mesh of step 3 will result 
in network equivalent to the load-flow mesh 
of step 1. 

5. Impedances to be used for the new 
equivalent consist of the computed mesh of 
step 4 plus the transfer impedances of step 2. 

6. Place a generator at point g with an 
assigned megawatt output equal to the total 
generation minus the load reflected to point 
g, as computed from the distribution factors 
obtained in step 2. The inertia of the gen¬ 
erator should equal the combined inertia of 
all of the generators which are represented 
by the equivalent. The magnitude of the 
voltage of this equivalent generator should 
be approximately equal to the average of 
the estimated voltages of the individual 
generators of the equivalent weighted in 
accordance with the reciprocal of their 
respective transient reactances. 

7. Net loads for each of the interconnecting 
points as computed for the load-flow 
equivalent of step 1 should be adjusted^ for 
the net generation assigned to the equiva¬ 
lent generator. This adjustment is accom¬ 
plished by increasing all loads by the 
amount of the net generation assigned to 
the equivalent generator. The amount 
each load should be increased should be 
directly proportional to the reciprocal of the 
corresponding impedance arm as calculated 


8. The proposed new equivalent consists 
of the impedances of step 5, the generation 
of step 6, and the loads of step 7. The final 
result is an equivalent which appears to 
have the reactances of a conventional lojad- 
flow^ equivalent, the same net generation 
bade of transient reactance and the same 
total load on the equivalent n points as a 
conventional stability equivalent, and the 
net loadings and generation within the 
equivalent adjusted so as to cause proper 
phase-angle relationships among the n 
equivalent points. 

The performance of the proposed com¬ 
bination load-flow and stability equiva¬ 
lent with respect to its interconnection to 
the system shown as real is, for all prac¬ 
tical purposes, identical to the perform¬ 
ance of the load-flow equivalent of 
method 3. The performance of the com¬ 
bination load-flow and stability equiva¬ 
lent with respect to its synchrordzing 
power output during transient conditions 
is similar to the performance of an equiva¬ 
lent developed in accordance with the 
prindples discussed in the section entitled 
“Present Practice with Respect to Sta¬ 
bility Equivalents.” 

Frequently a system for which an 
equivalent is desired has transformers 
with turn-ratios deviating from the turn- 
ratios which correspond to the nominal 
base voltages. These off-nominal turn- 
ratios are represented on an a-c network 
analyzer by adjustable autotransfoimers. 
Approximate recognition of the presence 
of these off-nominal turn-ratios when 
making measurements for an equivalent 
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can be made in the following manner: 

With all generators removed and with 
tile autotransformers set at their operat¬ 
ing values, apply a voltage of 100 per 
cent between one of the tenninals to be 
retained as real and the common bus to 
which the ground terminals of the auto- 
transformers axe connected. Insert addi¬ 
tional autotransformers at each of the re¬ 
maining open-circuited terminals which 
are to be retained as real and adjust eacli 
autotransformer so that the voltage on 
the free end of the autotransformer is 
100 per cent. Measurements for transfer 
impedanc^ and for distribution factors 
are made in the manner described in the 
Appendix, steps 2 and 7. Metering 
points for the currents should be located 
on those sides of the newly inserted auto¬ 
transformers that have the 100-per-cent 
voltage during the open-circuited test. 
Calculate the transfer impedances and the 
loads which are to be placed at the ter¬ 
minals of the equivalent. Insert auto¬ 
transformers between those terminals of 


the equivalent which had comp ensatin g 
autotransformers during the measure¬ 
ments and the system to be retained as 
real. Settings of these transformers 
should be reversed from the settings used 
during the measurements. The foregoing 
method is based on the supposition that 
the turn-ratios around closed loops within 
the system to be represented by the 
equivalent are at, or near, unity. Meas¬ 
urements could be made with no com¬ 
pensating autotransformers utilized, pro¬ 
vided recognition is given to the various 
base voltages which exist at the terminals 
of the system because of the off-nominal 
turn-ratios.* Autotransformers, how¬ 
ever, will still be required in the resulting 
equivalent. 

A-C An^yzer Investigations of 
Combination Load-Plow and 
Stability Equivalent 

To test the validity of the proposed 
combination load-flow and stability equiv¬ 


alent, a hypothetical 2-company power 
system was investigated on an a-c net¬ 
work analyzer. The investigations con¬ 
sisted of a load-flow run and of stability 
mns for both companies of the hypothet¬ 
ical 2-company power system repre¬ 
sented as real, one company represented 
as real and one company represented by 
by the proposed combination load-flow 
and stability equivalent, and one com¬ 
pany represented as real and one company 
represented similar to that which would 
be obtained if a stability equivalent were 
used as described in the section entitled 
Present Practice with Respect to Sta¬ 
bility Equivalents.” 

Conclusions regarding the performance 
of the proposed combination load-flow 
and stability equivalent when used to 
represent one company of the afore¬ 
mentioned hypothetical 2-company power 
system and conclusions regarding the per¬ 
formance of a conventional stability 
equivalent are as follows: 

For load-flow studies: 

combination load-flow and 
stobility equivalent will give results almost 
identical to those obtained when the entire 
power system is represented in detail. 

2. Use of ^ the conventional stability 
equivalent will give results which are at 
marked variance with those obtained when 
the entire power system is represented in 
detail. 

For stability studies: 

1. Use of the combination load-flow and 
stability equivalent will give results which 
agree closely (showing, however, a slight 
tmdency towards greater instability) with 
those obtained when the entire power sys¬ 
tem is represented in detail. 

2. Use of the conventional stability 
equivalent may, in critical cases, lead to the 
conclusion that a system is stable when the 
system actually is unstable. 

Fig. 1 is a 1-line impedance diagram 
of the power system which was studied. 
Fig. 2 shows the megawatt and megavar 
line loadings, bus voltages, and off-nomi¬ 
nal tiansformer turn-ratios for the base 
conditions under which the stability runs 
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Rs- 3. Simplified load-flow diagram. Com¬ 
pany A and company B both represented as 
real 


POWER FLOW IN MEGAWATTS 
/ 7 ^. f^^ACTIVE FLOW IN MEGAVARS 

{ )% l : voltage behind transient reactance 

Fig. 4. Simplified load-flow diagram. Com¬ 
pany B represented by combination load-flow 
and stability equivalent 
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Fig. 5. Simplified load-flow diagram. Com¬ 
pany B represented by Conventional stability 
equivalent 
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Fig. 6. Power-angle curves. Company A 
and company B both represented as real 


were made. Simplified load-flow dia¬ 
grams showing only the generation and 
associated vector voltages of company A 
and the power flows and voltages on the 
three tie lines intercoimecting company A 
with company B are shown in Figs. 3, 4, 
and 6. These three diagrams show a-c 
analyzer readings with both company A 
and company B represented as real, a c 
analyzer readings with company B rep¬ 
resented by a combination load-flow 
and stability equivalent, and a-c analyzer 
readings with company B represented by 
the previously mentioned conventional 
stability equivalent respectively. The 
conventional stability equivalent was 
simulated on the a-c analyzer by connect¬ 
ing together the points bdiind the tran¬ 
sient reactances of the generators of com¬ 
pany B, with company B otherwise repre¬ 
sented in detail. Transformer turn- 
ratios and load impedances for company 
B were at the same values as those used in 
the load-flow run where the transient 
reactances were not connected together. 

Examination of Figs. 3 and 4 will indi¬ 
cate the relative closeness with which the 
results of load-flow studies obtained with 
use of the combination load-flow and sta¬ 
bility equivalent agree with the results 
obtained when company B is retained as 
real. Fig. 6 indicates that Use of the 
conventional stability equivalent creates 
loadings on the interconnecting 
lines and a smaller phase angle between 
the two generators of company A. The 
effect of this decreased angular diff^ence 
between generators tends to make the 
system more stable than it actually is. 

For the stability stiuhes, a 3-phase fault 


was placed on company .4’s terminus of 
one of the three interconnecting tie lines. 
The fault was cleared and the tie line 
opened at 0.176 second for one set of runs 
and at 0.186 second for a second set of 
runs. Plots of the swing curves were ob¬ 
tained with both companies retained as 
real, Fig. 6, with company B represented 
by a combination load-flow and stability 
equivalent, Fig. 7, and with company B 
represented by a conventional stability 
equivalent. Fig. 8. Fig. 6 shows that the 
system is stable with a clearing time of 
0.175 second and unstable with a clearing 
time of 0.185 second. Fig. 7 shows that 
the results obtained with the use of the 
combination load-flow and stability equiv¬ 
alent are almost identical to those ob¬ 
tained when both companies are retained 
as real with, however, a slight tendency 
towards greater instability. Fig. 8 shows 
that tlie use of the conventional stability 
equivalent gives incorrect results indicat¬ 
ing, for the conditions studied, stability 
where instability actually is present. 

Appendix. Procedure for 
Obtaining Combination Load- 
Flow and Stability Equivalent 

A suggested step-by-step procedure for 
obtaining the combination load-flow and 
stabilty equivalent is given in the following. 

1. Represent on an a-c analyzer all 
transmission circuits of the system for 
which an equivalent is desired, omitting all 
load and generating units. If an a-c 
analyzer is not available, a d-c calculating 
board may be used by representing system 
reactances only. 

2. Measure the transfer admittances 
between all points which are to be con- 



Fig. 7. Power-angle curves. Company B 
represented by combination load-flow and 
stability equivalent 



Fig. 8. Power-angle curves. Company B 
represented by conventional stability equiva¬ 
lent 


nected to the system which will be shown as 
real, thus reducing the network to an 
equivalent mesh of (»/2)(»—1) bra n c h es 
where n is the number of interconnection 
points. Measurement of the transfer ad¬ 
mittances associated with a single n point 
may be made by appl 3 dng a voltage be¬ 
tween one of the n points and a common bus 
to which each of the remaining (»^1) 
points are connected. The transfer ad¬ 
mittances between the single point and the 
\n—l) points are equal respectively to the 
current metered between each of the (m — 1) 
terminals and the common bus divided by 
the applied voltage. Computation of trans¬ 
fer admittances rather than transfer imped¬ 
ances is suggested so as to facilitate.succeed- 
ing computations. 

3. Tie all generator transient reactances 
together and measure the n transfer react¬ 
ance arms between the common generator 
point designated as g and each n point 
which is to be retained as real, the n points 
being tied together for these measurements. 

4. Reduce the network of » reactance 
arms obtained in step 3 to a mesh of 
(»/2)(«—1) admittances eliminating the 
comthon generator point g. This step is 
recommended so as to facilitate the com¬ 
putations of step 5. 

5. Compute a new mesh of (»/2)(«—1) 
branches by subtracting the admittance 
values of step 4 from the corresponding 
admittance values of step 2. Convert the 
admittances of the new mesh to ijnpedancM. 
Any negative resistances which appear in 
the transfer impedances so computed may 
be assumed, by necessity, to be zero for the 
analyzer setup. This assumption should 
not affect appreciably the required per¬ 
formance of the equivalent since accurate 
transfer characteristics rath^ than accurate 
loss representation is desired from the 
equivalent. 

6. The mesh computed in step 5 plus the 
arms obtained in step 3 are the reactances 
used in the combination load-flow and sta¬ 
bility equivalent. 

7. With the original setup of the trans- 
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inission circuits (transient reactances not 
tied together) obtain distribution factors 
for all loads and generators to the n points 
to be retaMed as real. Measurements for 
these distribution factors may be made in 
accordance witt the method suggested in 
reference 1 which, if adhered to rigorously, 
requires prior knowledge of the vector volt- 
agM of the various generator and load busses 
which are to be suppressed in the equiva¬ 
lent. Distribution factors for each of the 
load and generator busses of the hypo- 
theti^l system described in this paper were 
obtained by impressing one per-unit current 
at a bus for which distribution factors were 
desired with the n points to be retained as 
real connected to the ground bus, and 
metering between each of the » points and 
the ground bus only that portion of the 
current which was in phase with the im¬ 
pressed current. If the currents do not add 
up to 1.00 when one per-unit current is im¬ 
pressed at a load or generator bus, then the 
current values should not be used directly 
as distribution factors but should be 
adjusted proportionately so that the dis¬ 
tribution factors will account for 100 per 


cent of the load. By applying these dis¬ 
tribution factors to the megawatt loads and 
generation of the various internal busses, 
net megawatt loadings on all n points can be 
determined. 

8. Tie all generator transient reactances 
together and obtain distribution factors for 
the total amount of load which would 
appear at the point g back of transient re¬ 
actance, the n points and the point g being 
tied together during this measurement. 
(It is only necessary to measure the dis¬ 
tribution factors associated with the point 
g.) For the combination load-flow and 
stability equivalent the load reflected to 
this point g plus all of the generation is 
assumed to appear at point g. This will 
usually result in a net generation at g. An 
estimated average voltage back of transient 
reactance should be used for the equivalent 
generation. 

Increase the net megawatt loadings on 
the n points as determined in step 7 by 
the amount of the net generation to be put 
at the point g in back of the transient react¬ 
ances as determined by step 8. The amount 


of increased load at each n point should be 
inversely proportional to the reactance arms 
to the respective points as determined in 
step 3. If on one or more of the n points 
the final net loading is a generation, this 
generation should be varied throughout a 
stability study in proportion to the square 
of bus voltage. Megavar loads on the 
various n points should be scheduled as 
necessary to obtain desired predetermined 
voltages. 

10. The new equivalent consists of the 
impedance network given in step 6, the 
generation in back of transient reactance as 
given in step 8, and the net loadings on all 
n points retained as real as given in step 9. 
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Discussion 


C. H. Hoffman (Public Service Electric and 
Company, Newark, N, J.): There has 
alwa 3 is been some confusion between sta¬ 
bility equivalents and power-flow equiva- 
lents. The fact that a conventional sta¬ 
bility equivalent does not ordinarily give 
the correct power-flow picture has previously 
been accepted as simply an unfortunate but 
necessary approximation. The Brown- 
Cloues technique, although somewhat more 
involved than the ordinary measurenient, 
produces a single equivalent which does 
both jobs as well or better than the old 
approach. This is particularly advanta¬ 
geous in those stability studies where it is 
desu-^ to measure power flow at various 
wcations at selected times during the swing. 
Since even the flows at time zero are in¬ 
correct with the conventional stability 
equivalent, it has always been hard to 
develop confidence in readingps taken at 
oth» tune steps. The authors have shown 
in tins excellent paper that these suspicious 
of maccuracy were justified. 

There is no necessity, however, of dis¬ 
carding ^ old studies made with the con- 
ij^tional equivalents, since the example in 
the pap^ is a rather extreme case, wifii the 
boimdanes of the equivalent extending 
qmte cIom to the point of fault. In most 
studies the part of the system of greatest 
interest is represented in detail, and only 
r^ote portions of the system are suppressed 
m eqmvalents. Errors of representation of 
more remote areas have less influence oh 
re^ts than in the case of the example in 
this paper. 

^ S ? of Appendix, is it not possible 
(and preferable) to make the required 
network reduction by means of measure¬ 
ments shi^ai; to those necessary in step 3? 
Concernii^;||^p. 8 of the Appendix, it 

^y not be plear to afl readeS that^^^ 

^stabtttion. ^factors are for . the original 
and not fOT the distributed 
loads at the n pomts obtamed in step 7, 


Young (General Electric Company, 
Schen^tady, N. Y.): Because it is some¬ 
times impossible or impractical to represent 
in sufiicient detail all of the interconnected 
companies of a power system for a-c net¬ 
work analjrzer studies, a method of repre¬ 
senting a portion of a power system for 
both load-flow and stability studies is very 
deskable. Any method which satisfactorily 
achieves this result is a real contribution to 
the field of power system analysis. 

One point which cannot be overempha¬ 
sized is that any equivalent circuit involves 
making some assumptions about the system 
to be simplified. The equivalent cannot 
accurately represent the system unless the 
assumptions are reasonable. .Thus, if two 
generators in a system do not swing to¬ 
gether during a transient disturbance, then 
&e assumption that they do swing together 
in itself creates an error which may in¬ 
validate the results of the analysis. If 
the results indicate that the system which 
has Iwen represented in equivalent form 
contains m ac hin es which are critical or 
or that assumptions made about this system 
may directly influence the transient be- 
ha-vdor of the entire system, then it is 
deskable to re-examine the use of the 
equivalent circuit and make any necessary 
modifications. 

The authors indicate that in general 
their equivalent circuit is tilore conservative 
than the conventional stability equivalent 
and they conclude that, in critical cases, 
the conventional representation may show 
stability where, actually, the-syston is un¬ 
stable. It would seem reasonable th at 
whether or not this is true would depend 
directly on the validity of the assumptions 
made as well as on the nature of the system 
and the location of the fault. It would be 
very interesting if the authors would indicate 
the general conditions which would be 
expected to produce this result. 


W. T. Brown and W. J. Clones : We 
agree in general with the remarks made by 


hir. Hoffman and Mr. Young, and wish to 
take this opportunity to thank the discussers 
for their very worth-while comments. 

Mr. Hoffman brings attention to the fact 
that the example chosen is a rather extreme 
case, with the boundaries of the equivalent 
extending quite close to the point of fault. 
Admittedly, the example may be considered 
^tieme from a stabihty point of view, but 
it is not necessarily extreme from a load- 
flow point of view. Regardless of the 
loca.tion of a fault, a conventional stability 
equivalent cannot be relied upon to give 
correct prefault line loadings on all lines of 
the system shown in detail. The conven¬ 
tional stability equivalent thus cannot 
necessarily be used successfully when a 
load-flow study is to be made concurrently 
with a stability study, even though the 
faults to be studied are far removed from the 
boundaries of the equivalent. 

Mr. Hoffman is correct in stating that it 
is possible, and preferable, to make the 
required network reduction mentioned in 
in step 4 of the Appendix by means of 
measurements similar to those necessary 
in step 3. Mr. Hoffman’s comments on 
step 8 should serve to clarify that par¬ 
ticular step. 

Mr. Young’s question regarding what the 
general conditions are under which the use 
of a conventional stability equivalent may 
show stabiUty where, actually, the system 
is unstable is quite apropos. The state¬ 
ment we made regarding the possible wrong 
conclusions which might be drawn from 
the use of a. conventional stability equiv¬ 
alent, as well as the statement that use of 
a combination load-flow and stability 
equivalent may be expected to give more 
conservative results than those obtained 
by use of the conventional stability equiv- 
! alent, was prompted by observations of 
the results of various stability runs made 
when testing, the sample system. These 
statements can be supported by the fol¬ 
lowing reasoning; Correct initial angles 
of the machines in the system retained as 
real will be obtained by use of the com- 
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bination load-flow and stability equivalent. 
Conversely, use of a conventional stability 
eqidvalent will give, because of the relatively 
lower transfer impedances of this equivalent, 
initial machine angles which are closer 
together. The closer together the initial 
machine angles are, the greater is the 
tendency towards stability. This fore¬ 
going reasoning supports the statement that 
a conventional stability equivalent might 
show stability where instability actually is 


present. On the other hand, it is believed 
that, when computing the swinging of the 
machines in the system retained as real, 
the use of an equivalent represented by a 
single machine having only one degree of 
freedom will tend to make the machines 
in the system retained as real more un¬ 
stable as compared to the results obtained 
if the machines represented by the equiv¬ 
alent are shown in detail thus giving 
several degrees of freedom to the system 


which is normally suppressed by the equiva¬ 
lent. 

In short, it is reasoned that either type 
of equivalent generally will tend to give 
conservative results (greater instability) 
during the transient period, but that the 
final result, namely stability or instability, 
will be modified by the all-important 
initial angles, and the initial angles most 
assuredly will depend upon the type”^of 
equivalent used. 


Automatic Load-Frequency Control 
System for Central Station Power 


GUSTAVE EHRENBERG 

ASSOCIATE MEMBER AIEE 


T he goal of completely automatic con¬ 
trol for large power system intercon¬ 
nections can be realized only'by a control 
system that is capable of solving the fol¬ 
lowing load regulating problems:^"* 

1. It must tie an area together so that 
all systems within the area can accommo¬ 
date large load swings with a minimum 
capital investment. 

2. At the same time, each system within 
an area must be capable of regulating its 
own generation under normal load condi¬ 
tions. 

3. All power generated in the system 
interconnections must be manufactured at 
a minimum cost. 

4. Cyclic swings on tie loadings between 
interconnected areas must be held to a 
minimum. 

The load-frequency control system de¬ 
scribed in this paper represents a sound 
modem approach to an economical solu¬ 
tion of these problems, using the most 
advanced control techniques. The sys¬ 
tem has the following advantages: 

1. It is a completely integrated control 
system intended not to supplement less 
advanced forms of control but to replace 
them entirely. 

2. It applies electronic techniques that 
have been tried and tested in the process 
industiies. 

3. It is designed to control both the 
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Gustavb Ebrbnbbro is with the Minneapolis- 
Honeywell Regulator Company, Philadelphia, Pa. 

The-adjustable break point described in the section 
entitled "Fundamental Circuitry” was suggested 
by George Foster, Metrotype, Xnc. 


proportional (fringe) and reset (sustained) 
types of variation; but adjustments Are 
provided so that any amount of each 
control mode, or any combination of both 
modes, is available without the use of 
additional equipment. 

4. It incorporates an automatic incre¬ 
mental loader that eliminates the necessity 
of making slope and break point adjust¬ 
ments as the stations go through the loading 
cycle. 

5. It makes provision for including a 
penalty factor computer. 

6. The control scheme is basically simple: 
the system concentrates all control functions 
in the servos, see Fig. 1, and uses instru¬ 
ments only for monitoring purposes. 

7. The physical arrangement of equipment 
simplifies interwiring connections and main¬ 
tenance, and facilitates system expansion. 

The fundamental parts of this system 
were tested recently at Denison Dam, 

. Tex., over a period of a year, in a power 
system serving the entire state, with ex¬ 
cellent results. By regulating the output 
of only two 37.5-kva generators, the load 
dispatcher was able to hold the frequency 
of this 1,000-megawatt power system with¬ 
in ±.03 cycle, and this in spite of rapid 


load swings caused by the fluctuating de¬ 
mands of large steel mills in the southern 
part of the state. 

Fig. 2(A) shows a curve that represents 
approximately 1 hour’s operation, with 
the new control system holding the system 
frequency; the opposite curve shows gen¬ 
erator output (figures to the left are read 
directly in megawatts; figures to the 
right in frequency). The upper portion 
of this curve shows the system control 
operating with a wider proportional band 
than does the lower portion, thus effec¬ 
tively cutting down on the amount of 
fringe control. It can be seen that the fre¬ 
quency band becomes wider and the ac¬ 
tual fiuctuation of the generator units is 
greater as a result of this widening of the 
proportional band, thus offering reasona¬ 
ble support of the contention that high¬ 
speed control actually works the genera¬ 
tor units less than does the more relaxed 
type of sustained control. Fig. 2(B) 
shows the new load-frequency control sys¬ 
tem holding base load on the plant, while 
another station on the system is holding 
power system frequency using a sustained 
type of frequency control system only. A 
comparison of the curves of Figs. 2(A) 
and (B) demonstrates the effectiveness of 
the new control system. 

Control Theory* 

The instrument engineer assigned the 
task of designing a control system for 
large power system interconnections is 
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Fig. 3. Typical in¬ 
cremental loading 
curves 


faced with a choice of three different con¬ 
trol methods: 

1. The reset (sustained) mode. 

2. Two separate control systems, one 
using the reset (sustained) mode operating 
on a pulse-type signal; the other using the 
proportional (fringe) mode with a con¬ 
tinuous type signal; with both modes 
being combined at the generators. 

3. The reset (sustained) plus proportional 
(fringe) mode combined in one control 
unit, and transmitted directly as a com¬ 
bined signal to the stations, or separately 
to .the stations and combined at the gener¬ 
ator governor. 

The first system was found to be inade¬ 
quate for general process control many 
years ago; and, as a result, a number of 
packaged control units combining both 
the proportional and reset control modes 
were designed at little extra cost. The 
second system is just as unsound econom¬ 
ically, for the simple reason that pulse 
type of control as a rule requires two 
separate telemetering channels—one for 
raise and one for lower—to deliver the re¬ 
set control signal; and stiU another chan¬ 
nel is required to deliver the continuous 
signal of proportional control. In some 
systems of this type two additional tele¬ 
metering channds are required. 

The merits of the third system of con¬ 
trol, whidi uses only one telemetering 
channel, from an economic as well as an 
efficiency standpoint, should be obvious. 
This control system has proved its worth 
in other industries whose control prob¬ 
lems are no different essentially from those 
of the power industry. The benefits of 
the combined control modes are so well 
established, in fact, that it should no 
longer be necessary to analyze a power 
system to determine the t 3 q)e of control 
for which it is best suited. In the opinion 
of the writer, the advantages of propor¬ 
tional control are such that it should be 
used throughout the power industry, the 


only question being the degree of its use. 
An explanation of how these two modes 
interact and are used separately helps to 
understand tlie control theory underlying 
the new system. 

Proportional and Reset Control 
Action 

When a sudden transient occurs in the 
power system, the proportional signal, a 
fast-speed signal, is directly proportional 
to the magnitude of the transient and the 
rate of disappearance of the signal is in a 
direct ratio to the rate of disappearance 
of the transient. The reset signal, a slow- 
speed signal, operates simultaneously, but 
at such a slow rate that its effect is negli¬ 
gible in the case of a sudden transient. 

If the transient is of longer duration, 
the proportional plus reset action is the 
same as before, with this difference: as 
the system returns to a balanced condi¬ 
tion and the proportional signal disap¬ 
pears, the reset part of the signal con¬ 
tinues to feed into the incremental loader 
to compensate for the disappearance of the 
proportional part of the signal. Further¬ 
more, the reset signal continues to drift 
in the direction necessary to correct the 
unbalance, and assumes a new position 
when the system is at balance. 

If the proportional control signal is 
split from the reset signal, the reset signal 
is transmitted through the incremental 
loader, as described here. The propor¬ 
tional signal, howevd:, by-passes the in¬ 
cremental loaders and is trananitted sepa¬ 
rately and directly to the desired generat¬ 
ing unit, where it is combined with the 
reset signal. 

When the controller combines both 
modes, the combined corrective signal is 
sent to an incremental loader on which 
curves have been laid out for the various 
stations, according to the load require¬ 


ments of the power system. These curves 
are based upon the heat rates of the 
various generators in the system, and 
they may include a penalty factor which 
can be varied manually by dials or auto¬ 
matically when a transmission-loss com¬ 
puter is provided in the control system. 

Incremental Loading 

The incremental loader divides the 
combined corrective signal into separate 
control signals according to the incre¬ 
mental heat rate curves of each station. 

A pair of typical incremental loading 
curves is shown in Fig. 3. These curves 
indicate the ratio used to apportion the 
control signal between stations A and B 
so that each station gives the optimrun 
output for any given system load. Thus, 
in the example illustrated in Fig. 3, for 
a load of 30 kw the control signal is ap¬ 
portioned between the two stations in a 
2-to-l ratio; for a load of 90 kw in a 5-to-4 
ratio; for a load of 200 kw (total con¬ 
trolled system load) in a 3-to-2 ratio. 
The loader is flexible in design, so that 
it can accommodate any number of break¬ 
points up to 30; furthermore, the break¬ 
points can be positioned in any grouping 
along the cturve so as to provide the most 
accurate segmental simulation of the ac¬ 
tual incremental heat rate curve. The 
incremental loader is easily adjustable by 
means of dials mounted on the dispatcher’s 
console. 

The separate signals from the incre¬ 
mental loader are telemetered to the 
various stations on control. Within each 
station, a signal is sent to a station incre¬ 
mental loader that is similar to the sys¬ 
tem loader, except that it does not pro¬ 
vide for penalty factor adjustments. 
Curves have been set up in each station 
loader for tlie individual generators within 
the station and separate control signals 
are sent out to tlie governor speed ad¬ 
justment motors of each generating unit. 
This signal is compared with generator 
governor position and any deviation re¬ 
sults in an increase or decrease in genera¬ 
tor output sufficient to correct for the 
initial deviation of net interchange (power 
transfer) and/or system frequency and/or 
time error. 

Measuxihg and Computing 

The measuring and computing system 
consists of a series of sensing elements that 
are used to measure the net interchange 
of power, system frequency, and time 
error. The telonetered signals from the 
various interchange points are added to¬ 
gether and sent to a totalizer called net 
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mterchange. The net interchange from 
the power totalizer is compared with 
s^edule by the net interchange measuring 
drcuit; similarly, system frequency is 
compared with frequency set point, and 
timer error is compared with time error 
set point. Any resulting error is applied 
as input to the area requirement com¬ 
puter. The net error signal, which is the 
algebraic sum of the net interchange, fre¬ 
quency, and time error signals, is then 
sent to the controller, which incorporates 
proportional and reset actions, either 
combined or separately. 


of either load alarm setting. The alarm 
indication is visual and audible. 

Equipment 


Alarm 

The alarm system consists of failure 
alarms, deviation alarms, and high-limit 
and low-limit alarms, which monitor 
various elemrats in the control system. 
All telemetering receivers are provided 

^^ch may be used 
to “trip” the system off control, and to 
provide visual and audible indication of 
tel^eter receiver failure. All tripouts 
hold the system generation at its last 
controlled condition. Another charac¬ 
teristic of all trip-t 3 rpe alarms is that the 
system must be returned to control 
manually. The frequency measuring cir¬ 
cuit is provided with high-low alarms 
which are adjustable over the sensing 
span; they are generally used to trip, but 
may also be used to provide visual-atidible 
alarm. 

The net interchange and the area re¬ 
quirement circuits are equipped with 
high-low alarms, which are adjustable 
over a very wide range for visual-audible 
indication; they may also be used to trip 
e system off control. Each generating 
station is provided with high and low 
load alarms which function to block the 
control signal received from the allocator 
wcuit whenever the control signal calls 
for a station generation output in excess 


r All system operator adjustments are 
1 mounted on a console located in the load 
■ dispatch^’s office. These controls in- 
; dude high-limit and low-limit alarms, 
manual-to-automatic transfer switches, 
load and frequency set points, frequency 
bias adjustments, proportional band and 
reset rate adjustments, load schedule 
“start timer,” load schedule rate adjust¬ 
ment, incremental loader settings, and 
null balance indicators for placing control 
from manual to automatic without bump¬ 
ing the system. 

The incremental loader adjustments 
^ow the dispatcher to change the load¬ 
ing curves on his stations at will. If a 
station is placed on automatic control, 
the incremental loader will automatically 
pla^ the station on its loading curve, 
which, of course, takes into account the 
total load on the system at that par¬ 
ticular moment. The number of slope 
adjusting dials for setting these curves is 
determined by the number of break points 
that the user desires. The break point 
dials provide a method of grouping the 
break points to the right or left, as may be 
required to establish the proper loading 
curves. ® 

Also located in the dispatcher’s office 
are^ recorders, mounted on a panelboard, 
which are used to monitor the control 
system. These instruments record net 
interchange and schedule, frequency, 
time error, area requirement, tie-line 
loadings, and station generation and 
schedule. All other measuring and con¬ 
trol components, such as alarm amplifiers, 
telemetering equipment, and servos, me 
mounted on relay racks that may be lo¬ 
cated in a low-cost area of the plant. 

The incremental loader located in each 


I station is sunilar to the system incre¬ 
mental loader in the load dispatcher’s 
office. Its purpose is to break up the 
control signal received from the dis¬ 
patcher’s office so that individual incre¬ 
mental cost loading curves can be estab¬ 
lished for each generator under control. 

The ^angement of the control servo 
me^anisms in rday racks has simplified 
maintenance and expansion problems. 
The use of plug-in amplifiers and motors 
and terminal blocks with fan stripping 
facilitates replacement of whole units or 
subassemblies by persoimel with a limited 
knowledge of electronics. Equipment 
can be added, whenever necessary, simply 
by mounting new components on a par¬ 
tially filled relay rack or by adding a new 
relay rack to the assembly. Since instni- 
ments are used exclusively for monitoring 
purposes, installation of additional instru¬ 
ments does not present any problem. 
The use of standard consoles and stand- 
^dized components and subassemblies 
in the consoles likewise facilitates adding 
new components and replacing old ones. 

Eundamental Circuitry 

The individual circuits of which the 
load-frequency control system is com¬ 
posed are elementary and compounding 
them^ is a relatively simple matter. A 
simplified schematic diagram is shown in 
Fig. 4. 

The net interchange signal from the 
power totalizer is continuously measured 
and recorded by the net interchange 
rneasuring circuit and recorder respec¬ 
tively. Similarly, the system frequency 
is continuously measured and recorded 
by the frequency measuring circuit and 
the frequency recorder, as is the time error 
signal. 

The computing circuit is composed of 
the frequency and net interchange and 
time error bridges and the area require- 


Errata 


The following corrections should be 
made in the paper entitled “A New 
Approach to the Calculation of Syn¬ 
chronous Machine Reactances—^Part I” 
by M. E. Talaat, which appeared in the 
April 1965 issue of Power Apparatus and 
Systems, pages 176-83. 

1. The symbol Q* in the last line of equa¬ 
tion 17 should be Ci®. 

^ A bracket should enclose the capital 
X’S inequation 46. 

3. Thei i^^raph starting at the end of 


pa^ 182 should read as follows: “However 
with regard to the subtransient reactance, I 
cannot agree with Mr. Kilgore that his 
paperi gives a truer assumption of the cur¬ 
rent distribution in the bars than does the 
present paper.” 

4. The symbol in line 6, column 1, page 
183, should be 

6. The second sentence of the last para¬ 
graph of column 1, page 183, should read as 
follows: “The subtransient reactance by 
his method was 0.176, and by the 

new method JiirtfB'’» 0 . 226 . . .” 
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ment servo. Note that the slide wires in 
the frequency, time error, and net inter¬ 
change bridges are actually retransmitting 
slide wires driven by the balancing motors 
in the frequency and net interchange 
measuring circuits respectively. Thus, 
the slide-wire position in each of the 
bridges is a continuous function of the 
system frequency, time error, and of net 
interchange (power transfer). 

The slide wire in the net interchange 
servo forms a bridge with a slide wire, in 
the schedule servo, which constitutes the 
set point to be held on net interchange. 
Similarly, the frequency servo slide wire 
and the frequency set point slide wire 
form another independently powered 
bridge. The voltage on the frequency 
bridge may be varied by the manual fre¬ 
quency bias adjustment. The frequency 
bridge is tied in series with the independ¬ 
ently powered time error servo bridge, 
which uses a center tap resistor since no 
adjustable amount of time error is re¬ 
quired. 

Any deviation of the net interchange 
slide wire from its schedule results in an 
error signal whicli is applied to the area 
requirement servo. Similarly, any devia¬ 
tion of the frequency or time error slide 
wires from their set points results in an 
error signal which is also applied to the 
area requirement servo. 

The area requirement servo is shown in 
Fig. 4 with its slide-wire center tapped. 
Since the net interchange and frequency 
and time error bridges respond separately 
to their respective variables and apply 
separate error signals to the area require¬ 
ment servo, the servo is able to compute 
the algebraic sum of the error sigfnals and 
provide an output to the controller pro¬ 
portional to this sum. Thus, any com¬ 
bination of error signals will provide a 
positive or negative area requirement 
output; if the signals are equal and oppo¬ 
site in polarity, they cancel and the area 


voltage which provides proportional band 
and reset rate adjustments. Pnmary 
reset rate adjustment, however, is accom¬ 
plished by changing the gear ratio of the 
reset servo motor, since large voltage re¬ 
ductions would result in loss of sensitivity. 
Note that the retransmitting slide wires 
going to the proportional bridge and the 
reset servo are driven by the area require¬ 
ment servo balancing motor, and that 
the reset slide wire is tied through the 
proportional slide wire to an amplifier 
which actuates a motor that drives the 
control servo slide wire. Although the 
proportional and reset slide wires are 
driven simultaneously in the same, direc¬ 
tion, the effect of the reset servo upon the 
control servo is negligible ex<^pt in the 
case of sustained load swings. 

Thus, if the area requirement servo 
should swing off zero and then back to 
zero quickly, the control servo slide wire 
will move rapidly in the same direction 
and then return to approximately its 
original position. The reset slide wire 
would not have had the time to move from 
its position by a significant amount. All 
generators in the control system, since 
they follow the control systems rigidly, 
would increase the generation to take 
care of the sudden load swing and then 
return to their original output. 

In the case of a sustained load swing, 
the proportional slide wire swings off zero 
and the generators increase output ac¬ 
cordingly; at the same time, the reset 
servo continues to drift its riide wire to 
compensate for the sustained load change. 
As the reset slide wire drifts, the area re¬ 
quirement servo moves in the direction of 
zero, and the proportional slide, wire re¬ 
turns to zero. When the area require¬ 
ment servo is once more at zero, the reset 
control slide wire is at a new position to 
satisfy the increased system load. 

Since both proportional baud and reset 


rate are adjustable, the controller can be 
tuned to the system to provide a compara¬ 
tively smooth operating curve when a 
flat tie line or frequency or a tie line with 
frequency bias is being held. The adjust¬ 
ments are not critical and can be backed 
off considerably when the point of mini¬ 
mum excursion of the area requirement 
circuit, bordering on instability, is found. 
The area requirement circuit will still 
have negligible excursion and the adjust¬ 
ments will then be satisfactory for all 
system conditions. 

The combined proportional and reset 
signals are applied, through the control 
servo slide wire, to the incremental loader. 
Since the combined signal is apportioned 
by the incremental loader according to 
the predetermined loading or heat rate 
curves, any station with a flat segment of 
loading curve will not receive a change of 
control signal for that segment. This is 
not a great disadvantage in a system that 
has sufficient generating units and capac¬ 
ity to compensate for the loss of propor¬ 
tional action from one station with a con¬ 
stant output for a flat segment. In the 
of smaller systems, the disadvantage 
is offset by the fact that the station incre¬ 
mental loading curve can be compromised 
to add sufficient slope to the station with 
the flat segment, so that this station will 
receive a proportional signal at all times. 
Furthermore, a control system using such 
a compromise curve can send out the 
combined signal on one telemetering chan¬ 
nel. On the other hand, a control system 
a split signal requires two telemeter¬ 
ing channels. Also, a theoretically flat 
incremental load curve which is con¬ 
tinually forced off its theoretical value by 
a proportional signal that is directly 
transmitted has no better economy fac¬ 
tor than a compromised curve. 

The present control system provides 
for either method of control. By a simple 


requirement output is zero. 

The control circuit includes a propor¬ 
tional bridge, a reset servo, and a control 
servo. The proportional and reset slide 
wires are each powered by an adjustable 



Fig. 6 (left). 
Electronic alarm 
unit 


Fig. 7 (right). 
Thyratron relay 
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Fig. 8. Relay rack with servos 

modification, as is shown by the dashed 
•■ lines on the schematic, it is possible to 
^parate the proportional control signal 
from the reset control signal. The pro¬ 
portional signal is then sent through a 
septate tel^etering channel to each 
station and is then combined with the 
reset signal on the thyratron side of each 
t^t load servo through the station propor¬ 
tion^ servo and the individual unit pro¬ 
portional band rheostats. In this system, 
the reset control signal alone drives the 
control servo slide wire and the incre- 
mentel loader settings will not affect pro¬ 
portional band adjustments. 

The incremental loader operates as fol¬ 
lows: The incremental loader sKde wire 
IS tapped, and the segmental resistance 
values between taps can be adjusted from 
the dispatcher’s console by means of per¬ 
centage caKbrated dials to vary the break 
points and slopes in the load curves for 
ea<*^ station. For example, if the total 
resistance of both the control servo slide 


wire and the incremental loader slide wire 
is 100 ohms, the tapped slide wire can 
be adjusted so that 80 per cent (%) of its 
length has a resistance of 10 ohms, and 
20 % has a resistance of 90 nhmc a 
10 % fi^-scale movement of the control 
servo slide wire therefore would cause the 
incremental loader slide wire and the 
ganged slope slide wires to move 80% of 
fuU scale. In a ^stem with five break 
points, if the incremental curves of the 
stations fluctuate greatly over 10 % of the 
curve and are relatively flat over 90%, 
four break points may be set within the 
fluctuating 10 % portion and one break 
point is used to set off the 90% straight 
line portion. 

The other tapf^d slide wires ganged to 
the incremental loader slide wire each 
adjust the slope of a station curve and 
. drive a station load servo. Note that the 
slope adjustment sKde wires and the load 
servo slide wires each have independent 
voltage sources, and that the voltage 
source on a slope slide wire can be ad¬ 
justed by a transmission-loss computer 
sKde wire. This ^justable voltage is 
<^ectly proportional to a penalty factor, 
since a vai 3 ^g voltage appKed in this 

manner effectively multiplies. This com¬ 
bination of penalty factor and incremental 
loading could result in completely auto¬ 
matic transmission loss and heat loss con¬ 
trol for a central power system when an 
automatic transmission-loss penaltv fac- 
tor computer is available. 

The separate telemetering signals are 
recdved at each station by a telemeter 
receiverin combination with a servo whose 
slide wire is in a bridge circuit of the re¬ 
ceiver. The telemetered signal is thus 
translated to a slide-wire position. An- 
oth^ sKde wire on this servo drives a 
station incremental loader, which has one 1 
break point setting slide wire and one s 

slope setting sKde wire for each generator J 

m the station. Each slope setting sKde 1 
wire is tied into a bridge circuit with a c 

load servo, instead of being independently 

powered as are the system slope setting t 
slide wires. 

The load servo, in turn, has one of its 
slide wires arranged in a follower circuit ft 
with a slide wire on the speed adjustment ti 
motor of the generator governor. Any a 
unbalance of this bridge is sensed by an b 
ampKfier which actuates thyratrons to oj 
supply power to drive the speed adjust- se 
ment reversible d-c motor. A load servo oi 
IS mterposed between the incremental tl 

loader and the governor speed adjustment de 

^de wire so that only one sKde wire need 
be mounted at the generator governor. is 
If the governor speed adjustment position ge 
•IS sufficiently nouKnear with respect to the eh 
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Fig. 9. Relay rack with alarm units and 
thyratron relays 


kilowatt output of the generator, the load 
setvo slide wire, which drives the speed 
adjustment motor, may be tapped to 
function linearly; no adjustment is re¬ 
quired on the governor mechanism. 


Alarm Circuitry 


EJirenberg Automatic Load-Frequency Control System 


The load servo also includes slide wires 
for high-low alarm limits and for differen¬ 
tial ^arm Kmits. The differential alarm 
ampKfier is located in a bridge circuit 
between the governor dide wire and one 
of the isolated sKde wires on the load 
servo. If the governor motor does not 
operate witlun an adjustable band limit, 
the differential alarm amplifier senses the 
deviation and pulls in its relays. 

sKde wire on the load servo 
is used to limit the rate of change of the 
generator. This sKde wire is independ¬ 
ently powered and is connected in series 
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to a capacitor and adjustable resistance; 
an amplifier is provided to sense the volt¬ 
age drop across the adjustable resistance. 
If tile load servo is driven too far too fast, 
the surge of direct current through the 
capacitor and resistance is sensed by the 
amplifier, which pulls in its relays. If 
the load servo is driven very fast for only 
a small distance, the voltage will not allow 
sufficient current to pass through the 
capacitor to energize the amplifier. If 
the load servo is driven slowly for a long 
period of time, the rate of change of volt¬ 
age across the capacitor will be such that 
only a small current will pass through the 
resistor, again not enough to energize the 
amplifier. The resistor can thus be ad¬ 
justed to set the rate limit required for 
each generator. The relays of the rate 
limit amplifier can also be connected to 
an adjustable timer which will open the 
load servo driving motor and hold it open 
long enough to allow the boilers to settle 
down. The timer will then dose the cir¬ 
cuit to the load servo driving motor, 
placing the unit again under normal 
control. 

Feedback for Monitoring Purposes 

The output of all the generators in the 
station is summed up in a signal which is 
transmitted through a telemetering trans¬ 
mitter to a telemeter receiver in the load 
dispatcher’s office. 'I'he signal drives a 
slide wire in a load servo, which in turn 
positions the second pen of a 2-pen re¬ 
corder. The first pen of this recorder is 
used to record the station command sig¬ 
nal. The total station output servo also 
drives another slide wire which forms a 


differential alarm bridge with a station 
command servo slide wire. If the station 
total load does not follow the station com¬ 
mand signal Wjithin adjustable differential 
limits, as set by the dispatcher, an alarm 
is sounded. A block diagram is shown in 
Fig. 5. 

Placing the System in Operation 

The method for placing the control 
system in operation with no units on con¬ 
trol is relatively simple. The dispatcher 
sets all the loading curves and break 
points into the incremental loader. He 
places his incremental loader on manual 
control, and adjusts it to the approximate 
point that he believes will balance the 
present S 3 rstein load. He instructs the 
station operator of the first station to be 
placed on control to plac» his units on 
automatic control. The station operator 
will have already set the loading curves 
and break points into the incremental 
loader for the station; transfer switches 
on the console will be turned to the off 
position. The operator merely turns the 
transfer switch of the first unit to come 
on control to automatic; the rate at which 
the unit moves is determined by an inter¬ 
rupter that was adjusted at the time of 
system installation. The rmit moves to 
the position dictated by the incremental 
loader, at which time it is switches to the 
incremental loader; the interrupter will 
be taken out of the circuit and the unit is 
now on control. 

This operation is repeated for all units 
within the station and for all stations 
within the system. When the entire sys¬ 
tem is on manual control, the dispatcher 


moves his system incremental loader 
manually by push button until the area 
requirement recorder reads zero, at which 
time he turns his transfer switch to auto¬ 
matic, placing the incremental loader on 
the controller. The system is now on 
automatic control. 

Should an operator desire to remove a 
unit from control, he turns the manual 
dial of that unit to the desired load and 
moves the transfer switch of that unit to 
manual. The unit is removed from the 
station incremental loader, and will again, 
through an interrupter circuit, travel to 
the desired load at the proper rate of load 
change. If the station operator desires to 
operate the units without thyratrons, he 
turns the transfer switch to the off posi¬ 
tion, and then the units can be controlled 
by means of the conventional speed ad¬ 
justment switch supplied by the turbine 
manufacturer. 

Fig. 6 shows the electronic alarm unit. 
Fig. 7 the thyratron relay. Fig. 8 shows 
the relay rack with servos. Fig. 9 the relay 
rack with alarm units and th 3 n*atron 
relays. 
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A Study of Carrier-Frequency Noise 
on Power Lines 

Part IV. Conclusion of Field Measurements 

J. D. MOYNIHAN B. J. SPARLIN 

MEMBER AIEE MEMBER AIEE 

T his is the final paper of a series. The age of all of the presently used transmis- 

first paper^ dealt with the theoretical sion voltage classes. This paper also in- 
considerations prdiminary to any fidd eludes the determination of the diange in 
tests and the consideration of measuring power-line noise as a function of band- 
techniques. The second and third width, 
papers®'® dealt with the results and inter¬ 
pretation of field measurements that had Correctioii for Bandwidth 
been made. Thispaper dealswith thefield 

measurements that have been made since The effect of bandwidth on the magni- 
the last paper, and rounds out the cover- tude of noise present at the detector was 


discussed in parts I and III. Part I of 
this study showed that the response of a 
noise meter to impulse noise was affected 
as follows 

JSav * (11 

where 

repetition rate of impulses 
do=volt-time area of impulse 
Go=mid-band gain of noise meter 

This indicates that the average value of 
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Fig. 1. Bandwidth versus center frequency 
of narrow bandwidth receiver used to de¬ 
termine bandwidth correction factor 



Fig. 2, Bandwidth versus center frequency 
of wide bandwidth receiver used to determine 
bandwidth correction factor 


impulse noise is independent of band¬ 
width. 

•Em«=2\/2 i4oCroBo (2) 

wher6 5o is the bandwidtli of the noise 
meter. Therefore, the peak value of im¬ 
pulse noise will be directly proportional 
to the bandwidth. 

Part I also showed that the average 
and peak values of the response of a 
noise meter to random noise was propor¬ 
tional to the square root of the band¬ 
width. Therefore, considering the aver¬ 
age value of noise, the response will vary 
from 

for random noise to 


for impulse noise where Ki and K 2 are 
constants. It therefore appears that the 
r^ponse of a noise meter to a combina¬ 
tion of random and impulse noise will be 

where a is between 0 and 1/2. 

Considering the peak value of noise to 
be measured, it was shown in part I 
that the peak value response of a noise 
meter for random noise is 

■Emax 






A. Average noise values 

B. Quasl-peak noise values 

C. Peak noise values 

This subcaption also applies to Figs. 4 through 7 
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Fig. 4. Noise voltage in microvolts versus 
frequency in kilocycles for typical llO-kv 
class of lines 


and the peak value response of a noise 
meter for impulse noise is 

JStiuix — ICsSo^ ( 7 ) 


where K 4 and Xs are again constants of 
proportionality. 

When the noise existing on a power line 
is measured, the bandwidth power will 
be between 1/2 and 1 because of the com¬ 
bination of random and impulse noise. 
Thus the peak value of response will be 

( 8 ) 


where j3 is between 1/2 and 1. 

In part III, a was assumed to be 1/4 
and j8 was assumed to be 3/4. Using 
these two factors, all of the data pre¬ 
sented in part III had been corrected to 
a 1-kc-per-second bandwidth. 

Since part III was written field tests 
have been conducted to determine typical 
values of a and /3. The method used was 
to measure the average and peak values 
of noise with equipment of widely varying 
bandwidth. A Stoddart model NM-10-A 
noise meter, which has a frequency range 
of 15 to 250 kc per second, was used for 
the narrow bandwidth receiver. A Stod¬ 
dart model NM-20-B noise meter, which 
has a frequency range of 150 kc per second 
to 25 megacycles per second, was used 
for the wide bandwidth receiver. Since 
the two noise meters overlap in frequency 
coverage, from 150 to 250 kc per second, 
this appeared to be an acceptable solution 
to the problem. Both meters are capable 
of measuring both average and peak 
values of noise. The bandwidth, from 
150 to 220 kc per second, of the Stoddart 
NM-IO-A which was used, as a function 
of frequency, is shown in Fig. 1. Fig. 2 
shows the same information for the Stod¬ 
dart NM-20-B. The field tests were 
conducted in substations on existing 
coupling capacitors. The inputs of the 
two meters were connected in parallel 
and a signal generator was used to cali¬ 
brate the meters at each frequency of 
measurement. After calibration, the 
meters were connected across the drain 
coil of the coupling capacitor and the 
average and peak values of noise were 
measured with both meters. From these 
tneasurements, the value of a and j3 were 
determined by substituting in equations 5 
and 8 and solving simultaneously. Thus 


a “log, 


^=log, 


(■ Eav wide b9nd)(Fnarfoy band) 
(Eav narrow band)(EwiclB band) 
(.Bpk wide band)(Ennrrow bond) 
{BpJe narrow bond)(jSwide bond) 
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are present the average value will be de¬ 
termined by the random noise and the 
peak value will be determined by the 
high peaks of the impulse noise. 

Modification of Previously Published 
Data 

Typical voltage-frequency curves were 
presented in part III for 69- and 138-kv 
dasses of lines. It was stated at that 
time, that the correction factors used 
were a=0.25 and /3=0.75 to correct the 
readings of the noise meter to a 1-kc-per- 
second bandwidth. It is pointed out 
earlier in this part of the paper that the 
assumed values of a and j8 in part III 
are in error as determined by field meas¬ 
urements. Therefore, the typical volt- 
age-frequency curves for 69-and 138-kv 
classes of lines have been corrected nging 
a=0.5 and ^= 1.0 to correct the original- 
fidd data so as to give microvolts per 
kilocyde of bandwidth on the trans¬ 
mission line. These new curves are shown 
in Fip. 3 and 5 for 69- and 138-kv re¬ 
spectively. 

Interpretation of New Field Data 

Additional field data have been taln^Ti 
since part III was written. This fidd 
data is on 115-, 161-, and 230-kv dasses 
of lines. This completes the fidd tests 




on transmission lines, as defined by volt¬ 
age dass, except that additional 220-kv 
dass of lines should be tested to improve 
the sampling and the 345-kv dass is not 
yet available in sufl&dent number to ob¬ 
tain what could be called typical values 
of noise. The numbers of lines tested 
are; 9 lines of the 69-kv dass; 11 lines 
of the 110-kv dass; 8 lines of the 138-kv 
dass; 12 lines of the 161-kv dass; and 3 
lines of the 220-kv dass. The lines on 
wWch these measurements were made are 
fairly wdl dispersed over the United 
States east of the Rocky Mountains. All 
of these data have been corrected for 
coupling capacitor networks, input probes, 
and bandwidth so as to give microvolts 
pw Mocyde of bandwidth on the trans¬ 
mission lines. The »^andwidth correc¬ 
tion has been made li^ng the correction 
factors determined by field tests and dis¬ 
cussed in detail eadier in this part of the 


.^v=m^sured value of average noise 
^ps^mea^ed value of peak noise 
•© “bandwidth, cydes per second 

^om the measurements made, it was de- 
termmed that, fqr M appKcation pur¬ 
poses, a could be taken as 0.5 and d as 1.0. 


In retrospect, these values appear ob¬ 
vious. The impulse noise has a high peak 
value but a very small volt-time area, 
whereas the random noise has a much 
lower peak value but a relatively large 
volt-time area.^.* It then follows that 
where both random and impulse noise 


paper, ine curves of Rig. 4 are for the 
115-kv dass of line. Fig. 6 for the 161-kv 
dass of line, and Fig. 7 for the 230-kv 
dass of line. Each of these figures con¬ 
sists of three sets of curves, entitled (A), 
(B), and (C), The curves of each figure 
(A) were obtained in the following man¬ 
ner. At each measurement frequency 
the average values of noise for each of 
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Fig. 6. Noise voltage In microvolts versus frequency in kilocycles for typical 161-kv 

class of lines 


the individual tests on that class of line 
were averaged together. The maximum 
and minimum measured values were also 
recorded. Then these were plotted as a 
function of frequency as a family of curvel 
subtitled (A) for each voltage dass. The 
same was done for quasi-peak values of 
noise on each dass of line and plotted as a 
family of curves titled (B). The family 
of curves subtitled (C) are for the peak 
values of noise. 

A detailed explanation of Fig. 4(A) will 
apply to Figs. 3 through 7 except for the 
differences in voltage dass and whether 
the noise value under consideration- is 
average, quasi-peak, or peak. The curves 
for the average value of noise existing 
on 115-kv dass transmission lines were 
collected. At each frequency for each 
line, the corrected average value of noise 
was read and recorded. From this, the 
average of all of the values at one fre¬ 
quency was determined and also the maxi¬ 
mum and minimum values occurring at 
that frequency were recorded. After this 
had been done for all of the lines in the 
115-kv, Fig. 4(A) was plotted. The 
Tnaxi-mum and minimum curve on this 
figure is a composite of all of the lines. 
One line may contribute the maximum 
value read at one frequency and the mini¬ 
mum value read at another frequency. 
Thus, all average measurements on all 
lines of this voltage dass that were studied 
fell on or between the maximum and 
minimum curves shown. As was pointed 
out in part III of this paper, but it is 
believed worth repeating here, the wide 
separation between the maximum and 
minimum measured values might lead 
one to fed that the noise level cannot be 
tied down to a reasonably, dose figure. 
The authors feel that this conclusion is 
not correct as will be pointed out. 

Since noise is essentially a constant- 
current function® instead of a constant 
voltage function, the impedance across 
which the measurements are made will 
determine the magnitude of noise voltage. 
Even though transmission-line theory® 
shows that the impedance can approach 
infinity for a single line under the proper 
termination, the impedance across which 
the measurements are made will be of 
about 200 ohms or less because of multi¬ 
ple lines and/or power equipment at the 
point of measurement. Therefore, the 
Tnn.YiTmiTn impedance will not be much 
more than the average taken for a large 
number of lines. On the other hand, if 
one line or piece of equipment presents a 
low impedance at the measuring point, 
the impedance will be low irrespective of 
the other lines or equipment because all 
the lines and equipment are in parallel. 
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Fig. 7. Noise voltage in microvolts versus 
frequency in kilocycles for typical 220-kv 
class of lines 


Since this effect occurs only at certain 
frequencies at a given measuring point, 
the noise versus frequency curves will 
have dips or valleys in them. It is the 
composite of all these dips or valleys that 
maJces up the minimum-voltage curve as 
shown in Figs. 3 through 7. 

All of the measurements that were used 
in obtaining these typical voltage-fre¬ 
quency curves were made on nonstorm 
days. Therefore, it is felt by the authors 
that these curves are typical values that 
might reasonably be expected on a trans¬ 
mission ^stem on, nonstorm days. 

As might be expected with a finite 
number of test samples, the curves are 
not smooth; however, if a smooth curve 
were drawn using the curves presented as 
a guide, the noise would vary inversely 
with the frequency. This has been shown 
to be the theoretical case which has been 
verified by many measurements. 

Conclusions 


The conclusions which can be drawn 
are as follows: 

1. Fidd tests show that the peak value of 
noise IS proportional to bandwidth. 

2. Analytical investigations have shown 
that quasi-peak values vary the same as 
peak values with changes in bandwidth. 

3. FieW tests show that the average value 
of noise is proportional to the square root 
of bandwidth. 

4. Field tests verify the theoretical con¬ 
clusion that noise varies inversely with the 
frequency. 





























Grounding Grids for High-Voltage 
Stations. II—Resistance of Large 


Rectangul 

ERIC T. B. CROSS 

FELLOW AIEE 

A PREVIOUS paper^ dealt with the 
calculation of the resistance of 
square grounding mats used in high- 
voltage stations. Such grounding mats 
are installed where rocky soil makes 
other grounding methods unworkable. 
The term mat applies to a system of 
conductors buried in a crisscross fashion 
parallel to earth and at a depth of 1 to 
2 feet below its surface. The larger the 
number of meshes, the lower is the 
grounding resistance; the optimal condi¬ 
tion being attained for a buried flat 
plate. 

The buried plate is not a practical 
or economical solution of the problem. 
However, in any calculations concerning 
the resistance of a rectangular grid, it is 
necessary to know the values for a plate 
of corresponding size since the plate is 
the limiting case of the mesh system. 

Data are available for the resistance of 
square grounding grids for different 
numbers of meshes.^ The results of this 
investigation serve as a check of pre¬ 
vious calculations, and provide data for 
the investigation of rectangular grids. 

Grotmding resistance is defined as the 
resistance between one electrode system 
in ground and another grounding elec¬ 
trode at infinite spacing. For a known 
value of resistivity of earth, p, this 
resistance to ground has been shown to 
be equal to p/(2tC) where C is the 
combined capacitance of the grounding 
electrode system and of its image with 
respect to the stuface of earth. 

The computation of the grounding 

Paper 55-281, recommended by the AIEB Sub¬ 
stations Committee and approved by tbe AIEB 
Oommittee on Technical Operations for presenta¬ 
tion at the AIBB Middle Eastern District Meeting, 
Columbus. Ohio, May 4-6, 1956. Manuscript 
submitted January 24, 1955; made available for 
printing March 7, 1955. 
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ar Plates 

RICHARD B. WISE 

NONMEMBER AIEE 

resistance of a rectangular plate therefore 
resolves itself into that of the calculation 
of a capacitance. Such capacitance 
calculations of rectangular plates have 
been attempted, but they were not 
rigorous attacks® or they involved some 
oversimplifying assumptions in their 
formulation.® This investigation at¬ 
tempts to verify the accuracgr of some of 
the known results through the use of a 
somewhat modified method of calcula¬ 
tion. In addition, the influence of the 
depth of the grounding plate is evaluated. 

Whenever expedient, all computations 
were performed on the electronic digital 
computer located at the Computer 
Center at the Armour Research Founda¬ 
tion of Illinois Institute of Technology. 
Eight significant digits were used through¬ 
out all computations, and because of 
ease of programming checks throughout 
the solution, the occurrence of errors is 
virtually eliminated. 

Calculation of Capacitance of 
Square Plate 

Review of Method of Subareas 

An approximate method of calculation, 
Maxwdl’s “method of subareas,” is used 
throughout this investigation. The es¬ 
sential theory involves the division of 
the electrode system carrying electric 
charge into n subareas At (i—l, 2, ..., 
n), each of which is considered as carry¬ 
ing a charge density qt (i—l, 2, ..., n) 
and h£LS the following characteristics: 

1, Such small area that qt is essentially 
constant. 

2. Such small dimensions that the poten¬ 
tial produced by the charge on At over 
the area occupied by A ^ is essentially con¬ 
stant and may be chosen to calculate the 
potential of Aj because of the charge on 
At. Similarly the potential Vu produced 
by gi over At itself is constant. 

Since the potential Vtf, produced on 
Aj by the constant charge density g< on 
.4i, is proportional to gj 

Vij^Kijqt 

and the total potential 


It n 

Kijqt; (i^l,2 . n) 

<-i t-i 

Since the charges are in equilibrium 
over this charged conducting dectrode 
system, the potential is constant every¬ 
where on it, therefore 

n 

= ^ Kijqt 

or 


n 





where Vo is the potential of the dectrode 
system. 

The capadtance C is given by 


n 





where Q is the total charge of the dectrode 
^stem. 

Thus, the problem consists of the 
evaluation of (w+l) linear equations in 
the (»4-l) variables, qt/Vo (4=1, 2, 

.. n) and C. 

Obviously, the finer the subdivision, 
the more accurate are the results. How¬ 
ever, the labor necessary for determina¬ 
tion of the Ktj values and for the solution 
of a set of linear algebraic equations 
increases considerably as n becomes 
larger. 

Evaluation of Coefficients Ktj 

Since the most expeditious fonn of the 
subareas used in both rectangular and 



Fig. 1. Buried plate with 18 subareas 
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R 9 . 2. Plate and image 


square plate calculations is that of a 
square, square-shaped subareas of side 
2 a centimeters are assumed throughout. 
A typical configuration is shown in 
Fig. 1. 

The potential Vp existing at the center 
of subarea P, Fig. 2, is comprised of that 
contributed by the charge qp upon sub- 
area P plus that contributed by all other 
subareas in the plate and its image with 
respect to the surface of earth. 

Expressions are derived in Appendixes 
I, II, and III for the Ki^ values needed 
m the determination of the individual 
potential <^ntributions. The result is 
expressed in terms of the distance d 
between the plate and its image and a, 
half the l^gth of a subarea side. Thus, 
the contributions to the potential Vp, 
Fig. 2, because of the charge of each 
subarea in the image, would be obtained 
by substituting the appropriate value of 
d/a into the appropriate equation. The 
respective contributions to Vp because 
of charges in the plate itself are realized 
with the same equations but with d=0. 

The values as calcidated with these 
expressions for Kpp, and Kop 
because of subareas A, B, and C re¬ 
spectively, Fig. 2 , for 2a=unity are 
shojra in Table I for various magnitudes 
oid/a. 

From Table I, if only resultant values 

Table I, Evaluation of Kij Terms 



>0 20 50 100 500 (03 

NUMBER OF SUBAREAS 

Fls« Effect of number of subareas 


for d/a ranging below 0.20 are considered 
(ance, practically speaking, this is the 
highest value necessary for grounding 
grid applications), a number of observa¬ 
tions may be made: 

1. The major contribution to Vp, as is 
tother evid^ced in the sample problem 
Appends IV. IS from Kpp and K^p, i.e., 
from subarea P and its own image. 

^ varies from 1.031 to 
dis^ce between plates is 

n than 

0.7 per cent (%). 

3. The reciprocal of the distance between 
centers of subareas P and R is 0.600. This 
■^ue differs from the calculated 0.606 for 
Aoj» for any value of d by 1.0%. 

Accordingly, various simplifying as¬ 
sumptions may now be made: 

1. The ^ects of changes in d/a need be 
taken mto consideration only for the 
determination of Kap. 

2 . If the (Stance between centers of sub- 

subarea j is greater 
^ 2 a, tbea Rjp may be approximated 
as 2o/r, regardless of the value of d, where 
r IS this distance between centers as meas¬ 
ured on the face of the plate. 

3. Taking into account the previous two 
assumptions, the coefficient for every sub- 


qA 

(xi- -a) 
(xi=-|-a) 


m 

(xi»a) 

(3bo°3a) 


•) (Xi-aa) 
(xi-Sa) 


Table II. EfFeci of Number of Subareas 
Used in Computation for Square Plate at 
Zero Depth 


0.06 . a SmS.• ••• 0.60609 

0,10 ..8 22^^ ■ ■ ■ ■ .0.60606 

.fM828.1.080 »S...::,o|S2? 

i.oo 


No. of Subareas 


.. 

..3.0090 

Bft.2.9873 

os.2.8664 

25o. 2-8*60 

- °. 2.8084 


I area in the plate may now be combine! 
; with that of its respective image, definini 
■ set Rjp'= 

2 KjP (jj^P) and Kpp'=^Kpp+Kap. 

Because of symmetry, some subarea: 
m a rectangular or square plate calcula¬ 
tion would cany the same charge density, 
Therefore, all subareas of equal charge 
density are denoted by the same letter 
{a, b, c, ...) and numerical subscripts 
are used to distinguish them. Also, by 
virtue of geometric symmetry of the plate, 
the mu^ coefficients Kn' and Kn' are 
proportional, with the constant of pro- 
portionaUty being the ratio of the number 
of subareas of densities and gy. 

Because subareas of side 2a cm are 
assumed, a computation will actually 
yield the values of C/2a with Cin electro- 
stetic units (esu) or cm and gi/{2aV^ 
(« = 1, 2, .,., n) also in esu. For the 
computation of resistance values, the 
reciprocal of C is used. Therefore, for 
a square of side W, results are tabulated 
for W/C. Thus, if the resistivity p is 
pressed in ohm-cm, the total resistance 
is given by 

ohms 

2tC 

Effect of Niimbbr of Subareas 
The first requirmuent for establishing 
the method involved the determination 
of the minimum value of n necessary for 
an accurate solution. This was accom¬ 
plished by repeatedly solving for the 
capacitance of a square of side W cm, 
dividing it into more and more fitnallpr 
and smaller subareas. 

Begmnmg with «=2, the calculations 
were proceeded until the results began 
to level off at «='72. The resultant 
PF/C for «=72 was 2.865. Although this 
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Fig. 4 (above). Subdivision of square plate, 200 subareas 



0 2a 4o 6o 8a lOo 12a I4a 16a 18a 20a sW 


Fig. 5 (right). Charge distribution in square plate 


DISTANCE ALONG PLATE 


value was only 0.8% less than the result 
of 2.889 for «=50, it was felt 

that the 4.7% discrepancy between this 
result and the value of 2.735 

attained by Dwight/ using another 
method, merited further investigation. 

Therefore the calculation was repeated 
for «=98 yielding a resultant W/C of 
2.845, a further decrease of 0.7%. Since 
this calculation was extremely long and 
tedious, it was only after long delibera¬ 
tion that it was decided to continue to 
a higher value of n. 

The last approximation assumed n — 
200 and resulted in TF/C=2.808. As is 
evidenced by referring to Table II and 
the plot in Fig. 3, these results are con¬ 
tinually decreasing, and if » is assumed 
to approach infinity, the value of W/C 
actually does seem to approach that 
offered by Dwight.^ 

This conclusion somewhat substanti¬ 
ates that offered by Reitan,® whose 
computations are similar to those of this 
paper. However, the effect of adjacent 
subareas was not taken into consideration 
by Reitan (i.e., Kqp in Fig. 2 was as¬ 
sumed as 2a/r), resulting in lower values 
of W/C than computed here for the same 
values of n. His maximum number of 
subareas used was only 72(36). 

The subdivisions used for the computa¬ 
tion with «=200 are shown in Fig. 4. 
Because of symmetry, this calculation 
required the assumption of 15 different 
charge densities 2o» • • • > ffo neces¬ 

sitated the solution of a system of 16 
equations. Even with the aid of the 
automatic computer, the labor involved 


in the evaluation of these coefficients was 
tremendous. 

Therefore, it is obvious that it would 
not be appropriate to consider values of 
n greater than 200. It may also be 
concluded that while this method is very 
convenient in the determination of capaci¬ 
tance for certain configurations, it does 
not lend itself very well to that of a solid • 
plate because of its slow convergence. 
Thus, if the method is to be used at all, 
some further observations most be made 
to simplify the procedure. 

Simplification of Procedure 

Let tis investigate the calculated charge 
distribution referring again to the cal¬ 
culation for ?i=200, with a square of 
side W cm. The resultant values of 
ffa. • • -I refer to the charge densities 
at the centers of the corresponding s b* 


areas. Assmne a plane intersecting the 
face of the plate perpendicularly along 
the center of a row of these subareas. 
A good approximation of the charge 
distribution along this row may be 
realized by plotting the value of charge 
density at the center of each subarea 
this plane crosses, and then joining these 
points with a smooth curve. Such 
curves are drawn in Fig. 5. The upper 
cnirve shows the calculated charge dis¬ 
tribution along an outer row of subareas 
a, b, c, d, e, e, d, c, b, a and the lower 
curve shows the distribution along the 
center of the plate through subareas 
e, i, I, n, 0 , 0 , n, I, i, e. Curves for the 
charge distribution through other rows 
indicate similar relationships. From this 
figure, and from the values shown in 
Table HI, a few observations may be 
made: 


Table III. Results for Square Plate Assuming 200 Subareas 


w 


0.0005 


0.0025 

0.005 

0.01 

0.0469 .. 

...0.0466 .. 

...0.0479 

0.0297 .. 

...0.0299 .. 

. ..0.0302 

0.0274 .. 

.0.0276 .. 

...0.0281 

,0.0261 .. 

...0.0264 .. 

...0.0268 

0.0266 .. 

...0.0268 .. 

...0.0263 

0.0149 .. 

...0.0148 .. 

...0.0144 

0.0133 .. 

...0.0132 .. 

...0.0130 

.0.0124 .. 

...0.0123 .. 

...0.0122 

.0.0121 .. 

...0.0120 .. 

...0.0118 

.0.0116 .. 

...0.0116 .. 

...0.0116 

.0.0108 .. 

...0.0107 .. 

...0.0107 

.0.0104 .. 

...0.0104 .. 

...0.0104 

.0.0099 .. 

...0.0099 .. 

...0.0098 

.0.0096 .. 

...0.0095 .. 

...0.0095 

.0.0092 .. 

...0.0092 .. 

...0.0092 

.2.799 .. 

...2.789 .. 

...2.771 

.0.09183... 

....0.09160... 

....0.09091 


ffa/2aVo. 

g,b/2aVo . •.. 

qe/2aVo .. 

qd/2aVe . 

g«/2a7o.. 

qt/2aV» . 

qa/2aVa . 

fij^SaVo. 

qi/2aVt . 

qi/2aVn . 

(»/2o?o. 

qi/2aVn. .. 

qsn/2aVt ... 

qn/2aV t . 

q»/2aVo . 

W/C. esu. 

W/C, feet per centimeter 
(ft/cm)... 


.0.0462 .0 

.0.0296 . 0. 

.0.0272 .0 

.0.0269 . 0. 

.0.0264 .0. 

.0.0161..0. 

.0.0134.0. 

.0.0126.0. 

. 0.0122 . 0 . 

.0.0117 .0. 

.0.0108.0. 

.0.0106 .0. 

.0.0099 .0 

.0.0096 .0, 

.0.0093 .0 

.2.808 .2 


0463 

0296 

0272 

0260 

0264 

0160 

0134 

0126 

0122 

0117 

0108 

0106 

.0009 

0096 

0092 

.806 
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6 I A 


F B 


F 13 . 6 . ModiRed sub¬ 
division of square plate, 
200 sulMreas 


values as before and the resulting value 
of W/C—2.811 deviated only 0.1% 
from the initially calculated value of 
2.808. 

Hence, it has been shown that for 
all subsequent computations dealing 
with rectangular plates, fairly accurate 
results may be obtained through the use 
of these simplifying assumptions. 


Calculation of Capacitance of 
Rectangular Plate 


B IF 


A I B I C 


1. The charge density approaches infinity 
at the sharp corners of the plate, as sub¬ 
stantiated by theory. 

2. The value of charge density flattens 
out near the center along the outer edges of 
the plate. 

3. The charge density remains essentially 
constant throughout the interior region. 

The use of nonuniform subdivisions 
seems at once apparent as a means of 
simplifying the computation. This pro¬ 
cedure has been attempted in the cal¬ 
culation of capacitance of a circular 
annulas with rather disappointing re¬ 
sults.® The accuracy of the capacitance 
values so obtained seemed to be in¬ 
fluenced only by the number of subareas 
and was relatively insensitive to variances 
in the size, or shape, of the subdivisions. 

Since the number of subareas seemed 
to be of prime importance, and taking 
into account the rdative flatness of the 
center portions of the curves of Fig. 5 , 
it was decided to modify this method! 

Table IV. Comparison of Results for Square 
Plate at Zero Depth 


Original 

Calculation 


ia/ (2o Vo)..0.046. 

Qb/(2aVo) .0.030. 

Qe/(2aVt) ..0.027 

...0.026, 

fl«/(2oVo)...0.025 

ff//(2aVo).0.016. 

. .......0,013 

af/(2oVo).... _ _ .0.012 

«i/(2oVo).... _. 0.012 


, Modified 
Calculation 

...0.045 
...0.030 


«fc/(2ovo::::.'.'.^;:;::;o;on 

..0.010 

...0.010... 

a«/(2oV,o.-JiS 
.. .2.808..., 


F B 


B I A 


A large number of equal-sized square¬ 
shaped subareas would be assumed and 
the additional assumption made that 
certain groupings of adjacent subareas 
would be of equal charge density. This, 
in effect, allows the computation to 
involve a large number of subdivisions, 
but eliminates the added difficulty of 
solving for a very large number of un¬ 
knowns. 

, ^ Noting in Table III the subareas of 
similar charge density, these subdivisions 
were grouped together and assumed 
equal; see Fig. 6. The »=200 computa¬ 
tion was then repeated, this time with 
only six unknowns. 

The subsequent results, attained at 
considerably less effort than the original 
computation, are recorded in Table IV 
together with the original results. This 
simplification yielded almost identical 


Method of Solution 

Using the simplifications of Maxwell’s 
original method of subareas as listed in 
the previous section, tliis analysis is now 
extended to the rectangular plate. Cal¬ 
culations are performed covering the 
length-to-width ratios encountered in 
the usual switchyard proportions, still 
keeping in mind the use of these results 
as the limiting case of a rectangular grid. 
Accordingly, for a plate of width W feet 
and leng^th L feet, results are achieved 
for various depths. 

Results of Calculations 

For a length-to-width {L/W) ratio of 
1.5, a configuration consisting of 108 
subareas was used. Six different charge 
densities ..., gy- were assumed. 
Following the preceding indications, a 
fast drop of charge density was asRiimpd 
new the comers and veiy little change in 
adjacent subareas within the interior of 
the plate. 

Similar assumptions were used for 
L/W^2. One hundred subareas were 
assumed, again using only six different 
charge densities. The results are listed 
in Tables V and VI, and are very much 
in line with expectations. 


.0.0604, 

.0.0606. 

,0.0612. 

,0.0620. 

.0.0636. 


Table V. Results for L/W=1.5 


•0.0289.0.0176.0.0169 

•0-0290.0.0176.0 0169 

.0.0292.,...0.0173.0.0168 

•0.0294.0.0171.....0.0168. 

.0.0298.0.0167..0.0166. 


... 0,010 


Table VI. Results for L/W=2 


.0.0288....0.0177.....0.0146. 

•0.0288.0.0177.0.0146 

•0.0290.0.0176.....0.0144 

•0.0293.0.0174.....0.0143 

.0.0297..,..0.0171_0 0142 
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WfC 

(esu) (ft/cm) 

,2.306_0.07662 

.2.303....0.07666 
.2.294....0.07628 
.2.284....0.07495 
.2.266 0.07434 


W/C 

(esu) (ft/cm) 


...0.06430 
...0.06424 
...0.06404 
...0.06378 
..0.06326 


October 1965 



















For LIW—Z, the charge distribution 
was not so easily predictable. Thus, it 
was decided to solve for this LfW ratio 
twice, first assuming a drop in diarge 
density in the outer row along the 
length, without too much change inside; 
and second assuming a more or less 
constant charge distribution in the outer 
row along the length with more of an 
abrupt change diagonally away from 
the comers. 

A configuration consisting of 150 
subareas was used for both runs. Group¬ 
ing for the first solution is shown in Fig. 7, 
and that of the second in Fig. 8. The 
comparative charge densities are listed 
in Table VII for the case of d=0. The 
better assiunption is immediately ap¬ 
parent. It can be seen that in nm 1, 
the values of qj- and turned out to 
be essentially equal, indicating that the 
charge density remains almost constant 
away from the comers even in the longer 
span of this plate. The rather abmpt 
drop from 0.017 to 0.013 when progress¬ 
ing from Se to qf also indicated that 
there really was more of a change in tlie 
interior areas. The answers of run 2 
bear all this out with the resulting 
interior charge densities qx, qy, and g* 
slowly decreasing while the charges along 
the middle of the outer row q^,, now as¬ 
sumed constant away from the comer, 
taking the identical value as that cal¬ 
culated for the two assumed charges 
qc and qa of mn 1. 

Significantly, the deviation between 
resulting W/C values in these two runs 
is almost negligible with W/C for run 1 
coming to 1.536 and that of mn 2 to 
1.535. This result proves that the actual 
selection of equal charge distribution 
groups is not critical as long as it is based 
on realistic assumptions. The complete 
results for mn 2 are shown in Table VIII. 

With the use of experience gained 
through the previous work, the calcula¬ 
tion was then repeated for L/W=4. 
The subdivisions for this calculation, 
using 200 subareas, are diown in Fig, 9 
with the results in Table IX. A con¬ 
venient plot of all the results is contained 
in Fig. 10. 


Table VII. Comparison of Results for L/W=3 


Configuration of 

Pig. 7 

Configuration of 

Pig. 8 

Qa/ZaVo. .... 

.0.049 

att/2oVo. 

.0.049 

gi)/2aVt> . 

.0.031 

tfi>/2oV#....,. 

.0.031 

Sc/2aV» . 

.0.026 

qm/2a'Vo . 

.0.026 

Qd/iaVo . 

.0.026 

as/SaVo..... 

.0.018 

q»/2aVt . 

.0.017 

a»/2oV#..... 

.0.015 

e//2aVo. 

.0.013 

qz/2aVt . 

.0.012 

TV/CCesu)... 

.1.536 

W/C (esu)... 

.1.635' 

W/C (ft/cm). 

.0.05038 

W/C (ft/cm). 

.0.05036 



Fig. 8. SubdiWsion of rectangular plate L/W — 3, second approximation 



Fig. 9. Subdivision of rectangular plate L/W=4 


Comparison with Other Work 

There is no definite information avail¬ 
able concerning the exact capacitance of 
a rectangular plate. However, since 
the capacitance of any plane area is 
greater than that of any portion of this 
area, definite bounds of this value for 
the condition <i=0 may be obtained. 
Maxwell® shows that for an elliptic 
plate of eccentricity e 



Q^a 


V 

FCc) 


where 


( 1 ) 


total charge on the plate 
F(c) =an elliptic integral of the first kind ^ 
with argument e 

Thus, limits may be calculated by 
evaluating the capacitance of an inscribed 
and drcumscdbed ellipse. Let the length 
and width of the rectangular plate in 
Fig. 11 be L and W. The major semiaxis 
and minor semiaxis of the inscribed 
ellipse then are L/2 and W/2. Sub- 
.stituting in equation 1 yields 

Tr/Cin9cribed*2jfeF(e)i=2*F(Vl-**) (2) 


where 



Table VIII. Results for L/W = 3 


d 

Qu 

qv 

qw 

qx 

qy 

q* 


W/C 

W 

2aVo 

2aVo 

2aV« 

2a Vo 

2aVo 

2aVo 

(esu) 

(ft/cm) 

0 

, ,.0.0489... 

. .0.0311.. 

..0.0259.. 

..0.0176.. 

..0.0147.., 

...0.0124... 

..1.535. 

_0.06036 

0.001.. 

...0.0490... 

. .0.0311.. 

..0.0200.. 

..0.0176.. 

..0.0147.., 

...0.0123... 

..1.534. 

_0.05033 

0.005.. 

. ..0.0497... 

. .0.0313.. 

..0.0261.. 

..0.0174.. 

..0.0146... 

...0.0123... 

..1.629. 

_0.05016 

0.01 .. 

,..0.0504... 

. .0.0315.. 

..0.0263.. 

..0.0172.. 

..0.0145.. 

...0.0122... 

..1.523. 

_0.04997 

0.02 .. 

...0.0519... 

. .0.0318.. 

..0.0267.. 

..0.0169.. 

..0.0143.. 

...0.0121... 

..1.512. 

_0.04960 
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Table IX. Results for L/W=4 


w/c 

(estt) (ft/cm) 


0 001.0.0474.0.0300... 0 0240. 0 0169.Ooisfl...0.04186 

0.006.0.0480.0.0301. oS.0 S....0.04188 

0.01 .0.0487.0.0803... ‘ ■o’o243. O Oifil . n'mw . a ..0.04172 

Table X. Comparison Between Calculated and Other Available Results for Zero Depth 


W/c, Esu 


Circumscribed 

Ellipse 


Inscribed 

Ellipse 


Calculated 

Values 


Results Using 


Deviation of 
Calculated 
Results from 


An infinite number of ellipses m&y be 
defined that will circumscribe the plate. 
If th e ellip se of the same eccentricity, 
vl —^2 is chosen, since (L/2, JV/2) 
lies on any circumscribed ellipse, the 
equation of this ellipse may be written 

(Pr/2)2 . (L/2)* 


^ Solving for a and substituting in equa¬ 
tion 1 

W 2k* _ 

-^CircumscribodVl -k* ) (3) 

Table X shows that the calculated 
values of W/C fall well within these 
boundaries achieved from equations 2 
and 3. 


As previously mentioned, an approxi¬ 
mate method (about 8 % too high) of 
solution for the reciprocal of the capaci¬ 
tance of an isolated thin rectangular 
plate a cm by 6 cm has been presented 
by Dwight* where 




+ Va*+b* 


1 , b+\^a*+b* a b 
• --f—-I— 

® a 3b* 3a* 

(a‘+b*)Va*+b* \ 

3a*b* / 

This equation may be altered to the 
following (a similar expression has been 
offered by’ McCrocklin and Wendlandt’ 
containing, however, an error in the 
second term) 


W ( 

-^=(2)(0.92)U In 


l+Vl+k* 


\n(k+y/l+k*)+— + 
3k 




C capacitance of the plate and its image, 
esu 

TF<= width of plate, cm 
I-“length of plate, cm 
k=W/L 


R s ^ (1). 
2ir ' c' 


L/W = l.5 


L/Ws2 


L/Ws 3 


L/W =4 


.004 .008 _d_ .012 016 

W 

Rg. 10. Effect of depth upon grounding resistance 



u.«-n«.ng resistance F,,. 11 . circumscribed ellipses 
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Thus, values of W/C are obtained in 
terms of W/L by substituting the 
appropriate values of k into equation 5. 
However, this result is realized through 
the use of the “average potential 
method,” an approximate means of 
solution in which the charge density is 
assumed uniform over the surface of the 
plate and then an average potential 
calculated. The accuracy of this method 
varies considerably for different t 3 q)es of 
conductor configurations. 

As previously indicated, the trend of 
the values obtained with the method of 
subareas, as the number of subareas is 
increased, seems to be approaching those 
attained by equation 5. However, this 
observation is somewhat arbitrary; the 
only definite conclusion that can be 
formulated being that the values of 
W/C as herein computed are dose to 
the true figures, certainly within 5%. 

As for any checks on the calculated 
results of W/C for d other than zero, 
there has been experimental work’ with 
a small plate, measurements being taken 
at different depths in a natural lake. 
Unfortunatdy, the results provide not 
more than a very approximate check 
because the depths used in the test were 
much too large. It is impossible to 
read the curves’ accuratdy for the much 
smaller values of depth which are im¬ 
portant for the practical application to 
switchyard grids. 

Conclusions 

1. Maxwell's methoci of subareas was 
used in calculating the capacitance of a 
flat rectangular plate and its image with 
respect to the surface of earth. The cal¬ 
culations were carried out for plates of 
various L/W ratios, assumed buried in 
ground at different depths and parallel to 
the surface of earth. 

2. There exists a simple rdationship 
between the capacitance, as referred to, 
and the resistance of a plate to ground. 
By using this relationship, the resistance to 
earth of a buried rectangular plate may be 
obtained. These values may be used as 
the basis of the limiting case for investiga¬ 
tions concerning the resistance of rec¬ 
tangular grounding grids for high-voltage 
stations. 

3. The calculated results. Fig. 10, show 
that the grounding resistance decreases as 
the plate is located deeper in earth. As the 
L/W ratio is increased, the effects of a 
change in depth become less pronounced. 
Accordingly, for the order of magnitude of 
depth to be used for a grounding mat, this 
change in resistance may be neglected if 
the L/W ratio is greater than 4. 

4. The method of subareas is a very 
powerful tool in the calculation of capaci¬ 
tance. However, for the case of the solid 
rectangular plate, the necessary time 
required for the numerical work, in order 


to obtain really accurate results, becomes 
much too long for practical consideration. 
This necessitates the introduction of 
simplifying assumptions for the computa¬ 
tions. The subsequent results using the 
modified method are accurate to within 6%. 


Appendix I. Potential at Point 
Above Center of Uniformly 
Charged Square 

Refer to Fig. 12. If the charge density 
of the uniformly charged square A of side 
2a is sa, the total charge on an incremental 
area dxdy of A is qAdxdy. Each of these 
increments of charge contributes to the 
potential at point P, a distance r from it, 
an increment of potential dVAP=^ 
{qAdxdy)/r, and therefore 

«= C^^^QAdxdy 


r r— 

(Vx*+a‘- 

I bi — 7= 
J-a (V*’+o‘ 


= dxdy 


r 

In 




du (7) 


J—I ('v/«*-i-fe*'“l) 

Equation 7 may be solved by letting 

•\/M*-t-ife®+l =>» 

1=« 

and integrating by parts with the aid of 
nos. 145, 167, and 170, Hodgman.® Ac¬ 
cordingly, the total potential at point P is 


VAP=i2a)qA 


ia)a^{41n V' *! p ±l- 

Vi*—(S) 


^+a^+d^-a) 




Fis* 12 (right). 
Point above 
center of square 


— 


To x >^o 


Fig. 13 (below). 
Point above ad¬ 
jacent square 
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UJ 

c 

5 

E 

5 

B 

5 

D 

3 

A 

3 

B 

3 



■V‘*i 


Appendix II. Potential Due to 
Second Square at Point Above 
Center of Square Adjacent to 
Uniformly Charged Second 
Square 

Coi^der the uniformly charged square 
^ea 5 of Pig 13. The total potential 
Kaj*, at point P because of the charge as 
o square 5 is then given by changing the 
lower and upper limits of equation 6 to 
**=0 and x^Sa respectively 

Ja Cv»*+a2+da-a) 


Substituting and integrating, as in Ad- 
pendix I ^ 

V‘sp‘^(2a)gsX 

|o (V^^+9+lp (VkH^+3)k 

Vi^farcsin/'-HzS^V 


T.H. XI. De..™iMa.„ .1 Cadent, fo, Rnt Eq««lo„, Pota,.l.l o„ Sq„„ Pl.^ 

Assuming 72 Subareas 


Due 

Kit'/2a to e 


..7.0610. . .bi.. _ 2.0740. 

. .0.4000.. . 6 s..0.3922. 

.0.4000.. . 6 s. 0.5000. 

.0.2828.. .64 .0.3124. 

.0.3922. 

it .2.0740. 

*»..-0.3124. 

it .0.5000. 


. 1 . 0100 ...*, 
.0.3714...* 
.0.6698.. .*, 
.0.3430...*. 

.0.3714. 

.1.0100. 

.0.3430. 

.0.6698. 


...0.8944. 
...0.4472. 
...0.6326. 
. .0.4000. 
.. .0.4472 
...0.8944 
...0.4000 
...0.6326 


.4.7884. ■^^2. 

2fl ■ 


Fig. 14. Subdivision of square plate, 72 
subareas 


2a-length of one side of square subarea A 
ffx—charge density (assumed uniform) of 
subarea A 

d “perpendicular distance between point P 
and subarea A 


Ae appropriate lower and upper limits into 
the ev^uated integral of equation 6. If 
these limits are denoted as a;i and sc* re- 
spe^vely, the equation for the potential 
at P bemuse of the charge gj of square j 
may be finally written as follows 

*“ (^)-”'(,^)+ 

fare sin 

L kXrs‘—l)* 


(Ui^-Si*)- 


•,*-!)* Jf 


where 

r=V«2+P 
s = Vr(k^~l) 

I - y/k\r^ -1) *- («4 




If the values of ari and are set as — o and 
+a, equation 11 takes the form of equation 
8; if aci and Xi are set as H-c and 4-3c 
equation 11 takes the form of equation lo’ 
etc. Accordingly, by programming equa- 
automatic computer, 
ail the mdmdual potential contributions of 
the square areas j centered around the x- 
^is can be computed simply by entering 
the appropriate values of *1 and in the 
^nation. These results are tabulated in 
Table I. 


Appendix III. Extension of 
Equations 8 and tO for General 
Solution on Automatic Computer 

^ ^ a distance d 

over tte r-axis as in Figs. 12 and 13. It 
IS evid^t that the potential at P due to 
Miy uniformly charged square centered on 
the ar-axis may be realized by substituting 


Appendix IV. Sample 
Calculation for Square Plate 
Assuming 72 Subareas 

The subdivisions used are shown in 
Fig. 14. Symmetry Umits the number of 

unknown charge densities to six, . .. 

As in the foregoing section on theory, 
thus resulting in the formula¬ 
tion of seven equations in seven unknowns. 
The Ki}' terms of the first equation are 
tabulated in Table XI, Proceeding simi- 


larly for subareas i to / and adding th 
capacitance equation 

^ +4.7884 — -f- 
2a/o 2oFo 2a7o 

2.7379^-f.4.7482-?^ + 

2c Fo 2a Fo 

2.2879-^“] 


^+6.2217-^4- 
2a Fo 2a Fo 2a Fo 

3.6064 ^-f-6.9468 -^-4- 
2 cFo 2aFo 

2.7887-^ = 


2 . 394 s 

3 . 2409 ^-^^+ 7 . 2620 ^+ 

3.2067 “ 

2oFo 

2 - 7379 ^+ 7 . 2129 ^+ 6.4818 + 

2aFo 2aFo 2aFo 

8.8620^^^4-8.6423-®-4- 

2aFo 3cF(i 


2.3741 +5.9468 -^4-7.2620 -^-f 

2aF„ 2aFo^ ' 2aFo^ 

4.2712-^^+14.3374 -?!-+ 

2a Fo 2a Fo 


2.2879 -^4-5.5774 -^4-3.2037 

2a Fo 2aFo^ 2a Fo^ 

3.9102-^4-10.7852-^4- 

4 -a Fo 2a Fo 

12.6132-^“ 


:+16 ^ + 16 -^+ 8 -^ 4 - 
0 2c Fo 2a Fo 2a Fo 

16-^^—1-8-^—^: 
2aFp 2aFo 2aFo 


Solving 
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gg 

2a Vo 



2a Vo 


<lc 

2a Vo 
Qd 

2a Vo 
gg 

2a Vo 

g/ 
2a Vo 

Q 

2aVo 

since 


*0.06336 

*0.03562 

*0.03374 

*0.01884 

*0.01744 

*0.01594 

C 

— *2.09394 
2a 

(r=(6)(2a)*12fl 


W_ 6 
C *2.09394 


*2.8654 
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Discussion 

S. J. Schwarz (Sverdrup and Parcel, Inc., 
San Francisco, Calif.): As the authors 
state, their investigation was conducted to 
establish the limiting value for the resistance 
of ground grids. It may be added that the 
same limiting value also applies to the 
ground resistance of rodbeds. The practical 
importance of tlie authors’ commendable 
work on the subject is illustrated in refer¬ 
ence 12, where general equations for the 
ground resistance of ground mats and rod- 


beds were developed as a tool in predicting 
tlie resistance of square, rectangular, or 
oddly shaped grounding systems and for 
evaluating the influence of the various de¬ 
sign data on best efficiency at economical 
costs. One of the influencing factors is the 
resistance of the metallic plate equal in size 
to the area covered by mesh or rods. Thanks 
to the authors’ extensive work, the values 
resorted to in reference 12 have now won 
added reliance, even if they may have to be 
increased by Z% to 4% on the basis of the 
present paper. The authors showed, fur¬ 
thermore, that burying a plate at a depth 


within practical range lowers the resist¬ 
ance at ground level by less than 1.7%. It 
was gratifying thus to have proof that the 
equations suggested in reference 12 are also 
in this respect within slide-rule accuracy. 


Eric T. B. Gross and Richard B. Wise: 
The purpose of this series of papers has been 
the establishment of a sound basis for the 
design of grounding mats in rocky soil. We 
greatly appreciate Mr. Schwarz’ comments 
which indicate that the results of our. inves¬ 
tigations are useful to the design engineers. 


Optimum Design of Induction Torque 
Motors and Servomotors 


GERALD WEISS 

ASSOCIATE MEMBER AIEE 


E lectric motor design is largely a 
trial-and-error procedure. Given a 
set of requirements, the engineer makes a 
guess at the solution. He then verifies 
his design by a paper analysis or by the 
construction and test of a sample. If the 
design meets the original requirenaents, a 
solution has been obtained but the engi¬ 
neer has no assurance that this is the best 
solution. However, in special cases, it is 
possible to determine certmn motor par¬ 
ameters by direct S3nithesis, rather than 
by trial and error. Such a special case is 
the topic of this paper. 

In certain applications of induction 
motors the peiformance at standstill is of 
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predominant interest. Control motors, 
such as torque motors and servomotors, 
fall into this category. In these motors it 
is desirable to maximize the ratio of stall 
torque to stall input power. This re¬ 
quirement leads to a simple design for¬ 
mula for the rotor resistance, and, further¬ 
more, permits direct calculation of the 
optimum number of poles. The analysis 

Paper 58-S06, recommended by the AIBB Rotating 
Machinery Committee and approved by the AlBB 
Committee on Technical Operations for presenta¬ 
tion at the AIBB Summer General Meeting, 
Swampscott, Mass., June 27—July 1,1966. Manu¬ 
script submitted April 1, 1655; made available for 
printing June 14, 1955. 

Gerald Weiss is with The W. L. Maxson Corpora¬ 
tion, New York, N. Y. 


is based on two concepts not previously 
used in induction motor theory, namely, 
the concept of “torque-per-watt” (T/W) 
and of “T/W efficiency.” 

Nomenclature 

At# “total winding area for all phases *1/2 
total slot area 

Cm—^ motor parameter defined in text 
Cl * air-gap factor (Carter factor) for pri¬ 
mary 

C2 * air-gap factor (Carter factor) for second¬ 
ary 

D=outside diameter of motor 
Df “diameter of motor at air gap 
d “Wire diameter of primary winding 
Cg “allowable static error of servo at output 
shedt 

/“frequracy 

H=net rtack height of motor 
h =* secondary current of motor 
J “moment of inertia of servo at motor 
j8f4=*gEiin of servo amplifier 
JTji* transfer function of servo error de¬ 
tector 

as viscous damping coefficient of servo¬ 
motor 

JTt* torque coefficient of servomotor 
velocity constant of servo 
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Fig. 1. Equivalent circuit of the polyphase 
induction motor at standstill 


ftc over-all space factor of primary winding 
over bare copper 

distribution factor of primary winding 
Kj=sati^ation factor of iron in motor 
^fo=ratio of At^ to total primary cross- 
sectional area 

primary end turn length per turn 
air-gap length 
w “number of phases 

il!f=zero-speed slope of speed-torque curve 
with rated excitation 

il4i “zero-speed slope of speed-torque curve, 
positive-sequence component 
. 3 / 2 =* zero-speed slope of speed-torque curve, 
negative-sequence component 
•Me - zero-speed slope of speed-torque curve, 
^bitrary control-field voltage 
•ATi “primary turns per phase 
.iVm=a number proportional to maximum 
required servo speed 
“Synchronous speed of motor 
fi “gear ratio between servomotor and out¬ 
put 

^“number of poles of motor 
•Ri “motor primary resistance 
.R 2 “motOT secondary resistance referred to 
primary 

•Rin “motor mutual resistance referred to 
primary (core loss) 

T'“motor stall torque, balanced and rated 
input 

Ti “motor stall torque, positive-sequence 
component 

Tij “motor stall torque, negative-sequence 
component 

Tc “motor stall torque, arbitraiy control- 
field voltage 
“Static friction of servo 

excitation, positive-sequence 
component 

F 2 —motor excitation, negative-sequence 
component 

Vcj-* motor excitation, control-field voltage 
K^y“motor excitation, main-field voltage 

^-total motor power input at stall 
1^1 “primary motor power dissipation at 
stall, per phase 

^f ^2 “secondary motor power dissipation at 
stall, per phase 

l^TO“mu1^ motor power dissipation at 
stall, per phase 

■^1 “motor primaiy leakage reactance 

^2-motor secondary leakage reactance, 

referred to p rimar y 

“motor mutual (air-gap) reactance, 
referred to primary 

y'torque-per-watt efificiency ^ 

“a quantily related to motor parameters ^ 
a«coinplement of the phase angle between 
Vop and Vur 
9/“Servo input command 
fio “Servo output command 
M“permeabiKty of free space 
{“damping ratio of servo t 

p* resistivity of primary winding t 


T“time constant of servomotor 

ceo“Undamped natural frequency of servo 

Subscripts 

* “ideal value of 
max “maximum value of 
opt “Optimum value of 

Induction Motor Performance at 
Standstill 

The equivalent circuit of the polyphase 

induction motor with balanced inputs onH 
rotor blocked is shown in Fig. 1. The ef¬ 
fect of the space harmonics is neglected. 
The stall torque is given by the equation 

(0 

i.e., the stall torque is proportional to the 
power dissipated in the secondary re¬ 
sistance i?2. The ratio of the stall torque 
to stall power is therefore proportional to 
the fraction of total power dissipated in 
the rotor. The problem of maximizing 
the ratio of stall torque to stall power 
then resolves itself into an electric-net¬ 
work power-matching problem. 

Let the ratio of stall torque to stall in¬ 
put power be called T/W. Then 

T/W“-^- 

It is convenient to nondimensionalize 
the foregoing expression by defining an 
ideal T/W as the T/W which would be 
attained in a motor if all the power were 
transferred across the air gap i e W, = 

(3) 

The ratio of the actual T/W to an ideal 

T/W is defined as the T/W efiidency of 
the motor 


^ (T/W)i (4) 

Ws 

The required motor design is then at¬ 
tained in two steps. First the motor 
parameters are selected to obtain maxi¬ 
mum T/W efficiency, i.e., by maximiz¬ 
ing equation 5. A quantity is then 
obtained which is a function of the niun- 
ber of poles and of the over-all motor di¬ 
mensions, and the T/W is now given by 
the relation 

(») 

By proper selection of the number of 
poles and of the over-all dimensions equa¬ 
tion 6 can then also be maximized. 
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Desiga for Mffldmnm T/W Efficiency 

Equation 6 can be rewritten in terms 
of the motor parameters 

y“---^_ 

, j.M^±^)*+(^ 2+Ar„)«] 

■ROT(-R2*+.y2^) 

i It is noteworthy that the primaiy leak- 
l age reactance Xi does not enter into i-big 
- relation. 

. _ Consider how the T/W changes as the 

i inffividual parameters (considered on a 
unit-turn basis) are changed. An in- 
I ^®®se ofwill lower y, therefore it is de- 

^able to make zero; this is obviously 
inipossible because there is an irreducible 
minimum to the core loss. Similarly, the 
primaiy copper resistance Ri should be re¬ 
duced to zero; here an irreducible mini¬ 
mum is set by the available copper wind¬ 
ing area. The secondary leakage react¬ 
ance .^2 should also be made zero; this is 

not possible either, and, in any case, 
secondary leakage is difficult to control. 
The mutual reactance should be made 
infinitely large to maximize y; here a 
limitation exists because a Tniniirntm 
mechanical clearance is required for the 
mr gap. Thus the four parameters Rn, 
Ri> and Xtn must have finite values. 
The remaining parameter, the secondary 
resistance R^, can then be adjusted to ob¬ 
tain a maximum T/W efficient for a 
given set of R^, X*, and Since 
the secondary resistance of an induction 
motOT can be varied over a wide range, 
this is a practical procedure. 

The optimum secondary resistance is 
now obtained by differentiating equation 
• 7 wi^ respect to R% and setting the de¬ 
rivative dy/dRi equal to zero. The re¬ 
sult of these operations is 

V '+1= 

( 8 ) 

This expression is considerably sim¬ 
plified by neglecting R^^; this is a reason¬ 
able procedure because at stall the core 
losses of an induction motor are very 
small compared to the other losses. 

(•R2)opt“XTO-|-X2 (9) 

Rm can then also be neglected in the 
expression for y, equation 7 

^ -— ( 10 ) 

By substituting the optimum value of 
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J ?2 in equation 10, the maximum T/W ef¬ 
ficiency is obtained, namely 

ymax*® „ , „ (11) 

The secondary leakage reactance is 
usually much smaller than the mutual 
reactance Xm so that the following sim¬ 
plified expressions can be used 

(,Rt)opi^Xm ( 12 ) 


1+2^ 

Am 


rJ 


The maximum T/W efficiency is then a 
function of a single parameter Ri/Xm. 
This ratio is independent of the number 
of turns of the primary winding if all 
other factors remain equal. It is de¬ 
pendent only on the dimensions of the 
machine and on the desired number of 
poles. 

To investigate whether the selection of 
Ri is critical, equation 14 is plotted in 
Fig. 2, and it can be seen that the maxi¬ 
mum is broad and noncritical. The 
shaded region represents the range which 
yields T/W efficiencies within 10 per cent 
of maxJmtun. In the worst case, where 
Ri/Xm --*■ «», a 69-per-cent variation from 
the theoretical maximum is permissible. 
In other words, a tolerance of 69 per cent 
or more is permitted in the realization of 
equation 12, and the T/W efficiency is 
still within 10 per cent of attainable 
maximum. This noncritical relationship 
justifies previous simplifying assump¬ 
tions, such as neglecting Rfa and Xz. 
Equation 12 is a practical design equation 
even for the smallest motors where it is 
difficult to calculate motor parameters 
precisely. 

The mutual reactance Xm is computed 
from the equation^ 


Xm=B2TiM»ftn 


HDikaxW 

CidksLffP^ 


All the parameters in the foregoing 
equation can be calculated or estimated 
for a given motor, and the secondary re¬ 
sistance is then known from equation 12. 
The r emaining problem is to synthesize a 
secondary which wiU have this resistance. 
This step in the procedure is covered in 
the existing literature. 

Optimum Number of Poles 

With the computation of optimum 
secondary resistance, the first step of the 


optimizing procedure has been completed. 
Tlie second step is to optimize the number 
of poles and the air-gap diameter. 

The primary copper resistance of the 
motor can be approximated by the d-c 
resistance, namely 

Ri—p - Ni^pm . -—iVi* (16) 

TT fteAw 

so that the fraction Ri/Xm becomes 

RI p 2II~\~Le CjC^a P* 

Xfa 32iriUo H ^ hekdi^fDgAw 

For a motor of fixed outline dimenaons 
it is approximately correct to assume that 

Cm^a. motor constant 

_^ (17) 

327r/to JS 

SO that 

Ri ^ CmP’^ (Ig) 

Xm fDgAfo 

The T/W and T/W efficiency are then 
written 


T/W (20) 

- ■ 

Assuming the parameter Cm constant, 
the T/W is thus a function of the number 
of poles and of the expression (DgAw)- 
Both of these quantities can be optimized 
for optimmn motor performance. The 
procedure for this step depends on the 
particular application. Two different 
kinds of application are now considered, a 
torque motor and a servomotor. 

Design of a Torque Motor 

A torque motor (sometimes called a 
torquing motor, or torque generator) is a 
device which produces a mechanical out¬ 
put torque accurately proportional to a 
given input voltage or current. There 
are various types of torque motors de¬ 
pending on the desired variation of torque 
with angular position. This discussion is 
limited to motors in which the torque is 
independent of angular poation. A typi¬ 
cal application for such a motor is in the 
control of a gyroscope. In such applica¬ 
tion the rotor is directly coupled to the 
load, no gear stepup is feasible. Strictly 
speaking one cannot speak of a stator 
and rotor because either may move: all 
that can be said is that the secondary is 
free to rotate with respect to the pri¬ 



R,/xm-o.i 


Ri'W'-s 


Fig. 2. T/W efficiency versus rotor resistance 

mary. Usually only a limited angular ro¬ 
tation is possible and the motor never 
picks up speed; it is always stalled for all 
intents and purposes. A further property 
of such applications is that "inside-out” 
designs, where the primary is on the in¬ 
side and the secondary on the outside, are 
possible. 

Two-phase induction motors are fre¬ 
quently used in such applications because 
they are capable of d^vering a torque 
accurately proportional to an input volt¬ 
age, and because the torque is theoreti¬ 
cally independent of rotor position. In¬ 
duction motor torque is of course propor¬ 
tional to the square of the applied volt¬ 
age; the required linear relationship be¬ 
tween torque and voltage is obtained by 
keeping the voltage on one of the phases 
fixed, and by varying the other voltage. 
If saturation effects are neglected, the 
torque is then exactly proportional to the 
variable voltage.* The phase with fixed 
excitation is called the main phase or 
main field; the phase with variable ex¬ 
citation is called the control phase or con¬ 
trol field. 

In most torque-motor applications it is 
vital to obtain the greatest possible stall 
torque. This could be done merely by 
pumping more power into the motor, 
thus increasing both main-fidd and con¬ 
trol-field voltages. However the permis¬ 
sible power input is limited by three con¬ 
siderations: 

1. The allowable temperature rise, limited 
by the type of insulation, the maximum 
ambient temperature, and the available 
cooling. 
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2. The power output of the source (e.g.. an 
ampM^) from which the control field is 
supphed. 

permissible linearity error deter¬ 
mined by the maximum flux density 
(roughly proportional to power). 

For a precision torque motor the last 
consideration is usually the controlling 
one. Thus the maximum permissible 
power input is a constant of the motor. 
The requirement of maximum stall torque 
is then equivalent to specif 3 dng maximum 
T/W at the point of maximum control 
voltage. It is assumed that balanced 2 - 
phase excitation exists when the control 
voltage is a maximum. 

The maximum T/W is obtained by 
maximizmg equation 20 . Assume that 
the outline dimensions are fixed. The 
T/W then depends on two parameters, 
the number of poles p and the product of 
air-gap diameter and copper area DgAy,. 

The optimum number of poles is found 
by differentiation of equation 20 with re¬ 
spect to p 

Note that this corresponds to Ri/Xm= 
1/2 and = 50 per cent. Of course the 

number of poles must be integral and 
even and may be subject to further re¬ 
strictions if the primary lamination is al¬ 
ready fixed. Therefore equation 21 is not 
exact and the relations are only of theo¬ 
retical interest. A correspon din g theo¬ 
retical upper limit to the T/W is ob¬ 
tained by substituting equation 21 in 
equation 20 


When restricted to a conventional de¬ 
sign, the relationship between the copper 
area and the air-gap diameter is approxi¬ 
mately 


Design of a Servomotor. 


Afo — kto ^( 1 ^* — 


DgA'm—ku -^(DgD^ - -Dg^) (27) 

Maximizing equation 27 by the usual dif- 
f^entiation process 3 delds the optimum 
air-gap diameter 

VS 

(Uff)opt = — Z>=0.6772? (28) 


T/W= 


DgAxO 

8iry/2fCm 


*^is equation indicates that it is re¬ 
quired to maximize the product DgA„. 
Assume a radial air-gap motor, and con¬ 
sider two cases: the conventional motor 
with the primary surrounding the second- 
and the inside-out motor. It is ob¬ 
vious that the inside-out motor yields the 
largest DgA„ because Ay, is then approxi¬ 
mately proportional to the square of the 
air-gap diameter 


^to—ky, ~Dg^ 

4 


^eAto—ky,—jDgi (24) 

_ If Dg is made as large as possible, say 

Dg~ 0 .Q then for the inside-out de- 
sign . 

(I?^Aa)Bux«=0.729ifeep ^2?* (2gj 


£ (2?j.4jfl)niax=0.385Aio —2)^ (29) 

1 ^ It is seen that the inside-out design 

yields a value of DgAy, greater by 1.88 
times the value obtained with a conven¬ 
tional design. The maximum obtainable 
I T/W is approximately 38 per cent larger 
for the inside-out design. 

A definite design procedure is now laid 
out: 

air-gap diameter is selected. If 
mside-out construction is permitted, then 
It IS used. 

winding area is 
estimated, and the optimum number of 
poles ts computed from equation 21. 

3. A primary lamination is designed for the 
selected air-gap diameter and poles. The 
pnmary copper area is measured and 
checked against the estimate. 

4. For a given air gap and stack length the 

mutual reactance can now be computed on a 
unit-turn basis. Tliis determines the sec- 
ondafy resistance. 

6 . The secondary structure is designed for 
the computed resistance. 

In practice the number of poles is 
rounded off downwards from the theore¬ 
tical opt^um, not upwards. Ihe reason 
for this is that an increase in the number 
of poles tends to redu<» the T/W ef¬ 
ficiency faster than indicated by equa¬ 
tion 12 because of several effects which 
were not considered in the analysis. If 
tile number of slots is held constant, an 
increase in the number of poles will in¬ 
crease the space harmonics of the winding, 
and this reduces the stall torque and the 
T/W. If this is counteracted by in¬ 
creasing the number of dots, the of 
the slots will decrease and so will the cop- 
space factcff; furthermore the effec¬ 
tive air gap will incre^. In addition, 
the larger number of slots are more diffi¬ 
cult to wind, especially in a conventional 
type motor. 
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^ Servomotor Characteristics 

The servomotor differs from the torque 
gj motor in that it is required to operate 
over a range of speeds. Performance at 
stall is therefore no longer the only deter¬ 
mining factor. Gearing is commonly 
used between the motor and load, and 
any torque amplification can thus be ob- 
^ tmned. The allowable power dissipa- 
^ tion is determined by the allowable tem¬ 
perature rise. The servomotor must 
operate at standstill under a prescribed 
j duty cyde. The stall power input can 
then be regarded as a constant of the 
motor. 

It is essential that such a motor does 
not “single-phase." That is, when the 
control-field voltage is reduced to zero, 
it should not develop a positive torque at 
‘ Any speed.* This requirement is met if 
the torque-speed characteristic peaks at a 
negative speed. This characteristic is 
• determined by the rdationship between ■ 
the secondary resistance and the remain¬ 
ing motor parameters, and it is necessary 
to examine whether this relationship is 
consistent with the requirement for maxi¬ 
mum T/W efficiency. It is shown in Ap¬ 
pendix II that the two requirements are 
generally consistent; i.e., a motor, the 
secondary resistance and number of poles 
of which are optimized for application in a 
positional servo, will not single-phase 
provided that the secondary resistance Rs 
is not smaller than the air-gap reactance 
Xtn- In other words, inasmuch as a 60- 
F^-cent tolerance is allowed on the rela¬ 
tion Ri=Xm, optimum servomotor design 
requires that the upper half of this toler¬ 
ance be used; R^ may be larger than X^, 
but not smaller. 

A possible criterion for the design of 
certain servomotors would be mflyitnuTn 
power output. With the power dissipa¬ 
tion^ limited by thermal considerations, 
this is equivalent to a design for mflYi-muTn 
power efficiency. However, power output 
and power efficiency are usually not of 
primary importance for small servomotors. 
Therefore consider a motor design based 
on the accuracy andstability requirements 
of the servo itself. The important char¬ 
acteristics of a servomotor are; 

1. The maximum stall torque T. The 
ratio of stall torque to control-field voltage 
IS called the torque coefficient Kt^ 

2. The maximum speed, or the synchro¬ 
nous speed Ng. 

3. The damping coefficient Kr. The 
ne^tive slope of, the torque-speed charac- 
tenstics constitutes the equivalent of vis¬ 
cous damping. The damping varies with 
speed and control-field voltage. From the 
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point of view of the servo, the damping at 
zero speed and zero control-field voltage is 
significant. In Appendix I it is shown that, 
at zero speed, the damping coefficient equals 
one half of the slope of the torque-speed 
characteristics for balanced inputs. 

4. The moment of inertia J of the rotor. 
The ratio of rotor inertia to damping 
coefficient is called the motor time constant 


J 


T — 


Kp 


(30) 


S. The static friction of the motor. This 
is sometimes expressed as a starting voltage, 
i.e., the control-field voltage necessary to' 
overcome static friction. 


Servo Characteristics 

For the purpose of designing a servo¬ 
motor, a simple position servo with ideal 
characteristics will be assumed. A block 
diagram is shown in Fig. 3. An output 
shaft do is slaved to an input dj by means 
of the errcnr detector, motor amplifier, 
motor, and gear train. Neglecting all 
nonlinearities and higher order terms, the 
differential equation of the servo is given 
by 

Jndo~\~KpnBo'\'K.TK.Al^Efio~ 

KtKaKhOi (31) 

or, in normalized form 

where 

KtKaKe 
J n 



(32) 

(33) 


_^- (34) 

2/ciio 2ci>or 2 * JKtKaKe 

Two other important characteristics 
are the static error e* and the error l/K,, 
to a constant velocity input. The static 
error depends on the total static frictional 
load and is given by 


static friction 




KtKaKe 


(35) 


The velocity constant, the reciprocal of 
the error to a constant velocity input, 
is 



==<i)0*T 


KtKaKe 

tiKe 


(36) 


The TnaviTniim speed of the input com¬ 
mand which the servo can follow is de¬ 
pendent on the maximum motor speed 
and the gear ratio. Therefore the ap¬ 
proximate relation for the gear ratio is 


N, 


(37) 


where Nn is rela,ted to the required maxi¬ 
mum following speed by a safety factor. 
In designing such a servo, the gear 


I -INPUT SHAFT Oj 



Fig. 3. Simple positional servo 


ratio is determined by the maximum re¬ 
quired following rate. The amplifier 
gain is determined by the allowable static 
error. Assume that this servo does not 
have to have high dynamic accuracy. 
That is, both the natural frequency and 
the velocity constant axe unimportant. 
However, good damping is required. 
Having selected a motor size of the re¬ 
quired power-handling ability, it is now 
desired to optimize the motor for maxi¬ 
mum damping ratio. 

Some assumption must be made re¬ 
garding the source of the inertia and 
static friction. First, it is assumed that 
all the inertia resides in the motor. This 
is a reasonable assumption for a large 
plf is s of servos, for example instrument 
size servos. The situation with respect 
to friction is less clear cut. Two ex¬ 
treme cases are: 

1, All the friction is in the load. 

2. All the friction is in the motor. 

These two extremes result in two different 
forms for equation 35 


Tf 

nKrKjiKE 

Te 

KtKaKe 


(35A) 

(3SB) 


The two cases lead to somewhat different 
optimum motor design, and a compro¬ 
mise between these two will result in the 
best motor for an actual servo. 


Optimizing the Servomotor 


For the purpose of this optimizing pro¬ 
cedure it is sufficient to approximate the 
damping co^cient by half the ratio of 
stall torque to synchronous speed; see 
Appendix I 


T (T/W)TF 

2N, 


(38) 


The synchronous speed is related to the 
number of poles by 



(39) 


Substituting into equation 34 equations 
37,38,39,6, and the appropriate equation 


35 



T/W W 

1 py 

- OC—7= 

Te Vj 

(40A) 

£. 

TeN„,‘^VJ 

(40B) 

In either case the T/W efficiency must 


be maximized, so that y can be replaced 
by the expression in equation 19. Fur¬ 
thermore, the moment of inertia is pro¬ 
portional to the fourth power of the air- 
gap diameter. The damping ratio is 
then proportional to 


, P 

P 

(41A) 





p''' 

(41B) 

* / 


The optimum number of poles is found 
by the usual differentiation procedure 



(42A) 

J. _ . l^fDgAw 

V 2C„ 


(42B) 


The best number of poles is an even 
integer somewhere between equations 
42(A). and 42(B). The best ratio of J?i/ 
Xm will be somewhere between 1/2 and 
3/2, and the resulting T/W efficiency will 
be between 25 and 50 per cent. Note 
that the best number of poles is some¬ 
what larger than for the torque motor. 

With the number of poles theoretically 
optimized, equations 41 become 





(43A) 

(43B) 


For the conventional motor the copper 
winding area is expressed in terms of the 
motor diameters by equation 26 


(I>*-I>^*)'/* 


(44A) 

(44B) 


The minimum possible diameter is 
called for. This minimum will be deter¬ 
mined by such considerations as the ease 
of winding and the number of slots re¬ 
quired for the poles determined by equa¬ 
tions 42. For this minimum diameter, 
the copper winding area is essentially a 
constant so that the variation of damp¬ 
ing ratio with rotor diameter for small 
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poles to be selected is the nearest even 
integer below the theoretical optimum. 


Fis. 4. Unbalanced motor excitation 
voltages 


changes in rotor diameter becomes 


Again a direct design procedure has 
been established for a motor of a given 
frame size. Rotor diameter and air-gap 
l^gth are reduced to the smallest pos¬ 
sible size. The number of poles is then 
determined from equations 42, using Cm, 
as defined in equation 17, A lamination 
can then be laid out; the mutual react- 
ance is also now determined. The 
required rotor resistance is obtained from 
equation 12. 

In selecting the number of poles, the 
remarks made in the case of the torque 
motor also apply to the servomotor. 
That is, the number is always rounded off 
downwards from the theoretical optimum. 
For example, if several even integers are 
located between the "optima” of equa¬ 
tions 42(A) and 42(B), the smallest is 
selected. 

Conclusion 

In the design of induction torque 
motors and servomotors the T/W concept 
is useful in determining optimum motor 
design. In these motors the T/W effi¬ 
ciency must be maximized. This re¬ 
quirement leads to the very simple rela¬ 
tionship : optimum secondary resist¬ 
ance* air-gap reactance. 

Some approximations were made in 
arriving at this equation. However, the 
optimum is so broad that errors of 50 per 
cent are insignificant, and the relation¬ 
ship is useful even for the smallest motors. 

To ensure that there is no positive single¬ 
phase torque, the rotor resistance should 
err on the high side. I 

A more detailed analysis of these con¬ 
trol motors leads to equations for the 
optimum number of poles. The particu- ' 
lar equation used depends on the type oJ c 
motor and its application, but the method r 

of analysis is the same. The number of C 


/^PPen<lix !• The Dampins 
Coerncient of a 2-Phase Servo 
Induction Motor 

Consider a 2-phase motor with voltages 
VuF and Vct displaced in phase by the 
angle (90—a) degrees; see Pig. 4.. xhe 
torque-speed characteristics of this motor for 
balanc^ excitation (i.e., for Vcp^ Vmp and 
a=0) IS given; see Fig. 5. Let the stall 
torque be denoted by T. and let the slope 
of tins c^e at za-o speed be denoted by M. 
It IS desired to find the relationship between 
the zero-speed slope of the torque-speed 
^aractenstics for Vcp9^ Vmp, and Tand M. 
The motor performance is analyzed by the 
method of S3rmmetrical components® 

Vmf=Vi+V3 

jVpc—Vi—Vi 

These equations are not exactly correct 
except at zero speed where the motor im¬ 
pedance to positive- and negative-sequence 
excitation is identical; since only the zero- 
speed slope is of interest, equations 46 and‘47 
are satisfactory.® Solving for Fi and Va 

Vi *-( Vmf+J Vcp) (48) 

V2 =-( Vmp -j Vcp) ( 49 ) 

The absolute values of Vi and Vt are 

rr 1 

Fi*-X 

V( Vmf+ Vcp cos a)*-j-( Vcp sin a)* (50) 




Fig. 6. Parameter Zj (for zero-source im¬ 
pedance) 


V( FifJ- Vcp cos a)*-f ( Vcp sin a)® (51) 

Neglecting saturation and changes in self¬ 
heating, stall torque is proportional to the 
square of the excitation. Imagine that the 
motor IS replaced by two mechanically 
coupled motors, one excited with balanced 
PMilive-sequence voltages of magnitude 7i 
and the other by balanced negative-sequence 
voltages of magnitude F. Then the stall 
torques and the zero-speed slopes of the 
torque-speed characteristics for the two 
motors are given respectively by 

7-, ypp cos a) ®-K Vcp sin a)» 

4Vmp^ ^ 

(52) 

( Fcjf cos «)®-f-( Vcp sin 

4Vmp^ ^ 


_ ( ^MP+ Vcp cos a)«-t-( Vn^ s in «)« 


fif FjfjP- Vaj, cos a)»-f f s in a)® 


The net torque is the difference of the two 
component torques 


Tc=-Ti-Ti = 


TVcp cos a 


whidi yields the well-known result that the 
staU twque is proportional to the control 
field voltage.® However, it is interesting to 
note from Fig. 5 , that, when the torques are 
subtracted, the slopes of the two speed- 
torque characteristics become additive. 
Thttrfore the slope of the resuliant charac¬ 
teristic becomes 






Fig. 5. Intercept end slope of torque-speed 
characteristics for unbalanced voltages 

^ Characteristics for balanced excitation, 
VoF*ViiF/ a’=0 

® Positive-sequence component 
C—Negative-sequence component 
D Resultant torque-speed curve 


In determining the stabiKty of a feedback 
control system for small oscillations, the 
performance for very small control voltages 
IS of interest. It is therefore sufficient to 
define the motor damping coefficient as the 
slope of the speed-torque characteristic for 
Foj- * 0. This is obtained from equation 67 


Weisi-OpUmtm Des^ ofInducHon Torque Motors and 


Jrjr*J|!f<s(Vc-jp«o) =■— 
I Servomotors 
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The assumption Kr—M, made in many 
textbooks on servomechanisms, is not cor¬ 
rect. 


Appendix II. Condition for 
Sinsle-Phase Operation 


In the previous analysis the following con¬ 
ditions for an optimum servoniolor were 
derived 

Rt^Xm (12) 


2 X„ 



ciency. However, it was stated previously 
that the relationship of equation 12 is not 
critical and that an error of 60 per cent is 
permissible. It appears desirable to stipu¬ 
late that only the upper half of the tolerance 
be used; i.e., Rt should be equal to or larger 
than Xm, not smaller. 


Chang has shown that the servomotor 
with zero voltage on the control field does 
not develop a positive torque' at any speed, 
provided that 

R*>\Z*\ (59) 

where Zs is defined in Fig. 6 for a motor 
operated from a zero-impedance source.* 
In terms of the motor parameters the condi¬ 
tion becomes 

V iRiRM-XiXm-XiX2-XiX„y-\- 
(RiX^+RmXi+RiXi+RM' 
iRi+X„,yHXi-\-Xn)^ 

(60) 


Assume the following approximate rela¬ 
tions 

Ri^X^ 

Xi = 0.3Xm 
Xi^O.lXn 
Rm^O.lXm 

Substituting into equation 60 

Ri>0.7Xm (51) 

and the motor will not run single phase if 
Ri is optimized for maximum T/W effi¬ 
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Application of Statistics to Motor 

Testing 


J. L. OLDENKAMP 

ASSOCIATE MEMBER AIEE 


I N TESTING groups of similar motors, 
a considerable variation in test results 
has been observed. Because of this, 
several questions have arisen: 

1. Is this vEiriation in test results caused 
by differences between supposedly similar 
motors, differences between testing per¬ 
sonnel, or by the inability to control and 
duplicate test conditions? 

2. How many motors must be built to 
evaluate a design and rating, and can this 
numb» be reduced by repeating the per¬ 
formance test? 

3. Do all lines of fractional horsepower 
(hp) motors tend to have the same variation 
in their test results, or will some types of 
motors be more uniform than others? 

The problem was attacked by the use of 
a statistical analysis, 'the most logical ap- 
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proach for a problem of this type. The 
results axe useful iu that they give the 
error in estimating the performance 
characteristic as a function of the number 
of motors tested and the number of times 
the motors are tested. 

Method of Analysis 

The problem of evaluating the varia¬ 
tion in performance tests was attacked by 


testing three types of motors—six motors 
of type—^three times. The motors 

were tested in a different order by differ¬ 
ent testers each time. None of the 
testers were aware that they were merely 
duplicating previous tests. The types of 
motors selected were: 12-watt shaded 
pole motors, 1/4-hp d-c motors, and 20- 
watt a-c series motors. 

The results were evaluated by means of 
fin analysis of variance.’•~® It was nec¬ 
essary to assume the variation was com¬ 
posed of three parts: variation between 
motors, bias on the part of the testers 
(a tendency to read always high or low), 
fi.n<l experimental error caused by 'the in¬ 
ability to control all test conditions; see 
Table I for no-load test datafor the 1/4- 
hp d-c motors and the analysis of variance 
for these data. By equating the expected 
values of the mean squares to the numer- 


for 1/4-Hp D-C Motor 


Table I. No-Load Speed 



Motor 

No. 1 

No. 2 

No. 3 No. 4 

No. 5 No. 6 



Test 

No. 1. 
No. 2. 
No. 3. 

.2,020... 

.2,046.. 

.1,990.. 

....1,985. 

....2,020. 

...,1,986. 

1,960.1,960.. 

,1,970.1,996.. 

,1,940.1,960.. 

_2,060.2,000 

. .2,080.2,035 

. . 2,080.2,010 




Table II. 

Analysis of 

Variance, No-Load Speed 


Source of 
Variwce 

Degrees 
of Freedom 

Sum of 
Squares 

Mean Square 

Expected Value of 
Mean Square 

Ratio F 

Testers... 
Motors... 
Residual.. 
Total 


, 2. 

. 5 . 

,10... 

.17. 

, 6,023.33_ 

....2,611.6. 

a flRS 83 .... 

. .3vk*+vo*.. 

...80.63* 

...48.22* 


. 820.01_ 

.26,612.6 

* 8^ 


... 1 






* Significant at the 99 per cent confidence level. 
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Fij. 1. No-load speed 

A ^12-Wdtt shaded pole motors 
B ”1 /4-hp d-c motors 
C ^20-watta-c series motors 
The subcaptfon also applies to Figs. 2,3, and 4 



Discussion 


ical value, see Table II, it was possible 
to calculate the three standard devia¬ 
tions: 

o-jir=» standard deviation caused by differ¬ 
ences between motors. 

<rr “Standard deviation caused by differ¬ 
ences between testers. 

«ro=standard deviation cuased by experi¬ 
mental error or inability to repeat 
test readings. 

Knowing the magnitude of the three 
components of error for the selected 
sample taken from the total population. 
It is possible to calculate the deviation of 
the sample average from the average of 
the total population. The estimate of 
the standard deviation of the average 
obtained when M motors are tested T 


times, from the true average of the total 
population given by 


<ra 




T '^MT 


( 1 ) 

For clarification see Appendix I. This 
equation, when modified to give deviation 

in per unit or per cent, reads 


7-V 


g-jp^ o-pa 

T '^MT 


( 2 ) 


where ^ is calculated average of the 
samples. 

With the aid of equation 2 it was possi¬ 
ble to plot per-cent error {(rja) as a func¬ 
tion of sample size (the number of motors 
tested) and the number of times the 

group of motors were tested. 


The curves of Figs. 1 through 6 indicate 
the error in estimating the performance 
characteristics for the three lines of 
motors. The performance characteristics 
covered are. no-load speed, full-load speed, 
full-load efficiency, full-load watts input, 
and locked rotor torque, locked rotor 
torque is covered for shaded pole motors 
only. 

Figs. 1(A), (B), and (C), give the error 
of estimate of no-load speed for the three 
types of motors. It can be seen that 
the shaded pole motor is associated with 
the sm^est error and that the a-c series 
motor IS linked with the largest error. 
This should be expected since induction 
motors have no brushes; brushes are a 
source of variable friction and voltage 






Fig. 2. Full-load speed 
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drop. In estimating the average no-load 
speed of the 20 -watt a-c series motor, 
the error is 6.5 per cent for only one 
motor tested once, and 3 per cent for six 
motors tested three times. This means 
that, if only one a-c series motor test was 
made to determine no-load speed: 68 per 
cent of the time the error of estimate of 
no load speed will be less than =b 6.5 per 
cent; 95.4 per cent of the time tlie error 
of estimate will be less than =b 13 per 
COTt . . . 2(1 Jx; and 99.74 per cent of the 
time the error of estimate will be less 
than =t 19.5 per cent . . . 3<ra/jE. 

By observing Fig. 1(C) it can be seen 
that the error of estimate is reduced more 
by having one tester test two motors once 
than by having three testers test one 
motor. This indicates that the variation 
from motor to motor is the major source 
of e^or for the 20 -watt a-c series motor. 

Figs. 2(A), (B), and (C) indicate that 
full-load speed measurements have a 
smaller estimate of error than measure¬ 
ments of no-load speed; full-load meas¬ 
urements are taken at a specified torque. 
These carves are similar to those of no- 
load speed in that the shaded pole motor 
has the smallest estimate of error and the 
a-c series motor has the largest. For the 
a-c series motor, the variation from motor 
to motor is the major cause of error, but 
experimental error is also important. 

Fig^. 3(A), (B), and (C) give the error 
of estimate for the eflSciency of the three 
Imes of motors. The 1/4-hpd^: motor has 
the smallest estimate of error. It can be 
seen tha,t most of this error (for the d-c 
motor) is caused by differences between 
test^, because a better estimate can be 
obtained by having two people test the 
same motor than by having one person 
test two motors. 

The error of estimate of full-load watts 
mput is given by Figs. 4(A), (B), and (C). 

The a-c series motor has the smallest 
error of estimate, and the shaded pole i 
motor has the largest. For the shaded 1 
pole motor, the experimental error is l 
much more important than it is for the < 
other two t 3 rpes. ® 

Fig. 5 gives the error of estimate of I 
locked rotor torque of shaded pole motors. 1 

As the graph indicates, the measurement « 
of locked rotor torque is difficult. The ® 
graph also shows that the three sources t 

of mor contribute equally. Bearing 
friction and the skill of the tester affect n 
results. For the shaded pole motor ^ 

this measurement has the largest estimate 
of error. sa 


Each type of motor has its own peculiar 
problem. The test characteristics ex¬ 
amined show that: 

1. For the 12-watt shaded pole motor, the 
experimental error was generally much 
larger than the other errors. 

2. For the 1/4-hp d-c motor, the experi¬ 
mental error was generally the least im¬ 
portant. 

3. For the 20-watt a-c series motor, th e 
variation from motor to motor was the most 
important, and the experimental error was 
more important than error caused by tester 
bias. 

Conclusions 

In the perfonnance testing of motors 
the results vary from motor to motor and 
are biased by the testing personnel. 
They also vary because all the conditions 
of test are not held constant. It has 
been sliown that the magnitude of each 
component of error can be calculated by 
use of statistical methods, and the devia¬ 
tion of the test results from the true aver¬ 
age can be estimated. In view of the 
fact that for 32 per cent of the time the 
actual error may be larger than the esti¬ 
mate given by the graphs, it may be nec¬ 
essary to build several samples, rather 
than one, when a new design is being 
developed. 

Appendix I. Estimate of Standard 
Deviation 


give the rms error which will be made if a 
finite number of motors are tested and this 
average is assumed to be the average of the 
entire population. 


Tim standard deviation <r of a population, 
can be reg^ded as the rms deviation of 
me population from its average value x 
For a normal distribution which can be 
desenbed by the famUiar bell-shaped 
c^e, 68 per cent of the population lie in 
the range of x±a, and 99.74 per cent lie 
m the range of je±3o-. 

When a sample of one of a population is 
t^en. e.g., one motor test, the estimate 
of the average value of the total population 
IS poor. However, if a sample of four is 
taken in a random manner, the estimate of 
tte average will be greatly improved. If 
the entire population were grouped into 
samples of four units and the distribution 
ot sample averages were plotted, the stand- 
Md deviation of these averages ao would be 
half of the individual standard deviation 
V. By taking a sample size of 16, the devi¬ 
ation of the sample average could be re- 
dimed to one-fourth of the individual stand¬ 
ard deviation. 

The true average of the population can¬ 
not be determined for the case at hand 
unlKs all motors are tested by all testers, 
and these results are averaged. Any smaller 
sample MM will give an average value which 
IS too high or too low. Equations 1 and 2 


References 


1. Statiotcai, Thbory in Rbsbarcb (book), 
J;- Anderson, T. A. Bancroft. McGraw-Hill 
Book Company, Inc., New York, N. Y., 1952. 

in Designs (book), W. Z. Cock- 

Y., 

i ® Methods (book), G. W. Snedecor. 

Iowa State College Press, Ames, Iowa, 1960. 

Design and Analysis of Bx- 
D Research (book* 

D. S. Villars. William C. Brown Company Mil¬ 
waukee, Wis., 1961. ««ipauy, ivxu 

LniT Statistical Analysis 

Hm J- Massey, Jr. McGraw- 

•Hill Book Company, Inc., New York, N. Y., 1951. 

fbook)™p“ Mathematical Statistics 

(book) p. G, Hoel. John Wiley & Sons, Inc. 

New York, N. Y. 1947, p. 168 . 

9. Industrial Experimentation (book) K. A 
Brovmlee, Chemical Publishing (Company. Inc' 
Brooklyn, N. Y., 1949, pp. 66-67. 


Discussion 

P. L. Alger (General Electric Company. 
Schenectady, N. Y.): This paper gives a 
clear and interesting analysis of the separate 
sources of error in determining motor per¬ 
formance. We have long been accustomed 
to ^cepting a single figure derived by test 
as if it wwe a true and final value, far out- 
waghing m accuracy any calculation. Mr. 
(Jlde^amp s paper reveals how far different 
this is from the truth, in view of the numer¬ 
ous sources of variation in manufacture, in 
test equipment, and in the measuring process 
Itself. The paper therefore marks a distinct 
forward step. I believe that the methods 
the author has outlined will prove to be of 
great and steadily increasing value in the 
analysis of electric machine behavior, and 
that they will be most helpful to designers 
in evaluating proposed changes in design 
and manufacturing methods. 

J. L. Oldenkamp: I appreciate the very 
favorable comments by Mr. Alger, and I 
agree with his remarks entirely. Too often 
in the past ^e errors in test data have not 
been recognized. As a result, wrong deci¬ 
sions were made: a manufacturing process 
was changed or a new design was rejected. 
This can be avoided if the engineer knows 
what errors he is likely to encounter and the 

^curacy he desires to achieve. He can then, 
by using the methods shown, determine the 
number of tests needed to give him the de¬ 
sired accuracy. 


Oldmkamp-^Application of StaHstics to Motor Testing 
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The Transient Stalled Temperature Rise 
of Cast-Aluminum Squirrel-Case 
Rotors for Induction Motors 


G. M. ROSENBERRy, JR. 

ASSOCIATE MEMBER AIEE 


I T IS usually necessary to protect 
motors against stalled rotor condi¬ 
tions. Information concerning the tem- 
peratiure rise of various parts of the 
motor during stall is necessary so that a 
control may be provided to remove the 
motor from the line before the- critical 
member approaches a dangerous tem¬ 
perature. Or, conversely, the motor 
■must, be designed with adequate stall¬ 
time capacity so that a practical control 
may be used to protect it. 

This paper is concerned only with the 
stalled temperature rise of rotors of the 
squirrel-cage t3rpe for induction motors. 
In the past, the most commonly used 
method of calculation has been based on 
the assumption that all heat is stored in 
the conductor.' Although this approach 
has the advantage of simplicity, compari¬ 
son of cEilculated values with test results 
shows that the calculated values are very 
conservative. For cast-aluminum rotors 
temperatures computed by the approxi¬ 
mate (or simplified) method may be as 
much as five or more times greater than 
the test temperatures. The magnitude 
of the discrepancy depends upon the 
motor design, the diuation of the test, 
etc. The need for a more accurate ap¬ 
proach, which accounts for the important 
variables, is obvious. 

A more precise method of analysis of 
the transient rotor temperatures under 
stalled rotor conditions is presented in 
this paper. Heat storage in all important 
parts of the rotor is accounted for. Heat 
dissipation from the rotor to the stator 
and to the ambient is also included. 
Calculations and test results are compared 
for one motor. 

Special terms, where used, are defined. 
Most dimensions are defined in Figs. 1 
and 2. The units used are watts, sec- 

Paper 5S-25S, recommended by the AIBB Rotating 
Machinery Committee and approved by the 
AIBB Committee on Technical Operations for 
presentation at the AIBE Blectrical Utilization of 
Aluminum Conference, Pittsburgh, Pa., March 
16 - 17 , 1966. Manuscript submitted December 16, 
1964; made a-vailable for printing January 26, 
1966. 

G. M. Rosbnbbrry, Jr., is with the General Blec- 
■tric Company, Schenectady, N. Y. 


onds, inches, and degrees centigrade 
(C). • (Any other consistent set of units 
may be used.) 

Nomenclature 

A = area, of the cross section of the heat- 
conducting path per slot (tooth) or 
fan blade, inches* 

.4 b= surface area of one end ring including 
fan blades, inches* 

5 =ratio of effective length of bar to total 
length, lumped circuit approximation 
thermal capacitance of section (includes 
all slots) watt-seconds/C 
Z)=rotor diameter, inches 
is “length of rotor stack, inches 
ip “length of fan blade, inches 
JVi»“ number of fan blades 
JVb= number of rotor slots 
Paa =» periphery of boundary between section 
a and d, inches 

ijts thermal resistance, for all slots, C/watts 
y= volume fan blades or end ring, one end, 
inches* 

W^y/att loss in section (including all slots) 
Cp=specific heat watt-seconds/pounds-C 
4 “ radial depth of section, inches* 

A =» surface or contact heat transfer coeffi¬ 
cient watts/inches*-C 
thermal conductivity, watts/C-inches 
/“time, seconds 

w “Width of section (peripherally) per dot 
at outer end (radially), inches 
to' SB vridth of section at end closest to shaft, 
inches 

m “average width of section l/2(w-t-w0 
a=thermd diffusivity ik/pCp), inches*/ 
seconds 

temperature rise above initial tempera¬ 
ture, C 

P“ density of material, pounds/inches* 
Subscripts 

a, b, c, d, e, /, g, h apply to sections in the 
plane of the rotor punching; see 
Fig. 1 

1 , 2 apply to axial subdivisions as shown 
in Fig. 2 

A refers to characteristics of aluminum 
conductor 

F refers to characteristics of iron punching 
material 

P refers to fan or paddles 
R refers to end ring 

Method of Analysis 

The rotor configuration analyzed is 
shown in Figs. 1 smd 2. This is a double 


squirrel-cage type of rotor slot. The 
rotor conductor is cast integrally with the 
end ring and fan blades. This rather 
complex distributed system is simplified 
by breaking it up into a lumped system. 
The plane of the rotor ptmehing is divided 
into eight sections as shown in Fig. 1: 
three for the conductor a, 6, c; three for 
the tooth d, e, f; and two for the yoke 
below the rotor slot g, h. This division is 
done for one tooth and one slot only, 
since all are identical. Similarly, only 
one-half (axially) of the rotor need be 
considered since it is symmetrical about 
the central plane. This half of the rotor 
is divided into two equal sections as 
shown in Fig. 2, designated as 1 and 2. 
The end ring and fan blades are the last 
two sections. Thus the rotor is divided 
into a total of 18 heat storage units. 

Additional assumptions made in the 
analysis are as follows; 

1. The heat inputs do not vary with time. 

2. The thermal properties of the rotor 
materials do not vary with temperature or 
position. 

3. Heat transfer axially through the iron 
is negligible. 

When the 18 heat storage units are 
connected by the appropriate thermal re¬ 
sistances, an equivalent lumped thermal 
circuit is obtained. For convenience, 
this thermal circuit is represented schema¬ 
tically by the analogous dectrical circuit, 
as shown in Fig. 3. Numerical values 
are shown, for the motor used as an 
example, to give an idea of the magni¬ 
tudes of the resistances and capacatances. 
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The inputs PT are the watt loss in the 
various parts of the conductor and end 
ring. The thermal capacities C are cal¬ 
culated from equations of the form 

- _ watt-seconds 


where V is the volume of the element. 

Of the two types of thermal resistances, 
the first is a contact or surface phenome¬ 
non such as the contact resistance between 
the conductors and iron or the surface 
heat transfer off the end ring. These re¬ 
sistances are of the form 

c 

hA’ watts 


the time range of most interest. The 
analysis and restdts for two cases are given 
in Appendixes II and III. 

The development of equations for the 
individual resistances and capacitances 
are given in detail in Appendix I. The 
magnitude of the values for the watt in¬ 
puts may be calculated from the equiva¬ 
lent circuit for the double squirrel-cage 
motor; see, for example, reference 1. 

An electronic differential anal3/zer was 
used to obtain the solution of the thermal 
circuit. The equations for the thprm ai 
circuit, in a form suitable for use on a dif¬ 
ferential analyzer, are indicated in Ap¬ 
pendix I. 


ig. 2. Cross section of rotor, side view 



where A is the area of the heat conduction 
path. The other type of resistance ac¬ 
counts for the temperature drop in the 
conducting material such as aluminum or 
iron. This resistance is of the form 

^A' watts C3) 

where I is the effective length of the con¬ 
duction path required to give the correct 
transient temperature rise. The philos¬ 
ophy used in this paper to determine the 
effective length I is to study the exact 
solution for an insulated bar under dif- 
fer^t conditions of excitation. By com¬ 
paring the exact solution to the solution 
for a single resistance-capacitance ele¬ 
ment, a value of / is determined which 
gives the correct average temperature for 


Results 

Fig. 4 gives the results of calculations 
and a test on one motor. The motor used 
was a 4-pole 50-horsepower National 
Electrical Manufacturers Association de¬ 
sign B, polyphase induction motor. AH 
calculations and tests were made for the 
case of full voltage stall with balanced 
voltages applied. The test temperatures 
are shown by the solid line and the calcu¬ 
lated results dashed. It can be seen that 
the a^eement between test and calcula¬ 
tions is good in both the magnitude and 
the shape of the time-temperature curves. 

The bm temperature rise, based on the 
assumption that all heat is stored in the 
bars (all parts of the bar at the same 
temperature), is shown by curve A in Fig. 


4. When the more precise method is 
used, temperatures, after 50 seconds, are 
only one-fifth of those given by the ap¬ 
proximate method. Curve B is gitniiar 
except that the heat is stored in the bars 
plus the teeth (all parts at the same tem¬ 
perature) . In the time range of most in¬ 
terest, this improved method gives re¬ 
sults closer to the true temperature al¬ 
though it is low for shorter times (50 C 
low at 20 seconds). These differences 
would be more pronounced for a National 
Electrical Manufacturers Association de- 
^ motor. Curve C is a similar 
curve calculated for the end ring under 
the assumption that it is isolated from 
^e bars and fan blades. The variation 
in temperature rise throughout the rotor 
is shown by the calculated curves, Fig. 5. 
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FIs. 4. Transient rotor temperature rise. Solid curves are tested, 
dotted curves calculated 



FIs. 5. Gilculaled transient temperature rise of various parts of rotor 


001/ top bar 
6ai bottom bar 
Or, end rins 

A, calculated usins bars only 

B, calculated usins bars plus teeth 

C, calculated end rins temperature, rins 


The effect of the contact heat transfer 
coefficient between alununum and, iron 
had is shown in Fig. 6. The correct 
value is, of course, a function of manu¬ 
facturing processes. A magnitude of 1.0 
was used for the motor calculated in this 
paper. 

Discussion 

The ultimate justification of assump¬ 
tions made in the analysis comes from the 
comparison of calculated and test tem¬ 
peratures. It is shown in Fig. 4 that the 
correlation is quite good for all practical 
purposes. It would be possible to obtain 
slightly better results by dividing the 
rotor into more sections and by account¬ 
ing for the change in losses with time, but 
the additional complication would be tOo 
great for a small gain in accuracy. Cal¬ 
culations haye shown that the magnitude 


isolated from rotor 


of the axial heat flow in the rotor iron is 
QTnall compared to that in the conductors. 
This is because of the high contact resist¬ 
ance between laminations. 

Some interesting conclusions may be 
drawn from Fig. 5, which shows calcu¬ 
lated temperatures in various parts of 
the rotor. The end ring is the coolest 
part of the conductor since the current 
density is much lower there. The center 
section of the rotor is the hottest although 
not very much hotter than the end 
section. The axial coupling is ratha: 
loose: Thus if the center section is cal¬ 
culated alone, the results will not be sig¬ 
nificantly different unless the rotor is 
very short. This offers one method of 
siniplif 3 ring the analysis. The only im¬ 
portant result that would be lost is the 
end, ring temperature, and it is usually not 
limiting. Comparison of curves C and 
9r in Fig. 4 shows the contribution of the 


bar loss to the end ring temperature rise. 
In this case, the actual end ring tempera¬ 
ture is 45 per cent greater than if it were 
isolated. 

Inspection of the rotor yoke tempera¬ 
ture near the shaft (0w) in Fig. 5 shows 
that it contributes very little to the ther¬ 
mal storage. After 45 seconds, the tem¬ 
perature rise is only 12 C because 45 
seconds is not sufficient time for much 
heat to propagate that far in silicon steel. 

Fig. 6 illustrates one of the advantages 
of cast-alumin um over fabricated bar 
rotors. For cast conductor rotors the con¬ 
tact heat transfer coefficient between con¬ 
ductor and iron is much higher. Where 
a value of 1.0 or more is obtained for cast 
rotors, it may be 0.2 more or less for fab¬ 
ricated bar rotors depending upon the 
bar fit. Of course, cast-aluminum rotors 
have additional advantages in the greater 
flexibility in the choice of bar shape, in the 
rugged construction and, above aU, in 
the low cost. 

An alternative method of solution of 
the equivalent thermal circuit would be 
to set up an analogous dectrical circuit 
with resistors and capacitors, apply the 
current inputs, and read the desired volt- 
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FIs. 6. Calculated transient temperature rise of rotor conductor for 
various values of contact heat transfer coefficient h«, between rotor 
bars and iron 


inflated bar“*''*''***'" temperature in 

insulated bar. Temperatuie input at one end increases uniformly with 

time 

heat, density, and volume. They are 


Ages in the circuit with a recorder. Ap¬ 
plication of appropriate scale factors 
makes it possible to use practical circuit 
components. 

The magnitude of the resistances to 
the ambient, Fig. 3, shows that heat dis¬ 
sipated in this fashion is negligible. In 
other words, the problem is simply one of 
thermal storage. 

The same general approach could be 
used for computation of transient rotor 
and stator temperatures while running 
under severe duty cycle loads. In this 
case, the heat dissipated to the ambient 
would become more important. 

Appendix i. Analysis 

Development of Circuit 

The general approach to the development 
of the equiyal^t thermal circuit was 
di^^d earher in the paper in the section 
Method of Analysis,” where the 18 
diffttent heat storage units, as indicated 
m h^igs. 1 and 2, are pointed out. The 
eqmvalent thermal circuit. Fig. 3, repre¬ 
sents ea<± of these heat storage units by 
the usual symbol used for an electrical 
capacitor. Each of the capacitors are 
mt^connected by appropriate thermal 
^tom required by the physical arrange¬ 
ment of ^e rotor. Pigs. 1 and 2. Thus 5ie 
circuit shows two identical rotor sections 
connected by the axial thermal resistances 

“'1 rotor 

ran blades are shown at the right. The 


axial heat flow through the punchings is 
negligible, and these connections are not 
shown. Half of the axial conductance of 
the middle part of the conductor b is 
lumped with the top and bottom bars a 
and c to simplify the circuit further. The 
heat inputs to the various parts of the 
conductor are shown as arrows and indicated 
by the S 3 rmbol W with appropriate sub¬ 
scripts. 

Equations for Circuit Elements 

^ The capacity of the heat storage elements 
IS in general the product of the specific 


Cal = C,a=‘Cpj^^pj^AaNs]Lt/4t 
Chi = Chi = Cpjipj^AhNsX,g/4: 

Ca = Cea = CpAPxAcNitLg/^i 

Cai = Cii==CppppAdNs.La/A 
Cci = Ca ^CpppjfmedeN:^t/^ 

Cfi=Cfi=CppppmfdfNsLt/4: 

Cgl - Cgi « CppppmgdgNBLs/4: 

Cm = Cm = CpppptUhdhNitLs/4: 

Cr^Cp^pj^Vr 
Cp = CpdPA Vp 


(4) 

(5) 

( 6 ) 

(7) 

( 8 ) 
(9) 

( 10 ) 

( 11 ) 

( 12 ) 

(13) 


The thermal resistances are compul 
from equations of the form 


(14) 


The first term involves the thermal conta 


Fig. 8. Equivalent 
lumped system for 
space mean tempera¬ 
ture in insulated bar. 
Step input of tem¬ 
perature at one end 
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resistance between conductor and iron or 
from a surface to air. The second term 
accounts for the temperature drop in the 
material itself and I is the effective length 
of path determined so that the resultant 
circuit gives the best approximation to the 
actual system. The results of Appendixes 
II arid III, as presented in Figs. 7 and 8, 
are used to determine this. The number 
B is the ratio of the effective length to the 
total length of an insulated bar that has a 
temperature input at one end. It is de¬ 
termined so that the lumped single re¬ 
sistance capacitor circuit will give the 
correct result for space mean temperature. 
Fig. 7, Appendix II, applies for an input 
temperature that increases linearly with 
time. Fig. 8, Appendix III, is for a step 
input of temperature. The actual tem¬ 
perature-time curve of any part of the rotor 
ties between these two extremes. 

The abscissa of these curves is odIL*, 
where L is the length of the bar, t the period 
of time, and a the thermal diffusivity. 
For aluminum, a is 0.136; for steel 0.01 
inch* per second. Thus, for conduction 
in aluminum where L is about 0.6 inch, 
and for a time of 20 seconds 

^,-10.9 (IS) 

This is well past the knee of the curve 
for B. Fig. 7 would give 0.3 and Fig. 8 
about 0.38. Since the actual temperature 
input is closer to that for Fig. 7, 0.3 is 
used for B. This value is also used for 
short paths in iron. For longer paths, 0.2 
is used since atlL^ is much smaller. If 
desired, the resistance may be adjusted to 
give a more accurate value for any par¬ 
ticular motor. 

The thermal resistances are 




Table I. Some Typical Constants 


0.3^6 

0.7dj 


~ kANRV3l,La/4 

kANBWcLa/4 

1 

0.15t»4 

hadNRPadLa/4 

^ kpNR2diLa/4 

1 

0,15w« 

hadNj^deLa/ 4 

kpNB2deLa/4 

1 


kaaNBW'eLa/4: 

* kpNBt»'eLa/4 

1 

0.15w/ 

hadNR2dfLa/ 4 

kpNB2drLal4 

0.7dc 

1 

kANR^eBs/4 

^ hadNR’UigLs/4 

kpNB’lf>gBa/4; 

INSULATION P{( 


Material 


ConductlTity 


watts per C-inch 


Cp 

Specific Heat 

watt-seconds 
per pound-C 


p. Density 


ce, Diffusivity 


pounds per inch* inches* per second 


Aluminum.6.18. 

Motor grade steel.0.58. 

Copper.9.75. 


hdtirDLs/4 

0.3<fp (24) 

kpNRWeLa/4 

0.7de OMf >25) 

^ kpNRWj^a/4 hpNRWfLs/4 

p - I_- (26) 

kpNjtVifLa/i kpNitV)gL,/4 

QMg 0.24 ,27) 

hpN^gLa/4 krNitWhLa/^ 

p _ (28) 

““ kMAa+At,/2) 

Ra2B^Raii/2 f29) 

J? (30) 

kMAc+Ab/2) 

Rc^B^Rcn/2 (31) 

iiRaAn 

p 0.2Lp 

kANpAp 

Resistances for the second section are 
the same as those given for the first section. 
Some of the typical constants are shovm in 
Table I. Surface heat transfer coefficients 
may be determined from reference 2. 

The values for watt input to the circuit 
may be determined from a calculation of 
the double squirrel-cage performance as 
indicated, for example, in reference 1. 

top bar 1^ (34) 

4 

bottom bar loss ,__v 


2 

Numerical values are indicated in Fig. 3 
to give an idea of the order of magnitude 
of the various elements. 


407.0.093.0.136 

209.0.276.0.010 

. 176.0.326.0.17 



latcd bar 



Equations for Circuit 

Equations suitable for setting up on an 
analogue computer may be readily derived 
from Fig. 3 by writing the nodal equations. 
For example, the nodal equation for the 
node at Oai is 

dOai 1 ^**^**~^^* _, 

dt Ran Rabi 


This may be rearranged to the following 
form which is convenient for use on a 
differential analyzer 


K Wai _fioi 

Cm 


vgi. I I 

jRaiCai Rai&Cai 


RablCax RadiCaij 


\dt (38) 


__i_—+— I —-1 -—— (39) 

RaiCta RaiiCai RabiCai RadiCai 

=sum of coefficients of other temperature 
terms plus 1/RC to ambient if one exists. 

The other equations are of the same fora 
and may be written down from inspection 
of the circuit. Fig. 3. 


Fig. 10 (above). Lumped circuit approxima* 
tion for insulated bar 


Appendix II. Equivalent Lumped 
System for an Insulated Bar, 
Linear Temperature Input 
at One End 

The system to be analyzed is shown in 
Fig. 9. This is an insulated bar (or slab) 
with a temperature input at one end at 
time zero. The space mean temperature 
rise of the bar, above the initial unfform 
temperature, will be determined with a 
temperature input at time zero of the 
form 

where I? is a constant, the rate of tempera¬ 
ture rise of the surface at {X'^L). The 
approximation is developed for the space 
TppqTi temperatxure so that the heat stored 
in the thermal capacitance will be correct. 

The exact solution for this case was found 
in reference 3. This gives the temperature 
distribution for various values of the time 
variable The space mean temper¬ 

ature 0 was determined for each of these 
values and then plotted versus od/L^ in 
Fig. 7. 

The equivalent lumped thwmal system, 
to be developed, is indicated schematically 
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in Fig. 10. The thermal storage C is for 
the enta-e bar 

C— pCpLA f 41 ) 

The resistance R is 

kA f42) 

where B is the ratio of the total length L 
to the effective length which gives the 
correct result for average temperature. It 
IS thK value of B which must be deter¬ 
mined. 

^*®®rential equation for the circuit 
of Fig. 10 is 

d-Bi 

dt'^ R ^ ( 43 ) 

*• ^^®^*®Piperature input is given by equa¬ 
tion 40 and at time zero: 0 is zero. The 
solution is 


0 r RC 1 


♦ 1 ,^! necessary to evaluate R so 

that this equation gives the same result as 
the exact solution. Let 

G-± 

RC (45) 

of ^ Siven value 


be the value for the exact solution which 

for 

i from equations 45 and 46, gives 


Elii^atiug / from these two equations 
and solving for R gives 

aC G (49) 

Substituting equation 41 for C and 


^ kA G (SI) 

Comparison of equations 42 and 51 shows 
that 


This is the desired result. A curve of B 
versus at/L* is shown in Pig. 7. 

Appendix III. Equivalent Lumped 
System for an Insulated Bar, 
Step Input of Temperature 
at One End 

The solution for this case follows exactly 
the procedure used in Appendix II The 
only d^erence is the temperature input at 
(A=i), For this case it is a step function 
of magnitude Bt at time zero. 

The exact solution is taken from reference 
4 and plotted in Fig. 8. 

For the step input of temperature, the 
solution of the circuit of Fig. 10 is 

A equation different from 

Appendix II, so the same procedure is 
followed except that equation 63 is used in 
place of equation 44. The equivalent 
resistance is, as before 


(book), Max Jakob. John 
* New York, N. Y.. vol. I 
1949, Table 13-5, p. 268. 


4. See ref. 2, p. 85. 


Discussion 


-S is plotted versus at/L^ in 

Fig. 8. 
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C. G. Veinott (Reliance Electric & Engineer¬ 
ing Company, Cleveland, Ohio): I thought 
I might like to say a few words. We have 
done quite a little work using an equivalent 
circmit as a thermal network in order to 
study temperatures in motors. Practically 
all our work to date, however, has been in 
studying steady-state conditions; for this 
purpose we have found a d-c network analy¬ 
zer extremely useful and we have had re¬ 
markable correlation with test results. We 
were very much interested in Mr. Rosen- 
berry s paper which involves transient heat- 
capacitors to represent the 
18 heat-storage elements. We studied his 
equations from the standpoint of setting 
them up on our own electronic differential 
analyzer (GEDA), but found it would take 
many more amplifiers than the ten provided 
in our computer. We would be interested 
m knowing what kind of a differential 
analyzer you used in solving these equations. 

It seems pertinent to add that the paper 
shows how much more complicated the prob- 
1^ of designing electric machines is today 
than It was only a few years ago, and how 
much we are going to have to depend upon 
computers. 


. M. Rosenberry: The equations given 
m the paper were solved on a Reeves Elec¬ 
tronic Analogue computer. Since there 
were 18 first-order differential equations, 
18 integrators were necessary. An addi¬ 
tional 18 amplifiers were used to provide the 
proper coefficients and signs. By neglecting 
the axial variation in temperature, this re¬ 
quirement would be reduced to eight in¬ 
tegrators. For some shapes of rotor con¬ 
ductors, it may be practical to use less 
eight. 

An extension of the d-c network analyzer, 
mentioned by Mr. Veinott, to provide 
capacitors and constant current generators 
makw possible the direct solution of tlie 
Transient equivalent thermal circuit. This 
IS more convenient than the use of a differ¬ 
ential analyzer since it is not necessary to 
compute the coefficients of tlie differential 
equations. 
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Desisn Problems and Operatins 
Experience Aluminum Distribution 

Conductors in the Philadelphia 
Electric Company 

C. E. NELSON 

MEMBER AIEE 


M ore than half the investment of an 
electrical utility is in transmission 
and distribution, and of that major 
division the greater part will be found in 
distribution. While construction costs 
have been increasing, generating station 
operating economies and substation sim¬ 
plification have operated to stabilize the 
cost of electric service to the customer. 

Much has been done to check the spiral¬ 
ing tr ansmis sion and distribution costs, 
such as the following: use of higher volt¬ 
ages for transmission, rerating of existing 
equipment to secure the maximum use, 
and eliminating nonessentials. However, 
in 1960, new extensions for new customers 
and replacement of existing facilities were 
involving double the costs of 1940. 

To prevent that portion of distribution 
between the substations and ,the cus¬ 
tomers’ meters freon assuming a dispro¬ 
portionate share of the expense of supply¬ 
ing electricity, Philadelphia Electric Com¬ 
pany engineers concentrated on the use of 
new materials and new designs for in¬ 
creased economy. Appealin g possibilities 
lay in the use of aluminum but, because of 
lack of information about such application 
of the material smd because of the pres¬ 
sure to keep construction apace with com¬ 
munity growth, there was reluctance to 
change. On two or three occasions prior 
to 1960, experimental installations had 
been planned for the system, but in each 
instance because of inability to dear up 
important details, these plans were 
abandoned. 

The Korean War changed this situation. 
For essential jobs, the Defense Electric 
Power Administration approval was re¬ 
ceived quite readily, but copper conduc¬ 
tors, especially the bare or weatherproof 

Paper 55-249, recomnieiided by the A1]SE Trans¬ 
mission and Distribution Committee and approved 
by tbe attctt. Committee oh Technicai Opemtions 
for presentation at the- AIE®' Electrical Utilization 
of Aluminum Conference, Pittsburgh, Pa., March 
15-17, 1966. Manuscript submitted December 16. 
1964; made available for printing January 20,1966. 

C. B. Nelson and K. S. Garrett are with the 
Philadelphia Electric Company; Philadelphia, Pa. 
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types, were not available from the sup¬ 
pliers. In spite of the war, new resi¬ 
dential housing and industrial and com¬ 
mercial building did not slacken appre¬ 
ciably. Accordingly, to insure service 
to new developments on our system (in 
1951 there were more than 20,000 housing 
units projected or under way), the 
Philadelphia Electric Company decided 
on the general use of aluminum in dis¬ 
tribution. Allocations were received 
from the Defense Electric Power Admin¬ 
istration and orders plaeed. 

Tnitifll Des^. Considerations 

By this action, the solution of design 
problems surrounding the use of alu¬ 
minum conductors was given tremendous 
impetus. First-hand experience in the 
use of aluminum conductors was very 
meager, but the material was known to 
have physical, metallurgical, and elec¬ 
trical characteristics whida would require 
special attention if it were to be used 
successfully. Lack of agreement, how¬ 
ever, on the relative seriousness of some 
of the problems and on the remedial 
measures, complicated and delayed de¬ 
velopment of a satisfactory plan of pro¬ 
cedure. 

Accordingly, a study was made of the 
physical strength, electrical conductivity 
characteristics, susceptibility to atmos¬ 
pheric and galvanic corrosion, and of the 
physical behavior during temperature 
cycling, when aluminum was used with 
fittings of other metals. From these 
studies, and collateral laboratory and 
field tests, a reasonable understanding of 
the problem was believed to have been 
achieved. Convinced, that complete 
answers to the problem would not be 
available in the early stages of the 
application, the company decided to begin 
design work on a very conservative basis 
and to refine, simplify, and economize as 
experience warranted. 

Although higher load densities than 


usually experienced were anticipated in 
the new housing developments, the estab¬ 
lished design principles of co-ordinating 
the conductor sizes with acceptable volt¬ 
age drops did not appear to require sub¬ 
stantial changes. On this basis, for the 
primary mains and taps, secondaries, and 
services, aluminum conductors were used 
of capacities equivalent to those for¬ 
merly chosen when copper was used 
in corresponding applications. The pri¬ 
mary mains became 4/0 steel-reinforced 
aluminum cable (ACSR), tbe ties be¬ 
tween mains 1/0 ACSR, and no. 4 ACSR 
was selected for branches. For second¬ 
aries, 4/0 all-aluminum was used with the 
common neutral being 1/0 ACSR bare. 
For residential services, the size selected 
was no. 4 aluminum cable of varying 
constructions, larger sizes being used for 
commercial and industrial loads. Be¬ 
cause of local requirements, bare ACSR 
was utilized for the 33- and 4-kv lines in 
the suburban areas while covered ACSR 
was used for 13.2-kv and 2.4-kv lines in 
Philadelphia. Initially, covered wire was 
used for all secondaries and services ex¬ 
cepting neutral conductors. (See Table 
I for lists of strandings and specific 
applications adopted as standard.) New 
sag and tension tables were prepared 
for the all-aluminum conductors, and 
stringing tensions based on a maximum 
design tension of 46 per cent of ultimate 
strength were incorporated in the design. 

Taps, terminations, and dead-end con¬ 
struction were given careful, detailed 
treatment. The first problem considered 
was the joining of aluminum to copper. 
To minimize conductor distortion during 
installation of connectors and during load 
cycling, and to provide permanent con¬ 
nections of adequate pressure, plated 
copper connectors of large contact area 
were selected. Attention was then . 
turned to measures to prevent corrosion 
at joints. Since available connector 
pla tin gs did not provide a surface entirely 
compatible with aluminum, the danger of 
both galvanic and atmospheric corrosion 
was present. It appeared that protec¬ 
tion against both could be gained by ex¬ 
cluding moisture and air from the coimec- 
tion area. For this purpose, a grease 
compounded to minimize oxidation, to 
have long life, and to provide an abrasive 
characteristic to cut through the ever¬ 
present aluminum oxide was applied over 
the conductor before the connector was 
installed and later over the entire connec¬ 
tion. Further to guard this vulnerable 
area, the connection was thoroughly 
taped. 

There appeared to be no satisfactory 
means of terminating aluminum conduc- 
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tors at devices. In most cases, the device 
tenmnals were neither of suitable physical 
design nor of proper material for the 
attachment of alinnimim conductors. 
Pending the development of more satis¬ 
factory terminals by the manufacturers, 
short jumpers of copper were used be¬ 
tween the primary and the cutout, the 
cutouts and transformers, and between 
transformers and secondaries; see Fig. 1 
The aluminum-to-copper connections 'at 
the primary and secondary taps were 
protected against corrosion and physical 
distortion in the marmer already described 
and as an added precaution, the physical 
arrangement of the two conductors was 
such as to prevent washing of copper salts 
onto the aluminum. 

Start of Construction 

Construction work was begim in vari¬ 
ous areas of the Company following these 
procedures and the following quantities 
of aluminum were installed between 
March 1, 1952, and December 1, 1954 : 

Overh^d-line conductors, all voltages 
approximately 20,000,000 feet ' 

Overhead 3 by no. 4 service entrance cables 
tor services, approximately 600,000 feet 

^ triplex service drop 

m;tetyT7kof6oo°St"^‘^ 

2 by no. 8 , 3.6-kv street-lighting cable, 
approximately 190,000 feet 

No. 4 and no. 2,600-volt rubber and neo- 

? 337 ® 00 ? ^ \ ' 

feet wroxitoetely • 


TeM. I. Stend^dleed Aluml.«. CeeJedot «.d ACSR Siiet, Thel, Strendlej .„d U., 


Alumijuun 


Philadelphia Division 


Suburban Divisions 


No. 2/0. .7-strand all-aluminum bare. 
N^o- 2/0. .7-strand all-aluminum WP*. 
No. 4/0. .7-atrand all-aluminum WP.... 


No. 4.. 
No. 1/0 
No. 4/0, 
No. 4... 
No. 1/0. 
No. 4/0. 


, .ACSR 7-atrand, aluminum 1- 
strand steel, bare 
.ACSR 6-straad, aluminum 1- 
strand steel, bare 
.ACSR 6-strand, aluminum 1-. 

strand steel, bare 
• ACSR 7-atraad, aluminum 1- 
atrand steel, WP 
.ACSR 8-strand, aluminum 1- 
strand steel, WP 
.ACSR 6-straad, aluminum 1- 
strand steel, WP 
.Triplea-service drop cable, 
(two No. 4 all-aluminum 
insulated conductors and 
one No. 4 bare 7/1 ACSR 
neutral) f 

Duplex 3.6-kv aluminum rub-.. 
ber-covered cable 


.rear bus on houses pole line 

secondary, and services und^‘ «^^^ 

140 feet • • “<1 services under 

140 feet 

.street-lighting and primary 


.primary, 13.2 and 33-kv 
.primary, 13.2 and 33-kv 


.service loops. 

.service loops 


»rio stmMljhUng. .l.„p.|..d ATto MraWUUta, 





Flj. 1. ^Typicl bm aluminum primary and 

•«»ndary annatrucHon at Iranrfotmar p«le 


^ No serious diflSculties were encountered 
in the field, although modifications were 
, made in original designs which have re¬ 
sulted in labor and material savings, two 
being of substantial importance. The 
taping of greased tap connections on bare 
conductors was found to be of doubtful 
value, if not actually harmful, and this 

> tnne-consumingprocedurewas eliminated. 

The removal of the secondary conductor 
covering at dead ends was also an ex¬ 
pensive operation, especially in the case of 
triple-braid weatherproof (TBWP) cover¬ 
ings, and was discontinued after tests in¬ 
dicated that adequate sags could be main¬ 
tained by simply bending the covered 
conductor around the spool of a secondary 
rack and fastening it back on itself with 
two U-bolt clamps. 

Development of New Secondary 
Construction 

In the fall of 1953, after approximately 
18 months of satisfactory experience with 
aluminum conductors, the question of 
possible further economies in materials 
and labor was investigated. Changes 
m the design of secondaries appeared to 
be the most promising field. The major 
portion of aluminum secondaries being 
erected were covered 4/0 conductors with 
a bare 1/0 neutral, but there was little 
sa.vmg with these materials as ccxmpared 
wth 2/0 covered copper construction. 
However, 4/0 bare all-aluminum con¬ 
ductors cost only 40 per cent as much as 
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the same conductor when covered, and 
also showed an appreciable saving over 
bare copper of equivalent electrical 
characteristics. 

The Company’s standard secondary 
construction provides for racks with 8 - 
mch sparing with the bare neutral in the 
top porition. Field tests showed that 
with this sparing and 160-foot span 
lengths, the bare secondaries could readily 
be short-circuited, by wind or sudden 
shock to the supporting pole, etc. It was 
shown, however, that this hazard could 
be diminated by using spacers at 60-foot 
intervals. The addition of spacers sug¬ 
gested their use also as a terminal point 
for services to customers. Because of 
unequal property widths and irregularities 
of lot lines, and in order to msar\fatn 
minmum service runs, this possibiUty was 
particularly attractive. 

^ The spacer as finally developed con¬ 
sisted of two IV 4 . by 18- by 3/16-mch 
pressed Fiberglas strips with three slots 
on 8 -inch centers extending from the edge 
to the center of the strip, to accommodate 
the three wires of the secondary bus. 
The two strips are slid over the wires from 
opposite sides of the bus and bolted to¬ 
gether with two bolts, thus forming a 
simple, inexpensive, and rugged separator. 
When a service is to be connected to tTifg 
separator, a bridle consisting of a loop of 
3/16-incli round stainless-steel wire is 
added. This bridle is held by the gfl-mp 
bolts which fasten the two parts of ttie 
separator together. See Fig. 2 for an 
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Table II. Connectors and Dead-End Clamps for Aluminum and ACSR Conductors 


Connector 


Application 


Connector, tap, parallel*groove, aluminum allojr body,... on secondary neutral and ■ branches, service 
galvanized steel bolt; for no. 8 to no. 1/0 ACSR main taps, and customer’s service-entrance con- 

to no. 8 to no. 1/0 ACSR tap conductors. nections: aluminum to aluminum; alumi¬ 

num to copper 

Connector, tap, paralld-groove, al um i num alloy body,. ..on primary circuit branches and on secondary 
galvanized steel bolt; for no. 2/0 to no. 4/0 ACSR or branches and service taps: aluminum to 

all-aluminum mains; to no. 8 to no. 1/0 ACSR or all- aluminum. 

aluminum taps. ... 

Connector 2-bolt, tap, dlicon bronze with copper or high-... on primary and secondary circuits: aluminum 
conductivity copper alloy spacer bar and silicon bronze to aluminum; aluminum to copper, 
bolts, completely tinplated; for no. 1/0 and no. 2/0 
all-aluminum or no. 1/0 ACSR conductors. 

Connector, 2-bolt, tap, silicon bronze with copper or,.. on primary and secondary circuits: aluminum 
high-conductivity copper alloy spacer bar and silicon to aluminum; alu min u m to copper, 
bronze bolts, completdy tinplated; for no. 4/0 all¬ 
aluminum or ACSR conductors. . 

Connector, split-bolt, tap, silicon bronze with copper or.. .secondary branches and service taps: alumi- 
high-conductivity copper alloy spacer bar and bdl- num to aluminum; aluminum to copper, 
mouth washer, completely tinplated; for up to no. 

1/0 all-aluminum conductors. 

Connector, split-bolt, tap, silicon bronze with copper or.. .connections to customs s service ^trance: 
lugh-conductivity copper alloy spacer bar dud bdl- aluminum to aluminum; aluminum to 

mouth washer, completely tinplated; for no. 4 copper, 
stranded all-aluminum or no. 4 ACSR. 

Connector, split-bolt, tap, silicon bronze, with copper or.. .connections to customers service entrance: 
high-conductivity copper alloy spacer bar and bdl- aluminum to aluminum; aluminum to 

mouth washer, completely tinplated; tor no. 4 solid- copper, 
aluminum conductors. 

Connector, U-bolt, aluminum alloy body with galvanized,.. primary or secondary dead ends, 
steel bolt; for dead-ending no. 4 solid aluminum or 
no. 4 ACSR. 

Coimeetor, U-bolt, aluminum alloy body with galvanized.. .primary or secondary dead ends, 
sted bolt; for dead-ending no, 1/0 and no. 2/0 all¬ 
aluminum or 1/0 ACSR. 

Connector, U-bolt, aluminum alloy body with galvanized.. .primary or secondary dead ends, 
steel bolt; for dead-ending no. 4/0 all-aluminum or 
no. 4/0 ACSR. 


copper and aluminum alloy connectors 
has been carried on continuously. This 
screening has been performed on the basis 
of criteria substantially representing re¬ 
finements of that applied in the Com¬ 
pany’s initial considerations. Performed 
by joint groups of engineering and oper¬ 
ating representatives, this process has re¬ 
sulted in a substantial reduction in the 
variety of connectors initially utilized. 

The present list of approved tap connec¬ 
tors and dead-end clamps embraces split- 
bolt designs with bell-mouth washers, 2- 
bolt types in tin-plated copper and bronze, 
and parallel groove and U-bolt types em¬ 
ploying aluminum alloys. Typical ap¬ 
plications are shown in Table II. Re¬ 
jection of many earlier designs has 
been due to troubles in service and to 
rdative inconvenience in installing them. 
The list approved at present also reflects 
increasing acceptance of aluminum alloy 
designs for both aluminum-aluminum and 
aluminum-copper connections, because of 
promise of better connections and because 
of reduced cost as compared to formerly 
specified plated types. 

For splicing application, compression 
methods developing substantially 100 per 
cent of conductor strength and conduc¬ 
tivity have been adopted as standard. 


installation that shows this arrangement. 

Considering the savings in the cost of 
bare versus covered aluminum, when the 
cost of spacers utilized for separation is 
deducted, the net saving effected by using 
bare aluminum amounts to approximately 
16 cents per drcuit-foot of 3-wire 116- to 
230-volt secondary, or approximately 
$22.00 per span of 160 feet. Additional 
savings with this type of construction are 
in service lengths which are kept to a 
•miniTTiiiTn since they can be installed sub¬ 
stantially at right angles to the line in 
practically all instances. Such use of 
bare conductor is extensive, but covered 
conductors continue to be used where the 
secondaries are installed through trees or 
on the rear of houses. 

Primary-Design Changes Few 

As greater econcany was sought in 
secondary construction, so was it sought 
in designs for primary voltages. Partic¬ 
ular attention had been given to the use of 
all-almninum conductors in place of 
ACSR. Reliability and strength con¬ 
siderations, however, have continued to 
weigh the decision in favor of steel-rein¬ 
forced conductors, notwithstanding possi¬ 
ble substantial savings with all-aluminum 
conductors. Improvements in installa¬ 
tion techniques and changes in construc¬ 
tion details therefore have been the 


principal additions to earlier economies 
over equivalent copper d^gns. 

Developments in Connectors 

Throughout this period of the rapid 
growth of our aluminum distribution 
system, close attention to design and in¬ 
stallation of connectors and splices con¬ 
tinued. Basic investigations regarding 
the behavior of aluminum conductors at 
joints, and of the connectors of various 
body metals and platings, were dis¬ 
continued with the establishment of the 
industry-wide research initiated by the 
Edison Electric Institute. However, 
screening of the host of available plated 


Challenging Problems 

Some drawbacks and problems have 
appeared to challenge the engineer and 
operator in obtaining the maximum possi¬ 
ble economy in the use of this metal. 
Heading the list is the solution to the 
connector problem. Better cormectors 
and installation procedures are employed 
than was the case 2 years ago. However, 
the lack of basic knowledge in the matter 
leaves Us misure of our criteria for select¬ 
ing connectors from the many types and 
designs available. 

A number of construction and main¬ 
tenance problems have been trouble¬ 
some: 


Fig. 2. Rear property dis¬ 
tribution pole line, showing 
bare primary and secondary, 
and services terminated on 
spacers 
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1. Time for repairs to ACSR conductors 
IS excessive, especially on our 2 . 3 - and 4 -kv 
systems which are worked energized. In 
particular, extra protective coverings, which 
are very difficult to apply, are required 
whM working on 2.4 and 4-kv conductors 
at dead ends. 

2. Cutting in dead ends in existing ACSR 
conductors of 2.4 and 4-kv circuits for 
installation of sectionalizing devices is a 
major operation. 


cent of the system con- 
sistmg of copper conductors, stocks of both 
copper^ and^ aluminum supplies must be 
mamtaiued in storerooms and on trucks. 

X bulkier aluminum do 

not fit the collapsible reels on trucks, and 
reducing coil sizes to fit the reels results in 
exclave wastage. A particular example 
of ttis occurs in the case of 3 by no 4 
tnplex-service drop cable. 

Terminals on many devices are un¬ 


suitable for the attachment of aluminum, 
and present use of copper jumpers in¬ 
creases costs and creates joining problems. 

Conclusions 

To date, aluminum has given satis¬ 
factory performance in carrying load, and 
there has been a steady, if in cases not 
appreciable, reduction in construction 
costs as crews have become more experi¬ 
enced in work involving aluminum. 

In comparison with costs of copper con¬ 
struction, economies are effected in the 
use of ACSR for subtransmission li ne s as 
these lines are not worked energized. 
There are no economies on 2.4 and 4-kv 
construction unless the installation is 
made in new territory and completed be¬ 
fore the drcuits are placed in service. 


The development of splicing methods and 
of line accessories which would eliminate 
the necessity for handling the steel 
strands in ACSR separately would be an 
important contribution in reducing 
present construction and maintenance 
costs on these lines. 

General equipping of line devices, 
tr^sformers, cutouts, arresters, etc., 
with terminals suitable for both alumi¬ 
num and copper would be of substantial 
benefit. 

Continuance of industry-sponsored re¬ 
search into the problems affecting alu¬ 
minum connector design and the prepara¬ 
tion of performance specifications should 
be a most valuable contribution to the • 
fuller realization of economies and con¬ 
veniences that are potential in the use of 
aluminum in distribution. 


Di 


iscussion 


Robert E, Larson (Aluminum Company 
^enca Pittsburgh, Pa.): The auth 
should be complimented on their m 
cons^rtive paper on the use of alumim 
mstnbution conductors. Perhaps one 
the most interesting construction featu 
brought out m the paper is the use of b« 
^ummum secondaries with mid-span serv 
rop taps. A more economical constn 
txon method for secondaries and servi 
drops would be difficult to imagine. 

■ paper that the develo 

ment of splicing methods which wou 
ehmmate the necessity for handling tl 
st«l-remforeed aluminu 
cable (ACSR) separately would be t 
unp^nt contribution in reducing presej 
construction and maintenance costs. Alee 


is worbng on a development which, it hopes 
will ehmmate the use of the steel sleeve in 
^hemg tte sizes of ACSR normally used in 
distobubon. It is anticipated that this 
sphee will develop from 96 to 100 per cent 
w the rated strength of the conductor. 
Due to technicalities involved, additional 
infoimation on this splice cannot be given 
at this time. 

Aluminum-to-aluminum connections op¬ 
erate better when made with aluminum 
connectors than with connectors of other 
metals ^ the pressure changes resulting 
irom differential expansion versus tem- 
pwatme are ^imized. Test data from 
■Wcoas aluminum research laboratories 
Show that the changes in pressure versus 
t^perature can be further minimized by 
the use of aluminum bolts with aluminum 
connectors and clamps. Also, the lower 
modulus of elasticity of aluminum provides 
a spring follow which tends to compensate 


for creep and plastic deformation of con¬ 
ductors as might result from high operating 
temperatures or severe initial bolting pres¬ 
sure. In addition, the possibility of gal¬ 
vanic corri^ion is minimized. Therefore, 
for the ultimate in performance in alu- 
mmum-to-aluminum connections, aluminum 
connwtors plus the use of a good joint com¬ 
pound are reco mmende d. 

For copper-to-aluminum bolted connec¬ 
tions, aluminum connectors with the proper 
use of a good joint compound may well be 
used where there is Httle or no atmospheric 
contamination. Under seacoast or heavy 
lud^trial conditions the use of copper- 
bushed aluminum connectors is reco mm ended 
for copper to aluminum connections. Again 

the proper use of a good joint compound is 
essenti^. Copper-bushed aluminum clamps 
have given a good account of themselves 
over a period of 36 jrears through a wide 
range of conditions. 


Eight Years* Experience With All- 
Aluminum Distribution Systems 
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THE USE of all-alumitiuin conductors 
■ in electrical systems is not new A 
company on the Pacific Coast has 'had 
conductors in service since 1902 
The company with which the authors are 

^oa^ted installed iul948 approximately 
^77>0p0-circular-mil (CM) 
all-alummum cbnductors in 4.16-lcv 300- 

828 


ampere primaiy feeders. This material 
had been recovered from an electric rail¬ 
way system and had been in service for 
40 years previously as a trolley feeder. 

For the past 8 years the conductor used 
by the Oklahoma Gas and Electric Com¬ 
pany in all new residential and light com¬ 
mercial distribution lines has been steel- 


reinforced aluminum cable (ACSR) or all¬ 
aluminum. Prior to that time no all¬ 
aluminum, with the exception of that just 
mentioned, had been used. However, 
ACSR had been used only in transmission 
and long-span rural lines for the past 28 
years. 

The real impetus to the use of alu¬ 
minum as a distribution conductor was a 
study made in 1947 of the distribution 

Pap« 85-256, recommended by the AIEE Traas- 
mis^oa and BisWbution Oommittee and approved 
by the AIEE Committee on Technical Opera- 
Twn? 1®*^ Prw^tation at the AIEE Electrical 
Pa Conference, Pittsburgh. 

Manuscript submitted 

and R. £. Thornton are with the 
Crty ^Okla ^ Electric Company, Oklahoma 
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transformer and secondary economics 
wherein various combinations of trans¬ 
formers and secondaries of various sizes 
and materials were considered.^ This 
study definitely pointed to the conclusion 
that advantage should be taken of the 
relative price of aluminum as compared 
to that of copper. 

Types of Aluminum Conductors 
Used 

Aluminum conductors used for services 
is no. 4 solid all-aluminum neoprene- 
covered. No. 6 of the same type was also 
used for some time but its installation has 
been discontinued. 

Aluminum conductor used for second¬ 
aries is mainly no. 1/0 7-strand, bare all- 
aluminum. Also, some no. 1/0 ACSR and 
some no. 3/0 all-aluminum have been 
used. 

For primaries, 2.4, 4.16, 7.2, and 12.5 
kv, the following are used: 

1. Feeders of 266,000,336,400 and 477,000- 
CM all-aluminum. 

2. Mains of 266,000 centimeter cm and no. 
3/0 all-aluminum. 

3. Branch laterals of no. 4 ACSR. 

For street lighting the following are used: 

1. Aerial series circuits of no. 4 ACSR. 

2. Aerial multiple circuits: 1. Pilot wires 
and supply laterals for street intersection 
lighting of no. 4 ACSR. 2. Supply circuits 
for high level arterial street lighting of no. 
4 all-aluminum neoprene-covered, lashed 
to a 6A copperweld-grounded neutral for 
support. 

3. Underground series circuits of rubber- 
insulated, neoprene jacketed no. 4 all-alurai- 
num. 

4. Underground multiple laterals of 600- 
volt, rubber-insulated, neoprene-jacketed 
no. 4 all-aluminum and no. 6 bare copper 
neutral. 

Usage 

It is estimated that the Company now 
has a total of over 11,250 miles of all- 
almninum and ACSR in place as pri¬ 
maries of the 2.4-, 4.16-, 7.2-, and 12.5-kv 
class secondaries and services in the 
system. Today aluminum of the all¬ 
aluminum and ACSR t 3 rpes in the urban 
and rural systems are being installed at an 
average rate of approximately 902,000 
pounds per year. 

Design and Construction Data 

Pertinent Premises 

The more pertinent premises on which 
the designs are based are as follows; 

1. Heavy-loading conditions. 



Fig. 1. Short-span universal sag chart for 75- to 200-foot spans 



Fig. 2. No. 4 ACSR 7.2-lcv primary; no. 0 
all-aluminum 120/240-volt secondary; no. 4 
all-aluminum neoprene-covered open services; 
no. 4 all-aluminum neoprene-covered, on no. 6 
ACSR bare services (hriplex) 



Fig. 3. Open-wye primary, no. 4 ACSR; 
no. 0 all-aluminum bare 120/240-volt second¬ 
ary with no. 4 aluminum bare teaser for 3- 
phase; no. 4 all-aluminum neoprene-covered 
service; no. 4 all-aluminum neoprene-covered 
on no. 6 ACSR bare service (triplex) 
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Fig. 4 (left). 477,- 
000-CM ali-alu- 
minum 4.16 - kv 
feeder corner; three 
no. 4 bare copper 
secondary 


Fig. 5 (left). No. 
1/0 all-aluminum 



secondary dead- 
ended on 4-inch 
spool rack; no. 4 
all-aluminum neo¬ 
prene-covered serv¬ 
ice# 


Fig. 6 (right). No. 
4 ACSR, bare, 2.4- 
hv primary; no. 3 
copper, bare, 120/ 
240-volt secondary 
on right side of pole; 
no. 0 all-aluminum 
bare, 120/240-volt 
secondary on left 
side of pole; no. 4 
all-aluminum neo¬ 
prene-covered serv¬ 
ices; no. 3 copper 
street-lighting lateral 



for primary, secondary, 
and aenal street-lighting circuits. 

frm conductors on a ridge pin or on 

iSeT^” horizontal spacing of 29 

4. Secondary and low-voltage street light¬ 
ing conductors on racks with 12-inch spac- 

5. Semces to residential and small com- 
t^aal establishments of the triplex cable 
type, no. 4 bare ACSR and two no. 4 neo¬ 
prene-covered all-aluminum, 

f^ distribution conductors re- 

gardltes of size, materials or voltage are 
^gged a^e and in accordance with the 
® tmiversal sag chart; see Fig^. 
The all-alummum conductors sagged in ac¬ 
cordance with this sag chart are str^ed 
under h^vy-loadmg conditions in the design 
span as ro Table I. ‘design 

those all-aluminum and 
ACSR conductors which the Company now 
tion overhead distribu- 

se^ir? n w 3-conductor 

service cables are being used extensively 


Fig. 7 (right). No. 
3 copper 4.16-kv 
primary on top arm; 
no. 4 ACSR 4.16-kv 
primary on buck arm; 
no. 3 copper, bare, 
120/24()-volt sec¬ 
ondaries; no. 4 all- 
aluminum neoprene- 
covered services 
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Fig. 8. Plated cop> 
per alloy connectors 
and compound 
applicators 



These cables consist of two no. 4 aluminum, 
neoprene-covered, spiralled for support, on 
a bare ACSR (6/1) supporting member 
which also serves as a neutral. 

Construction Details 

Some of the more pertinent details of 
the construction methods are as follows: 

1. The conductors are spliced by means of 
compression devices. 

2. Secondary conductors are supported on 
conventional secondary brackets and dead- 
ended on a 4-inch porcelain spool bracket. 
Protective armor is used only at the dead 
ends. 

3. No. 7 strong aluminum alloy is used as a 
tie wire on conductors up to and including 
1/0. No. 4 soft aluminum alloy is used on 
aluminum conductors larger than 1/0. 

4. Ar mor rod is used on aluminum con¬ 
ductor in long-span rural distribution lines 
but is not used on short-span urban lines. 

Figs. 2 through 7 show typical installa¬ 
tions of aluminum in 2.4/4.16-kv and 
7.2/12.5-kv primaries, secondaries, and 
services. 

Fig. 2 shows the no. 4 ACSR 7.2-kv 
primary, no. 0 all-aluminum bare second¬ 
ary, no. 4 all-aluminum neoprene-covered 
open-wire service, and no. 4 neoprene- 
covered iriplex service cable. 


Fig. 3 shows the no. 4 ACSR open-wye 
12.5-kv primary, no. 0 all-aluminum bare 
secondary with a no. 4 ASCR bare teaser 
for 3-phase no. 4 all-aluminum neoprene- 
covered open-wire service and it shows 
no. 4 neoprene-covered triplex service 
cable. 

Fig. 4 shows a comer in a 477,000-CM 
all-aluminum 4.16-kv feeder, and a three 
No. 4 bare copper primary lateral. 

Fig. 5 shows the no. 0 all-aluminum 
secondary dead-ended on 4-inch spool 
rack, and no. 4 all-aluminum neoprene- 
covered services. 

Fig. 6 shows no. 4 ACSR bare 2.4-kv 
primary, no. 3 bare copper secondary and 
street-lighting lateral on right side of 
pole, no. 0 all-aluminum bare secondary 


Table I. Stress Under Heavy-Loading Con¬ 
ditions in Design Span 



Percentage of 

Conductor Size 

Ultimate Strength 

1/0 . 

.41.5 

3/0 

..35.6 

266,800 CM. 

.29.4 

330,400 CM. 

.27.4 

477,000 CM. 

.25.5 


on left side of pole, and no. 4 all-aluminum 
neoprene-covered services. 

Fig. 7 shows no. 3 copper, 4.16-kv 
primary on top arm, no. 4 ACSR primary 
on buck arm, no. 3 copper secondary, and 
no. 4 all-aluminum, neoprene-covered 
services. 

These construction illustrations were 
made primarily to diow that the alu¬ 
minum conductors are added throughout 
the system without regard to the materials 
in place. 

Connectors 

All connectors being used in the dis¬ 
tribution system, on copper and/or 
aluminum conductors, have copper alloy 
bodies, tin-plated. The adoption of this 
type of connector was the result of experi¬ 
ence with the many other types which 
have been developed in the past few 
years. 

For some time after the use of alu- 
mintun for a distribution conductor was 
begun, special connectors, aluminmn-to- 
aluminum, aluminum-to-copper, and 
copper-to-copper, for the various wire 
sizes were used. This made necessary a 
large-store stock of connectors and the 
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Carr 3 ang of a large assortment of connec¬ 
tors on s^ce trucks and line trucks. 
This multiplicity of connectors resulted 
m confusion and many misapplications. 
Much of the difficulty was. overcome by 
the adoption in 1948 of copper-alloy- 
body tin-plated connectors, each suitable 
for a reasonable range of conductor sizes. 
The coraectors are used indisc riminate ly 
in making connections regardless of the 
conductor materials being joined. 

Considerable difficulty was experienced 
for some time in getting the linemen and 
servicemen to use protective compound 
in comections. They were not convinced 
that it w^ necessary and the method used 
in applying the compound was unsatis¬ 
factory. For applying the compound, 
we now provide collapsible tubes or .smaip 
grease guns having an applicator nozzle; 
see Fig. 8. The workmen take their 
choice of the two methods and one or 
the other is reasonably satisfactory to 
them. The men have seen enough ca ses 
of trouble where protective compound 
had not been used to be convinced that it 
is necessary, and we believe they are 
consistently applying it. 

When hot-line tap connectors are used, 
a line-stirrup clamp is placed on the con¬ 
ductor and the tap connection is made to 
the stump. This type of connection is 
made only on low-capacity connections 
on 7.2/12.5-kv circuits. Fewer would be 
used if connectors which could be readily 
installed with hot sticks were available. 
Connectors now being used on our dis¬ 
tribution lines are shown in Fig. 8. 

Trouble Experienced 

Connector Trouble 

Many cases of connector trouble on 
aluminum conductor have been experi¬ 
enced, the more usual types as follows: 


1. Conductors burned down at connec¬ 
tions. 

2. “Light flicker" or "no lights” calls 
caused by loose connection or high-resist¬ 
ance connection caused by corrosion of 
the material. 

3. Damage to customers’ equipment 

caused by unbalanced voltage due to an 
open or poor connection in a secondanr 
neutral. ^ 

Sufficient connector trouble had been 
^perienced on two 12.5-kv circuits built 
in the early days of the Company’s use of 
aluminum that within the last year these 
circuits were inspected and completely re- 
connectored. Considerable connector 
trouble has been experienced on primary, 
secondary, and service connections. The 
majority of the cases of trouble have been 
on aluminum-to-copper service entrance 
connections, and most of these were found 
on flicker complaints. 

It is the opinion of the authors that 
most of the cases of connector trouble 
have resulted from the niisapplication of 
connectors or lack of use of protective 
compound. For example, failures were 
experienced when cadmium-plated con¬ 
nectors ptuchased for ground connections 
w^e applied to current-carrying second¬ 
aries and services. However, consider¬ 
able trouble has resulted because of error 
in judgment which led to specifying 
poorly designed connectors or because a 
good connector was not available. It is 
the authors’ opinion that the best con- 
nectom developed so far are those 
especially made for a definite size and type 
of conductor, but that their better per¬ 
formance is more than offset by stocking 
and misapplication problems. A serious 
problem in the making of connections 
would be solved if a satisfactory coimector 
for use with hot-line tools were available. 
There is no eridence that a concerted 



effort on the part of the manufacturers is 
being made to meet this need. 

Conclusions 


Experience with aluminum conductor 
material causes the Company to classify 
it as acceptable. At tffis stage of develop¬ 
ment the authors believe that improve¬ 
ments in connectors should be made; 
however, there have been no difficulties 
of a magnitude whidb would cause a re¬ 
turn to the use of copper with the present 
price differentials. 

With a continuation of price differ¬ 
entials which have persisted since 1946, 
aluminmn will for many years be the 
conductor for use in distribution systems; 
and engineers should be diligent in ex¬ 
tending its use wherever practicable. 
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Discussion 


J. D. Padgett, Jr. (Texas Electric Service 
Company, Fort Worth, Tex.): I prepared 
a discussion for H. E. Carpenter’s and R. E. 
Thornton s paper and it ties in closely with 
Nelson’s and K. S. Garrett’s also. 

oo the same theory 

^J°'?ton does for the use and a^- 
phcataon of aluminum and of course, our 

geographi- 
approximately the same, but 
the differ- 

en^s between their practices and ouis 

num ® stmnded alumi- 

num neoprene-covered single conductor. 

At an earlier date, during World War II, 


I believe, we had some very unsatisfactory 
expen^ces by using a soUd, neoprene 
cover^ ccmductor. The wire would break. 
Md the insulation would remain intact 
That problem may have been licked by now. 
We do use some triplex. 

It was interesting that both of you 
iMe the triplex service c<wiductor but we 
shied away from it, not knowing the life ex- 
pectan< 2 ^. We feel that possibly some time 
m the future, we will approach something 
uke an ice storm and have to go out and 
change in wholesale fashion all of these 
semces when they begin to break down. 

We ^e to rely on the air insulation, 
even though the conductor covering has 
broken down as an insulator. Our present 
studies indicate that I/O all aluminum does 
not have sufficient tensile strength, coupled 
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With other economic features, to suit us as 
a second^ conductor base. We expect to 
standardize on 2/0 all-aluminum secondary 
for possibly anything above 30 to 40 kva 
per thousand foot. 

A primary conductor, 

4/0, 336, and 477 are all aluminum. The 
^all(^ si^. of course, are ACSR, but we 
hke the aU aluminum in those larger sizes 
because of the simplified guying as well as 
tte simplified joints or splicing. 

We use ACSR and all aluminum, all bare 
exclusively for the overhead distribution 
system. 

If anybody wants to buy copper he has 
to W a good reason. We are presently 
m the process of investigating the lise of a 
umversal sag chart. 

Interestingly, I note that we are com- 
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pletely 180“ away from Mr. Thornton on 
our armor rods and armor. We generally 
use preformed line guards for aU aluminum 
at all supports except dead-ends and pre¬ 
formed armor rods for ACSR supports, and 
we also use the 3-inch spool insulator for 
the dead ends and use no armor of any 
kind at the dead end. 

We have used some armor tape and have 
found that the No. 7 strong alloy tie-wire 
doesn’t work too well with that, so we 
don’t buy it any more. We buy only the 
soft drawn. We haven’t been quite so 
fortunate in getting the linemen to use the 
inhibiting grease. We hope that we will. 
Also, we have only been using aluminum 
extensively about 6 years and we haven’t 
been bothered with any electrolytic action 
because it hasn’t rained in that long down 
there. That might be funny up here, but it is 
not down there. 

We use a spring-loaded hot line clamp, 
copper alloy with tin plating, in the smaller 
sizes. We use for a larger size, where it is 
necessary to tap with a smaller conductor, 
an aluminum bodied-clamp. The bolted 
connectors generally, as Mr. Thornton 
pointed out, are pretty much what we use 
and we are going more and more to the com¬ 
pression type and that looks like the way 
vve are going. 

In response to a request through Ebasco 
Services, we received a letter. I would like 
to read this and would very much appreciate 
anyone’s discussion on it as to their prob¬ 
lems, or their experience, how they solve it, 
or wliat they think about it. 

In part, the letter reads, "I would like to 
suggest that you seriously consider various 
strandings of ACSR as alternates to the all¬ 
aluminum particularly for some of the 
larger sizes. 

’Tor many years, we have been offering 
a stranded ACSR with less strength than 
our more standard strandings. 

“A number of companies have gone to 
18/1 stranding, and 36/1 strandings as 
alternates to the all-aluminum in distribu¬ 
tion and transmission circuits due to its su¬ 
perior sag characteristics. 

“Many people have been somewhat hesi¬ 
tant about using ACSR for distribution 
work since they realize normally a composite 
joint has to be made that will anchor both 
the steel and the aluminum. However, in 
these special strandings, tests have proven 
that joining methods similar to those used 
on all aluminum for tension splicing would 
produce satisfactory results, holding power 
up to 80 or 90 per cent.’’ 


C. T. Hatcher (Consolidated Edison Com¬ 
pany of New York, New York, N. Y.): I 
did have a question or two that I would like 
to ask. It is quite interesting to me to 
have heard these two papers, the Phila¬ 
delphia and the Oklahoma paper, because 
we are extremely interested, in New York 
in the use of aluminum, and so for the last 
year or two, we have given serious con¬ 
sideration to its use- We had some opposi¬ 
tion from our construction forces in the use 
of it. 

I was quite interested in what R. E. 
Thornton said. I understood him to say, 
that he uses it anywhere in his system fe- 
g^ardless of location. 

I don’t know whether I understood him 
correctly. Does that mean that if you 


have a particular span of copper wire 
down, that you will put an aluminum section 
back up, and if so, do you put it up with the 
same sag? Are you sagging the aluminum 
the same as you are the copper? 

That seems one of the main objections 
our construction people have regarding its 
general use. They say it is very nice to 
pick out a particular location in which to 
use it where everything is all aluminum, 
but they don’t like the idea too much of 
intermingling it with copper. 

I might also apply that same question to 
IC. S. Garrett from Philadelphia: Is their 
installation particularly an isolated one, a 
localized one, or is it generally being used 
throughout? 

One other thing that has been worrying 
us in the engineering as well as from the con¬ 
struction end, is the question of the dead¬ 
ending of aluminum. It is apparently 
more expensive, more cumbertome to do 
with, let us say, the lack of present-day 
splicing means. 

Both of the authors have pointed that 
out and I would like to reiterate that par¬ 
ticular point, that a good tension splice is 
required. 

K. S. Garrett: To answer Mr. Hatcher, 
who, asked about our stopping of the use of 
copper or the use of aluminum indiscrimi¬ 
nately throughout the system. 

In general, I would say that we are buying 
little or no copper. We have continued to 
use some that we had for replacements, but 
when that has been depleted, I believe that 
we wiU use aluminum as indiscriminately as 
described by some of the other authors. 

I appreciated the discussion primarily be¬ 
cause it certainly expanded and embellished 
some of the things I might have said about 
our own experience. 

I have only one other thing that I might 
add to my paper and that is that around a 
spreader which we have is most of our econ¬ 
omy in distribution. I didn’t describe it in 
detail. I would like to say that it is made of 
laminated fiber glass. It is designed so 
that it will withstand a 1,000-pound pull on 
the bail which should be greater than the 
load that would be put on any of the serv¬ 
ices which we install. 

It has been tested under water and with 
high potential to see if it will track, and it 
has withstood all of these tests very satis¬ 
factorily, but I would like to warn everyone, 
and there have been several who have shown 
an interest in it, that if they get the manu¬ 
facturers to make it for them and it isn’t 
a stock item, to be very careful about their 
source of laminated fiber glass; the com¬ 
pany that has made these for us has run into 
a terrific amount of trouble. 

I would say that of the five, six, or seven 
suppliers of laminated fiber glass, only one 
could stay within these dimensions and 
get the strength required. 


R. £. Thornton: This is certainly a heart¬ 
warming experience to find that there is so 
much interest in a thing that was so ill- 
received in the early days. I would like to 
comment briefly brfore I close my paper on 
the separator that Mr. Garrett has com¬ 
mented on. 

I am going to follow with a great deal of 
interest the life history of those separators 


to see what happens in the way of chafing. 

I would like to ask him if, at the point of 
clamping, you put a ribbon or some other 
protection on the line conductor? 

K. S. Garrett: We do not put any liner, 
tube, or covering over the conductor. Before 
using them, we took these spreaders and 
put them on aluminum wire and ACSR and 
put them through a rather long life test on a 
vibrating machine; we foUnd that they 
should last for a great many years in service. 

R. E. Thornton: That is interesting be¬ 
cause we are going to the idea which is not 
new, of course, of supporting the insulated 
secondaries on a bare steel messenger, using 
a bare all-aluminum neutral, spinning in the 
field, and taking the service away from the 
messenger. 

However, that is getting back to the insu¬ 
lated conductors again which we had for¬ 
saken. 

I am glad to hear that Alcoa is doing 
something about the splicing-sleeve situa¬ 
tion and the statement that all aluminum 
connectors should be used. We will go 
along with that. 

Right now, we are in a transition period 
where we have to meet the problem of the 
unlike metals so we had to take some middle 
ground, and we are doing that by using the 
copper alloy, tin-plated connections. 

J. D. Padgett brought up the matter of 
the solid neoprene-covered service wire 
breaking. Yes, we had that trouble, too, 
at first. In fact, we thought in one of our 
towns in western Oklahoma where there is a 
lot of wind, we had some sort of insulated 
symphony. We would run a service to a 
house and right away, we would begin to 
get calls about the hum and the noise. 
Then we began to get some no-light calls. 
The neoprene was strong enough that the 
no. 6 solid aluminum, which we were using 
at that time, and wUch we no longer use, 
was breaking within the covering, and the 
covering was maintaining the service in the 
air but not maintaining the service elec¬ 
trically. We found out that oiu: service 
crews were pulling up these services well 
beyond any reasonable tension. 

We were getting vibration on the house, 
and then we were getting the failure of the 
aluminum. We have incorporated speci¬ 
fications in our books now that will not 
allow them to increase the tension and we 
have had no more trouble. 

As to C. T. Hatcher’s question about 
anywhere. We do not go in and pick up a 
piece of copper that has come down and 
splice in a piece of altuninum. We wUl 
make the repair with a like material. If we 
have to make a one-span extension of a 
secondary, for example, we have left a little 
choice to the line foreman. We give the 
distribution engineers a little leeway and 
they can say whether or not it will be a 
copper one-span extension or whether or not 
they will leave the dead-end in place On the 
copper and make a one-span aluminum 
extension. 

He also mentioned dead-ending methods. 

In the clamps we use to make a conven¬ 
tional dead-end, we are through with the 
bimetallic washer. 

On the secondary with a single phase pri¬ 
mary on top we have used no automatics 
on aluminum. Our experience on copper 


October 1955 Carpenter, Thornton — -AU-Aluminum Distribution Systems Experience 


833 



caused us to abandon those some years ago 
We are using a clamp-type connector and 
m^g a conventional turn-back rabbit- 
tail dead-end. 

K. S. Garaett: What do you people do about 
temunatmg aluminum in cut-outs, lightning 
arresters, and distribution transformers? 

' We are happy to find that 
our mends in the manufacturing business 
are domg something about this, and I have 
^ amusing experience of which I would 

^ it will graphi¬ 

cally illustrate the situation. 


I happened to be in our storeroom one 
day and -^there was a 26-kva transformer. 
Just below the secondary stud terminals was 
a large diamond, and one side was labelled 
A, and was silver or aluminum color. The 
other half of the diamond was labelled C 
and it was copper-colored. 

The studs were tinned or silvered. I 
went back to the office and called the repre¬ 
sentative of the Affis-Chalmers' people and 
^id, T am sure glad to see you get on the 
bandwagon. That is mighty fine.” 

I had to tell him what I had seen. He 
WM very happy, but imagine my chagrin 
when I found out that General Electric 


Company had dressed down one of their 
men in the manufacturing plant because 
they had u^d that diamond with the A, C 
on it to. indicate that that would tglro either 
copp^ or aluminum. I understand that 
has been changed now. 

In summary of this discussion, it appears 
that there are problems associated with the 
use of aluminum conductors in distribution 
systems which are generally associated with 
the points of connection and dead-ending 
It is also apparent that there is a determina¬ 
tion on the part of the manufacturers ami 
the users of the material and accessories to 
solve these problems. 


Development of a Welded Aluminum 
Bus for Substations 


C. E. ASBURy 

MEMBER AIEE 


^pHE DESIGN and use of aluminum 
busses in major transmission sub¬ 
stations permits a reduction in cost com¬ 
pared to other types of bus construction. 
This paper reviews several design aspects 
in the development of this type of con¬ 
struction. 

Early Designs 

Some substations containing aluminum 
busses and cross connections designed by 
Commonwealth Associates, Inc., early 
in 1931 used connections of the bolted 
type ^d most of the fittings were very 
large in size compared to copper fittings. 

A cross section of one of these 138-kv sub¬ 
stations is shown in Fig. 1, and that of a 
46-kv substation in Fig. 2, both of these 
stations being on the same site. The 
performance and record of these earlier 
designs have been very satisfactory from 
an^ operating and maintenance stand¬ 
point. There have been no corrosion 
problems on these installations in the 
midwestem part of the country. 

During the depression years when there 
was a limited amount of construction, de¬ 
sign activity using aluminum busses was 
also limited. Station designs from 1936 
to 1942 also had bolted connections ex¬ 
cept for the joints in the bus itself, which 
were made by using shrink-fit connectors. i 
An ms^ was placed in dry ice while < 
the tu^g was heated in an oil bath and i 
scoured with a wire brush. The insert r 
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and tubing were hurriedly placed to¬ 
gether to form a joint. 

In 1946, when aluminum became avail¬ 
able afto the wartime shortage, aim Hat 
iiwtallations were made except for a 
slight change in the method of shrink¬ 
fitting the bus connections; see Fig. 3. 
The inserts were placed in ^y ice but 
the tubing was heated by the use of strip 
heaters encased in a heavy asbestos piping 
insulation. This gave better control 
of the heat, and considerable time was 
saved in the bus assembly by the use of 
this method. In about 1962, heliarc 
welding of the aluminum tubing was 
started for extensioifs to existing sub¬ 
stations with aluminum busses. 


One-Line Diagrams 

^ Most of our present major transmis¬ 
sion substations using aluminum busses 
have been designed with two main busses 
with or without a transfer bus or as a 
ring bus. The major electrical connec¬ 
tions for a typical 2-main bus arrange¬ 
ment are shown in Fig. 4 for a 138-kv 
substation. Two 138-kv busses are used 
with disconnect switches which make it 
posable to connect any line or generator 
to either of two busses. 

The flat horizontal bus construction 
using aluminum busses permits the use 
of a simplified station structure with a 
minimum of supporting members which 
reduced the over-all cost (Fig. 1,2, and 3). 
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Pedestal-type bus supports may be used 
which require Httle structural steel and 
with aluminum busses these supports 
may be spaced farther apart than when 
some other types of bus material are used. 

Present Designs 

At present Commonwealth Associates 
are desigmng major substations using 
aluminum main bus and cross connections 
where practically all of the fittings are 
being made and connected together by 
heliarc welding. Several different assem¬ 
blies have been designed and after consid¬ 
ering their advantages and disadvantages, 
certain types of coimections and arrange¬ 
ments have been selected to reduce the 
amount of construction labor required 
and to speed up the field assembly. 

The subassemblies have been designed 
witt simphcity in mind and to provide 
rigidity and ruggedness desirable for a 
major bus. The bus arrangements have 
been worked out to reduce as far as 
practical the' number of assemblies and 
subassembhes required. Some of the 
more common types of the subassemblies 
are shown in Figs. 5 through 14. 

It will be noted that several saddle 
arrangements are used in fabricating the 
assemblies. This improves the rugged¬ 
ness and rigidity of the bus to withstand 
higher short-circuit currents and other 
types of shock loading that may occur. 

A considerable amount of field labor is 
saved during construction by the use 
of these types of connections. The 


Paper 55-257, recommended by the AIEE Switch- 
Committee and approved by the AIEE Com- 
Operations for presentation at 
the AIEE BlecU-ical Utilization of Aluminum Con- 
f^ence, Pittsburgh, Pa., March 16-17, 1966. 
Manusmpt submitted December 16, 1964: made 
available for printing January 26, 1966. 

C. E. Asboicy and C. J. Hartman are with the 
commonwealth Associates, Inc., Jackson, Mich. 
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Fig. 1. 138-kv substation aluminum busses 


designs allow a considerable amount of 
shop fabrication on an assembly line 
basis making it possible to realize ap¬ 
preciable savings over the cost of perfonn- 
ing the labor in the field. 

Figs. 5, 6, and 7 show the construction 
of an A-frame assembly for supporting 
one end of a cross bus. The A-frame is 
made from two assemblies; the V-shaped 
assembly at the top and the pipe-and- 
saddle one at the bottom. The two as¬ 
semblies together form a telescoping 
A-frame which allows for horizontal level¬ 
ing of the cross bus. It also provides 
for closure of the cross bus on the end at 
the top of the A-frame. The terminal 
on the end of the cross bus tube in Fig. 7 
is also a telescoping arrangement which 
allows for a vertical alignment of the A- 
frame. All the field welding can be 
done on the ground except those welds 
required on the main bus at the bottom 
of the A-frame. The assemblies are 
welded in the shop. The use of saddles 
on the bottom of the pipe assembly on 
the A-frame is an easy method of position¬ 
ing the A-frame on the cross bus. 

Figs. 8 and 9 show an expansion as¬ 
sembly. It is completely shop assembled 
and is shown in Fig. 9 mounted in the 
main bus. The double loop on top and 
at the bottom of the assembly is neces¬ 
sary to divide the currents and short- 
circuit stresses equally. The expansion 
loops are placed in the main bus at ap¬ 
proximately 100-foot intervals. The ex¬ 
pansion of the bus is approximately IV 2 
inches per 100 feet from 0 to 100 degrees 
Fahrenheit. The main bus is made 
continuous by inserting a sleeve, then 
welding the pieces together. 

Fig. 11 shows two saddles used for 
supporting the main bus. It will be 
noted that one saddle has fixed holes 
while the other has a slot to provide for 
expansion. One fixed saddle is used for 
approximately each 100 feet of bus. 
The remainder of the saddles allows the 
bus to move, to take care of the expan¬ 
sion. Fig. 10 shows several types of 
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fittings required to take care of differ¬ 
ences in over-all heights of equipment 
and to make connections on various 
sizes of tube. 

Fig. 12 and 13 shows various types of 
terminals used. Most of the fittings on 
cable are the compression type, some 
welded as well as compressed. Fig. 14 
shows how some of these fittings are used. 

All current-caitying parts wliich are 
bolted together use galvanized 1/2-inch 
diameter, quenched and tempered Ameri¬ 
can Society for Testing Materials stand¬ 
ard, ‘ fine-thread series bolts with hex 
head and nut and Belleville spring 
washers with a minimum of 1-mil plating. 

No-Ox-Id paste is used on all bolts, 
nuts, washers, and surfaces of bolted 
and nonstrain compression connections. 
Strain compression fittings are dipped 
in Penetrox or zinc chromate before the 
unit is compressed. After the joint or 
connection is completed, the whole surface 
is coated and thoroughly sealed against 
moisture with No-Ox-Id paste. 

Relative Cost 

Considerable thought has been given 
to the design of subassemblies to permit 
shop welding on an assembly line basis. 
Jigs and fixtures can be used for this type 
of work to give the inroper alignment 
which will further speed up the field 
assembly. Only a rdativdiy small num¬ 
ber of field welds are required in the final 
assembly. Many of the assemblies are 
similar in design (for example, each 
crossover bus connection to an airbreak 
switch. Figs. 5, 6, and 7) and since each 
of these is assembled in the shop by the 
use of jigs and fixtures, they are inter¬ 
changeable in the field and no particular 
fitting problems are involved in the in¬ 
stallations. The technique of welding 
aluminum connections makes it unneces¬ 


sary to pxurchase expensive bolted con¬ 
nectors and there is more assurance of a 
good electrical connection. It is esti¬ 
mated that on some of the present de¬ 
signs as much as 60 per cent in savings 
may be realized in material and labor as 
compared to copper bus designs using 
bolted connections. 

Short-Circuit Tests 

Short-circuit tests were performed on 
some of the major components to ascer¬ 
tain that the mechanical strength of the 
welds and members of the structure was 
adequate and also to determine any 
hot spots which might develop either 
arotmd the welds or on some of the 
,fittings, especially where sharp bends 
were involved. Since the tensile strength 
of most aluminum alloys is decreased 
appreciably at high temperatures it was 
essential that the likelihood of such tem¬ 
perature occurring in some of these com¬ 
ponents be determined before proceeding 
with construction. Some of the assem¬ 
blies tested are shown in Figs. 15 and 16. 
It did not appear necessary to test long 
parallel runs of bus structures since the 
forces involved on these members during 
short circuits can be calculated and an 
ample safety factor provided in the 
design. This avoided the necessity of 
making a rather bulky test setup which 
would have been expensive to test. 

Test Procedure 

Resistance measurements were taken 
before and after the short-circuit tests 
to determine if there had been any major 
changes in the resistance. Dimensional 
measurements were also made prior to 
and after each test to determine any per¬ 
manent movement or deformation of the 
samples. These horizontal measurements 
were taken at 3 and 5 feet from the top 
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of the A-frame assembly; see Fig. 15. tlie test facilities. Test currents were 

Distances were also measured between applied for 2 seconds then were off for 

the slip joint and approximately the 2 seconds and on for 2 seconds on each 

middle of the loop on the expansion sample. The sample was then permitted 

assembly; see Fig. 16. to cool to approximately ambient tem- 

Temperature readings were taken just perature and the same test current per- 

prior to and immediately following each mitted to flow for approximately 4 

short-circuit test with thermocouples seconds. Tests were also made by pre¬ 
located at points 1, 2, 3, 5, and 6 as in- loading the A-frame assembly to simu- 

dicated for A-frame test sample with late as far as practical the horizontal 

thermocouple 4 being used to read am- stresses that would occur on the A-frame 

bient temperature. Thermocouples were due to forces between the top of the A- 

located at points 1, 2, and 3 on the ex- frame and the bus connection to a switch, 

pansion joint with thermocouple 4 used Following each of the tests the aluminum 

for ambient air temperature during the samples were examined carefully by 

measurements. Numerous locations on touch to determine any hot spots where 

the test samples were marked with Tern- thermocouples might be desirable. Lo- 

pilstiks (300 and 500 degrees Fahrenheit), cations of thermocouples 5 and 6 were 

crayons which turn black when their determined by this process, and in gen- 

critical temperature is reached. eral these read the highest temperature. 

Two series of short-circuit tests were 
made on each sample, one ranging around Test Results, A-Frame 
16,000 amperes and the other at about There was no deformation detectable 
23,000 to 26,000 amperes, the limit of on the test sample and no hot spots which 


Fig. 3 (left). 138- 
kv substation alumi¬ 
num busses with 
bolted connections. 
Shrink fit connectors 
in main bus 


Fig. 5 (right). A- 
frame assembly 



reached a sufficiently high temperature 
rise to be of concern. The highest 
temperature observed on the test speci¬ 
men was about 75 degrees centigrade 
(C) at both point 5 and point 6. 
Part of the heating at points 5 and 6 was 
caused from transfer of heat from the 
test leads at these points. The 500,000- 
CM bare copper cable used for the test 
connections became quite hot during 
the test and, owing to such a high dif¬ 
ferential of temperature between the 
test lead and the test sample, much heat 
was transferred into the terminal of the 
test sample. The ambient temperatures 
during some of these tests were quite 
high, in the order of 50 to 57 C, on which 
the weather bureau reported as the 
hottest day on record for that area. 

Measurements were taken with a ther¬ 
mocouple bridge with the thennocouple 
reading ambient temperature only about 
2 feet from the ground and near the 
samples being tested. The tests were 
made in the substation yard, which was 
covered with white stone that reflected 
the solar heat. There was no change in 
color on any of the Tempilstik markings. 

The tube used for the A-frame as¬ 
sembly felt the hottest on the outside of 



GEN. NO. 2 GEN.NO.I 


line wiring diagram. 
Major electrical con¬ 
nections for 2-main 
bus arrangements for 
138-kv substation 


Fig. 6 (right). A- 
frame assembly with 
cross bus and termi¬ 
nal 
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Fig. 7. A-frame assemblies with cross busses 



Fig. 8. Expansion joint assembly 



Fig. 9. Expansion joint assembly mounted 
in main bus 



Fig. 10. Miscellaneous aluminum fittings 


the A-frame during the test and this was 
probably because of the crowding of the 
current to the outside (skin effect) due 
to the opposing magnetic fields. The 
tubes appeared to be slightly hotter near 
the top near point 3 than at the bottom 
near point 2. The welds during all tests 


appeared to be cooler than other parts 
of the test samples, probably because 
welds connect a smaller part to a much 
larger piece of metal so that the larger 
mass conducts the heat away from the 
point of the weld as compared to the heat 
in the smaller cross-section material. 

Test on Expansion Joint 

There were no exce^ve temperature 
rises in any parts of the assembly, the 
highest temperature being only about 
60 degrees with an ambient air tempera¬ 
ture of about 57 C. Comparing the test 
prior to the application of short-circuit 
current with that immediately afterward 
the temperature rise appeared to be only 
2 or 3 degrees in all cases. Some tests 
were made when the ambient tempera¬ 
ture was about 32 to 34 degrees which 
showed a rise of 4 or 5 degrees during the 
application of short-circuit current. 

Measurements of the sample indicated 
that the expansion joint moved outward 
slightly, possibly 1/16 inch, which is 
believed of no consequence since the top 
loop may have had a slight prestress which 
tentatively moved it slightly when the 
additional force was applied. 

It will be noted that the temperature 
rise on botli samples during the short- 
circuit test was well below any tempera- 
tiue which will materially affect the char¬ 
acteristics of alumimun. Tests have 
indicated that the change in tensile 
strength of aluminum is very small even 
when exposed to temperatiues of 125 C 
for continuous periods of 10,000 hours or 
more.®'® 

Experience with Erection in the Field 

Because of the weight of aluminum 
tubing, a considerable amount of time 
and field labor is saved because in a great 
number of cases one man c^ do the work 
that would require two or more men when 
copper is used. 

The technique of welding aluminum 
becomes much easier as experience is 
gained. It has been observed in the 
assembly that as the welders become 
.^more experienced, they make welds 
more rapidly. The use of a few simple 
jigs saves considerable assembly time 
by practically eliminating the necessity 
of the aligning of the busses in the air. 

Some specific examples illustrate how 
time and labor are saved doing field 
. assembly. Three or four 30-foot pieces 
of tubing with an expansion joint shown 
in Fig, 7 and the bus support fittings in 
Fig. 10 are welded together on the ground. 
This makes approximately 100 feet of 



Fig. 11. Bus support fittings 



Fig. IS. Miscellaneous compression-type 
terminals 



Fig. 13. Compression-type terminals 



Fig. 14. Installation of compression terminals 
and fittings 


tubing and fittings which may then be 
hoisted, by about six men, as a unit to 
the top of the bus supports, and bolted 
in place. Another example is the installa¬ 
tion of a piece of iVs-inch aluminum 
tubing 23 feet long bent on both ends and 
weighing approximately 22 pounds. This 
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piece of tubing was picked up by one 
man on the ground, and handed to an¬ 
other standing on a steel structure 22 
feet above the ground. The man on the 
steel structure swung the other end of 
the tubing to a third man on the ladder 
16 feet horizontally from liim. The 
two men then fastened the tubing at 
both ends. The over-all time of place¬ 
ment amounted to only a few minutes. 
The cross connection shown in Figs. 6 
and 7 was completely assembled on the 
ground and the only welding necessary 
to be done in the air was in the connec¬ 
tions to the bus. 

All-aluminum cables are used to make 


connections in numa-ous places through¬ 
out the substation, using fittings of the 
Bigh-compression type shown in Figs. 12, 
13, and 14. Labor can be saved by 
making a great many of these connections 
on the ground rather than in the air, and 
a further, saving could be made if im¬ 
provements are made in compression 
tools. 

Conclusions 

Experience indicates that welded alu- 
minum can be used successfully for 
substation bus construction and that if 
properly designed it will give excellent 
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Discussion 


E. E. Ramm (Ohio Edison Company); The 
joint efforts of Commonwealth Associates, 
the aluminum industry, and the Ohio 
Edison Company have made it possible 
for a practical economical installation of 
welded aluminum bus in addition to two 
of the Ohio Edison Company’s 138,000- 
volt major substations. In this discussion 
some of the results and experiences of 
construction will be given. 

In the early 1940*s a rigid aluminum 
bus was used in one of our major sub- 
^tions. Shrink-fit connectors were used 
in the bus runs with bolted fittings for 
coimections. The shrink-fit connectors 
were difficult to install and took con¬ 
siderable time. The bolted fittings were 
massive and their weight caused consider- 
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able deflectioug in the bus runs. No 
trouble has been experienced with the 
conn^tions from a conductivity standpoint 
in this installation to date. 

The recent improvements in the inert- 
g^-shielded arc-welding process made the 
rigid ^ aluminum bus installation very at¬ 
tractive. It eliminated the bolted-type 
connectors and made the installation 
simple. In 1953 it was decided to make 
several installations of welded aluminum 
bus. 

Little experience with aluminum welding 
was available and as a result welders b ad 
to be trained. Several welders were sent 
to school for a week. These men, in turn, 
have taught other men and have found no 
trouble in training our regular welders 
for aluminum welding. The first welds 
took considerable time due to training of 
welders, obtaining proper welding equip¬ 
ment, and finding the necessary procedures 
to obtain good efficiency. Welding prac¬ 


tices and procedures have now been de¬ 
veloped so that satisfactory welding times 
are now being obtained. Examples of some 
of the welding times using the shop jig- 
welded components are: joining of 4-inch 
(iron-pipe size) tubing, 46 minutes; weld¬ 
ing the expansion joint as in Fig. 9 in the 
paper, 2 hoiurs; and welding the “A-Frame 
Assembly” Fig, 5, 46 minutes. 

The wdding equipment used is an a-c 
welder with a water-cooled gas-shielded 
electrode. Manual feed of the welding rod 
is preferred to automatic feed as it adapts 
itself more readily to overhead and vertical 
welding. The use of the crater-eliminator 
attachment on the torch was discontinued 
with experience and the additional welders 
which have been purchased are without the 
attachment. Temperature has no effect 
on welding conditions other than the 
freezing of the coolant and this has been 
corrected by using an antifreeze solution. 
Barriers for shielding the welds from wind 
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have to be used for welding out of doors. 

Wherever possible the compression-type 
fitting has been used on stranded aluminum 
cable. Welding .to the stranded cable 
has been quite difficult. The compression 
joint is much faster although sometimes 
it is impossible to get the press to all of 
the locations required. There is need for 
the development of lighter and more 
fl^ible presses. 

Although no final figures for labor for 
these welded installations are available, 
it is apparent that there is some labor 
saving due to ease in handling the lighter 
weight of material. There is definitely a 
reduced cost of material and structure 
required with welded aluminum bus. 

Experience with the two 138,000-volt 
substation installations using welded-alumi- 
num-type bus has led to the decision to 
construct a 23,000-volt substation with 
welded aluminum bus. 


D. H. Sandell (Aluminum Company of 
America, Pittsburgh, Pa.): The authors 
are to be complimented for presenting some 
valuable design and test information and 
demonstrating again the sound application 
of welded aluminum bus for substations. 
This paper has shown the versatility and 


flexibility of aluminum construction for 
substations by the custom design permitted 
using standard materials. The allowance 
of liberal manufacturing tolerances on 
materials used in this type of construction 
contribute to the savings realized in the 
procurement of these materials. 

The authors were apparently designing 
for a minimum of field fabrication. Cir¬ 
cumstances may lead design engineers to 
specify field or shop fabrication of con¬ 
nectors and Supports for one job using 
welded aluminum bus as shown in Figs. 
6, 8, and 11 and on another job specify 
fittings supplied by a manufacturer so as 
to keep shop as well as field fabrication 
to a minimum. For engineers who wish 
to specify accessories fabricated by a 
manufacturer there are available fittings 
for coimectors and supports that can be 
used for welded construction. Many times 
these fittings serve a dual purpose, for 
example, as both a connector and a jig 
for hol(^g the conductor in place while 
welding. 

It should be noted that the different 
aluminum alloys used for the job described 
in this paper are easily weldable.^ For 
example, the 6063-T6 aluminum alloy 
pipe was easily welded to the 1/4 by 4-inch 
EC-0 flexes. The 1100 and 6061-T6 


aluminum alloys used for this construction 
were welded with similar ease. 

The combination of steel bolts and Belle¬ 
ville spring washers used for bolted electrical 
joints with aluminum bus as described by 
the authors has an excellent record for 25 
years of service. Recent tests have shown 
that steel bolts and Belleville washars are 
not the only materials that can be used 
for making good bolted electrical joints. 
Results of this testing show that adequate 
bolting pressure is maintained after ex¬ 
tended periods of heating and cooling 
cycles by the use of aluminum bolts and 
plain flat aluminum washers. 

Reference 

1. Wbldino Alcoa. Aluminum. Aluminum Com¬ 
pany of America, Pittsburgh, Pa. 

C. E. Asbury and C. J. Hartman: We 
sincerely appreciate the discussions which 
have been submitted by Messrs. E. E. 
Ramm and D. H. Sandell and wish to thank 
each of them very much for their comments. 
We hope that our paper together with th^ 
discussions will play an important part in 
accelerating the development of a welded 
aluminum bus for substations. 


Aluminum Widely Used in Power 
Switchgear 

J. L. TALENTO 


I N RECENT years aluminum and its 
alloys because of their availability and 
many desirable properties have become 
increasingly important as engineering 
materials. Aluminum is now widely 
used in the manufacture of switchgear 
products. Its applications in switch- 
gear vary from small rivets and hardware 
to important structural and current- 
carrying parts. These applications may 
be divided into three catagories as 
follows: 

1. Electrical or current-carrying applica¬ 
tions. 

Pap^ 55-264, recommended by the AIEB Switch- 
gear Committee and approved by the AIEB Com¬ 
mittee on Technical Operations for presentation at 
the AIEE Electrical Utilization of Aluniinum Con¬ 
ference, Pittsburgh, Pa., March 15-17, 1955. 
Manuscript submitted December 16, 1954*, made 
available for printing February 8, 1955. 

J. L. Talbnto is with the General Electric Com¬ 
pany, Philadelphia, Pa. 


2. Mechanical or structural applications. 

3. Nonmagnetic applications. 

Figs. 1 through 11 illustrate these var¬ 
ious applications and appropriate com¬ 
ments as to reasons for use are in¬ 
cluded. 

Properties of Aluminum and 
Its Alloys 

Properties of aluminum and its alloys 
which make them desirable for use in 
switchgear are described in the following. 

EI/BCtrical CorroucriviTY (EC) 

EC aluminum has a volume conduc¬ 
tivity of 61 per cent (%) International 
Annealed Copper Standard. When com¬ 
pared with this standard on the basis 
of mass instead of volume the conductiv¬ 


ity of EC aluminum is over 200% 
Because of its good conductivity EC' 
aluminum is widely used as electrical 
bus. Number 6063 alloy which has a 
conductivity of 51% International An¬ 
nealed Copper Standard together with 
relatively high strength is used for tubu¬ 
lar conductors. 

Nonmagnetic Characteristics 

Since alumimmi alloys are nonmagnetic 
they are used in many electrical applica¬ 
tions where nonmagnetic materials are 
required. The most important of these 
uses is as bus enclosures and barriers in 
high-current applications where the non¬ 
magnetic characteristics prevent over¬ 
heating. 

Light Weight 

The specific gravity of aluminum al¬ 
loys varies from 2.57 to 2.95. EC alu¬ 
minum has a specific gravity of 2.71 and a 
density of 0.098 pormd per inch* (Ib/in®). 
For most practical applications aluminum 
alloys may be considered as having 
a density of 0.10 Ib/in®, and pure copper 
a density of 0,324 Ib/in®, while struc¬ 
tural sted has a density of 0.284 Ib/in*. 

As these figures show, aluminum weighs 
approximately one-third as much as 
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Fig. 1. Power directional relay. These alloys 
chosen because of strength^ good machina- 
bility^ nonmagnetic characteristics 

1— ^Shaft 3—Barrel 

2— Mount 4—Cap 


copper or steel, and it therefore finds 
use in many applications where conser¬ 
vation of weight is important. 

Mechanical Properties 

Mechanical properties of aluminum 
alloys vary over a wide range depending 
on their chemical composition, degree of 
cold working, and heat treatment. There 
are two classes of wrought aluminum 
alloys; the nonheat-treatable alloys 
whose strength is increased by cold 
working, and the heat-treatable alloys 
which acquire their high strengths by 
heat treatments. 

Tensile strengths of wrought alxuninum 
alloys vary from 12,000 pounds per square 
inch (psi) for annealed EC aluminum to 
over 85,000 psi for heat-treated 7075 
alloy. Yield strengths Vary from 4,000 
psi for EC aluminum to over 75,000 psi 
for heat-treatable 7075 alloy. Duc¬ 
tility varies from approamately 45% 
elongation for annealed EC aluminum to 
less than 5% elongation for some of the 
heavily cold worked alloys. 

Cast-aluminum alloys have tensile 
strengths from 20,000 psi to over 45,000 
psi, yield str^gths from 8,000 psi to 
over 40,000 psi, and elongations from 


Fig. 2. Aircraft circuit breaker. 
Alloys chosen because of 
strength, light weight, ease of 
fabrication, nonmagnetic char¬ 
acteristics 

1 —Frame 

2— Bell crank 

3— ^Stop plate 

4— Rivets 

5— Clamping washer 

6— Latch bracket 



less than 1 to over 15%. Variations in 
section size, casting methods, and heat 
treatment greatly alter these properties. 

Strength-to-Weight Ratio 

One of the basic uses for aluminum is 
in applications where conservation of 
weight is important. Heat-treatable alu¬ 
minum alloys have high strength-to- 
weight ratios. Specific tensile strengths 
and specific yield strengths are used to 
compare strength-to-weight ratios of 
various materials. These values are ob¬ 
tained by dividing the tensile and yield 
strengths of the materials by their cor¬ 
responding spedfic gravities. 

Table I compares densities, mechanical 
properties, and conductivities of three 
coiranonly used wrought-alumintun al¬ 
loys with those of other engineering al¬ 
loys. The effect of cold working of alu¬ 


minum can be seen from the difference 
in properties between the annealed and 
hard-rolled tempers of EC and 5052 
alloy. Effect of heat treatment is shown 
by differences in properties of aimealed 
and heat-treated tempers of 2024 alloy. 

Moduli of Elasticity 

Young’s modulus of elastidty or ratio 
of stress (Ib/in*) to strain (inch per inch) 
in tlie elastic range is approximately 
10,000,000 psi for aluminmn alloys, 
17,000,000 psi for copper, and 30,000,000 
psi for steel. A section of aluminum 
will deflect three times as much as the 
same section of steel under similar condi¬ 
tions. This factor must be considered in 
any designs where deflection is important. 

Corrosion Resistance 
Aluminum, because of its high affinity 


Table I. Riysical and Mechanical Properties of Metals and Alloys 


Material 

Spe¬ 

cific 

Grav¬ 

ity 

Density, 

Lb 

per 

Inch* 

Tensile 

Strength, 

1,000 

PSI 

Specific 

Tensile 

Strength, 

1,000 

PSI 

Yield 

Strength, 

1,000 

PSI 

Specific 

Yield 

Strength, 

1,000 

PSI 

Elon¬ 
gation, 
% 
in 2 
Inches 

Elec¬ 

trical 

Conduc¬ 

tivity, 

%lACS* 

Magnesium- 
annealed. 

...1.74. 

...0.063 

. 27. 

....15.60. 

. 14.. 

_ 8.05. 

.16, 

.... 38.6 

Magnesium-hard. 

...1.74. 

...0.063 

. 37. 

....21..30. 

. 27.. 

...16.60. 

. 9. 

.... 38.6 
.... 35.0 

6062-0. 

...2.68. 

...0.097 

. 27. 

....10.05. 

. 12.. 

... 4.48. 

.30. 

6062-H38. 

...2.68. 

...0.097. 

. 41. 

_15,30. 

. 36.. 

...13.40. 

. 8. 

.... 35.0 

EC-O. 

...2.70. 

...0.098. 

. 12. 

.... 4.44. 

. 4.. 

... 1.48. 

.t • 

.... 62.0 

EC-H19. 

...2.70. 

...0.098. 

..... 27. 

....10.00. 

. 24.. 

... 8.88. 

.t. 

.... 62.0 

2024-0. 

...2.77. 

...0.100. 

. 27. 

_ 9.75. 

. 11.. 

... 3.97. 

....22. 

.... 30.0 

2024-T4. 

...2.77. 

...0.100. 

. 68. 

_24.60. 

.48.. 

...17.30. 

....19. 

.... 30.0 

1020 steel-hot 
rolled. 

...7.85. 

...0.284. 

. 61. 

.... 7.77. 

. 39.. 

... 4.97. 

....37. 

.... 11.6 

1020 steel-cold 
rolled...... 

...7.85.. 

...0.284. 

. 76.. 

.... 9.55. 

.64.. 

... 8.16. 

....20.. 

.... 11.6 

302 stainless- 
annealed. 

...7.93.. 

...0.286. 

.80.. 

....10.10. 

.35.. 

... 4.42. 

....60.. 

.... 2.2 

302 stainless-hard. 

...7.93.. 

...0.280. 

.180. 

_22.70. 

.150.. 

...18.90. 

....10.. 

.... 2.2 

70-30 brass- 
annealed. 

...8.63.. 

...0.308. 


.... 6..00. 

. 15.. 

... 1.76. 

....62.. 

.... 28.0 

70-30 brass-bard.. 

...8.53.. 

...0.308. 

. 76.. 

.... 8.92. 

.63.. 

... 7.39. 

.... 8 .. 

.... 28.0 

Copper-annealed.. 

...8.96.. 

...0.324. 

. 32.. 

_ 3.57. 

. 10.. 

... 1.12. 

... ..50.. 

....100.0 

Copper-hard....... 

...8.96.. 

...0.324. 

.... 50.. 

.... 6.58. 

-45.. 

... 6.02.. 

....12.. 

... .100.0 


’I'Interiiatioaa] annealed copper standard. 

tThis material is commonly used in wire sizes for which the typical elongation in 10 inches is about 23 
per cent for EC-O and 1.6 per cent for EC-H19. 
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Fig. 3 (above). Direct-acting tripping device 
for air circuit breaker 

1— Dash pot cylinder. Good castability, 
corrosion resistance/ machinability/ dimen¬ 
sional stability 

2— Cover 

Plunger not shown. Corrosion resistance/ 
ease of Fabrication 


for oxygen and the formation of a tightly 
adherent protective oxide film, in general 
shows good resistance to corrosion. 
Numerous inorganic and organic finishes 
can be applied to aluminum to increase 
its resistance to corrosion. Most im¬ 
portant of these finishes are anodizing, 
electroplating, and painting. 

Altuninum and its alloys in the presence 
of an electrolyte are very susceptible to 
galvanic attack when in contact with 
other metals that are more cathodic. 


Fig. 4 (right). Oil 
circuit-breaker bush¬ 
ing 

1—Bushing support. 
Good cdstdbility and 
machindbility. Bush¬ 
ing supports also 
made From wrought 
and forged aluminum 
depending on cost 
of particular part 


Water contaminated with various salts is 
generally the electrolyte. Some of the 
heat treatable aluminum alloys, espedally 
those in which copper is a major alloying 
element, have areas of different potential 
and are thus susceptible to galvanic 



attack even though they are not in con¬ 
tact with other metals. 

Table II shows the relative position of 
common metals in electromotive series. 
Metals at the top are more cathodic 
than metals below them. Lower metals 
are preferentially attacked in galvanic 
corrosion. 

Forming and Drawing 

Characteristics 

Aluminum and its alloys are generally 
considered to be among the most work¬ 
able of the common metals. As with 
other metals there are certain basic 
principles as to choice of alloy, temper, 
tooling, and degree of permissible defor¬ 
mation which should be followed to ob¬ 
tain optimum results. 

Joining Characteristics 

All wrought-aluminum alloys can be 
readily joined by resistance - welding 


Fig. 6 (below). Interior of oil circuit 
breaker showing interrupters/ contacts/ and 
crossaritt. Aluminum used because of light 
weight/ high strength/ good machinability. 
Light weight of primary importance in reduc¬ 
ing inertia of moving parts and increasing 
speed of operation; also important factor in 
ease of assembly/ especially on the larger 
power circuit breakers 

1— Cross arm 

2— Contact tip 

3— Crossarm-i nterrupter 

4— Bottom interrupter support 

5— Spring support 

6— Adapter 

7— Bottom impulse support 




Fig. 5 (left). Metal- 
clad switchgear 

1— Bus barrier 

2— Insulator support 

plate 

3— ^Washer 

Used because of 
strength and non¬ 
magnetic character¬ 
istics 

4— Primary support 
casting. Goodcasta- 
bility/ strength, nat¬ 
ural aging properties 
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* Fig. 7. Impulse cylinder and grading resistor. Reasons for use: light weight, 

strength, machinability 

o 4—Upper resistor cap 

2-Bottom support 5-Lower resistor cap 

6—Valve stop 

7—Valve body 


3—Spring support 


methods. Qas and arc welding are, 
however, ustially limited to the nonheat- 
treatable alloys and the altunintun-mag- 
nesium-silicon alloys. 

Furnace and torch-brazing techniques 
have been developed for some of the alu¬ 
minum Alloys, notably the nonheat- 
treatable alloys and the aluminum-mag¬ 
nesium-silicon alloys. 

Machinability 

Most wrought-aluminum alloys have 
excellent machining characteristics. With 
proper selection of tooling and lubricants, 
some aluminum alloys can be machined 
ten times as fast as steel. 



Availability and Relative Cost 

Very important in the selection of an 
engineering material are its availability 
and cost. Aluminum and its alloys are 
available in practically every known 
shape and form. Wrought alloys are 
available as wire, rod, tubing, sheet, 
plate, bar, structural shapes, and ex¬ 
trusions, while cast alloys are available 
as sand, permanent mold, or die castings. 
Forgings are also available. 

Aluminum alloys compare favorably 
with copper alloys when considered on a 
price-per-pound basis while a distinct 
cost advantage can be realized when 
considered on a volume basis. However, 
compared with steel, the initial cost is 
considerably higher. 

Any substitution of aliuninum for 
other materials to take advantage of 
reduced costs is made only after thorough 
engineering evaluation, and assurances 


Fig. 8 (left). Interrupter with static 
shields. Light weight, castability, non¬ 
magnetic characteristics most important 



Fig. 10. Rod and coupling 

I—Coupling. Used because of high 
strength, light weight, good weldability 


that there is no decrease in product 
quality. In many instances both im¬ 
proved product quality and cost reduc¬ 
tions can be realized by the substitution 
of aluminum. 

The following list summarizes the 
properties of aluminum and aluminum 
alloys which make them very desirable 
engineering materials. 

1. Good electrical conductivity. 


1— Lower interrupter shield 

2— Upper interrupter shield 


m 


Fig. 9 (right). Air blast circuit-breaker 
cubicles 

1 Channel bus. Used because of high 
conductivity and light weight 

2— Phase barriers 

3— Covers 

Aluminiiim selected for phase barriers 
and covers because of strength, ease of 
fabrication, and nonmagnetic character¬ 
istics 
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2. Nonmagnetic characteristics. 

3. Lightweight. 

4. Good mechanical properties. 

5. High strength-to-weight ratio. 

6. Good corrosion resistance. Anodizing, 
plating, painting. 

7. Good forming and drawing character¬ 
istics. 

8. Property of being readily welded or 
brazed. 

9. Good machinability. 

10. Good availability and favorable cost of 
wrought products, cast products, forgings, 
and extrusions. 

In view of these many attributes it is 
small wonder that aluminum has found 
wide usage in switchgear products. In 
general, these uses may be divided into 
three classifications as follows: 

1. Electrical aluminum- is used in many 
current-carrying applications where ad¬ 
vantage is taken of its light weight and good 
conductivity. These parts are normally 
silver-plated on contact surfaces to mini¬ 
mize oxidation and contact resistance. 


Discussion 


William Deans (I-T-E Circuit Breaker 
Company, Philadelphia, Pa.): I agree with 
the author. He mentioned a phase bar¬ 
rier of aluminum. That might have been 
surprising to some of you. 

I thought I might report on some tests 
we ran years ago. It might be felt that an 
arc atmosphere is not very healthy for 
aluminum. It happens that it is hot any 
worse tha.n for copper. One usually thinks 
that aluminum, having a lower melting 
point, would be consumed by the arc more 
readily than copper. However, we have 


2. In mechanical or structural use, the 
light weight, high strength-to-weight ratio, 
ease of fabrication, good machinability, 
corrosion resistance, and availability of 
aluminum alloys make aluminum especially 
adaptable to many mechanical, structural, 
and decorative or protective applications. 

3. Many switchgear applications require 
materials which are nonmagnetic. Alumi¬ 
num has found wide use as bus barriers and 
housings in high-current applications. 

T 3 rpical applications of aluminum in 
switchgear are shown in the figures. 
The illustrations are chosen not on the 
basis of importance but merely to show 
the variety of aluminum applications in 
switchgear. The applications vary from 
small rivets and hardware to important 
structural and current-carrying parts. 
Wrought-alloy designations are those of 
The Aluminum Association.^ 

The illustrations show that aluminum 
and its alloys can be and are widely used 
in switchgear. This does not mean, 
however, that indiscriminate substitu¬ 
tions of aluminum for other metals can 

- ♦'- 


run tests putting copper in competition 
with aluminum where we have hdd the arc 
stationary and the removal of metal was 
comparable. 

Also, some years ago, we ran tests on 
isolated phase bus, where we initiated an arc 
at the start of a run and allowed it to do 
what it wanted and then captured it at the 
end of the 20-foot run. 

We ran tests on copper housing, alu¬ 
minum housing, and manganese steel. The 
•manganese steel suffered •the most. 

The arc, when it runs down to be mo¬ 
torized by the electromotive action of the 
currents, just leaves little footprints in the 
inner surface of the housing. When it 
gets to the end of the nm, you may expect 


Table 11. Electromotive Series of Metals 


Position Metal 


1. 

2. 

3. 


4. 


5. 


fi. 


7. 


8. 


g. 


10. 


U. 


12. 


13. 


14. 



be made. Aluminum, like all other 
metals and alloys, has certain limitations, 
the most important of which are as fol¬ 
lows: 

1. Because of the larger volume of alumi¬ 
num which must be used to obtain the 
equivalent d-c resistance of copper, alumi¬ 
num conductors cannot be used in many 
pvisting designs where space is limited. 

2. Aluminum has a low annealing tem¬ 
perature and therefore care must be taken 
in applying aluminum where elevated 
temperatures may be encountered. 

3. Aluminum forms brittle intermetallic 
compounds with most metals so that joming 
to other metals by other than mechanical 
means is a sometimes serious problem. 

4. Galvanic corrosion must be considered 
and protected against when using aluminum 
in contact with other materials. 

In spite of these limitations, aluminum 
is now playing and will continue to play 
an important part in the manufacture of 
switchgear products. It is estimated 
that in the next 5 years, aluminum con¬ 
sumption will be greatly increased in the 
design of switchgear. 

Reference 

1. Aluminum Association Alloy Designation 
System foe Wrought Aluminum. The AluininuBi. 
Association, New York, N. Y., Oct. 1,1954, 


danger. I think the explanation based 
on physics is this: that aluminiun ^.and 
copper are of a high electric conductivity 
and also a high thermoconductivily. The 
foot or terminus of the arc is, therefore, 
not held captive. 

The heat is conducted away from that 
point so that you can’t devdop a cathode 
spot. Therefore, the arc plays around as 
it is acted on by either mechanical action 
of the air or the electromotive action due to 
the current, Witii the high thermore¬ 
sistivity terms, as for instance of manganese 
steel, the arc is allowed to stay in one pUce 
and devdops a cathode spot and then it is 
captured. 

With the aluminum and copper housings 
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we could see no effect whatsoever, but with 
the manganese steel, when it reached the 
end of the run and we held it on for 2 
seconds (this was a 4,000-ampere arc) an 
area became white-hot and grew in diameter 
until it was about 10 inches in diameter at 


the end of the 2 seconds. It looked as 
though it was about ready to fall out. I 
say that in support of Mr. Talento’s use of 
aluminum as an arc barrier. Don’t be 
afraid of it. 

J. L. Talento: I would like to thank Mr. 


Deans for his confirming remarks and would 
like to add that results of tests conducted 
by our engineers prior to the use of alumi¬ 
num for phase barriers xyere in general 
quite similar to those described by Mr. 
Deans. 


Nontension / 

O. A. BOYER 

MEMBER AIEE 

C onnectors intended for use on 
aluminum conductors have generally 
been quite similar in design to those 
proved satisfactory for use on copper 
conductors. It has been recognized 
that in the event that different metals 
were chosen for conductor and connector, 
thermal expansion problems would exist, 
and that galvanic corrosion problems 
would be created. These problems are 
encountered when aluminum and copper 
conductors are joined by many of the 
usually available types of connectors. 
Economic pressure, as well as recurring 
scarcities of copper has forced the use 
of aluminum as a conductor material, 
although it was realized that connector 
problems would be encountered especially 
in coastal areas. 

Owing to increasing difficulties ex¬ 
perienced in maintaining satisfactory 
service life of connectors installed on 
aluminum conductors in the Gulf Coast 
area, a test program designed to in¬ 
vestigate the behavior of commercially 
available connectors under severe condi¬ 
tions of changing load, high hiunidity, 
and contamination was undertaken. 
Consideration of equipment available 
for control and operation ‘ of the test 
led to the selection of no. 4 American 
Wire Gauge as the best-suited conductor 
size. Connectors were also uniformly 
available for this conductor size. As the 
operating current for this test, 100 
amperes was selected although it was 
realized that this value is .considerably 
higher than would normally be carried 
by no. 4 conductors in ordinary service. 
Cycling time was set as one hour on and 
one hour off, which was chosen to give 
maximum effect, of thermal expansion 
due to heating and cooKng of the con¬ 
ductors and coiinectors. 

It was felt that outdoor operation of 
the test would be de^able in order to 
obtain the true effects of such atmospheric 
variables as dust, rain, dew, and ambient 
temperature. Corrosion was known to 


uminum Connectors 

EMERSON KORGES 

ASSOCIATE MEMBER AIEE 

be most severe in coastal areas subject 
to salt spray whidr is carried by the 
wind, and to duplicate this condition a 
weekly application of sea water to each 
of the connectors under test was included. 

Performance of each connector under 
test was based on its resistance, which 
was measured by a laboratory-type 
double bridge. Connection was made 
for purposes of resistance measurement 
at points on the conductor 1 inch from 
either side of the connector. Resistance 
values read in microhms were taken at 
weekly intervals, and used in plotting 
the performance curves presented. 

The first test was put in operation 
early in 1952 at Texas College of Arts 
and Industries. This was an indoor 
test consisting of 22 joints, and was 
primarily to determine what the tests 
might do, and what additional facilities 
were necessEuy for a proper test. An 
attempt was made to evaluate the com¬ 
parable time ratio between the test and 
actual service. This had not been agreed 
upon before the tests were started. The 
test confirmed the bdief tlrnt tests on 
the bsisis described were practicable and 
could afford much information. The 
preliminary test was not complete in 
several respects. It did show clearly 
the needs for additional information 
both in the matter of time and in test 
specimen. It also proved that equipment 
and test samples were available for the 
proper test. 

Test 1 

On June 26, 1952, an outdoor test 
rack was built with a total of 72 joints 
installed. These joints show a very 
high mortality rate; the high failure 
rate particularly of the joints without 
contact aids indicated that it was not 
advisable to- test any more joints without 
a contact aid; and it was suggested that 
a sealer or cover might serve to protect 
the joint and retain the contact aid. 


Fig. 1 shows a curve of resistance 
plotted against time with the connectors 
grouped by classes as: 1. hot line tap, 2. 
compression, 3. parallel groove clamps, 

4. average of all connectors on test, and 

5. split bolt. These curves show in¬ 
creased resistance by classes with some 
very erratic behavior. The apparent 
erratic behavior is believed to be a result 
of the increasing resistance producing an 
internal arc which in turn resulted in a 
form of weld that reduced the resistance 
for a period of time. 

Fig. 2 shows curve of failures plotted 
against time which agrees well with the 
resistance curve, indicating a definite 
failure pattern, but covering too short 
a period to be of particular significance. 

This test was concluded on October 3, 
1952. Twenty-nine joints had failed as 
of October 3, and several others had 
deteriorated to a point where failure was 
near. This meant that maintaining a 
constant current was nearly impossible. 
A failure of a joint was considered when 
the joint failed mechanically, when re¬ 
sistance increased to produce an effective 
open circuit, or when the joint became 
unstable to a degree that would indicate 
extreme distress. 

All test joints had been installed with 
torque wrenches, or with the recom¬ 
mended procedure of the manufacturer. 
Contact aids were used with a group of 
joints and an equal group were installed 
without contact aids. Three identical 


Paper 5S-248, recommended by the AIKE Trans¬ 
mission and Distribution Committee and approved 
by the AIEE Committee on Technical Operations 
for presentation at the AIEE Electrical Utilization 
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1955. 
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Fig. 1 (left). Re¬ 
sistance rate, test 


i 


Fig. 2 (right). 
Failure rate, test 1 




Rg. 3 (leR). 
Failure rate, test 2 


Fig. 4 (right). 
Reristanee in¬ 
crease, test 2 




Fig. 5 (left). Re¬ 
sistance change 
by coverings 


Fig. 6 (right). Re¬ 
sistance change 
by types 



series of joints, one of each type from 
the two groups, were made in each case. 
One of these series was uncontaminated, 
except for accumulation from the open 
air. The other two series were treated 
with sea water, one by spray, and one by 
sponge. None of these joints were 
covered with any protective coatings nor 
sealers. These represented typical bare 
connectors. 

Test 2 

A canvass of all possible suppliers of 
contact aids and seders was made with 
not very many samples readily available. 
The coverings available were: 1. Kry- 
lon, 2. Glyptal, 3. Airseal, 4. Tape, 
5. Altim-a-life, arid 6. Weatherwrap. 
Some of these have been found without 


apparent value; others have considerable 
value. It is believed that the truly usable 
material is not on the market at this time. 
Desirable qualities are ease of installation, 
permanence, the quality of being readily 
visible, removable, and compatible with 
grease and insulating materials. 

Four contact aids were used: 1. No¬ 
oxide, 2, Penetrox A and Penetrox A-5, 
3. Fargolene, 4. Keamalene. These 
are all readily available and suitably pack¬ 
aged. Since these tests have been in 
operation, some new contact aids have 
been placed on the market. The most 
promising of these at this time are Nyolith 
Contax, and Penaseal. 

The new test 2 was arranged to compare 
connectors by diff«ent classes, such as 1. 
split bolt, 2. parallel groove, 3. com¬ 
pression, and 4. hot line, as well as with 


different coverings. Contact aids were 
used in all connector installations except 
for 12 which were made in the factory, 
on which the detail was not furnished. 
Readings were to be made on the same 
basis as for the previous test. A sufficient 
number of test specimens were to be 
used to give reasonable answers to the 
many questions which arose. On the 
second test rack, set up on October 3, 
1952, torque wrenches were used on all 
bolted cormectors, and the factory-ap¬ 
proved compression tools were used with 
the compression joints. Factory instruc¬ 
tions were followed in detail. No copper- 
to-copper joints were used on this test. 
All joints are either copper-to-aluminum, 
or aluminum-to-aluminuin- 
This test rack consisted initially of 
some 85 joints and has since been en- 
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larged to a total of 135. Coverings were 
applied on several of these joints: those 
that were considered practicable to be 
covered in the field. At the end of 473 
cycles, at one hour on and one hour off, 
the timing was changed. The new cycle 
was 12 minutes on and 12 minutes off. 
This time was chosen to give ample 
time for both the heating and cooling of 
tlie connectors. 

There were some 42,000 cycles as of 
October 31, 1954. Deterioration of con¬ 
nectors from several causes are plainly 
discernible. It has been estimated that 
from the loading standpoint this is per¬ 
haps more than normal conductor h’fe 
expectancy. No direct evaluation of the 
time effect has been formed. In the 
majority of cases, the coverings are 
showing signs of age. Some have dis¬ 
integrated and act more as a gatherer of 
moisture than as a sealer to keep the joint 
dry. None will stand a great deal of joint 
heating. 

Examination of the curves plotted from 
data obtained from these connectors will 
help to explain the developments thathave 
have been observed. Curves are drawn 
from data obtained from connectors that 
are still active. All data concerning a 
given connector are removed when the 
connector fails. A record is maintained 
of failures showing the history to the 
point of failure. 


Fig. 3 shows the failure rate of test 2, 
plotted with total failures to October 31, 
1954, against time. This results in a 
fairly straight line when viewed from all 
joint failures. Fig. 4 from test 2 shows 
rate of change of connector resistance and 
indicates that 36 connectors remained at 
the initial resistance, 28 increased to 150 
per cent, and one connector increased to 
400 per cent of original resistance. One 
connector increased to 1200 per cent. If 
we consider this an exception and elim¬ 
inate it, the curve will become normal. 
Fig. 5 shows the resistance, in microhms, 
of all connectors. The average curve is 
based on all connectors on test. This 
curve serves as a base to which any one or 
more connectors may be compared. 
Additional curves ^ow cmnparative 
values of groups of connectors prepared 
identical except that different coverings 
were used on each of the three groups 
represented. In the groups are connec¬ 
tors of the compression, the split bolt, 
and the parallel groove type. 

Curve A is based on connectors, 
approximately one half of which are 
covered with tape and approximately one 
half with Glyptal. Curve B is of connec¬ 
tors covered with Airseal, and curve C of 
those covered with Kiylon. Fig. 6 shows 
the resistance in microhms against time, 
and possible comparative resistances of 
groups of connectors; and includes all 


types on the test as follows: 1. parallel 

groove, 2. split bolt, 3. compression, 4. 
hot line. Fig. 7 is the weatlier curve and 
riiows the daily maximum, daily minimum- 
and a 6:00 p.m. reading. These values 
are averaged to agree with the reading 
dates. 

The rainfall for the period is also shown. 
The 6:00 p.m. curve, being representative 
of the temperature, is used as a tempera¬ 
ture reference in future comparisons. 
This is represented in Fig. 8. The com¬ 
parison as indicated in Figs. 9 and 10 
shows the temperature curve super¬ 
imposed over curves 5 and 6 respectively; 
and indicates the change in resistance of 
the connectors seasonally. With the in¬ 
crease in temperature each year as the 
hot season approaches, and the corre¬ 
sponding reduction in resistance during 
the cooler months, it may be pointed out 
that the seasonal changes appear to 
show a cumulative increase in resistance 
from year to year. Dming the past 2 
years plus, a great deal has been learned 
about these connectors. Application of 
the facts learned from the tests to date 
have shown economies by the following: 

1. Reducing outages, bumdowns, and 
trouble calls. 

2. Reducing the stocks of connectors to 
be carried. 

3. Allowing in many cases the use of less 
expensive connectors. 
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4. Providing a basis for training methods 
for workmen to help obtain uniform installa¬ 
tions and use practices. 

6. Reduction of number of tools to be 
carried on trucks. 

Observations 

Some observations that should be made 
and supplied to the industry for any value 
that they may carry are; Joints vary in 
resistance to follow a curve similar to 
the temperature curve, but exaggerated. 
The rate of decrease in resistance with the 
dropping of temperature is not as great as 
the increase in resistance dtuing the period 
of increasing temperatures. This makes 
for a progressive failure. This condition 
of connectors is not the same as is experi¬ 
enced in equivalent lengths of conductor. 

Conclusions 

Some conclusions have been drawn as 
follows, but listing is not necessarily in 
order of importance: 

1. Aluminum can be made to serve in 
seriously contaminated areas. 


2. A contact aid must be used in any 
joint having one or more aluminum con¬ 
ductors. 

3. A cover to exclude atmospheric con¬ 
tamination will delay the action of con¬ 
taminants in any aluminum joint. 

4. Many forms and types of joints are 
available; some are complicated, and some 
simple. In general, the complicated 
schemes have not been found worthy of 
their added difficult installation problems. 

5. The joint can be made to carry current 
equivalent with a similar section of the 
conductor. 

6. Stranded conductors offer some prob¬ 
lems more serious than those for solid 
conductors. The reason is that a connector 
may transfer current to a limited number 
of strands, and they in turn may overheat 
to the point of failure; also the voids in 
the strands tend to bring moisture and 
contaminants into the joint. 

7. When the resistance of a joint increases, 
the resultant heating tends to drive the 
contact aid out of the joint. 

8. How much advantage the metallic 
bearing contact aids have has not been 
determined. It was reasoned that if 
installations were made good for the life of 
the conductors, a 50-year joint would be 
needed. No experience or test is available 
to give this answer. 


9. In the split-bolt group of connectors, 
value of the spacer bar is questioned. 
First, no assurance is given of its value in 
place; and second, with the average work¬ 
man, it is doubted that the spacer will be 
in place on a majority of occasions. Perhaps 
inconsistencies and inaccurate installations 
are too often the cause of the failures laid, 
perhaps, to some other cause. All washers 
and spacers should be eliminated from 
split-bolt connectors. 

10. Compression splices have certain ad¬ 
vantages. With a proper tool they can be 
made uniformly. They are easier to cover, 
and the contact aid can be made to penetrate 
the joint better, especially with stranded 
conductors. 

11. Bolted connectors have the advantage 
of being removable. Reuse of aluminum 
split-bolt connectors is not found prac¬ 
ticable. 

12. Aluminum connectors should be used 
on aU connections having one or more 
aluminum conductors. 

13. Connectors of aluminum having mass 
in excess of the copper is advantageous. 

14. Platings on copper or bronze are not 
beneficial in the presence of sea atmosphere. 

15. Taps and connectors can be made to 
operate satisfactorily over preformed armor 
rods. 


Discussion 

John E. Dean (Colorado Agricultural and 
Mechanical College, Fort Collins, Colo.): 
The authors are to be congratulated on 
their contribution to the knowledge of 
nontension connectors for aluminum. The 
test would seem to prove conclusively the 
value of contact aids. Manufacturers of 
contact aids are to be complimented on 
their achievements to date and should be 
encouraged to develop better materials. 

The objection may well be raised that 
the tests were too severe both as to heating 
and the direct application of a corrosive 
agent. It is wfeU to remember that the 
results reported here are in the nature of 
an accelerated life test. That significant 
data had to be collected in the shortest 
possible time consistent with reliability 
of results. 

Many utility engineers are concerned 
about the lack of interest on the part of 
graduates in the power fields as a career. 
These tests, conducted on a college campus 
and sponsored by an alert utility, are an 
excellent example of one way to correct 
this unfortunate situation. I am sure that 
many promising young men would choose 
utility engineering were they exposed to 
the challenge existing in that field. It 
seems to me that many utilities are over¬ 
looking an excellent opportunity by not 
sponsoring testing or research on. the 
campuses of engineering schools. Such a 
program could be planned to assist promis¬ 
ing students financially and arouse their 
interest in utilities as a. source of employ¬ 
ment following graduation. Tfie depart¬ 
ments of electrical engineering are ready 
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and willing to encourage such a program. 
Are the utilities? 


Thomas J, Higgins (University of Wis¬ 
consin, Madison, Wis.): This is a clearly 
described, detailed account of the authors’ 
tests. The engineer who deals with alumi¬ 
num conductors should find the conclusions 
helpful. 


H. G. Gossman (The Dayton Power and 
Light Company, Dayton, Ohio): A tre¬ 
mendous amount of work has been done in 
working up this study. I feel that a great 
deal of good information was probably lost 
by grouping the results by t 3 T)es of con¬ 
nections. Within any one type of con¬ 
nection results will vary greatly depending 
on design, the materials of which the 
connector is made, the connection compound 
used, and even whether the conductor is 
stranded or solid. 

Attempting to measure individual re¬ 
sistances of connectors, from a point 1 inch 
out on the conductor, is laborious and prone 
to the introduction of considerable error. 
It is much easier to measure a fixed length 
of conductor, say 1 foot, and then express 
the graphed result as a resistance ratio. 
If a gjoup of connections are under test, 
spacing the connections 1 foot apart will 
facilitate group readings and the resistance 
ratios will then represent the group average. 

From my own experience in connection 
testing, I am certain that a 12-minute-on, 
12-minute-o£f schedule is too short a time 
interval fully to heat or fully to cool the 
conductor. 

Again, speaking from my own testing 


experience we consider a connector to be a 
failure whenever the connection resistance 
exceeds 60 per cent of the resistance of 1 
foot of conductor in the connection. 

On this basis many of the connectors 
in Figs. 1 and 6 must be considered poor 
before load cycling started. 

Quoting from an extensive test of all 
possible combinations of No. 4 A WG 
ftliiTninum and No. 6 stranded, tinned 
copper with various connection compounds, 
average initial coimection resistances for 
various types of connectors varied as 
follows: 


Sficroluns 

1. Slotted service connectors. 80 to 260 

2. Parallel groove damps... 10 to 330 

3. Tabular compression.—40 to -|-40 

4. Vise-type or split bolt.—20 to -fSO 

6. Compression copper H-sector.—20 to 4-20 


6. Compression aluminum B-sector.. —10 to 4-25 

7. Compression aluminum C-sector.. —40 to -i-20 

lyoad-cycle testing early in 1954, con¬ 
firmed our opinion that all but one of the 
commercial connection compounds resulted 
in poor connections. The one g^od coni- 
pound was unacceptable for field work for 
several reasons. We proceeded to develop 
our own compound which we have been 
using since. It has proved itself superior 
as to initial resistance after extensive 
load cycling without wire brushing of the 
conductor through the compound. 


D. C. Hubbard (A. B. Chance Company, 
Centralia, Mo.): The paper presented by 
Mr. Boyer and Mr. Korges is of special 
interest. It presents additional factors 
heretofore given little or inadequate em¬ 
phasis. The paper further substantiates 
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data previously presented urging the use of 
aluminum bodied connectors and contact 
aids. 

The data presented are based on carefully 
executed and thoughtfully considered test 
progr amm ing. The authors and their as¬ 
sociates at Texas College of Arts and In¬ 
dustries deserve special credit for the 
manner in which they isolated extraneous 
factors. Occasionally such factors lead 
investigators to assume conclusions which 
may have resulted from unconsidered 
causes. 

We are in general agreement with the 
statements itemized in the authors’ con¬ 
clusions. We suggest some qualifications 
to a few comments from which assumptions 
too broad in scope might be drawn and to 
which we feel attention should be directed. 

In the matter of contact aids, extensive 
tests indicate a suitable contact aid is 
essential in corrosive areas and that they are 
beneficial in so-called noncorrosive areas. 
The word suitable is the key point. For 
example, the contact aid must not itself 
contribute to corrosive attack on the 
elements being connected and it must have 
dtu-ability. 

Similarly, covers to exclude atmospheric 
corrosion must be durable. The question 
of pockets under such covers is a matter of 
concern and unless such spaces are ade¬ 
quately avoided during normal application, 
corrosion inhibiting compounds are in¬ 
dicated under the area so covered. We 
suggest that joint covers are neither al¬ 
ternates nor equal substitutes for contact 
aids. 

The problem discussed in conclusion 
6 again points to the desirability of con¬ 
nectors designed- to contact each outside 
strand of an aluminum conductor with a 
minimum of current transfers for the 
maximum number of strands. 

Conclusion 7 points to a suggested quali¬ 
fication for contact sealing paste. Con¬ 
ductor manufacturers have urged that 
conductor temperatures should not exceed 
100 C even for relatively short periods. 
We propose that a contact sealing paste 
should satisfactorily maintain its con- 
sistracy with substantially no bleeding or 
flowing over the same working range allowed 
by conductors. We believe the resistance 
to flow is of greater importance than the 
characteristic to heal over scratches be¬ 
cause of the problem stated in this item. 

Conclusion 8 raises the question re¬ 
garding the merit of metalhc inclusions in 
contact ai<fe. We agree with the authors 
that test time available to date may not 
assuredly predict fifty years of performance. 
However, measurements using the same 
conipound b^ with and without 
additions indicate observable improvement 
in joint performance with proper Tnp tqiii,> 
additions. Te^s demonstrate dramatically 
that such additions, when present in the 
contact aid, must hot contribute to corrosive 
attack to copper or aluminum in either 
maime or industrial atmospheres. And, 
obvio^ly, the carrier or compound base 
must be in^ to copper and aluminum. 

We ^e in qualified agreement with con¬ 
clusion 9. Several investigators have shown 

spacers were inadequate under 
specified conditiohs. Some of these in- 
v^igators have indicated that relatively 
thidc spacers are advantageous and over¬ 
come the objections heretofore raised. 
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We strongly endorse the conclusions 
drawn in conclusions 12 and 13 regarding 
the use of aluminum bodied connectors. 

Preformed armor rods applied over 
cleaned conductors at tap locations have 
shown definite advantages for the con¬ 
nection. Resistance to damage from surge 
currents and from vibration fatigue is 
effectively increased by the armor. In 
contaminated areas, corrosion inhibiting 
contact sealing paste may be necessary 
between the conductor and the rods as 
well as between the rods and the clamp. 
This was clearly demonstrated in one 
coastal test. 


H. P. Dupre (Burndy Engineering Com¬ 
pany, Inc., Norwalk, Conn.): 1 would like 
to compliment the authors on attempting to 
set up a life test for copper-to-aluminum 
connectors. The industry has long recog¬ 
nized that the present methods of testing 
for corrosion protection can only be used 
for comparison purposes. We are glad to 
see that the findings of the authors bear 
out the laboratory testing which we have 
performed on copper-to-aluminum con¬ 
nections. The fact that the aluminum 
conductors can best be protected by 
employing an all-aluminum niassive con¬ 
nector has been checked out by both 
methods. 

We thoroughly agree with conclusion 
10 which states that compression con¬ 
nectors are advantageous. In fact, we 
have recently introduced a complete line 
of one-piece compression connectors for 
distribution aluminum and al uminum cable 
steel reinforced splices. 

However, the results shown on Figs. 1 
and 10 seem to indicate that compression 
sleeves produce questionable results. Is 
this due to some individual results caused 
by experimental tjrpes which were tested, 
and could you give us a more detailed 
summary as to the individual types that 
produced these results? 


E. W. Greenfield (Kaiser Aluminum and 
Chemical Corporation, Spokane, Wash.): 
I would like to ask if you think your tests 
emphasize the role of corrosion unduly over 
that due to what I call thermal ratcheting? 

Do you think the temperature attained 
by your conductors and your connectors 
was actually high enough to simulate what 
might happen in. the thermal ratcheting 
of heavily loaded lines? 

I say that only because I noted the short 
length of time of your load cycle. I thitiV 
it was 12 minutes, and 100 amperes were 
used on a No. 4 conductor rated at 4 am¬ 
peres. 

The second point I have to mention is 
that in the test stations that we discussed 
before in Mr. Everhart’s and my paper, 
there are numerous connectors. There are 
line splicers, tap connectors, copper taps, 
all tj^es of hardware in aluminized material, 
and in galvanized material. 

I would say at least a hundred items in 
each of the test areas concerned with 
accessories are under test also. We have 
made no mention of them. That does not 
mean that we are ignoring thpni , 

We are measuring resistances of splices; 
we are accumulating data, and hope as an 
accessory paper to bring those results out. 


E. W. Everhart (Kaiser Aluminum and 
Chemical Corporation, Spokane, Wash.): 
Are some of your erratic experiences in the 
chart due to a few connectors, or did all of 
your connectors act erratically? 


0. A. Boyer and Emerson Korges: Condi¬ 
tions chosen for the operation of the test 
were deliberately made as severe as might 
ever be encountered in actual service. 
These include maximum conductor load, 
severe corrosive conditions and frequent 
cycling of load to promote thermal expan¬ 
sion and flow difficulties. 

It is felt that contact aids of maximum 
durability should be developed. Migration 
of contact aid is not desirable as it aids 
in depletion of tlie material in the joint. 
Materials used should also be durable in 
that their evaporation should not be pro¬ 
nounced at maximum operating tempera¬ 
tures. 

Metallic or other inclusions used in 
contact aids should not corrode or produce 
corrosion in contact with the conductor 
materials since some of the contact aids 
used may eventually disappear and leave 
only the inclusions in the joint. Joint 
protection or covering materials that have 
proven successful to date have been of the 
type requiring hand-forming over the 
connectors. Objection may be made to 
the time required for application of this 
type of covering and development of a 
suitable long-life material that may be 
sprayed on seems desirable. 

In regard to spacers, it is still believed 
that these are undesirable except possibly 
as a shaping device to properly clamp a 
stranded conductor. Operation of this 
test is continuing and additional informa¬ 
tion is being developed. 

Mr. Hubbard mentioned one point that 
I would like to elaborate on just a little bit. 

I believe he suggests the use of spacers. 
He and I have discu.s.sed that a number of 
times. 

If it is a stranded conductor of big 
diameter so you need a spacer to keep the 
conductor from distorting, then we will 
go along with you. If you use them simply 
as a spacer to keep the conductors apart, 
we don’t agree. 

We don’t think it has any particular 
value. In fact, we have about 200,000 
figures to indicate that that is not so. 

Mr. Greenfield asked the question of 
whether or not we believe that our thermal 
effect on the conductor was given a reason¬ 
able chance compared to the corrosion. 
We are primarily concerned with corrosion 
in our area, and this started as a test of 
self preservation. 

We had to serve the customer. We 
weren’t concerned with the bigger current- 
carrying capacities. We were concerned 
with something that would stay up there 
for a while and we figured definitely that 
we could get something that would in time 
give us enough load current; but first, 
we had to get something that would physi¬ 
cally stay in place. That was the reason¬ 
ing behind our selection of the current and 
the cycling. 

As you know, there is no indication of 
why we chose the 12 minutes. We have 
some ampere-reading curves, and in fact 
we keep an ammeter on the circuit all the 
time that shows us that in approximately 
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8 minutes the connectors are stable. We 
give them four minutes more, both in the 
cooling and heating. 

As far as the 100 amperes are concerned, 
we think we have enough time. 

Now, whether we are abusing them 
enough from a load standpoint, we are not 
in a position to say. From a manufactur¬ 
ing standpoint, we know that is not true. 
From a user standpoint, we know that we 
would have a voltage drop. If we put 
much more service than that in the house, 
we would have some other troubles that 
would necessitate doing something about 
it or changing it. So from an operating 
standpoint, they are sufficient. From a 
manufacturing standpoint they are not, 
and we think that manufacturers are the 
ones that can and should do the particular 
work that Mr. Greenfield mentioned. 

We have no quarrel with him. We just 
say, “Well, that is your place, and we will 
take your word for that particular part of 
it.” 

I do have a question or two that I would 
like to ask the group. We are having a lot 
of trouble with connectors in trying to get 
them so that our boys can tell for sure what 
size they are. One manufacturer will 


label them as No. 2, and one fellow will 
label them as No. 2 solid, another fellow 
will label them as No. 2 stranded, and an¬ 
other fellow wiU label them as No. 2 A CSR, 
or any of the other sizes. That is about 
the worst situation that you can get into 
because we have all of those combinations 
on our system. If you will check just a 
little bit, you will find that there are some 
sizes only 0.002 or 0.003 difference in 
diameter. One case in particular is the two 
utility sizes from No. 2, in solid to No. 4 
A CSR. There is only 0.007 difference in size. 

Where is the designation that is going to 
make it possible for anyone to catalogue 
sizes of connectors in the field so that they 
will work? 

My suggestion is that the suppliers 
seriously consider the idea of marking in 
decimals, the maximum and minimum 
sizes the connector will take, and forget 
about the size wire they will take. Give us 
something to work on. 

Then we in turn can put a chart up 
and say, “This wire is a certain size.” All 
one has to do is go over and pick out the 
connector that will cover that particular 
phase of it. That is something that has 
not been done, and I think we have had 


some tests that may have hurt some of the 
suppliers of materials on our tests, because 
I think they were coded wrong or 
read wrong. If a man as academic as 
Professor Korges and as methodical as he 
is will make a mistake without apy pressure 
on him, I know that many workmen 
in the field will make mistakes, too. 

So there are things we need some help 
with and you fellows can give us that help. 

We have now experienced some 60,100 
cycles on our tests. Some of our con¬ 
nectors are staying in good shape. Some 
of them are all rotted. We have no com¬ 
plaint with them. They haven’t changed 
resistance. 

To answer Mr. Everhart, we have some 
connectors that have remained constant 
since the first day they were on. The 
culprits are a few who are nonconformists, 
and who have not been constant from the 
start, and will probably continue not to be, 
although they stay in the circuit. How we 
are going to eliminate those particular ones 
gracefully, I don’t know, but we have a 
standard material list, and a great big 
black pencil, and that is the only way we 
know of to get around those particular 
factors. 


The Use of All-Aluminum Conductor 
on Transmission Lines 


E. M. WRIGHT 

FELLOW AIEE 

T hough the use of all-aluminum con¬ 
ductors is not new, it seems logical at 
this conference to bring out its distinct 
advantages for use on transmission lines 
over all other types of conductor, when 
it is used for the proper purposes and 
under proper conditions. 

The first recorded use of the all-alu¬ 
minum conductor in the Pacific Gas and 
Electric Company system was in 1899. 
Several 60-kv lines built over 60 
years ago with all-aluminum conductor 
are still in operation, most of them still 
operating with the original conductor, 
splices and fittings, in heavy-, medium-, 
and light-loading areas, as well as in 
heavy fog and salt-contaminated air. 
None of these conductors has given any 
appreciable trouble, except from com- 
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paratively few splices which were the 
original wedge-grip type without sealing 
compound. The old served splices have 
given practically no trouble. No in¬ 
vestigations have been made as to the 
tensions in the older lines, but observa¬ 
tions indicate that they are now fairly 
low. No armor rods or dampers were 
used previous to 1920 and none has since 
been added on the pin-type lines. 

At the present, out of over 12,000 miles 
of transmission circuit in the Company 
system there are approximately 2,900 
circuit miles, or 7,300 tons, of all-alumi¬ 
num conductor in use. By the end of 
1960 it is expected that there will be 
approximately 3,600 miles, or 11,000 tons, 
of this type of conductor. The accumu¬ 
lation of all-aluminum conductor since 
1900 is shown in Fi^. 1. Fig. 2 shows the 
circuit miles installed, or proposed, in each 
5-year period to 1960. Table I shows the 
sizes of conductors now in use on the 
earlier Hues. 

Approximately 276 circuit miles of odd 
sizes have been removed from the older 
lines between 1899 and 1911 owing to 
abandonment of the lines or increase in 


size of conductor. In the last few years, 
large quantities of 715,600, 954,000, 
and 1,113,000-circular-mil (CM), all¬ 
aluminum conductor have been installed. 

In general, the use of all-alumimun con¬ 
ductor has been confined to the light¬ 
loading area; however, there is one in¬ 
stallation of a 60-kv line in the California 
heavy-loading area which is of interest. 
Normally, steel-reinforced alumimun ca¬ 
ble (ACSR) is used in the heavy-loading 
area, but during World War 11, owing to 
the shortage of steel and copper, all- 
aluminmn conductor was installed in a 
heavy-snow loading territory where snow 
depths during the winter are often over 
15 feet. On this 28-mile single-circuit, 
pin-type, wood-pole line, starting at an 
elevation of 4,00Q feet and ending at 
an elevation of 7,600 feet, the 336,400- 
CM all-aliuninum has given perfect serv¬ 
ice. The general span length is 260 
feet but there are spans from 150 to 600 
feet. The line was designed for Califor¬ 
nia heavy-loading, 1/2-inch ice, 6-pound 
wind, zero-degree Fahrenheit (F), with a 
normal tension of 16.7 per cent (%) 
of ultimate at 60 F and a maximum 
tension of 60% of ultimate. The Com¬ 
pany is not planning the use of all-alumi¬ 
num conductor in the heavy-loading 
area although it should operate prop¬ 
erly if designed for the expected loads. 

All-aluminum has also been used in the 
California medium-loading areas whidi 
are assumed to be at 1/4-inch ice, 6-pound 
wind, and zero F. The use here has 
been restricted to sizes of 4/0 and over. 
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Fig. 1. Accumulated circuit miles and tons of 
all-aluminum conductor Pacific Gas and Elec¬ 
tric Company transmission system 
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Fig. 2. Circuit miles of all-aluminum con¬ 
ductor installed in each 5-year period 


and on 60-kv wood-pole lines. Under 
ttieditun-loading conditions the conductor 
is strung to a tension resulting in a final 
tension at maximum loading condition 
of 50% of the ultimate conductor 
strength, and approximately 16% for final 
normal (60 F) conditions. In designing 
all-aluminum conductor wood-pole trans¬ 
mission lines for these conditions, a ruling 
span of 600 feet is generally used. On 
long spans the conductor is normally 
strung to the ruling span tension. String¬ 
ing to these tensions for a span in excess 
of 2,000 feet still results in a safety factor 
of unity at maximum loading conditions. 
It is probably better practice, however, to 
dead-end and design the tension in these 
spans independently, maintaining a con¬ 
stant safety factor throughout the line, 
although no trouble has occurred where 
these long spans have been strung using 
the ruling span tensions. . 

The greatest use of all-aluminum on 
60 to 70-kv lines has been in the light¬ 
loading district. The CaHforaia light¬ 
loading district has for the maximxun load¬ 
ing condition an 8-pound wind at 25 F, no 
ice. Detailed studies have been made on 
the economics of all-aluminum on 60-kv 
lines in tiie light-loading district and it was 
found that without a doubt all-aluminum 
is more economical, with the same safety 
factors, than any other type of conductor. 
This study was made while conductor cost 
comparison was not as favorable to all¬ 
aluminum as it is now. 

All-aluminum sizes from 2/0 up to 397,- 
500 CM have been used on 60-kv pin- 
type and suspension-type lines. Nor¬ 
mally the 60-kv lines are strung so that 
the final tension at maximum loading con¬ 
ditions is approximately 40% of the ulti¬ 


mate strength of the conductor. The 
noimal tension at 70 F under these condi¬ 
tions is approximately 18% of the ultimate 
strength with a ruling span of 600 feet. 

The use of all-aliuninum conductor in 
sizes larger than 4/0 on pin-type insula¬ 
tors presents one problem which has not 
been entirely solved. Armor rods are 
installed at all support points, and the 
conductor is enlarged by the armor rod 
so much that the top, and particularly 
the side grooves, are not wide or deep 
enough to hold the conductor securely in 
place. The top groove has been enlarged 
recently by most insulator manufacturers, 
and it has been necessary to use the top 
groove, instead of the smaller side groove, 
for light angles to hold the armored con¬ 
ductor in place. The clamps of the 
damp-top insulators have also recently 
been enlarged, which may prove the 
solution for straight-line and light angles. 

The use of all-aluminum on suspension- 
type construction presents more of a 
problem in that the lighter conductor 
swings farther under the same wind con¬ 
ditions than ACSR or copper. This 
generally requires longer crossarms, but 
because of the decreased vertical loads 
and, in general, decreased line tension, 
the same structure designed for the 
heavier conductors can be used, and it is 
often possible to install either a conductor 
of larger capadty on the same structure 
or to reduce guying on wood structures. 

There has been some objection to the 
use of all-aluminum as well as ACSR 
conductor in areas near the coast where 
salt-contaminated fog conditions prevail, 
but evidence has not been found to sup¬ 
port this objection. There are samples 
of 360,000-CM all-al umin um conductor, 


one 19-strand installed in 1902, and one 
7-strand installed in 1906. Initial opera¬ 
tion of the two circuits of these conduc¬ 
tors was at 60 kv. Portions of both cir¬ 
cuits are still in operation at 60 kv, or 12 
kv. The circuits were strung on wood 
poles with approximately 35 miles of each 
circuit adjacent to the west shore of San 
Francisco Bay where they were exposed 
to salt-contaminated fog as well as salt 
foam from salt-evaporating ponds. There 
has been some corrosion of these conduc¬ 
tors, as evidenced by discoloration and 
the presence of salts of aluminum in the 
strand interstices, but careful examina¬ 
tion discloses no measurable reduction of 
the cross section of the strands. This is 
not presented as proof that all forms of 
aluminum will perform equally well or 
that equally good performance will pre¬ 
vail under other conditions. 

The use of all-aluminum conductor on 
110-kv and 220-kv lines has been limi ted 
entirely to tiie light-loading district. 
On the 110-kv wood-pole lines the con¬ 
ductor is strung as on 60-kv pole lines, 
i.e., the maximum final tension is approxi¬ 
mately 40% of the ultimate strength. 
On 110-kv tower lines all-almninum con¬ 
ductor sizes266,800, 336,400, and 397,500 
CM are also strung so that the maximum 
final tension is approximately 40% of the 
ultimate. The normal final tensions at 
70 F are approximately 30% of the ulti¬ 
mate with a ruling span of 1,000 feet. 

The largest all-aliuninum conductor 
used so far on 110-kv tower lines has been 
715,500 CM. Approximately 40 circuit 
miles of this size have been strung. The 
lines are designed with a ruling span of 
1,000 feet and strung so that the maxi¬ 
mum final tension is 3,540 pounds, or 28% 
of the ultimate. This results in a normal 
final tension at 70 F of 2,400 pounds, or 
19% of the ultimate. These percentages 
of the ultimate tension are considerably 
lower than those used on the smaller 
aluminum conductors. The reason for 
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Table I. Conductor Sizes 


Table II. Comparison of All-Aluminum and ACSR Conductors for 220-Kv Transmission Lines 


Size 

MCM* or AWGt 


Year 

First Used 


All-Aluminum 


3/0 .1899 

4/0 .1899 

2/0 .1908 

471 1908 

360 .1910 

266.8.1923 

397.5.1923 

336.4.1924 


* Thousand circular mils, 
t American Wire Gauge. 


Size, thousaad circular mils. 

795. 

954. 

1,113. 

1,272. 

795. 

954. 

1,113 

Stranding... 

61. 

61. 

61. 

61. 

64/7. 

5,4/7. 

5,4/19 

Ultimate strength, pounds. 

14,330. 

16,860. 

19,660. 

22,000. 

28,500. 

34,200. 

40,200 

Copper equivalent, thousand circular mils. 

500. 

600. 

700. 

800. 

500. 

600. 

700 

Maximum design tension, 25 F, 8-pound. 








wind, zero-inches ice, pounds. 

6,375. 

7,500. 

7,500. 

7,500. 

7,500. 

7,600. 

7,500 

Safety factor. 

2.25. 

2.26. 

2.62. 

2.93. 

3.8. 

4.56. 

5.36 

Normal design tension, 70 P pounds. 

4,410. 

5,160. 

5,240. 

5,640. 

5,300. 

5,610. 

6,120 

Sag in a l,2(}b-foot span, 130 F, feet. 

35.5. 

34.3. 

38.4. 

42.5. 

38.9. 

43.0. 

45.7 

Weight per 1,000 feet, pounds. 

746.3. 

895.5. 

1,045. 

1,193. 

1,024. 

1,229. 

14,31 

Cost of conductor, dollars per circuit mile. 

4,170.. 

4,930.. 

5,660.. 

6,410.. 

4,940. 

5,810. 

6,950 


this is that the 110-kv steel towers nor- line is in fairly rough country extending 
mally used are designed to withstand a from the coast to approximately 10 miles 

maximum tension of 3,540 pounds. inland. The line averages 5.6 towers per 

These steel towers were originally de- mile and the spans vary in length from 
signed for use with all-aluminum and 450 feet to a maximum of 2,280 feet; see 

ACSR conductors up to a size of 397,500 Fig. 3. Twisted tapered armor rods are 

CM, and for copper conductors up to used at all suspension points and 6-pound 
250,000 CM. When it was desired to in- Stockbridge-type dampers are installed at 
stall larger conductor ‘ sizes the same each end of each span with spacing and 

towers were used. The safety factor of quantities according to the span length, 

the installed 715,500-CM all-aluminum All suspension and dead-end clamps are 
conductors at maximum tension is there- of the aluminum alloy type, 
fore approximately 3.6, instead of the The highest voltage so far used in the 
usual 2.5 as used on the smaller all- Company transmission system is 220 kv, 
aluminum. and it is in this voltage class that the sav- 

It has been possible to replace existing ings in the use of all-aluminum conductor 
copper conductor, 3/0 in one case and have, so far, been the greatest. All of the 

250,000-CM in another, with 715,500- recent 220-kv lines in the light-loading dis- 

CM all-al uminum (450,000-CM copper trict were designed for the use of either 
equivalent) on existing 110-kv twin- 954,000-CM or 1,113,000-CM all-alumi- 
circuit tower lines without any changes num conductor. These sizes have been 

whatever in the steel structures. This installed on twin-circuit steel towers at a 

cannot always be done, as in rough maximum design tension of 7,500 pounds; 

country the difference in the coefficients the tension being at 25 F witli an 8-poimd 

of expansion, and wind loading between wind. The twin-circuit suspension-type 

copper and aluminum lightens the weight structtmes are designed for two broken 

on some suspension strings at low tern- wires and a 1,200-foot ruling span with 

perature to the point where changes in the this maximum tension, whidi is not too 

structure or the use of dead ends, hold- much for all-almnintun conductors from 

down insulator strings, or weights may be 954,000 CM and larger. In fact, it is 

required to take care of upstrains. possible to replace 500,000-CM copper, or 

An example of the use of 715,500-CM 795,000-CM ACSR with 954,000-CM or 

all-aluminum conductor on 110-kv steel 1,113,000-CM all-aluminum, gaining sub¬ 
towers is the recently completed line from stantially in capacity without appreciably 

the new Morro Bay steam plant to San changing the stresses on the towers. It 

Luis Obispo, a distance of 16 miles. This does not seem logical to install conduc¬ 



tors having an ultimate strength of 28,000 
pounds (795,000-CM ACSR) when the 
economical strength of the tower is for a 
maximum tension of 7,500 pounds in the 
conductor. Where loads to be carried re¬ 
quire a conductor with a capacity larger 
than 500,000-CM copper equivalent, the 
all-aluminum becomes more favorable. 
Of course, the safety factors in the con¬ 
ductors are smaller with all-aluminum 
thus used, but with proper protection with 
armor rods and Stockbridge dampers no 
trouble from vibration is expected. To 
sum up, where the strength of the alumi¬ 
num is sufficient, it is felt that there is no 
need for the extra weight or the extra cost 
of steel. 

Table II shows a comparison of ACSR 
and all-aluminum conductors in the sizes 
which are now being used or contem¬ 
plated on 220-kv lines on the Company 
transmission system. This table is based 
on using the conductor on towers designed 
for a maximum conductor tension of 7,500 
pounds, as previously mentioned. The 
advantage of dropping the steel cost out 
of the conductor when the strength of the 
steel core is not required is apparent. 
The safety factors vary from 2.25 for 795,- 
000 CM to 2.93 for 1,272,000 CM. The 
normal tension at 70 F range from 31% of 
the ultimate strength for 795,000 CM to 
25% for 1,272,000 CM. 

A distinct advantage in the use of all¬ 
aluminum conductor on 220-kv lines is in 
changing existing conductor to get more 
capacity. If 795,000-CM ACSR is re¬ 
placed with 954,000-CM all-aluminum at 
the same sag, the safety factor shown in 
Table II will be increased from 2.25 to 
2.55. A corresponding increase in safety 
factor can be obtained when substituting 
in other sizes. This, of course, will stress 
the towers less longitudinally, and, in 
many cases will permit the use of existing 
towers that might otherwise be over¬ 
stressed from the added wind and longi¬ 
tudinal load. Details have been worked 
out for changing 500,000-CM copper (the 
"rope-lay” type having considerable 
corona loss) to 954,000-CM all-aluminum 
(600,000-CM copper equivalent), or 1,- 
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113,000-CM aU-aluminum (700,000-CM 
copper equivalent) on a 220-kv twin- 
circuit line built in 1921, for a net cost of 
approximately $4,300 and $5,200 respec¬ 
tively per circuit mile, including the cost 
of conductor. For this cost there are 
appreciable gain in capacity and reduc¬ 
tion in corona losses. 

A twin-circuit 220-kv tower line with 
one circuit strung has recently been com¬ 
pleted from the Pittsburg steam plant, 
30 miles northeast of the San Francisco 
Bay area, to Panoche Substation, in the 
San Joaquin Valley, a distance of 125 
miles. For 95 miles this line is parallel to 
and 75 feet from another tower line of the 
same voltage and tower types built in 
1947. The older line has two circuits of 
795,000-CM ACSR (500,000-CM copper 
equivalent); the new circuit 1,113,000- 
CM all-alumimun (700,000-CM copper 
equivalent). In‘rough country the new 
steel towers cost approximately $2,400 per 
mile more than the towers in the older 
line. In fairly flat country, the steel 
towers in the new line cost approximately 
the same as those in the old line. The ad¬ 
ditional cost for towers in rough country 
is partly because of the required use of 
dead-end structures to take care of up- 
strain under cold-weather and wind con¬ 
ditions. It was also required that the 
towers in the new line be set opposite the 
old towers, thus removing the flexibility 
of location which could easily eliminate 
some, if not all, of the dead-end structures. 
The use of hold-down insulator strings, or 
weights, would also reduce this difference 
of cost if this method had been used. 

Another example of the use of 1,113,- 
000-CM all-aluminum conductor is the re¬ 
cently completed 220-kv line from the 
Morro Bay steam plant to Gates Substa¬ 
tion, a distance of approximately 70 miles. 
This line is in rough country as well as 
rolling foothills extending from the Pacific 
Coast east to the San Joaquin Valley. 
The line averages 4.2 towers per mile and 
the spans vary in length from 315 to a 
maximiun of 2,800 feet; see Fig. 4. 
Twisted tapered armor rods are used at 
all suspension points and 12-pound Stock- 
bridge-type dampers are installed at each 
Span with spacing and quantities accord¬ 
ing to the span length; see Fig. 5. All 
suspension clamps are made of aluminum 
alloy and all dead-end clamps are of the 
malleable iron-bolted type with aluminum 
alloy keeper pieces permitting all dead- 
endloops to be continuous, without bolted 
connections. Line splices are made with 
standard compression-type sleeves. 

A further comparison of ACSR and all- 
aluimnum conductor will emphasize some 
additional points. The use of all-alumi- 
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nuiti instead of ACSR of the same ca¬ 
pacity is justified not only from the first 
cost of the conductor itself, but also from 
the cost of material, labor, fittings, and 
installation. On the all-aluminum the 
compression-splicing sleeves cost less, can 
be installed in about one-tenth of the 
time, and the centering of sleeve is not so 
critical. The cable and armor rods have 
less diameter, and in some cases take a 
smaller dead-end and suspension clamp. 
Vibration dampers are smaller and cost 
less. The conductor is lighter; hence 
transportation and installation cost less. 

The introduction of a single strand of 
steel in an aluminum conductor as a safety 
measure brings up a point not generally 
considered. In several cases in the com¬ 
pany system the steel has actually been 
the offending member. In two cases 
where 4/0 ACSR was installed, 
falling trees or limbs stripped or par¬ 


tially stripped the aluminum strands, or 
damaged the conductor to the extent that 
the steel strand was carrying all or most 
of the current. These were in spans over 
canyons or otherwise not easily seen; at 
least they were not discovered. At a 
later date, when the circuit was being 
used to carry heavier loads while other 
lines were out of service, the steel burned 
off, causing a failure in the circuit which 
was relied on to carry the load. Other 
failures occurred because of poor center¬ 
ing of the ACSR compression sleeve which 
caused the steel to carry so much current 
that bum-downs were caused at times 
when extra load was put on the line. 

In the design of a transmission line, it is 
questionable whether the conductor should 
have a larger safety factor than the struc¬ 
tures when the stmctures are rigid steel. 
It is certainly not economical to pay for 
strength that is seldom if ever used. It 


can even be considered dangerous to have 
this extra strength which, if used, at some 
time might cause failure of steel structures 
or guys on wood-pole lines. This type of 
failure would cause longer outages and 
more costly repairs. The weakest link in 
a line should be the easiest and quickest 
to repair. If the mechanical loads de¬ 
veloped in a conductor on a line do not 
exceed the designed structural strengths, 
taking into account the type of structure, 
there seems to be no need for a stronger 
conductor. The economical stmcture de¬ 
sign should be the key to the problem. 

All-aluminum conductor in light-load¬ 
ing areas has given good service so far 
and, with its homogeneous make-up, high 
elastic limit, and low cost both for con¬ 
ductor and material, it should be more 
economical than any other type. It has 
no dangerous disadvantages when used 
with the proper safety factors. 


Discussion 

Jordan Lummis (Southern California Edison 
Company, Los Angeles, Calif.): This paper 
gives a very thorough and interesting 
discussion on the economics of all-aluminum 
conductors. The possibility of increasing 
the capacity of a steel-reinforced aluminum 
cable (ACSR) line by using aH-aluminum 
conductor is something that should be 
considered in every case where the problem 
arises. The same solution probably can 
be used on many existing copper lines. 

The authors’ experience with all-alumi¬ 
num lines exposed to contaminated atmos¬ 
phere is very significant and should act 
as a dash of cold water in the face of current 
hysteria on the subject. On the other 
hand, as the authors carefully note, this 
does not prove "that all forms of aluminum 
will perform equally well” and it seems 
highly probable that uninhibited ACSR 
would not have given such satisfactory 
service because of interaction between the 
zinc on the core and the aluminum. 

Southern California Edison Company’s 
experience with all-aluminum conductor 
has been limited to about 100 circuit-miles 
of 4/0 on 66-kv and 33-kv wood-pole lines. 
These lines were installed before the days 
of improved relay operation and were 
burned down With nearly every fault. 
ACSR, on the other hand, seldom suffered 
damage to the steel under any fault condi¬ 
tions, with the result that incidental damage 
to supporting structures was uncommon. 
Most of these circuits have since been 
replaced with copper or ACSR conductors 
and although relay operation is vastly 
iniproved, there are lines in some portion 
of nearly every 66-kv network which may 
be damaged by flashover. Thus, all¬ 
aluminum appears more attractive on the 
220-kv systems where clearing time is 
much faster. 

The authors’ experience of hazard arising 
from the steel core is quite contrary to the 


Edison Company’s. In one case of ice 
loading up to 15-inch diameter on a line 
designed for 1/2 inch of ice, the steel core 
was all that prevented long-sustained outage 
of an important 220-kv line in an area 
almost inaccessible to repair crews during 
the storm season. ACSR has held up 
conductors where the aluminum was an¬ 
nealed by forest fires. If the right kind 
of an airplane hits a line squarely enough 
it will chop apart any Conductor, but cases 
where the core has minimized the damage 
are numerous. The following case history 
is typical: At 4:03 p.ra. on June 24, 1961, 
a 220-kv line relayed. At 4:31 p.m. the 
line was tested and stayed in. At 6:62 
p.m. a report was received that an airplane 
may have been the cause of the trouble 
and since the line was needed only for 
standby, it was de-energized pending 
determination of the trouble. At 7:38 
p.m, it was found that a Cessna Model 
140 had bumped into a 3,600-foot span of 
606,000-cm ACSR 30X19, had stripped 
28 strands of aluminum from the center 
conductor for 2 feet 9 inches and all the 
aluminum from the west conductor for 
11 inches. The line was repaired the next 
day during the off-peak period. The 
significant points are that this circuit re¬ 
mained mechanically stable until repair 
was made at a convenient time, meanwhile 
remainingf available for emergency service 
as evidenced by the fact that it carried 
250 amperes across the damage for 1 hour 
21 minutes. 

In the case of the Edison Company’s 
system, it is apparent that the low initial 
cost of all-aluminum conductor will have 
to be weighed against the probability of 
more frequent and more serious mechanical 
damage. 


Eduard Fritz, Jr. (Day & Zimmermann, 
Inc., Philadelphia, Pa.): My former 
company, Pennsylvania Water and Power, 
Holtwopd, Pa., abo have transmission lines 


constructed with all-aluminum cables. 
Their four all-aluminum circuits are of 
300,000 cm, conductivity 19 strand, and 
operate at 70 kv, 25 cycle. The four 
circuits occupy two double-circuit tower 
lines on the same 100 foot R/W, each line 
being 40 miles long. The operating record 
of these lines has not been of a standard 
one could classify as better than tolerable. 

The first pair of circuits were placed in 
operation in 1910 with towers on 600-foot 
average spans. There are many longer 
spans, the longest being 1,400 feet. Fifty 
feet away is the second double-circuit line, 
built in 1914 with its final circuit strung 
in 1917. 

Over the years, these four circuits have 
experienced many bum downs from light¬ 
ning, sleet, wind updrafts, kites, buzzards, 
and overheating at joints. Several 3- 
circuit outages have occurred as the free 
ends of the buraed-off phase made contact 
with the adjacent circuits. Some of the 
troubles, as lightning flashovers, have 
been almost eliminated by improved 
shielding and adequate tower grounding, 
while other troubles, such as bird contacts, 
could be eliminated if greater tower clear¬ 
ances were provided. Many total in- 
termptions result from the rapid fusing 
of the all-aluminum cables, as buradowns 
will occur under hdavy load currents, even 
if fast relaying were provided. 

Since 1914 sleet melting has been re¬ 
sorted to in an effort to prevent sleet 
formations. In spite of this, there have 
been four occasions since 1932 when burn- 
downs have occurred, due to sleet, three 
when the circuits were reported clear of 
ice, and one before the de-icing could be 
started. 

Now for the favorable part. The original 
cables were stmng to 600-pound tension, 
which means that although the average 
span’s tension at heavy loading is 50 
per cent of the ultimate, in the longer 
spans it should reach the cables so called 
elastic limit. Nevertheless, these circuits 
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have never been resagged. If nonelastic 
creep has occurred, it is not noticeable. 

In 1946 we measured slightly less d-c 
resistance for the entire line than if the 
^ble were new, and a cable sample cut 
^m the 1910 circuit, tested higher ultimate 
strength than the catalogued value. The 
lines are without armor rods or dampeners, 
yet no metal fatiguing has been discovered. 
There has been no depreciation in these 
conductors. 

I wish to congratulate E. M. Wright 
and E. G. Lambert for a very informative 
paper. Also, they have made an able case 
for the use of all-aluminum cables as 
compared to steel-reinforced aluminum 
cable (ACSR) and for lighter conductor 
tensions. I would, however, lilr«> to call 
attention to two characteristics of all- 
ammmum which will tend to offset the 
advantages which they have pointed out. 

For lines of 110 kv and lower voltages, 
greater conductor clearances and spacings 
must be provided for all-aluminum line 
or bumdowns wiU be all too frequent 
The coefficient of thermal expansion of 
all-dummum is 0.0000128, for ACSR 
^4/7 stranding about 0.0000102. If a 
cucmt is to be loaded near its thermal 
hmit, assu^g both Unes have the same 
„ towers must be provided for 

ah-alununum lines or dangerous crossing 
clearances may result. 

If the line is nearly straight, the sum of 
tnese two disadvantages may offset the 
sa^g in conductor cost and in the lighter 
weight comer structures. 

If many line angles occur, all-aluminum 
luies can be cheaper, but will operate 
satisfactorily only if adequate clearances 
are promded and attention is paid to the 
sahmt features as described by the authors. 

Where sleet is a problem. ACSR cables 
usually continue to function even if several 


aluminum strands are burned off, whereas 
sleet melting may be necessary for all¬ 
aluminum lines. 

It is offered for your consideration, that 
for lines of prime security, there is greater 
opportunity for savings with the use of a 
conductor which rarely fails than through 
the use of the cheaper all-aluminum where 
provision for broken wires in the towers 
should be provided. 

Mr. Rodee (Aluminum Company of 
America); In addition to its engineering 
value, this paper has considerable historical 
interest. It referred to the first use of 
aluminum in 1899. which was among one 
of the first installations of aluminum con¬ 
ductors on overhead lines. 

aluminum cable 
(ACSR) was not developed until several 
3 ^ars later, the question of tnalriTig a 
choice between aluminum or between all- 
alummum and ACSR did not exist at the 
time these early installations were made. 
And during the years that followed, ACSR 
to a very large extent replaced aU-aluminum 
for use on overhead lines, and because of 
Its higher strength, pennitted the use of 
longer spans with intended savings in 
supporting structures. It brought out in 
tins paper, however, that these economies 
can be fully realized only when it is possible 
to utilize the higher strength of ACSR. 
When faced with the problem of 
conductors on an existing line to obtain 
increased carrying capacity, the maximum 
advantage will be obtained by itging a 
conductor with the highest possible ratio 
of current-carrying capacity to weight with¬ 
in the limitations of the strength of the 
existing structures. 

In our all-aluminum conductor, or in 
some cases, ACSR with a small percentage 


of steel will usually be found to most nearly 
meet these requirements. 

*I^®r6 is one question I would like to ask 
concerning the procedure used to install 
the all-aluminum conductors on these lines. 

With the relatively high normal tensions 
mentioned in the paper, an appreciable 
amount of creep over a period of titnp may 
be expected. I would like to ask in what 
way provision was made to take care of 
this during stringing of the conductors or, 
stated anotiiCT way, what allowance was 
made for the increase in sag resulting from 
this creep? 


E. M. Wright and E. G. Lambert: In 
answ^ to Mr. Rodee, we compute 
nutim tensions. We string with ini tial 
tensions and sags. We compute these 
tensions using the stress-strain curves 
which are furnished by the manufacturers. 
We assume in computing these tensions 
that the conductor will be loaded at maxi¬ 
mum loading conditions, in our case an 
8-pound wind, 26 F, for a period of 30 
days. We do not prestress any of our all¬ 
aluminum, or for that matter, our ACSR. 

We would like to say again that the mair^ 
use of all-aluminum in our system has 
been in the light-loading area. In the 
California light-loading area there is no 
snow loading, ice loading, nor sleet loading 
and there is very little lightning. 

So you imght say that the conditions 
are mainly ideal for the use of this type 
of conductor. 

In the heavy-loading areas, we normally 
use ACSR except for the one case men¬ 
tioned before, and for a couple of other 
cases on short lines. 

We thank those who made comments on 
the paper. 


The Application of Business Machines 
to Electrical Utility Load Forecasting 


JAMES G. GRUEHER 

NONMEMBER AIEE 


THIS paper describes the use of 
■ punched-card accounting equipment 
by the Bonnevflle Power Administration 
(BPA) in the calculation and tabulation 
of load forecasts. Although the pro¬ 
cedures described were developed to meet 
particular needs of an electrical utility 
wholesaler, it is believed many elements 
of the system can be utilized by elec¬ 
trical utility load forecasters in general. 

BPA, like most electrical utilities, uses 
load estimates both for operational and 
plannmg purposes. Load estimates are 
e.g., ph a short-term basis as a 
guide in co-ordinating the operation of 
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storage reservoirs, and for long-term plan¬ 
ning of transmission, generation, and cus¬ 
tomer service facilities. The load-fore¬ 
casting function, however, is entirely 
centered within one section which is re¬ 
sponsible for the preparation of all load 
estimates used by the various organiza¬ 
tional groups, such as the system en¬ 
gineering, budget, operations, customer 
serrice, and rate departments. This cen¬ 
tralization of the load-forecasting func¬ 
tion malces it possible to assign the re¬ 
sponsibility for load forecasts to special¬ 
ists. The use of a basic estimate by all 
departments also has the advantage of 


eliminating duplication of work and pre¬ 
venting the contradictions and discrep- 
andes that inevitably occur when load 
estimates are simultaneously and inde¬ 
pendently prepared by various depart¬ 
ments. In addition, the repetitive use 
of one basic estimate for all purposes 
makes it advantageous to use machine 
methods. 

Load estimates are prepared for one 
primary purpose as a guide to manage¬ 
ment. Having established a single basic 
estimate which has no primary purpose 
other than giving management a picture 
of the predicted loads as they are actually 
expected to develop, the estimate then 
can be adapted by management to suit 
any specific use. For example, the basic 
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“d approved by the 
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estimate could be increased for planning 
service facilities in order that the safety 
factor so essential to adequacy and con¬ 
tinuity of service could be given due con¬ 
sideration. Likewise, for revenue esti¬ 
mating or rate making a downward bias 
could be applied so that due caution might 
be observed in predicting future financial 
returns. In this manner the basic load 
€Stimate, itself unchanged, can be adapted 
for any ptupose useful to the utility. 
This concept of load estimating considers 
the preparation of the basic load esti¬ 
mates to be a technical function, and the 
application of bias to the estimate to be a 
policy function. 

Uniform Preparation of Individual 
System Load Estimates 

As a wholesaler of electric power to 87 
•different distribution systems, 12 federal 
agendes, and 17 industries, BPA’s prob¬ 
lems in the preparation of load estimates 
differ to a degree firom those of its utility 
•customers. The load of most utilities 
consists of the total requirements of their 
residential, farm, commerdal, and indus¬ 


trial customers. The power wholesalers’ 
total load, however, is determined pri¬ 
marily by the total requirements (load 
less generation) of its utility customers. 
Similarly, the total BPA area load esti¬ 
mate is essentially the aggregate of 87 
system load estimates of its utility cus¬ 
tomers. 

The BPA service area, Fig. 1, embraces 
most of the states of Oregon and Washing¬ 
ton, northern Idaho, and western Mon¬ 
tana. Over this territory there are 
6,565 drcuit miles of transmission lines 
from which the utility customers are 
served at 322 different points of delivery. 
In order to schedule and provide the re¬ 
quired transmission and substation fadli- 
ties, load estimates are needed for each 
distributor at every point of ddivery. 
When a distributor is served at more than 
one substation separate estimates must be 
prepared. The aggregate of separate 
estimates by delivery points equals the 
distributor’s total load. Two or more 
distributors may be served from the same 
substation and generally several distribu¬ 
tors are served from the same main sys¬ 
tem transmission line. Because the load 


estimates of so many different distributors 
must be combined to determine required 
substation, transmission, and generation 
facilities, all the estimates should be pre¬ 
pared in accordance with the same basic 
procedures. All distributors in the BPA 
area have therefore been provided with a 
load estimating manual which describes 
uniform methods and procedures, and 
contains basic worksheets to be used as a 
guide in the preparation of load forecasts. 
Both the power wholesaler and the re¬ 
tailer co-operate in the preparation of 
distributor load forecasts. The study is 
generally prepared in three parts: 1. a 
jointly prepared economic analysis and 
load study; 2. the distributor’s plan of 
service for his area; 3. BPA’s plan of serv¬ 
ice to the distributor. Parts 2 and 3, 
of course, must dovetail. The standard 
method used in the preparation of load 
studies consists of grouping the ultimate 
consumers into broad classifications, such 
as residential, farm, commercial, indus¬ 
trial, irrigation, space heating, street 
lighting, and other special classifications. 
By estimating the number of consumers 
to be served in future years and the aver- 
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Fig. 2. Arrangement of coding system on punch card 


ap use of electricity by each class, the 
distributor s total energy load is obtained 
after flowing for distribution losses. 

Estimated peak loads are obtained by 
the basic method of determining the kilo¬ 
volt-ampere demand per consumer at 
time of peak load by each class of con¬ 
sumer. The contribution to the peak 
load per consumer is multiplied by the 
number of consumers for each class. The 
total coincidental peak load obtained is 
then checked against the historical trend 
of the system’s load factors. Large in¬ 
dustrial consumers and certain special 
loads must be treated individually. 

Considerable diversity exists between 
the peak loads of the BPA distributors be¬ 
cause their service areas cover three dis¬ 
tinct geographic zones. Some systems, 
e.g., experience summCT urigation pump¬ 
ing peaks; others, winter space heating 
peaks. The standard procedure there¬ 
fore provides for estimates of both winter 
and summer peak loads in all cases. 

It is interesting to note in respect to 
estimating winter loads that total energy 
loads in the BPA service area at the pres¬ 
ent time vary about 23,000 kw per de¬ 
gree of change in temperature during th e 
winter months, with the amount of the 
temperature-responsive load increasing 
each year. Studies indicate a high de¬ 
gree of correlation of energy loads and 
temperatures, with the coefficient of cor¬ 
relation ranging between O.S and 1.0. 
The meapre of dispersion about the ire- 
gresaott Mes as measured by the standard 
error of estimate 5 is comparatively small 


and indicates that temperature forecasts 
are useful in estimating energy loads on a 
short-term basis. However, experience 
in preparing short-term peak load esti¬ 
mates on the basis of weather forecasts 
produces less reliable results. Coeffi¬ 
cients of correlation for peak loads have 
been less than those for energy loads and 
the standard error of estimate has been 
larger. 

Preparation of Estimates for 
Punched Card Accounting: 

The Coding System 

Because the same basic estimates are 
used by different departments for a 
variety of purposes in which the statistics 
•are grouped in a large number of com¬ 
binations, it is apparent that the esti¬ 
mates constitute a suitable medium for 
machine tabulation. A workable coding 
systpi must be sufficiently flexible to 
provide information which is required 
most frequently and is capable of present¬ 
ing those tabulations which would be 
most time-consuming if done by hand. A 
wide selection of information and • many 
arrangements are possible in the design of 
the coding system. Each utility has 
unique problems to which it can adapt a 
system. The procedure described here 
in the interest of advancing this tech¬ 
nique is only one of many possible appli¬ 
cations. 

Three sets of data are coded for each 
distributor with generating facilities of its 
own: 1. its own load estimates; 2. its sys¬ 


tem resources; 3. its system requirements, 
i.e., loads less resources. For distribu¬ 
tors with no generating resources, whose 
entire load is supphed by BPA, only one 
set of data is coded because system re¬ 
quirements and system loads are identi¬ 
cal. From this infonnation it is possible 
to obtain either the total BPA system 
load or the total area load. The aggre¬ 
gate of all requirement estimates consti¬ 
tute the loads which BPA, as the whole¬ 
saler, must be prepared to supply. Total 
area load estimates are also determined 
by adding the total of the system load 
estimates of distributors with generation 
to the total requirements of nongenerating 
customers. Both peak and energy esti¬ 
mates are prepared by months for each 
distributor in the BPA service area for a 
10-year period. The peak and energy 
data are punched on cards, each card 
listing the 12 months of a fiscal year. A 
description of the coding system and its 
arrangement on the punch card. Fig. 2, 
together with an explanation of some of 
the studies and uses to which the coded 
statistics are applied, follows. 

The first three of the 80 columns on the 
punch card are reserved for customer and 
distributor identification. Customers, 
aftCT being arranged alphabetically, are 
signed numbers ranging from 001 
through 999. Every electric distributor 
in the Pacific Northwest and every BPA 
customer, whether an industry, federal 
agency or utility, is assigned an identifica¬ 
tion number so that total Pacific North¬ 
west area loads, resources, or requirements 
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on the BPA system, as the case may be, 
can be machine-selected and tabulated. 

Column 4 is used to designate the par¬ 
ticular BPA area or district office in which 
the loads, resources, or requirements are 
located. This information is used pri¬ 
marily for administrative purposes to 
permit the central office to make com¬ 
parisons between the various districts. 
Pertinent information may be sent, as re¬ 
quired, to the respective district offices 
to assist them in customer service plan¬ 
ning within the administrative area. 

Columns 5 through 7 are reserved for 
the identification of substations or deliv- 
ery points. As in the case of the cus¬ 
tomer identification series, 999 identifica¬ 
tion numbers are available. Thus, esti¬ 
mates for 10 years in the future can be 
readily compiled for the 322 different de¬ 
livery points for purposes of customer 
service planning. 

Columns 8 and 9, designated “type of 
customer,” are used not only to distin¬ 
guish the requirements of different cate¬ 
gories of customers but to classify system 
load and system resource data for utili¬ 
ties with their own generating facilities. 
Load, resource, and requirement data are 
subdivided into privately owned and 
publicly owned utilities, and into member 
and nonmembers of the Northwest Power 
Pool. This is necessary so that data can 
be selected in accordance with operating 
and contractual arrangements. 

Column 10 is used to indicate whether 
or not a utility has generating resources 
of its own. Since hydro generation sup¬ 
plies approximately 90 per cent of the 
onergy load in the area, steam and hydro 
resources are distinguished, with hydro 
■capabilities being calculated and punched 
for both minimum and median month 
stream flow conditions. 

The full operating year may be divided 
into three periods. In the summer there 
is sufficient natural stream flow to operate 
all hydro plants at full capacity. The 
fall and winter season is characterized by 
freezing at the higher elevations and a 
•consequent low natural stream flow. At 
this time it becomes necessary to supple¬ 
ment the natural flow by drawing down 
the storage reservoirs. In the spring 
the runoff from melting snows is used to 
refill the storage reservoirs. 

As the most critical time from the 
standpoint of resources is the 6-or 7-month 
storage-release period from roughly Sep¬ 
tember through April of each year, the 
total energy load during this period must 
be related to the available resources in 
the same period. The number of months 
included in the period differs between 
minimum and median month hydro¬ 
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electric conditions, and with different 
levels of storage development. The aver¬ 
age of the monthly energy loads for both 
minimum and median month included in 
the storage-release periods is calculated 
for each utility and punched into the in¬ 
dividual card by the International Busi¬ 
ness Machines 602-A calculating punch. 
These calculations have been reserved 
for the eight columns G8 tlirough 75 on 
the punch card. Similarly, available 
resources are calculated over the same 
periods. Comparisons are thus made 
between total available resources and 
total loads for any individual month or 
averaged over any series of months under 
either minimum or median stream flow 
conditions. Both the minimum and 
median month requirements data (system 
load less system resources) are calculated 
and entered into a requirements card for 
each individual customer by the summary 
punch. All the common indicative cod¬ 
ing information, such as the number of 
the customer, the district office, the deliv¬ 
ery point, the major substation area, or 
the state, is summary punched into the 
requirements card. 

Columns 11 and 12 are used to indicate 
the 44 major substation areas. Fig. 1, on 
the BPA system out of which power is 
distributed to the 322 delivery points 
listed in columns 5 through 7. 

There are a great many factors affecting 
line loadings, such as seasonal diversity of 
loads, diversity of stream flows, varia¬ 
tions in loadings arising from the opera¬ 
tion of a co-ordinated system of storage 
reservoirs, and contractual arrangements. 
Since it is necessary in transmission stud¬ 
ies to select a number of different months 
throughout each year under different 
stream flow conditions in drder to de¬ 
termine the heaviest loadings on dif¬ 
ferent parts of the system, the combining 
of substation loads by machine methods 
is almost a necessity. Some lines are 
most heavily loaded under minimum year 
stream flow conditions; others are sub¬ 
ject to maximum loadings when median 
month conditions are experienced. For 
example, a line carrying power to a dis¬ 
tributor which serves part of its system 
load from its own hydro generation must 
carry more power when the capability of 
the distributor’s hydro generating facili¬ 
ties are at a minimum; conversely, when 
the local generation is at the median level 
less power needs to be transmitted. At 
the same time that the requirements of 
some distributors on the BPA system are 
reduced under median month stream flow 
conditions, the BPA system has more 
power available for sale, both as a result 
of the reduced demands of distributors 


and the increased capability of its own 
system. Power is therefore contracted on 
an interruptible basis to industrial cus¬ 
tomers in an amount roughly equal to the 
difference between the minimum and the 
median month storage season capabilities 
of the federal generating plants. Suffi¬ 
cient generation may also be available 
under favorable stream flow conditions to 
displace considerable quantities of rela¬ 
tively high-cost steam generation in the 
area. So, under favorable stream flow 
conditions the lines which serve steam re¬ 
placement and interruptible industrial 
loads will be most heavily loaded. 

Examples of seasonal diversity in loads 
arising out of differences in geographic 
and economic conditions in the wide¬ 
spread service area are numerous. Winter 
space heating and summer irrigation loads 
have already been mentioned; other 
examples are summer tourist loads, can¬ 
nery loads that reach a maximum at har¬ 
vest times, and winter lighting loads. 
Pine logging operations, located in the 
high country east of the Cascade Moun¬ 
tains, are normally subject to winter shut¬ 
down because of snow. On the other 
hand, fir logging operations, which are 
located west of the Cascades where the 
winters are comparatively mild, are 
carried on throughout the year. 

A diversity in the time of maximum 
line loadings also arises as a result of op¬ 
erating a co-ordinated system of storage 
reservoirs since the several generating 
plants are peaked at different times of 
the year. For example, heaviest west 
to east load flows ordinarily occur in July 
and August when the downstream plants 
generate at their maximum on natural 
stream flow while upstream plants in the 
eastern part of the system are storing 
water to be used during the ensuing 
winter. Conversely, the heaviest east to 
west flows occur in January during the 
period in which natural stream flows are 
at their lowest and the storage reservoirs 
are being drafted. 

Columns 11 and 12 are also used when 
the ultimate delivery is not made over the 
BPA system but over the facilities of 
another utility. To indicate the trans¬ 
ferring utilities, identifying numbers have 
been assigned. ' 'Wheeling” loads, served 
over the facilities of other utilities, may 
thus be compiled by the respective trans¬ 
ferring agents as required, e.g., in com¬ 
piling reports and estimates for the 
Federal Power Commission and the 
Northwest Power Pool. 

It has been found necessary, from time 
to time, to obtain load and resource data 
on the basis of its location by state. 
Column 13 is used for this purpose. 
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Columns 14 and 15 are used to indicate 
the appropriate rate to be applied to re¬ 
quirement data for use in rate studies and 
pay-out analyses. Each rate has been 
assigned an identifying code number. 
Some of the BPA rates are 1-part an d 
some are 2-part, with the bill depending 
on both the peak and energy amounts. 
But since both peak and energy loads 
can be machine-sorted and tabulated by 
rate schedules the calculation of revenue 
estimates is facilitated. Some of the 
BPA 2-part rates provide that the 
monthly billing demand shall be the 
highest measured or computed demand 
experienced during any of the preceding 
11 months. By printing all months it is 
a simple matter to pick out the “ratch¬ 
eted demand. In the same way an¬ 
nual summaries of energy loads can be 
obtained by the machine and punched 
into the “total” space on the card 
(colump 77 through 80) to facilitate the 
determination of total energy charges. 

Column 16, entitled “service,” is used 
to indicate the physical and contractual 
arrangements made for the delivery of 
power. When loads are served directly 
over BPA facihties the major substation 
area is also entered into the columns re¬ 
served for that purpose. When loads 
are served by transfer or wheeling ar- 
rangpients over the facilities of other 
utilities the area column, as has been 
previously mentioned is also used to 


indicate the particular transfer agent. 

Four basic t 3 rpes of service arrange¬ 
ments are coded; direct; coincidental 
transfer; noncoinddental transfer; and 
transfer service for other utilities, also 
known as reverse wheeling arrangements. 
When a customer is served on a coinci¬ 
dental transfer basis, BPA has the re¬ 
sponsibility for simultaneously supplying 
the utility making the ultimate delivery, 
the transfer agent, with an equiyalent 
amount of power. Therefore in relating 
system loads to generation the require¬ 
ments of coincidental transfers must be 
included in the federal load. In other 
reports these loads would be omitted from 
the total BPA load and included in the 
load of the utility making the ultimate 
delivery. When loads are served on a 
noncoinddental basis, the transferring 
agent is responsible for coinddentally 
providing the generation. BPA has the 
option of later repayment on the basis of 2 
kilowatt-hours for 1 delivered. There¬ 
fore, in relating total system load to gen¬ 
erating capability, these loads are omitted. 
On the other hand, they are included for 
revenue analysis. Transfer service loads 
provided for other utilities (reverse 
wheeling), while not induded in sum¬ 
maries for revenue purposes except for 
calculation of service charges, or in load- 
rpource analyses, are required in tabula¬ 
tions used for planning transmission and 
customer service fadlities. 


The remaining columns require little 
explanation. Column 17 is used to 
dassify into peak and average all load, 
resource, and requirement data. Columns 
18 and 19 are used to indicate the year. 
Space is then provided to record the basic 
data for each of the 12 months of the op¬ 
erating year from July through the fol¬ 
lowing June. The remaining colmnns, 
previously described, are reserved for re¬ 
cording the average of the energy loads 
over both the minimum and mpHi an 
month storage periods and the operating 
year totals. 

Conclusion 

The method described, which has been 
successfully employed over a period of 
years, makes it possible to conduct with a 
high degree of accuracy many investiga¬ 
tions and studies which otherwise could 
not be considered with a limited staff. A 
primary object in designing a coding sys¬ 
tem is flexibility. With this in mind, it 
is desirable as a first step to determine all 
the purposes to which the system is to be 
applied. The broadest application of the 
method is possible when a single basic 
^tiraate is used for all purposes, so that 
information required for a particular re¬ 
port or study, which may range from a 
revenue analysis to an a-c analy 2 ^r study, 
can be readily machine-selected and 
tabulated. 


Effects of Corona on 
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^HE EFFECT^ of corona on traveling 
■ waves is to retard any given point on 
a voltage wave above the corona threshold 
v^ue by an amount proportional to the 
distance traveled. This suggests that 
the effect is equivalent to a reduction in 
velocity. If a linear circuit, with negli¬ 
gible series and shunt resistance, can be 
characterized by assigning to it a certain 
inductance L per umt length and capaci¬ 
tance C per unit length, then a wave im¬ 
pressed upon such a circuit vdll propagate 
along the circuit with a velocity v, such 
that 

( 1 ) 

This relation indicates the possibility of 
explaining corona effects by an increase 
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Traveling Waves 

B, L. LLOYD 

ASSOCIATE MEMBER AIEE 

in capacitance. Most previous investi¬ 
gators based their analysis of wave dis¬ 
tortion upon the energy loss associated 
with the voltage wave and used the 
available power-frequency loss data as a 
foundation upon which to build. Boehne,* 
however, suggested that with increasing 
voltage the corona envelope and hence 
the effective capacitance increases. With 
increasing voltage the velocity decreases, 
which accounts for the increasing re¬ 
tardation. 

There has been some attempt to deter¬ 
mine the increase in capacitance of con¬ 
ductors under corona at power frequencies 
by measuring the increase in charging 
current. However, the space charge sur¬ 
rounding the conductor is probably quite 
different under this condition tTian if 


a unidirectional surge were applied. 
Prompted by a desire to explain the re¬ 
sults obtained during the tests with travel¬ 
ing waves at the Tidd^ power station, the 
authors undertook laboratory tests in 
parallel with the field tests by stringing a 
conductor of small diameter along the 
center line of a long metallic barrel. The 
results of these tests showed conclusively 
that an increase in capacitance took place 
when the conductor was surged. En¬ 
couraged by these tests, other tests were 
subsequently made on full-scale conduc¬ 
tors adjacent to a large flat screen. The 
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tests under these conditions also show 
that the corona characteristics can be 
described adequately as an increase in 
capacitance. 

Having demonstrated the increase in 
capacitance occasioned by corona, this is 
only a part of the problem. While equa- 
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tion of negative 
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function of dis¬ 
tance traveled. 
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tion 1 is correct, it must be observed that 
it is rigorously correct on a circuit of dis¬ 
tributed constants only when the medium 
is homogeneous, such as an aerial line 
below corona in which the medium is air 
or in a cable in which the medium is rub¬ 
ber or some other suitable dielectric. In 


applying the increase in capacitance to 
the interpretation of its effect upon a 
traveling wave, consideration must be 
given to the following: 

1. Suppose that two parallel conductors 
isolated from ground were loaded by shunt 
capacitors in such a manner that the dis¬ 
tributed capacitance were increased without 
changing the inductance. One might apply 
equation 1 to such a system and conclude 
that the propagation velocity is decreased 
correspondingly. However, it is funda¬ 
mental that any electrical disturbance in 
air propagates with the velocity of light. 
It would be expected then that as a wave 
of charge travels along the line some dis- 
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Fig. 2. Sampling of 
data firom Tidd feste^i 
showing effect of volt* 
age, distance, conduc* 
tor, and polarity. 
One conductor ener¬ 
gized. Height of con¬ 
ductor at tower 86 feet 
and at mid-span 50 
feet. Line terminated 
by resistance equal to 
natural surge impedance 


turbance precedes it in space. This can 
be shown analytically to be true. 

2. Neglecting the previous effect such as 
might be the case in an artificial line having 
a large number of elements, then the 
propagation of the wave along such- a line 
would follow equation 1 rigorously. How¬ 
ever, if the artificial line were altered so 
that at a predetermined voltage additional 
capacitors were switched into the circuit 
(simulating the increase in capacitance due 
to corona), tlien it might be inferred that 
the wave propagates at one velocity below 
this point and a Ipwer velocity above this 
point. There are certain limits within 
which the waves follow the change in 
capacitance. 

3. Digital computer studies would be of 
considerable value in exploring the limits 
to which equation 1 applies. 


In view of the foregoing discussion, 
this paper falls into several natural parts. 
First field data are presented from pre¬ 
vious investigations. Aside from their 
own intrinsic value these data will be 
used as a basis for verification and con¬ 
firmation of the anal 3 rtical deductions. 
Second is the laboratory data, tests on 
small lengths of conductor. Third is the 
analytical deductions based upon the 
characteristics of the conductor obtained 
in the laboratory. Fourth is the correla¬ 
tion of the first three parts. Fifth is a 
discussion of related subjects, such as the 
determination of the capacitance charac¬ 
teristics from the field data, typical dis¬ 
tortion curves, and a discussion of the 


relation between the impulse and the 60- 
cycle characteristics of a conductor. 

Field Data 

A nmnber of investigators, botliin 
this country and abroad, have obtained 
data by actual tests in the field on the dis¬ 
tortion and attenuation of electric waves 
on transmission lines. A typical sam¬ 
pling of these data is shown in Fig. 1 for 
negative waves. The most recent work of 
this character is that of Wagner, Gross, 
and Lloyd.i Taking advantage of the 
availability of two iVa-mile test lines 







Fig. 5. Average (AT)/d curves for surges 
on S-conductor and 3-conductor combina¬ 
tions. Data from Tidd tests> 


having unusually high insulation and al¬ 
ready equipped with conductors of the 
type that would be used for extra-high 
voltage transmission, a 2,000-kv surge 
generator was set up in the field for ap¬ 
plication of surges to the Une. Fig. 2 
shows a sampling of these test results. 

As previously observed by other inves¬ 
tigators, it was found that for each set of 
test conditions the wave for any particular 
voltage above the corona threshold volt¬ 
age appeared to be retarded in time by an 
amount proportional to the distance 
traveled by the wave. To isolate this 
factor the Tidd test data were replotted 
in terms of a new quantity (AT/d). The 
significance of this quantity is shown in 
Fig. 3. Both the voltage at the sending 


end and at 4,000 feet are plotted. The 
horizontal distance at any voltage, such 
as «!, is indicated as AT*. These distances 
are shown by the dashed line and indicate 
the time lag of the wave for any voltage. 
The time AT was then divided by the dis¬ 
tance d in thousands of feet giving a new 
quantity, (AT)/d, which is also plotted. 
These curves were then determined for 
each of the conductors and for each 
polarity. 

Fig. 4 shows the average values of 
(AT)fd obtained by this method for the 
three conductors tested, namely those 
shown in cross section in Fig. 2, each of 
which was surged singly. These curves 
represent the mean of a large number of 
curves, the spread being approximately 
±0.05 from the plotted curves. They 
were determined without previous benefit 
of the analytical work presented here. 
Fig. 5 shows similar data when two or 
three phases were surged simultaneously. 

Laboratory Tests 

It has been postulated that the effect 
of corona in distorting a traveling wave 
can be explained by an increase of shunt 
capacitance. The field data discussed 
in the foregoing show the distortion of 
voltage waves due to corona, but they do 
not provide a fundamental understanding 
of the mannhr of variation of this shunt 
capacitance. To aid in interpreting and 
understanding the field data, laboratory 
tests were undertaken to determine the 
variation of shunt capacitance when 
corona exists on the conductor. The 
justification for representing the effect 
of corona as a varying capacitance was 
also established in these tests. 



Fig. 7. q-e curves for positive and negative 
surges and for 60-cycle voltage. 6 feet of 
0.156-inch-diameter copper tube inside a 
S4-inch cylinder 

To determine the surge corona charac¬ 
teristics of a conductor, it was necessary 
to find and measure some quantity which 
completely describes these characteristics. 

If corona can be represented as a shunt 
capacitance which varies with voltage 
alone, the charge on this variable capaci¬ 
tor can be used to describe the corona 
characteristic. This charge-voltage (q-e) 
relation was the quantity which was 
measured in the laboratory. 

It was planned to obtain tests on prac¬ 
tical transmission conductors at prac¬ 
tical spacings to ground; However, it 
was felt that tests should first be run on 
smaller. scale setups to develop some 
fundamental concepts and to develop 
measuring techniques. 

Cylindrical Ground Plane 

The first group of tests was made in the 
Impulse Laboratory in East Pittsburgh 
on a conductor which was strung inside a 
24-inch diameter cylinder. The cylinder 
was tied to ground through a mica capac¬ 
itor Cs, see insert of Fig. 6. The voltage 
across this capacitor is proportional to 
the integral of current and thus measures 
the charge q in the portion of the cylinder 
between the guard rings. 

The conductor voltage e was measured 
With a conventional double-layer, wire- 
wound resistance divider, 2,000 tp 6,000 
ohms,' 2 to 6 feet in length. Oscillo¬ 
graphic measurements were made using a 
cold-cathode oscillograph. 

Data were obtained in two different 
forms, charge versus time and voltage 
versus time, and charge versus voltage. 
In the latter form, which proved more use¬ 
ful, the voltage across Cb was applied to 
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Fig. 6. Corona characteristics of 6 feet of 0.156-inch-diameter copper tube Inside a 24-inch 

cylinder. Positive polarity 

(A) q^e nest for different voltages 

(B) e-time and q-time curves for the maximum q-e curve of (A) 
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the vertical plates of the oscillograph by 
means of a short wire down the center of a 
hollow metal tube. This concentric- 
lead minimized extraneous pickup. A 
short cable was connected from the volt¬ 
age divider to the horizontal plates of the 
oscillograph. The resulting trace pro¬ 
vided a plot of charge versus voltage with¬ 
out the necessity of replotting this q-e 
relation from charge-time and voltage¬ 
time oscillograms. 

Considerable difficulty was encountered 
in the laboratory in making the charge 
measurements. These difficulties can be 
readily appreciated by those who have 
attempted to measure impulse voltages 
by means of an air-capacitor divider. 
Considerable laboratory time was re¬ 
quired to rid the charge-measuring circuit 
of its tendency to oscillate and its affinity 
for pickup so that adequate results could 
be obtained. It is necessary to keep the 
length of the charge and voltage measur¬ 
ing leads down to an absolute TniniTnnni 
when making a direct q-e measurement. 
The length of the charge-measuring leads 
must be kept to not more than a few 
feet to prevent the inductance of the 
leads from oscillating with the variable 
capacitance or C®. The length of the 
voltage-measuring lead must be kept very 
short to prevent voltage being applied to 
the horizontal plates at a later time than 
voltages applied to the vertical plates. 

Typical data obtained from this series 
of tests are shown in Figs. 6 and 7.’ Fig. 
6(A) shows a number of q~e traces at dif¬ 
ferent voltages which were made on the 
same film. With increasing voltage 
(going in a counterclockwise direction) 
all traces start with a slope equal to the 
natural capacitance. After the corona 
voltage has been exceeded, the individual 
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traces follow essentially the same path 
until the crest voltage of the particular 
surge is reached. As the voltage decays 
on the tail of the wave, the q-e trace ap¬ 
proaches zero voltage along a line with a 
slope approximately equal to the natural 
capacitance until a relatively low voltage 
is obtained. Fig. 6(B) shows a volt-time 
and a charge-time trace correspon din g to 
the q-e curve of Fig. 6(A) having the 
highest voltage. 

If «c is defined as the current into the 
conductor-to-cylinder capacitance, the 
energy stored in this capacitor is 

y eicdf = y edq (2) 

Hence, the energy removed from the 
voltage wave by corona is the area en¬ 
closed by the q-e curve. 

Fig. 7 shows a comparison of the q-e 
characteristics obtained with a positive- 
polarity surge, a negative-polarity surge, 
and a 60-cycle applied voltage, all with 
approximately the same crest voltage. A 
comparison of areas shows that much 
greater energy is involved in 1 cycle of 
the 60-cycle wave than is involved in the 
sum of the positive and negativeimpulses. 

7 indicates that the space-charge 
relations for oscillatory waves are con¬ 
siderably different from those for a uni¬ 
polarity wave. Extreme caution should 
be used in attempting to derive corona 
characteristics for unipolarity waves from 
corona data which were obtained at 60 
cycles. 

Perhaps the most important observa¬ 
tion to be obtained from Fig. 6(A) is that 
the same q-e path is traced by all the dif¬ 
ferent voltage waves so long as the volt¬ 
age. on the conductor continues to in¬ 
crease. piis suggests the possibility of 
determining a single q-e curve for in¬ 


creasing voltages on a particular con¬ 
ductor. If this q-e relation can be shown 
to hold for all practical surge wave fronts, 
this relation can be used in the predeter¬ 
mination of distortion of the front of a 
wave traveling bn a conductor when the 
corona voltage is exceeded. 

The voltage waves used in obtaining 
the q-e relation shown in Fig. 6(A) rose to 
crest in approximately 1.5 microseconds.- 
Since all the voltage waves used in deter¬ 
mining Fig. 6(A) had the same time to 
crest, the rate of rise varied over a range 
of about 2 to 1 from the maximum to the 
minimum voltage applied. The fact that 
the fronts of the different voltage waves 
trace essentially the same q-e path for 
these different rates of rise is an encourag¬ 
ing indication that the q-e curve is a func¬ 
tion of voltage alone and not of rate of 
change of voltage. This was further in¬ 
vestigated by obtaining tests similar to 
Fig. 6(A) with surge waves having about 
0.5 microsecond to crest. Except for the 
minor oscillations which were still pres¬ 
ent in the test setup, the q-e traces for the 
two different times to crest for increasing 
voltage WCTe identical. Hence, at least 
for the cylindrical ground plane arrange¬ 
ment, the q-e characteristics were shown 
to be dependent on voltage alone and not 
rate of change of voltage for a considerable 
range of rates of rise. 

Vertical Ground Plane—Impulse 
Laboratory 

The tests just described were made 
with a cylindrical configuration and 
measurements were made by means of a 
cold-cathode oscillog^'aph. It was even¬ 
tually desired to obtain q-e cha ra c teristics 
on practical transmission conductors at 
the Trafford High-Voltage Laboratory. 
Due to the physical arrangement of the 
Trafford Laboratory, it was known that it 
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would be necessary to use a portable hot- 
cathode oscillograph in order to keep the 
measuring leads very short. To gain 
some experience with the flat ground plane 
configuration and to develop suitable 
measuring techniques using the hot- 
cathode oscillograph, another small scale 
setup was made in the Impulse Labora¬ 
tory. An 8-foot by 12-foot groimd plane, 
made up of wire mesh, was built in the 
Impulse Laboratory. The conductor was 
strung parallel to the screen with a spac¬ 
ing to the screen of from 6 to 18 inches. 
The ground screen was again divided into 
three sections to eliminate end effects, 
and only the center section was used for 
charge measurements. The charge meas¬ 
urements were made in a manner similar 
to that described previously, and the 
voltage measurements were again made 
by use of a resistance divider. 

Typical results obtained in this series 
of tests are shown in Fig. 8. The oscillo¬ 
grams shown in Fig. 8 are not as good in 
quality as those shown in Fig. 6 for three 
reasons: 

1. The large ground screen was more 
susceptible to oscillations and pickup than 
was the cylindrical ground screen. 

2. The hot-cathode oscillograph was not 
as suitable for these measurements as was 
the cold-cathode oscillograph. 

3. The oscillographs were recorded on 
35-millimeter film. 

The oscillograms shown in Fig. 8 are in¬ 
cluded because they again illustrate the 
independence of the g-c characteristic 
upon the front of the wave. Fig. 8 shows 
the g-e characteristics obtained for posi¬ 
tive- and negative-polarity surges with 
three different times to crest: 5 micro¬ 
seconds, 1.5 microseconds, and 0.5 micro¬ 
second. It will be noted that for each 
polarity the same charge-voltage charac¬ 
teristic is traced on the rising part of the 
voltage wave for all the different times 
to crest. This provides further evidence 
that the charge-voltage characteristic 
obtained with increasing voltage is a 
function of voltage alone. 

Vertical Ground Plane—Trafford 

High-Voltage Laboratory 

After the preliminary testing in the Im¬ 
pulse Laboratory, the final laboratory 
tests were preformed at the Trafford High- 
Voltage Laboratory using a practical 
transmission conductor and practical 
spacings from the conductor to the ground 
plane. The test setup is shown in Fig. 9. 
The ground plane was made of wire mesh 
screen, and was 40 feet high and 25 feet 
wide. Again the screen was divided in 
three sections to eliminate end effects, 
and only the center 10-foot width was 
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Fig. 10. Corona 
characteristics of 
0.927-inch steel- 
reinforced alumi¬ 
num-cable conduc¬ 
tor. Configuration 
shown in Fig. 9 



used for the charge measurements. 

The conductor was strung in a hori¬ 
zontal position parallel to the screen, 10 
feet from the screen and 20 feet above the 
floor. The conductor used in these tests 
was a 0.927-inch steel-reinforced alumi¬ 
num-cable (556,500-circular-mil) conduc¬ 
tor. It was planned to obtain the corona 
characteristics of a large number of trans¬ 
mission conductors, but the laboratory 
time did not permit. 

The measuring techniques were similar 
to those described earlier for the. smaller 
scale setups. The charge in' the variable 
capacitance from the conductor to the 
ground screen was determined by measur¬ 
ing the voltage across the screen-to- 
ground capacitor Cs. The conductor 
voltage was measured by use of a special 
capacitance-compensated resistance-type 
voltage divider.*® Measurements were 
made with the same hot-cathode oscillo¬ 
graph which was used in the previous 
tests. Considerable modifications had 
been made in the timing circuits, sweep 
circuits, and beam-control circuits before 
these tests were begun. A 1 by 1-oscillo¬ 
graph camera was also available for these 
tests. 

Typical q-e curves obtained in this 
series of tests are shown in Fig. 10 for 
positive- and negative-polarity applied 
waves. Because of the width and the 
darkness of the return trace on the q-e 
curve, it was not practical to superimpose 
a number of q-e plots on the same film. 
The dashed lines which have been drawn 
on the oscillograms in Fig. 10 represent 
the natural capacitance from the conduc¬ 
tor to the ground screen. The slope of 
this line was verified by measuring a q-e 
characteristic of a surge wave below the 
corona level and greatly increasing the 
sensitivity in both the charge and voltage 
directions. By determining the slope of 
the natural capacitance line with different 
values of screen-to-ground capacitance, 
it was also possible to determine the stray 
capacitance from the screen to ground, 
which was included in the charge calibra¬ 
tion. 

The q-e characteristics for a number of 


different crest voltages have been re¬ 
plotted in Fig. 11. Fig. 11 again shows 
that essentially the same q-e characteristic 
is traced by the different waves as long 
as the voltage continues to rise. The 
replot shown in Fig. 11 will later be used 
in establishing a correlation of field and 
laboratory data and will also be used in 
establishing a surge corona analogue. 

The tests in the laboratory were re¬ 
markably consistent as contrasted with 
similar a-c tests in which either corona 
loss or radio influence was measured. 
This statement applies to both the im¬ 
pulse tests in the field and to the impulse 
tests in the laboratory. Perhaps this 
comparison is more apparent than real 
because in the impulse tests much higher 
ratios of applied voltage to corona thresh¬ 
old voltage were used than in the corona- 
loss and ratio-influence tests. The 
variance in a-c corona loss decreased as 
the ratio of applied voltage to corona 
threshold voltage increased. 

The effect of water on the conductor 
was investigated in the screen tests with 
small configurations. Water had no ef¬ 
fect upon the loss loop in the q-e curves. 
This is further substantiation of a similar 
result obtained in the field tests* which 
indicated that rain had no effect upon the 
attenuation and distortion of traveling 
waves. 

Theoretical Analysis 

Elimination of Electromagnetic 

Effects Moving With the Velocity 

OF Light 

Any analytical approach to the solution 
of waves on transmission lines that travel 
with a velocity less than that of light 
must take into consideration that the 
velocity of any electrical effect in free 
space equals that of light. The conven¬ 
tional treatment of traveling waves fre¬ 
quently supposes, without specifically 
sa 3 Hing so, that rectangular waves of 
charge and current, traveling with the 
velocity of light, have electric and magnetic 
fields associated with them that rise in¬ 
stantly from zero to a constant value as 
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Fig. 12. Electrostatic potential of two rectangular waves of charge 
moving with velocities less than that of light 
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the heads of the waves pass a particular 
point. By application of the classical 
methods of treatment this can be shown 
to be the case. 

When thewaves travel withavelodty less 
than that of light recourse must be made 
to the so-called “retarded potentials” to 
calculate the effects. This method is 
illustrated in Fig. 12. The insert in this 
figure shows two parallel geometric lines 
(as contrasted with electric conductors). 
Upon fl is a positive rectangular wave of 
charge whose position at a particular in¬ 
stant is shown by A. A similar negative 
charge resides on b. Both of these waves 
are moving with a velocity » expressed as 
a fraction of that of light, and both have 
corresponding currents associated with 
them. Suppose for the moment that 
this velocity is 70 per cent. If the position 
of the charge on a at any instant is A\ 
then by the time that the presence of the 
charge at .4' is felt at point the wave has 
moved along the line to A, where A'A is 
0.7 (A'p). The electrostatic potential at 
a point due to a charge g at a distance r 
from the point is q/r. By summing up 
such contributions of all the charges to 
the left of A', the total potential p at 
point p is obtained for the head of the 
wave in the position given by A. This 
has been done for both the positive and 
negative waves, for ai - 0.06 feet and — 
99.95 feet and the results are plotted by 
the solid line. The potential of a corre¬ 
sponding point adjacent to line b would 
have a value of p just the negative of the 
value at point p. These potentials are 
plotted as a fraction of the potentials 
eventually. obtained after the wave has 
moved to the light a great distance. The 
potential between these two points adja- 
centilo idle twp'lines is the quantity that 
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is frequently referred to as the “voltage be¬ 
tween conductors.” It can be seen that 
the significant rise in potential occurs in a 
very small distance, 80 per cent of the 
change taking place in a distance of 20 
feet. 

If one wished to obtain the transverse 
electric field, one could determine a simi¬ 
lar curve for slightly different values of Oi 
and flj and then take the limit of (A\^')/ 
(Ao) as Aa becomes very small. For the 
present case the transverse field is not of 
particular interest although the potential 
is. The longitudinal field is of some 
concern. In Fig. 13, p is plotted for Oi = 
10 feet, 02 = 90 feet, and v = 0.7. While 
this gives the potential at point p for dif¬ 
ferent positions of the wave, it should be 
evident that for any given position of the 
wave this should also be the potential of 
different points along the line for which 
the Oi’s and 02 ’s are the same. It would 
only be necessary to reverse the positive 
and negative abscissas. The slope or 
gradient of this curve E»x then gives the 
longitudinal component of the electric 
field. 

The magnetic field can be obtained in a 
somewhat analogous fashion. For-this 


served first that since all elements of i 
that contribute to A are parallel to lines 
a and 6, A will have a longitudinal com¬ 
ponent only. There will be no trans¬ 
verse component. Next it will be ob¬ 
served that since the limits of integration 
are the same as for the charges and since 
the distance r enters into the relation in 
an identical manner, A is proportional to 
p, and has the same wave form. Thus 
there are two identical waves, p and A, 
traveling along the line. The longi¬ 
tudinal electric field due to the currents 
Emx is proportional to —{dK)/{dt). The 
negative sign means that it is directed 
oppositely to the currents and is opposed 
to Esx> First, because Emx is a time 
derivative of A and, second, because the 
amplitude of the current wave I is equal 
to the product of charge and v, Emx is 
proportional to the square of the velocity 
of the wave. When the actual numerical 
work is carried out it is found that 

Emx~V*Esx 

Thus the total longitudinal electric field is 

Ex^Egx'^'Enuc 

={l-v^)Eu 



purpose the retarded vector potential A, 
is obtained. The potential at a point 
due to a current i a distance r from the 
point is equal to i/r,- By s ummin g up 
such contributions for all of the current to 
the left of A ', the total potential A at point 
p is obtained for the head of the wave in 
the position given by A. It is to be ob¬ 


Fig. 13. Longitudinal electric 
field due to two waves oF charge 
moving with a velocity of 70 
per cent of light. ai»10 feet 
and a2»90 feet 
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Fig. 14 (left). Analogue 
approximation of charge- 
voltage characteristics of 
short length of conductor 


Fig. 15 (above). Analogue 
of a long line using the ap¬ 
proximation of corona con¬ 
ditions indicated in Fig. 14 


When the wave travels with the speed of 
light « = 1 and Ex is zero, the electric field 
due to the charge just annuls the electric 
field due to the current. At very low 
velocities, Ex approaches the field arising 
from the charge alone. This is not to say 
that when expressed in terms of dis¬ 
tance along the line, does not change 
with speed. The extent to which it 
changes is illustrated in Fig. 12. For Ui = 
0.05 and 02=99.95 feet the difference for v 
equal to 0 and w—0,7 is negligible (see the 
circle which is plotted for ti=0), and for 
Ox = 10 feet and 02 =90 feet the difference 
between »=0 and »=0.7 is indicated by 
the two dashed curves. 

It was originally postulated that the 
charges and the currents were flowing on 
geometric lipes without making any refer¬ 
ence to the nature of the conductivity. 
Now if it is assumed that the rectangular 
waves of charge and current are flowing 
on metallic conductors, an inconsistency 
arises in that a longitudinal electric field 
cannot exist on a good conductor. Ac¬ 
tually a charge separation would occur of 
such nature as to tend to annul this field. 
On the a conductor, a positive charge 
would be pushed slightly ahead of the 
front of the wave and a negative charge 
just behind the front of the wave. The 
net effect would be to round the comers 
and slope the fronts of the charge and the 
current waves and at the same time make 
the front of the wave more steep. In 
other words, the wave shape of ^ and g 
would be brought into closer agreement. 
Certainly it can be said that the difference 
between the two waves would be less 
than the departure of the rp curves of Fig. 
12 from a rectangular front. For the 
practical configurations of tran^ssion 
lines this difference is negligible. One 
can proceed with assurance a:nd assume 
that the curve of is of the same wave 
shape as the charge and that the usual 
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line constants on a per-unit length can be 
used. 

Analogues 

From the laboratory experiments on 
short lengths of conductor that have been 
discussed previously, it has been shown 
that the charge on a conductor under im¬ 
pulse conditions for the rising portion of 
the curve is a function of the voltage only. 
The charge is independent of the rate of 
rise of voltage or the wave shape of the 
impulse. As the voltage applied to the 
conductor increases from zero, the charge 
increases linearly with voltage along a 
slope corresponding to the “natural 
capacitance” C of the conductor as indi¬ 
cated in Fig. 14. When the corona 
threshold voltage e© is exceeded, the slope 
of the curve becomes steeper and the 
curve increases until the maximum volt¬ 
age of the applied wave is reached. As 
the voltage decreases, the curve follows 
an essentially straight line. For the 
lower values of crest voltage the slope of 
the return path corresponds quite dosely 
to the natural capadtance but at the 
higher crest voltages the slope becomes 
progressively larger. 

As a first approximation, the curved 
portion of the rising characteristic can be 
represented by a straight line whose slope 
win be designated C+ACi and whose in¬ 
tercept with the straight line representing 
the natural capacitance wiU be desig¬ 
nated ei. The downward portion of the 
cimve can be represented by another 
straight line haying a slope equal to C. 
These approximations can be represented 
for both increasing and decreasing volt¬ 
ages by the analogue shown in the lower 
right-hand insert. Because of the greater 
importance of the rising part of the 
characteristic and the complexity of ob¬ 
taining an analogue having closer corre¬ 
spondence to the actual characteristics 


for decreasing voltage, this simplified ana¬ 
logue is regarded as sufficiently satis¬ 
factory for most purposes. For a more 
accurate representation of the rising por¬ 
tion, the diaracteristic can be represented 
by the two dashed straight lines. The 
{inalogue for this approximation is that 
shown by the upper left-hand insert. 
For more accurate approximations, a 
larger number of shorter straight lines 
can be used and additional elements added 
to the analogue. Fig. 15 shows how this 
analogue can be inserted to form the 
equivalent for a long line. 

Digital Computer Calculations 

The laboratory tests showed that the 
surge corona characteristics can be pre¬ 
sented by a shunt capacitance which 
varies with voltage alone. It remains to 
devdop methods for interpreting a known 
q-e characteristic in terms of distortion 
of a traveling wave. 

If was felt that calculations performed 
on a digital computer would be most help¬ 
ful in providing an understanding of the 
effect of a nonproportional q-e relation. 
A sample traveling wave problem was 
programmed for an International Busi¬ 
ness Machines 701 digital computer. The 
transmission line selected for study was 
4,800 feet in length with a natural surge 
impedance of 400 ohms and a natural 
velocity of propagation of 1,000 feet per 
microsecond. The line was represented 
by 480 equal pi sections such as shown in 
Fig. 15, each section representing 10 feet 
of conductor length. For one group of 
calculations the corona capacitors were 
deleted. 

The voltage wave applied to the sam¬ 
ple line rose linearly to crest in 1 micro¬ 
second, and was flat beyond 1 micro¬ 
second. A more detailed description of 
the digital representation is given in 
Appendixl. 

The results of the digital computer cal¬ 
culations are shown in Figs. 16 £uid 17. 
The data in Fig. 16 were Obtained with 
the corona capacitor removed. The piur- 
pose of these calculations was to verify 
the ability of the compute- to make ac¬ 
curate calculations on a traveling wave 
problem whose solution was already 
known. If the line were composed of 
uniformly distributed inductance and 
capacitance, the applied wave would 
travel undistorted until it reached the 
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accuracy^. 

Fig. 17 shows the digitally calculated 
currents and voltages obtained when the 
shunt capacitance was allowed to vary 
in a manner to produce the g-e curve 
shown in the insert. Referring to the 
insert, with increasing voltage, the charge 
increases along a line representing the 
natural capacitance until the conductor 
voltage reaches the corona threshold volt¬ 
age of 1.0 per unit. Above this voltage 
the slope of the q-e curve is twice the 
natural capacitance. Otherwise the rep¬ 
resentation of the transmission line was 
similar to that described previously. 
The voltage wave indicated by the wave 
form at 0 feet was applied. Fig. 17 shows 
the conductor voltages and line currents 
at the sending end, at 800, 1,600, 2,400, 
and 3,600 feet. To eliminate the possi¬ 
bility of confusion arising from the simi¬ 
larity of the wave shapes in Figs. 16 and 
17, it should be noted that in Fig. 16 the 
stepped character of the wave at 3,200 
feet is due to a reflection from the open 
end whereas in Fig. 17 it is due to corona. 
The significance of these calculations is 
(hscussed in the following section. 

Velocity in Terms op q-e Relation 

In the discussion of field data, it has 
been suggested that the effect of corona is 
to retard each point on the front of the 
wave by an amoimt proportional to the 
distance traveled. This is equivalent to 


postulating’a velocity for each point on 
the wave which is a function of voltage 
alone. It has already been shown that 
this relation holds for the Tidd test data.^ 
Fig. 17 shows that this same concept ap¬ 
plies for the digitally calculated voltage 
waves. 

Fig. 17 shows that above corona the 
time required for a given level of voltage 
to propagate a specified distance along the 
line is greater than the propagation time 
for a level below corona by a factor of V^. 
Doubling the slope of the q-e curve results 
in a velocity which was decreased by V^- 
This suggests the possibility of rewriting 
equation 1 in the following manner 




>0 


(7) 




i(C-f-AC) 


■■■# 


(3) 


where i/i is the vdocity of light and CH- AC 
is the slope of the q-e curve at any point 
as distinguished from the slope of the 
straight-line approximation that has been 
postulated in the analytical considerations 
to this point. It is shown in Appendix II 
that equation 3 is indeed rigorously cor¬ 
rect under the following conditions 


dq^ 


(4) 

(5) 

( 6 ) 


Equations 4 and 5 indicate that the ve¬ 
locity concept expressed in equation 3 is 
applicable only for the front of the volt¬ 
age wave and not for the tail where the 
voltage is dropping. Equation 6 im¬ 
poses this same limitation that the ve¬ 
locity concept does not hold for the tail of 
the wave. ^ Equation 7 imposes the limi¬ 
tation that the slope of the q-e curve must 
not decrease at any point with increasing 
voltage, i.e., the curve must not have a 
point of inflection. This last limitation 
is necessary to prevent the , mathematical 
occurrence of multivalued voltage waves 
as a fimction of time or distance. 

Fortunatdy the laboratory data in 
Fig, 11 and the test data in Figs. 4 and 6 
indicate that equation 7 is satisfied for 
practical transmission conductors and 
practical configurations. The velocity 
concept in equation 3 can then be applied 
to predict the distortion of the front of a 
voltage wave traveling on a conductor 
whose corona characteristics are known. 

Distortion of Voltage Waves From 

Q-E Curves 

In Fig. 18(A) the fundamental q-e 
curve characterizing the conductor is 
shown. The slope of this curve is given 
by the C-j-AC curve. The C+AC curve 
in turn permits the determination of the 
velocity characteristics from equation 3. 
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Fig. 18. Method of de¬ 
termining distortion of 
traveling waves from q-e 
curves 


such that C+AC is dependent upon volt¬ 
age alone, it might be suspected that the 
concept of surge impedance as defined 
in equation 10 might still be meaningful 
if C is replaced by C-)-AC. Intuitively, 
one might also expect this concept to be 
valid in the ratio of elements of e and i, 


Now turning to Fig. 18(C) an arbitrary 
volt-time curve is shown which is applied 
at 3c=0. Assuming that the traveling 
wave has moved a distance d, the undis¬ 
torted portion of the wave below the 
corona threshold voltage eo requires a 
time h^dlvz, to travel this distance. A 
point on the voltage wave above eo will 
require the time/i-|-Ar, This total time 
is related to the instantaneous velocity 
corresponding to the particular point on 
the voltage wave by the relation 


The curve for AT/d is plotted in Fig. 
18(A). For convenience this curve is 
replotted in Fig. 18(B). To determine 
the retardation AT for any voltage it is 
merely necessary to multiply the value in 
Fig. 18(B) by the distance traveled. This 
provides the curve shown in Fig. 18(C) 
for 3C=d. Thus a method is available for 
determining the distortion of a wave trav¬ 
eling on a line whose q-e characteristic is 
known. 

Voltage-Current Relations 


i.e. 


d*_l_l / 
de z z\ 



( 11 ) 


It is shown in Appendix III that equa¬ 
tion 11 is rigorously correct within the 
same lim its which were imposed upon 
equation 3. Integration of equation 11 
with respect to e yields 



AC 

l+—de 

c 


( 12 ) 


h-\-AT~- (8) 

V 

Substituting the value for v from equation 
3, there results 

d I AC 
ti+AT -VH-^ 

ni c 

or 

or 

AT if [ AC \ 

T-dV‘+c-v 



Once the distortion of the voltage wave 
has been determined, it is important to 
know the distortion of the associated cur¬ 
rent wave. It is well known that, for a 
line with uniformly distributed inductance 
and capacitance that does not change 
with voltage, there exists a constant ratio 
of voltage to current associated with a 
particular wave 

where Z is the surge impedance. 

If the capacitance varies in a manner 


It is interesting to apply equations 11 
and 12 to the digital computer results 
shown in Fig. 17. Analysis of the cur¬ 
rent waves in Fig. 17 shows that above 
the corona level the rate of current rise is 
greater than that bdow the corona level 
by a factor of \/2. The current in Fig. 
17 has been plotted against voltage, and 
the results are shown in Fig. 19. The 
curve in Fig. 19 applies for any combina¬ 
tion of voltage and distance co-ordinates 
for the assumed q-e variation. TTie cur¬ 
rent is dependent upon the voltage alone. 


Fig. 19 (left). Current-voltage 
relations from digital computer 
calculations shown in Fig. 17 


Fig. 20 (right). Illustration of 
difference between volt-time and 
volt-distance curves 



October 1956 



Wagner, Lloyd—Effects of Corona on Traveling Waves 


867 
















The slope of the current-voltage curve 
above corona is greater than the slope 
below corona by \/2. This checks with 
equation 11 since l-\-^C/C=2. It is 
apparent then that the use of equation 11 
or 12 and the volt-tune curves shown in 
Fig. 17 makes possible the calculation of 
the associated current waves. This ap¬ 
plies generally to any q-e relation. Hav¬ 
ing found the voltage distortion of a trav¬ 
eling wave the corresponding current can 
be obtained through the application of 
equation 12. 

Difference Between Volt-Time 

Curve and Volt-Distance 
Distribution 

It is customary to think of a traveling 
wave as being a function of time or dis¬ 
tance interchangeably. For example, a 
volt-time curve will result in exactly the 
same volt-distance distribution where the 
distance and time co-ordinates are re¬ 
lated by the velocity of light. As another 
example, if a wave required 1 micro¬ 
second to reach crest voltage, the front 
of the wave will encompass a length of 
line equal to the velocity of light times 1 
microsecond. However, when a wave 
travels on a line which causes distortion, 
it is no longer possible to think of the 
wave in terms of time and distance inter¬ 
changeably. 

With corona effects included. Fig. 20 
illustrates the difference between the 
volt-time curve at a distance xi and the 
volt-distance distribution at time /i = 
Xi/vi, for a square wave applied to a line 
^-t The equations for the retarda¬ 
tion in time AT and the retardation in 
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distance Ax are shown in the figure. 
These equations make it dear that AT 
and Ax are no longer related by a constant 
but are rdated by the variable AC/C. 
Extreme care must be used in relating 
the volt-time curve and the volt-distance 
distribution. 

Correlation of Laboratory and 
Field Bata 

Fig. 4 shows the AT/d curves obtained 
during the Tidd tests for the 0.927-inch 
sted-reinforced aluminum-cable conduc¬ 
tor for both polarities. These curves 
have been replotted in Fig. 21. The total 
variance^ is indicated by the shaded areas. 
Fig. 11 shows the q-e curves obtained in 
the laboratory for the same conductor. 
By methods that have just been pre¬ 
sented, the front portions of the curves 
for both polarities having the mavitmiTn 
crest voltage were converted to AT/d 
curves. These are also plotted in Fig. 21 
for comparison with the field data. Con¬ 
sidering the vagaries of corona and the dif¬ 
ference between field and laboratory setup 
and measurements, it is felt that the cor- 
rdation is quite satisfactory. 

Conversion of Field Bata to q-e 
Curves 

The fidd data shown in Fig. 4 have been 
converted to the more f undam prital q-e 
characteristic, and the results are shown 
in Fig. 22. This form of the data is less 
useful than the retardation curves, but 
will be quite hdpful to those doing fur¬ 
ther fundamental work on this subject. 


Effect of Corona on Tail of Voltage 
Wave 

The preceding discussions explain the 
distortion of the front of a traveling wave 
in terms of theoretical considerations and 
fundamental corona characteristics ob¬ 
tained in the laboratory. If the wave is 
flat at its crest voltage, the distortion of 
this flat tail can also be determined. No 
mention has been made of distortion ac¬ 
companying a wave tail which decreases 
with time. 

Fig. 23 is included to provide an under¬ 
standing of the effects present on the tail 
of the wave. A transmission line is as¬ 
sumed to have the q-e characteristic shown 
in (A). The volt-time curve e shown by 
the solid lines in (B) is applied to the line 
at a;=0. The crest voltage of e is 2eo. 
Consider the wave to be resolved into 
two components. The component Cp is a 
wave which consists of the linearly rising 
front and is flat at the crest voltage. The 
wave is a linearly rising wave, also 
flat at the crest, but is opposite in polarity 
to ep and originates at the time when e 
begins to drop. 

Fig. 23(C) is a volt-distance curve and 
shows the manner in which Idiese two com¬ 
ponents, hence the resulting wave e, 
propagate along the line. At time h the 
component has not originated, and the 
Cp and e waves are the same. The wave 
has been retarded along the front in the 
same manner shown in Fig. 17. The cur¬ 
rent wave is likewise retarded and rises 
to a higher crest value dian would have 
existed if corona were not present. Cal¬ 
culation of the current by means of equa- 
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tion 12 shows the crest current to be 

if, (crest) =j(crest)=^(H—\/2) 

Crest current occurs at the same time as 
crest voltage. 

At time k, the entire voltage wave has 
moved out onto the line. The com¬ 
ponent gj, is subjected to additional retar¬ 
dation along the front. However, en 
originates at some time after ep has 
reached its flat crest. The effect of is 
to lower the voltage e on the conductor, 
hence the capacitance effective for en is 
the slope C, the return trace of the g-e 
curve, rather than the slope 2C which is 
effective for increasing voltage. The 
component Cn then travels with the veloc¬ 
ity of light, and has an associated current 
(' 

en 

and a crest value 
in (crest) =—- 

Jli 

It will be seen that adding currents ip 
and in results in a current which does 
not drop to zero along the tail but drops 
linearly to the constant value. 

This current exists all along the line from 
the origin to the point just behind the tail 
of the wave e. It should be noted that 
the voltage along this section of the line 
is zero. At a later time h it is apparent 
that this same current «* exists from the 
origin to the tail of e at its new position. 

A current existing along the line with¬ 
out an associated voltage may seem con¬ 


tradictory until it is recognized that the 
current is constant through the series 
inductance back to the source, and no 
change in voltage lesults. It is true that 
the total inductance from the origin to 
the tail of the wave varies as the wave 
tail moves along the line. However, be¬ 
cause the elements of inductance which 
are added already have the current 4 
flowing, no change in flux linkages occurs. 
It is . important to note that the energy 
put into the line at *=0 is exactly equal 
to the energy stored in the inductance and 
capacitance in the line for all positions of 
the wave shown in Fig. 23(C). As the 
voltage wave moves along the line, stored 
energy is left behind in the corona capaci¬ 
tor AC and in the line inductance. These 
energies arise from the distortion of the 
voltage and current waves as they pro¬ 
gress along the line. 

Up to the time ts the retarded front of 
Cp has not overlapped e«. When this 
overlap occurs, the resolution suggested 
earlier is no longer valid. A portion of 
the component en tends to travel into a 
region of ep where the conductor voltage 
is actually rising. Hence, a portion of 
tends to travel in a region where the 
surge impedance is determined by the 
slope 2 C of the q-e curve, and the re¬ 
mainder, in a region where C determines 
the surge impedance. A complex form 
of continuous reflections probably occurs 
in the overlapping region, and the authors 
have not yet been able to reach an ana¬ 
lytical solution to this problem. This 
is a fruitful area for further investigation. 

The field tests shown in Figs. 1 and 2 
do provide an evaluation of the effect of 
overlapping of the tail and the retarded 
front. If the tail is relatively long com¬ 
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Fig. 23. Illustration of corona effects oh the tail of a voltage wave 
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pared to the front, the tail can be assumed 
to propagate without retardation or dis¬ 
tortion. The wave front is set back as 
shown in Fig. 3 until the retarded front 
intersects the original tail. This point of 
intersection can be taken as the crest of 
the distorted wave, and beyond this point 
the wave follows the original tail. It 
should be noted that this procedure is not 
rigorously correct, since the energy rela¬ 
tions are not satisfied. However, this 
procedure is a sufficiently good approxima¬ 
tion for most purposes. 

Reflections 

At first thought one would expect that 
a wave in the corona region on reaching 
an open-ended line would double, be¬ 
cause the abrupt change at this point is 
from the surge impedance of the line 
(whatever it might be) to an infinitely 
large impedance. Actually this does not 
occur. A similar modification must be 
made in the theory when the line is ter¬ 
minated by a resistance equal to its 
natural surge impedance. 

To analyze these conditions considera- 




TIME tN MICROSECONDS 

Fig. 24. Comparison of digital computer 
calculations and analytical calculations of the 
voltage appearing at the end of an open- 
circuited line under corona 
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Fig. 25. Voltages measured at the end of an open- 
circuited line and a line terminated by its natural surge 
impedance together with a computed comparison between 
them 




Fig. 26 (above). Ana¬ 
logue for a reflection less 
teimination (B) for a 
line having the q-e 
relationship shown in 
(A) 


curve of the wave approaching the end 
of the line if there were no reflection. 
This is the dashed curve e/. When the 
line is terminated by a resistance equal to 
the natural surge impedance, the voltage 
at the end of the line eg is 


tion must be given to the current-voltage 
relations at the point of reflection. The 
essential features of the phenomenon will 
be brought out by considering the special 
type of line that had previously been dis¬ 
cussed in connection with the digital 
computer studies, a line in which AC= C. 
The current-voltage relationship for this 
line is plotted in Fig. 19. This curve is 
replotted in Fig. 24(B). It can be seen 
that, ance the slope of this curve above eo 
is -s/^, then the projected intercept with 
the abscissa is 1 -1/V2 or 0.293. It fol¬ 

lows then that an alternate analogue to 
that which had been presented previously 
is that shown in Fig. 24CA), in which the 
impedance of the line is changed to 2^/-%/2 
and a fictitious ground is inserted for 
which a battery maintains its potential to 
true ground to a value With respect 
to propagation and reflection effects, the 
line with respect to the fictitious ground 
performs just like a conventional line. 
The voltage to true ground e is then equal 
to This condition is true only on 

the rising part of the voltage wave and 
for voltages above eo- For analytical 
purposes it is more convenient to use tban 
the analogue shown in Fig. 14, but that 
of Fig. 14 is to be preferred for analogue 
computer studies because it represents 
the true current-voltage relations over 
the entire portion of the rising and fall¬ 
ing voltage wave. 

Fig. 24(C) shows tlie results of a 
digital computer study for the voltage at 
the end of an open-circuited line of the 
type under consideration. Rather than 
draw the results of an anal 3 d:ical study 
that would almost superpose upon this 
curve, it will be shown how the significant 
points of this curve can be computed. 
The line was 4,800 feet long and the con¬ 
stants w^?e adjusted so that below corona 
the velocity of propagation was exactly 


1,000 feet per microsecond. The voltage 
OB CZ) was applied at r=0. As the wave 
travels along the line two levels of volt¬ 
age develop, that of eo=l and at a later 
time the value ^=2.0. As the first level 
reaches the end of the line only the com¬ 
ponent e' = l -0.293 = 0.707 doubles. The 
reflected voltage to true ground is then (2) 
(0.707)-f0.293 = 1.707. This checks tlie 
level of jH 7. Similarly when the flat 
portion CD reaches the end, the part that 
reflects is 2-0.293 = 1.707. Again the 
voltage to true ground is (2) (1.707)+ 
0.293 = 3.707, which also checks exactly. 

The curve FJVFQ is the form that the 
original wave would have had at r=4,800 
feet had the line been continuous. Point 
F is at 4.8 microseconds. Because of the 
doubling effect below eo point G occurs at 
time corresponding to M and is 4.8+ 
0.25=5.05 microseconds. That portion 
of the curve between Jlfi\rwill be delayed 
because all of the line is now above eo and 
therefore the time between G and If is 
•\/^(0.25) = 0.354microsecond. Thismakes 
the point If equal to 5.05+0.354 micro¬ 
second. Now consider point K. This is 
simply the discontinuity represented by 
point C, whichis \/2(4.8)+1.0=7.8 micro¬ 
seconds. The difference in time between 
J and K corresponds to that between B 
and C which is 0.5 microsecond. 

During the progress of the Tidd tests 
considerable discussion developed re¬ 
garding the proper method of terminating 
the line to prevent reflections. Fig. 25, 
taken from a description of these tests, 
shows the voltage at the end of an open- 
circuited line and the voltage at the end 
of the same line when terminated with a 
resistance equal to the natural surge im¬ 
pedance of the line. By assuming that 
the corona threshold voltage is 300 kv 
and that AC=C, one can compute, by 
methods just described, the volt-time 


(e/-300)+300 


“1707 ^^/~300)+300 

This curve likewise is indicated in Fig. 25. 
Considering the crude approximations 
made, the agreement is quite dose. This 
illustrates that under corona conditions 
the natural surge termination is not quite 
correct. 

Fig. 26(B) shows the correct reflection¬ 
less tennination for a line having the q-e 
characteristic shown in Fig. 26(A). This 
relationship is developed in Appendix IV. 
This termination will also be ixseful in 
analogue computer studies to represent 
an infinitely long line, but is rigoroudy 
correct only for the rising portion of the 
wave. 

Conclusions 

1. As a result of the application of impulse 
waves to short lengths of conductor in the 
laboratory it has been demonstrated that: 

a. The effect of corona is to increase the 
capacitance of the conductor. 

b. On the rising front of the wave, the 
charge is a function of voltage only and is 
independent of the rate of rise of voltage 
for a wide range of surge fronts. 

c. As the voltage decreases the q-e 
relationship can be approximated by the 
natural capacitance of the conductor. 

2. Anal 3 rtical methods supported by digital 
computer studies show that the increase in 
capacitance occasioned by corona retards 
the front of the wave on a transmission 
line by a calculable amount that is pro¬ 
portional to the distance traveled. 

3. For practical purposes the tail of a 
voltage wave can be assumed to travel 
undistorted. The crest voltage will be 
obtained where the retarded front intersects 
the tail. 

4. Water droplets on the conductor do 
not affect its q-e characteristics, which 
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of a fransmission line under 
corona used in the digital 
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verifies the field tests that rain does not 
influence the effect of corona in distorting 
traveling waves. 

5. Various types of analogues to represent 
the effect of corona have been presented. 
These are: 

a. A device to represent the increase in 
capacitance which is inserted in the incre¬ 
mental length of conductors. 

b. A combination of resistors, a battery, 
and a rectifier to represent a reflectionless 
infinitely long line. 

c. A somewhat simplified adaptation of 
(b) consisting of a single resistor and battery 
that can be used for analytical work only 
above the corona threshold voltage. 


Appendix I. Digital Computer 
Analysis 

The transmission-line representation 
shown in Fig. 27(A) consists of 480 line 
sections, each section representing 10 feet 
of line. The g-e characteristic of the 
capacitors is shown in (B). The constants 
were selected so tlie velocity of propagation 
is 1,000 feet per microsecond and Z=400 
ohms. The triangular-front wave applied 
at the sending end is approximated in the 
stepwise manner shown in Fig. 27(C). 
Each voltage step is 0.02 volt high; 200 
steps are required to represent the wave 
front. The crest of the applied wave is 
4 volts which is twice the corona voltage. 
Equations 13 through 16 are used to de¬ 
termine the voltages and currents for each 
line section, where N is the number of the 
particular line section of concern and AC is 
the capacitance increase due to corona. 

(13) 

(14) 

AeiV*- - - At (IS) 

-C+4C ^ 

Equation 13 us used to calculate the 
current in the seri^ inductance if all 
preceding current increments in the section 


A2 VOLTS 
T 

I /jLSEC 


Fig. 28 (right). Schematic 
diagram of an element of 
a transmission line under 


were zero. Once a nonzero current change 
has been obtained for the line section, 
equation 14 is used for all subsequent 
current calculations. With equations 15 
and 16 the voltage at the capacitor of each 
line section is calculated. Equation 15 is 
used below corona and equation 16 above 
corona. The time interval chosen was 
0.005 microsecond and the computer printed 
voltage and current every 0.05 microsecond 
for line sections 0, 40, &), 120, etc. 

The first time interval calculation 
consists of raising eg to the value of the first 
voltage step and determining the incre¬ 
mental current change in every line section 
using equation 13. Only line section 1 will 
contain current since Cu ei, ... c^go will 
remain at zero potential. From these 
line currents the voltage changes are 
calculated using equation 15. 

The incremental currents in the next 
interval are obtained by raising Cg to the 
second voltage step and assuming all other 
line voltages remain at the values cal¬ 
culated in the first interval. These incre¬ 
mental currents are added to the previous 
currents to obtain the currents in the second 
interval. From these currents the second 
interval voltage increments are determined. 
These increments are added to the voltages 
of the preceding interval to obtain the 
voltages in the second interval. This pro¬ 
cedure continues until c* reaches the crest 
of tlie wave; for subsequent intervals is 
kept constant at crest voltage. 


Appendix II. Velocity in Terms 
of Charge-Voltage Relation 

Consider an elemental length of trans¬ 
mission line shown in Fig. 28 with uni¬ 
formly distributed inductance, and shunt 
capacitance which varies with voltage 
alone. The differential equations relating 
emrent and voltage can be readily written 

_ bi 

Ae——L— Ax 
bt 

be ' bi 

Ax 

bt 


where g—gie). Differentiating equation 17 
with respect to x, equation 18 with respect 
to t, and eliminating the term (bH)/(bxbt) 


de bt^ 


de^ \d< / 


Assume as a trial solution to equation 19 

e-fix—vt) (20) 

where v—v(e), x—vt^u. The first and sec¬ 
ond parti^ derivatives of equation 20,. 
when substituted into equation 19, must 
3 neld an identity if equation 20 is a solu¬ 
tion to the differential equation. Per¬ 
forming these operations yields 

\_du* \duj de^j de 

/d/V 

\_du^ \du/ de^J \du/ 

\ du dej\ de de de' } 

( 21 ) 

For equation 21 to be an identity 


dg dv , ^ d'g . ^ 
de de de' 

From equation 22 

S_-L (24) 

de . 

Differentiating 

^-•=? t ■ (25) 

de' Lv' de 

Substituting equations 24 and 25 into 
23 gives 

1 dv , ^ /“2 dv\ ._^ 

Equation 21 is an identity, and equation 
20 is a solution of the differential equation 
19 when 


v=v{e) — 




The foregoing equations are rigorously 
correct if dq/de^Q and d'g/de'^0. The 
first limitation is required to prevent» being 
imaginary. In passing from the rising to 
the falling portion of a g-e curve, it is 
necessary to pass through a region where 
d^/de is negative. The velocity concepts 
developed in this Appendix do not apply 
for the tail of the wave, i.e., where bejbt 
or bejbx is negative. 
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The second Umitation requires that the 
g_~e curve not have a point of inflection. 
If this occurs, the same v will exist for two 
levels of voltage and a multivalued voltage 
wave will result. Such a wave is physically 
impossible, hence equation 20 cannot be a 
solution if d\/de^ is, negative. 

It is useful to rewrite equation 27 in a 
somewhat different form 




i(C+AC) 




V 




1 + 


AC (28) 


where C is the natural capacitance below 
corona and • 

de 


Appendix III. Current-Voltage 
Relations 

If a transmission line consists of uniformly 
distributed inductance L and constant 
capacitance C, the relation between voltage 
and current is known as the surge impedance 


Z 


(29) 


If the capacitance varies with voltage, 
let it be assumed that 

i-' 


where 

Y^y(e) 


(30) 


Equation 30 will be tested to determine 
whether it satisfies equations 17 and 18. 

If 2 = 2 (e) and equation 20 is correct 


bt 


de du 


bu 

Si” 


de du 
de du 


( 31 ) 


^_di be ^ 
bx de bx 


du 


i+i^ * 

du de 


(32) 


Substituting equations 31 and 32 into 
18 yields 


Uq 


4 . 

-i-ViV 


■y=,^=V- 

de 1 L 


Hence if Z# represents the surge impedance 
below corona 


^-11 / AC 

le^ Z" Zn\^'^~C 


(33) 


Equation 33 provides a concept of surge 
impedance when the shunt capacitance 
varies. For a known q-e characteristic and 
known voltage wave, the current can be 
calculated analytically or graphically by 


‘■i/V 


AC 

x+- ie 


(M) 


Again it should be emphasized that the 
foregoing relations are not valid for dq/de<0 
or d\/de^<Q. 


Appendix IV. Reflectionless 
Termination o^ a Line Under 
Corona 


Assume a hne has the q-e characteristic 
shown in Fig. 26. Below e® the surge 
impedance is 


-Vi 


Above Co the surge impedance is 


Vc+AC 


(35) 


(36) 


Fig. 26 shows the reflectionless termina¬ 
tion to consist of two resistors and a 


second resistor Zo which is in series with a 
rectifier and battery. Above co the parallel 
combination of the two resistors must 
satisfy equation 36. Hence 

Zzc _ / L 
Z+Zc'M C+AC 

Solution of this equation for shows that 
the value of this second resistor is 
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The Forced-Oil-Cooled Rotary Welding 

Transformer 

W. E. SHENK 

ASSOCIATE MEMBER AIEE 


T he continuous resistance welding of 
tubing formed from strip steel has been 
practiced commercially for more than 50 
years. Some of the earliest welding ma¬ 
chines for this purpose used direct current 
from special low-voltage high-current 
generators. 'Ihis method is still em¬ 
ployed, the most notable example in this 
district being the Yoimgstown Sheet & 
Tube Company's 26-inch pipe mill . 
Later, alternating current supplied by 
stationary transformers came into prom¬ 
inence and is stiU used in some of the 
older installations. The Republic Steel 
Corporation has a large pipe Tntll in 
Yoimgstown using a stationary welding 
transformer. 

The use of either a d-c generator or a sta¬ 
tionary transformer involves the same 
problem of transmitting the heavy cur¬ 
rent through brushes or other types of 
sliding contacts into the rotating welding 
electrodes. Even in the most carefully 
designed circuitry, the voltage drop and 
losses from the power supply to the elec¬ 
trodes represent a substantial, even pre¬ 
dominant portion of that available at the 
generator or transformer. In the al¬ 
ternating case, the power factor is also 
very poor because of the unavoidably 
high reactance of the secondary leads. 
Furthermore, the sliding contacts pre¬ 
sent a very serious maintenauce problem. 

These shortcomings as well as the tre¬ 
mendous cost and size of such equipment 
led to a search for a better solution to the 
problem. About 1918, the American 
Transformer Company had an order to 
build a welding transformer. Thomas M. 
Hunter of that company came to the con¬ 
clusion that a rotating transformer could 
be built to handle the welding current re¬ 
quired, thus diminating the need for 
sliding contacts to carry the heavy cur¬ 
rent to the electrodes. The first prac¬ 
tical rotary welding transformer was the 
result, and a U. S. patent^ was granted to 
Hunter and Snodgrass in 1923 eWering 
this device. 

The Hunter-Snodgrass transformer was 
successful, but, after a period of use, 
various modifications were seen to be de¬ 
sirable to improve its usefulness in the 
application. It was very soon evident, 
for example, that this air-cooled design 
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would not be suitable for larger units 
since the dimensions of the transformer 
have to be kept to a minimum. The next 
unit built embodied water-cooling of the 
secondary conductors and a more rigid 
mechanical structure. 

The rotary welding transformer has no 
sliding contacts carrying the heavy weld¬ 
ing current. The electrodes, circular in 
shape, are mounted directly on the ter¬ 
minals of the transformer secondary in 
such a manner that an adequate low- 
impedance contact can be made. The 
relatively small current from the power 
line is conducted into the primary through 
brushes sliding on collector rings. Pri¬ 
mary voltage is commonly varied to ad¬ 
just welding current by means of a 
variable autotransformer or an ignitron 
contactor with phase shift control, or a 
combination of these methods. This is a 
compact and efficient welding current 
supply. 

The early rotary transformers were 
either air-cooled in the very small ratings 
or water-cooled in the larger sizes since 
compactness of design is a very important 
factor. Practical transformers® of this 
type were built in the water-cooled design 
in ratings' from 35 to 2,700 kva and cor¬ 
responding welding current ratings from 
about 14,000 to 180,000 amperes, mostly 
for use at 60 cydes. By 1941, the possi¬ 
bilities of improvement in the water- 
cooled design had been about exhausted 
and welding at higher than power line fre¬ 
quency. was becoming important. The 
use of these higher frequencies made it de¬ 
sirable to provide more effective cooling 
of the primary winding and also to reduce 
the space between primary and second¬ 
ary windings in order to reduce leakage 
reactance. 

In the water-cooled transformer, heat 
developed in the primary must be radiated 
or transmitted by conduction through 
the high-voltage primary insulation to 
the water-cooled secondary. (The use 
of water cooled hollow conductors in the 
primary is not practical since it leads to 
larger primary conductor space iat a given 
rating.) Fu^ermore, difficulty had been 
experienced occasionally from the insula¬ 
tion becoming wet due to condensation 
or actual water leaks. These factors led 


to the consideration of an insulating cool¬ 
ing fluid. The possibility of using forced 
air or other gases for cooling was con¬ 
sidered, but leakage reactance and com¬ 
pactness requirements could not be met. 
Therefore, forced cooling by oil or askarel 
appeared to be the only satisfactory means 
that would pennit primary conductors 
to be cooled by direct contact with the 
coolant. 

The first rotary transformers® of the 
forced-oil-cooled type were designed by 
Hunter and the writer in 1946 and put 
into service in 1947-48 at the Youngs¬ 
town Sheet & Tube Company, the Na¬ 
tional Tube Company and the Michigan: 
Steel Tube Products Company. These: 
transformers, six in number, have op¬ 
erated practically continuously ever since.. 

Electrical and Mechanical 
. Requirements 

The rotary welding transformer is the 
heart of the electric weld tube miU. A 
t 3 rpical mill for the production of welded 
steel mechanical tubing and the smaller 
pipe sizes is shown in Fig. 1. The large 
circular electrodes of the transformer can 
be seen in the welder section approximately 
at the middle of the mill. In this mill, 
steel strip is formed into tubular shape, 
welded, sized, and cut to length con¬ 
tinuously. 

The welder section of a pipe mill is 
shown in Fig. 2. This mill is designed 
for the production of 4.5- to 12-indi stand¬ 
ard pipe. The transformer is capable 
of delivering 125,000 amperes con¬ 
tinuously to the 48-inch-diameter elec¬ 
trodes and into the welding load. 

The transformer for such a welder must 
meet certain electrical and mechanical 
requirements, and must be capable of 
delivering sufficient current to weld the 
range of wall thicknesses and tube sizes 
that it is practical to make in a single size 
of mill and in sufficient magnitude to 
weld at the required speeds. It must be 
capable of delivering this current con¬ 
tinuously. The impedance must be as 
low as possible within the size limitations 
imposed by practical mill design. The 
impedance through the transformer to 
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fig. 1. Typical electrical weld tube mill. Siie range 1/2- to S-inch oubide-dlameter tube 


any point on the periphery of the elec¬ 
trodes must be the same, so that welding 
current will not vary as the transformer- 
and electrodes rotate. The design must 
provide for adequate cooling to all cur¬ 
rent-carrying parts and at the same time 
insure adequate protection against the 
moisture that is always prevalent around 
a tube mill. 

The mechanical requirements prac¬ 
tically dictate the proportions. Suffix 
cient rigidity must be built into the throat 
and electrode structure to sustain the re¬ 
quired welding pressure with negligible 
deflection of the electrodes. The rekr 
tion of the weld line to the electrodes 
must be maintained, , hence a thrust bear¬ 
ing must be mounted on the throat as 
close to the electrodes as possible so that 
theimal expansion of the parts will have a 
minimum effect. The diameter. of the 
throat must be kept to a minimum so 
that the bearing and its housing will not 
be too large. Any excess here requires a 
corresponding increase in electrode diam¬ 
eter, The body diameter likewise must 


be kept to a minimum consistent with 
good electrical design. 

These requirements necessarily lead to 
a compromise. The efficiency suffers if 
the transformer size is held down too 
much by mechanical considerations, while 
the welder becomes not only too large 
and expensive, if only electrical charac¬ 
teristics are considered, but it may also 
not be able to do its job as well. Fur¬ 
thermore, the very nature of the load, of 
which the electrodes must be considered a 
part, makes it useless to reduce the trans¬ 
former impedance beyond a certain point. 
The nature of this compromise design will 
become apparent in the description of the 
oil-cooled rotar^’- transformer. 

Forced-Oil-Cooled Rotary 
Transformer 

The standard ratings of the rotary 
transformer are shown in Table I. The 
kva ratings are output values and repre¬ 
sent all of sizes built to date. Two larger 
transformers have been designed one for 




Welder For 
mill. Size range 
to 12-inch pipe 


Fig. 3. lOO-kva 
oil-cooled rotary 
transformer 


200,000 amperes. 1,200 kva, and one for 
300,000 amperes, 2,500 kva. The kva 
rating is somewhat flexible, particularly 
in the larger sizes. Since the copper 
losses are more than 90% of the total loss 
in all cases, the current rating dictates the 
size, and there is considerable latitude in 
the secondary voltage that may be ob¬ 
tained by juggling the primary copper 
and iron without changing external di¬ 
mensions. The same basic transformer, 
for example, to deliver 126,000 amperes 
into a pipe with 1/2-inch wall would have 
approximately one-half the kva rating 
that it would need to deliver the same 
current into a pipe wih 1 /4-inch wall. It 
would, of course, be capable of welding 
the ligh ter pipe at twice the speed. This 
design change would involve a change in 
the primary and core, and the frequency 
would also be raised to 120 or 180 cycles 
so that the weld would be continuous at 
the higher speed. 

The first design® and that used now for 
ratings of 100 kva and lower is shown in 
Fig. 3 and depicted schematically in Fig. 
4, It can be seen in Fig. 4 that the 1- 
turn secondary consists of two concentric 
copper castings and an annular copper 
plate. The entire transformer is built 
around a steel shaft for rigidity. The 
primary is wound on a toroidal core com¬ 
pletely enclosed by the secondary. Thus 
the secondary forms the case as well as 



Table I. Ratings of Forced-Oil-Cooled 
Rotary Transformers Based on Full-Load 
Ratings at 30-Degree-Centigrade Oil Rise 


Size, 

Kva 

Frequency 

Primary 

Volts 

Secondary 

Volts at Secondary 
Electrodes Amperes 

60.. 

..60/180... 

.440/480. 

...2.3.... 

. 21,800 

76.. 

..60/180... 

.440/480. 

...2.6.... 

. 30,000 

100.. 

..60/180... 

.440/480. 

...2.8.... 

. 35,800 

160.. 

..60/180... 

.440/480. 

...3.1.... 

. 48,300 

200.. 

..60/180... 

.440/480. 

...3.2.... 

. 57,000 

300.. 

..60/180... 

.440/480. 

...4.0.... 

. 76,000 

600.. 

..60/180... 

.440/480. 

...4.O.... 

.125,000 


874 


Shenk FoTC6d-Chl-Cooled Rotary Wolding Transjorwer 


! 

I 

I 


j 


I 

I. 

i 

I 

i 


t 

■f 


i 



i 

f 


i. 

! 


October 1955 





SECONDARY CORE PRIMARY WELDIN6 



Fig, 4. McKay oil-cooled rotary welding transformer. Section showing oil\irculation 


the winding. This arrangement prac¬ 
tically eliminates all stray fidds except, of 
course, at the electrode and the primary 
leads. 

The diagram clearly shows the oil cir¬ 
culation through the primary, throat, 
secondary, and out. All conductors carry¬ 
ing current are in direct contact with a 
rapid flow of oil. Many heat runs have 
shown that the hot-spot rise does not 
exceed 5 degrees centigrade over the oil 
rise, and the average primary copper rise 
is within 1.6 degrees centigrade over the oil 
rise. 

The oil is pumped from a closed storage 
tank. Fig. 6, through a water-cooled heat 



Fig. 5. Typical oil storage and cooling system 
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exchanger and flow-meter to the trans¬ 
former. The return is directly to the 
tank. The amount of cooling water used 
is regulated thermostaticaUy and the sys¬ 
tem is provided with overtemperature 
and flow failure protection. 

The electrodes are not cooled by the oil 
system. In service in the tube mill, 
water is continually poured on the elec¬ 
trodes to cool them. 

The copper thickness in all parts of the 
secondary of this transformer is dictated 
principally by mechanical considerations, 
while the diameters of throat and bodies 
of secondary castings are dictated princi¬ 
pally by electrical design. Skin effect 
causes the current to flow on the interior 
of the outer secondary and annular end 
plate and on the exterior of the inner 
secondary, so that the thickness required 
for mechanical strength in these parts is 
more than enough to accommodate the 
current. 

Table II lists the depth of penetration 
in inches for copper for commonly used 
frequencies. If a transformer is to be 
designed for 180 cycles, only about 1/4 
inch of copper thickness is required or 
indeed is of any electrical use. At 60 
cycles, 1/2 inch is more than enough. 
Consequently, the castings and the copper 
parts are made only enough thicker than 
these figures to give them sufiicient me¬ 
chanical stability and strength. It follows 
from these skin effect considerations, that 
only increasing the diameters of the 


secondary parts will increase the current- 
carrying capacity., 

In this type of rotary transformer 
about 60% of the losses and also of the 
impedance is in the throat where the 
secondary circuit is constricted to pass 
through the bearing. To maintain this 
ratio in larger units, all dimensions would 
have to increase in proportion. This is 
not desirable or practical, consequently 
the efficiency of the larger units would be 
poOTer than that of the smaller ones. 
This can be overcame by a change in de¬ 
sign that reduces the throat impedance 
to a fraction of its value in the trans¬ 
former of Figs. 3 and 4, and over-all eflS- 
dency in the large units can then be kept 
in line with that of the smaller ones. 
At the same time, a much stronger throat 
structure is obtained that is better able 
to support the welding pressures required 
of the large units. This structure^ is 
used for ratings of 160 kva and larger. 


Table II. Depth of Penetration, {t. Inches 
for Copper at Various Temperatures C 


Frequency 

filo 

in 

60;.... 

.....0.367.. 

.0.403 

60.. 

.0.886. 

.0.368 

100. 

.0.260. 

.0.286 

120. 

.0.237. 

.0.260 

160. 

.0.212. 

.0.238 

180. 

.0.194. 

.0.211 

300. 

.0.160. 

...0.166 

360. 

.0.137. 

...0.150 
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Typical of this desigfn is the 300-kva trans¬ 
former in Fig. 6. The illustration shows 
the transformer with its cooling system 
set up for test. 

In Figs. 7, 8, and 9 are shown patent 
drawings of a longitudinal section through 
a typical transformer of this new design, 
an enlarged section showing throat detail 
and a transverse section of the throat 
respectively. 

Fig. 7 shows a schematic arrangement 
of the 600-kv transformer, the general 
appearance of which is quite similar to 
that of Fig. 4. The inner and outer second¬ 
ary castings, 12 and 13 of the figure, 
however, do not have the tubular exten¬ 
sions forming the throat connection to the 
electrodes. Instead, the throat conduc¬ 
tors consist of a number of concentric 
tubes and rods connecting the inner and 


Fig. 8 shows a longitudinal section of a 
portion of the throat. Here it can be 
seen that the tubes, 52, in the figure, and 
rods, 55, are separated by a small space 
permitting oil circulation in the inter¬ 
space. The oil circulation in this trans¬ 
former starts in a similar fashion to that 
shown in Fig. 4. Howerer, after flowing 
radially inward from the primary cavity 
to the throat, the flow is divided among 
the 32 tubes of the throat. It flows in 
the interspace between tubes and rods to 
the cavity at the end of the rods. From 
this point the flow returns around the 
tubes to the inner secondary cavity. 

In this type of throat construction the 
conductors are not required to carry me¬ 
chanical loads. Instead the loads are sup¬ 


ported mainly by steel parts such as the 
shaft, 10, the spiders, 48, and the bearing 
sleeve, 45. Consequently, the throat 
conductor may be made thin enough to 
minimize skin effect. 

This was done in the first transformer 
built of this design which was a 500-kva 
unit. The tubes were 1.250-iuch out¬ 
side diameter by 1-inch inside diameter, 
and the rods were 0.750-inch diameter. 
At full-load current the loss in these 
throat conductors was 29,200 watts at 60 
cycles and 31,300 watts at 180 cycles, or 
an increase of 7%. Test data’as well 
as calculations ^ow an increase of about 
82% for the same frequencies in the type 
of construction used in the smaller trans¬ 
formers such as shown in Fig. 3. 

From this comparison it can be seen 
that the increase in losses with frequency 
in the transformer of Fig. 7 will be very 
much less than in the original rotary 
transformer construction. An interleav¬ 
ing of the remainder of the transformer 
structiue would still further reduce the 
losses, but the improvement would 
hardly warrant the complication and ex¬ 
pense involved in the structure. 

All rotary transformers are insulated 
with micarta where mechanical strength 
is needed as in the supports and clamps 
for the primary coil, core insulation, 
throat insulation, etc. In Figs. 7, 8, 
and 9 the heavily cross-hatched sections 
consist of solid insulation of this type. 


outer secondary with the copper alloy 
supports for the welding electrodes. 


66. 67 
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Rg. 7. Patent drawing of 500-kva oil-cooled rotary transfomer 

Sh&nk PoTC6d-CHl-Cool6d Rotavy Welding Tfdnsforvn&r 
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Rg. 8. Longitudinal detail of throat of 500-kva rotary transformer 


The laminated primary conductors are 
taped with untreated glass tape and var¬ 
nished after winding. Corrugated fiber 
similar to that used in small distribution 
transformer ducts is used as a barrier 
insulation between the outer secondary 
casting and the outside of the primary, 
and likewise between the inner secondary 
and the inside of the primary toroid. 
This insulation provides free passage for 
oil in contact with both primary and sec¬ 
ondary while still acting as a barrier be¬ 
tween them. 

The creepage distances are made great 
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but since in operation much of this insu¬ 
lation must witlistand continually chang¬ 
ing stresses as well as acceleration, enough 
material has been used to ensure adequate 
strength for all operating conditions. 

In Fig. 10 three transformers are shown 
in process of assembly. At the left, a 
75-kva unit is ready to receive its pri¬ 
mary coil and electrode assembly. In¬ 
front of it on the floor is one-half of an¬ 
nealed core for a 500-kva transformer 
ready for insulation. To the right of the 
core a completed 300-kva primary as¬ 
sembly is shown. 

At the center of the picture a 150-kv 
transformer has a few of the throat tubes 
and rods assembled to show their location. 
On the floor, throat tubes, rods, and in- 


Rg. 9 (left). Traniverse detail of throat of SOO-kva transformer 


Rg. 10 (below). Three rotary transformers in process of assembly 



enough and the insulation level is high 
enough to allow the transformer to take 
very safely a full-voltage high-potential 
test without oil, which is the regular test 
practice. Megger tests are made before 
the high-potential test to check dryness 
of the insulation and again afterwards. 
The transformer is then filled with hot- 
vacuum dried oil which is recircu¬ 
lated through a vacuum .filter until a 
minimum of 28-kv oil test has been ob¬ 
tained. This procedure insures a dry 
and clean transformer. The insulation 
will perhaps seem more than is required. 
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sulation are spread out in front of the 
electrode support, copper alloy forgings 
which are also the termination for the 
tubes and the rods respectively. The 
completed transformer at the right is a 
300-kva unit connected for impedance 
tests. 

Calculation of Impedance of Rotary 
Transformer 

The impedance of the rotary trans¬ 
former can be calculated quite closely 
and the results are usually within about 
3% of test data. The internal impedance 
of the conductors involved can be calcu¬ 
lated from well-known skin effect equa¬ 
tions. The leakage reactances due to 
the spaces between conductors can be 
calculated quite closely also, since the 
leakage fields are confined to the trans¬ 
former and are all circular in shape. 

The general expression for the internal 
impedance of a flat thick plate or acylinder 
of lai'ge ratio of diameter-to-wall thickness 
is 

(I) 

where 


short-circuited at their periphery by a 
zero resistance conductor. This basis of 
calculation is justified parUy by the fact 
that it gives a basis for accurate calcula¬ 
tion of the transformer characteristics 
without regard to the area of the actual 
load contact, which is variable to some 
extent, and partly by the fact that nu¬ 
merous measurements with a concen¬ 
trated short-circuit at one place at the 
edges of the electrodeshave shown thatthe 
inside circumference of the electrode is an 
equipotential surface. This is equivalent 
to sa 3 dng that the secondary current is 
untformly distributed under welding con¬ 
ditions in all parts of the internal circuit 
until it enters the electrodes. The correc¬ 
tion that must be made in the electrode 
voltage drop in applying the transformer 
to its load win be discussed later. 

The necessary equations for the calcu¬ 
lation of the internal impedance and leak¬ 
age reactance are as follows. 

Case I. Axial Current Flow in 
Cylindrical Conductors 

(S) 

where 


P = resistivity 

/=» length of the current path 
A=width of the current path 
depth of penetration 

a = thickness of conductor measured per¬ 
pendicular to the direction of the 
airrent flow 


P “resistivity, ohm-inches 
/“length of cylinder 
r“mean radius 

pX10« 

“depth of penetration 


5=3.16 


V 


d-c resistance i?o. Hence the z can be 
readily calculated. 

Case IV. Inner Conductor (Rod) op 
Concentric Tube and Rod for 
Throat 

. 7o(m7-‘V») 

where r=radius of the rod. 

Case V. Leakage Reactance due to 
Field Between Concentric 
Cylindrical Conductors, Current 
Flow Axial 

35=3.19// In — X10~® ohms (7) 

where 

/“frequency 

/“len^h of the conductor, inches 
>* 2 “outer radius of air space or inner radius 
of outer conductor 
ri= inner radius of air space 

This equation is used for the throat 
and for a portion of the leakage reactance 
due to the leakage flux between primary 
and secondary. In calculating the react¬ 
ance between the cylindrical portion of 
the outer secondary and the primary, n 
is taken as the radius of the winding. 
Likewise, in calculating the reactance 
due to the leakage between the inner 
secondary and the primary, f 2 is taken 
as the inner radius of the primary. 


In this expression coth [a/d+j(a/5)] 
approaches unity as theratio a/8 increases. 

for - =2, coth =0.970+/0.027 

and for ^“3, coth =1.0047-1- 


Case II. Radial Current Flow in 
Circular Plates 

where r 2 and n are radii of the circular 
plate. 


Case VI. Leakage Reactance due to 
Field BetweenParallblConcentric 
Circular Plates, Current Flow 
Radial 

35=3.19// In —X10“® ohms (8) 

where 


/0.00139 -lAA. uuter Tube op Throat 


Since in all parts in the smaller trans¬ 
former, Fig. 3, and all parts except the 
throat conductors in the larger ones, the 
depth of penetration is less than half of the 
conductor thickness, equation 1 reduces 


to 




( 2 ) 


Equation 2 can therefore be applied to 
the calculation of the internal impedance 
in all parts of the transformer secondary 
circuit except the subdivided throat con¬ 
ductors in the larger transformers. The 
internal impedance of these concentric 
tubes and rods can be calculated by well- 
known equations involving Bessel or 
Hahkel functions. 

In calculation of the transformer im¬ 
pedance, the electrodes are assumed to be 
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Concentric Tube and Rod 
Conductors 


f^^na(,q+r) 


2q 


X 


___ 

—Hod) • x 

(5) 

where 

r“ outside radius of the tube 
2=inside radius of the tube 
/“ r—g=wall thickness 


"Vf 


Equation 6 will yield the result as a 
ratio of the internal impedance z to the 


r 2 =outer radius of air space 
ri=iMer radius of air space 
/“distance between plates 

Equation 8 is used for space between 
inner and outer secondary adjacent to the 
throat, the electrodes, and for the space 
between the outer secondary and the 
primary as well as the space between t he 
secondary end plate and the primary. 

Equations 3 through 8 will give the im¬ 
pedance referred to the 1-tum secondary. 
The total impedance must also include 
the resistance of the primary winding 
which may be referred to. the secondary 
by dividing it by the square of the turns 
ratio. 

The primary effective resistance may 
be calculated by the method given by 
Dwighti or simply taken as the d-c resist¬ 
ance, since the correction is small as the 
small conductors used are thoroughly 
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Fig. 11 (left). Possible distribu¬ 
tion of current in tube welding 
electrode 


Fig. 12 (below). Welding 
rate curves for low-carbon steel 
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transposed. In any case the entire pri¬ 
mary resistance is of the order of 10% of 
the total resistance for the transformer 
and the small error involved in using d-c 
resistance will hardly effect the end result. 

Electrode Impedance Under 
Welding Conditions 

The electrode impedance under actual 
welding conditions is extremely impor¬ 
tant, particularly in a large transformer. 
Properly, it should be considered a part 
of the load impedance since its value is 
influenced by the contact with the load, 
but whether it belongs to the load or the 
transformer it must be taken into account 
if a correct match is to be made between 
the power source and the welding load. 

In Fig. 11, a representation of the pos¬ 
sible current flow pattern in a typical 
electrode is shown. This does not at¬ 
tempt to represent the flow accurately. 
About all that can be said for it is the 
following: 

1. The circle at the center of the electrode 
is an equipotential line. 

2. The current converges to a small area 
at the bottom of the electrode where it 
contacts the tube. 

3. Careful measurements with a very 
sensitive voltmeter made on a pair of short- 
circuited electrodes seem to show that for 
at least so far as the half radius, the equi¬ 
potential lines are confocal ellipses. 

4. The top of the electrodes is at the same 
potential as the center. 

5. There is a difference in potential along 
the horizontal axis. 

These observations are the justification 
for the figure. 

Measurements made under welding 
conditions as well as siinulated welding 
conditions indicate that the bulk of the 
voltage drop occurs within a few inches 
of the weld contact. Certainly at one- 
half the electrode radius from the weld 
contact this is true. There appear to be 
only two factors that can influence this 
impedance: 1. The spacing between the 
electrodes. 2. The length of the circum¬ 
ference that is contacted by the load. 

Very little can be done about either 
factor. Electrode spacing is usually not 
over 1/4 inch and is frequently as little 


Table III. Typical Power Loss In Welding 
Electrodes 


Frequency 

Current 

Kw 

Eilovars 

60. 

.. 21,800... 

... 1.76... 

... 2.60 

180. 

.. 21,800... 

... 2.70... 

... 7.70 

60. 

..200,000... 

...148.00... 

...220.00 

180. 

..200,000... 

...228.00... 

...648.00 
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as 1/16 inch, but this whole range has a 
relatively small effect on the reactance 
due to the large proportion of the total 
leakage field that is within the conductors. 
The length of the arc contacted can be 
varied from 1/4 inch for welding very 
small tubes to perhaps 4 inches on large 
pipe, but again this is not readily changed. 
According to much empirical information 
which is presented in chart form in Fig. 
12, the same welding current is required 
for the same wall thickness regardless of 
^be diameter for the same speed of weld¬ 
ing. Since, however, we may have a 
tube diameter range of perhaps three or 
four to one using the same wall thickness, 
the obtainable contact length being 
shorter for the small tube than the large, 
it follows that the electrode impedance 
may be considerably larger when the 
smaller tube is welded. 

In effect, it is nearly true that the elec¬ 
trode impedance is a fixed number of 
ohms regardless of size or transformer 
rating. In the case of the 50- or 100-kva 
transformer this impedance is not very 
mportant, but in a 300- or 500-kva unit 
it is comparable to the transformer im¬ 
pedance. In the case of a transformer to 
deliver a welding current of 200,000 am¬ 
peres or more, the electrode impedance 
becomes so important that it is hardly 
worth while to reduce the transformer im¬ 
pedance as far as might be wished because 
the size and hence the cost go up rapidly 
for a very small over-all gain. 

Typical values of electrode impedance 
obtained from measurements made with 
an electrode short circuit simulating ac¬ 
tual welding conditions are: (3.7+7 5-5) X 
10-«ohm at 60 cycles, and (5.7+7 16.2) X 
10 * ohm at 180 cycles. 


These values are representative of elec¬ 
trodes that might be used on any size of 
transformer. Their significance will be 
clearer if the power represented by this 
impedance at 60 and 180 cycles for several 
typical full-load welding currents is con¬ 
sidered, as shown in Table III. 

In the case of the 21,800-ampere trans¬ 
former, at 50 kva, this electrode loss 
amounts to 4% or 5%, while in the case 
of the 200,000-ampere 1,200-kva unit it 
amounts to about 12% to 19% resistance 
and 18% to 54% reactance for 60 and 180 
cycles respectively. 

Summary and Conclusions 

The paper presents one approach to the 
problem of delivering large welding cur¬ 
rent to weld tubing continuously. The 
logical development of the rotary welding 
transformer from its earliest practical 
form to the modem forced-oil-cooled 
transformer has been outlined briefly. 

It has been shown that the toroidal 
transformer design inherently leads to 
uniform current distribution and there¬ 
fore lack of serious current concentration. 

It has also been shown that, because of the 
symmetrical design, the impedance is in¬ 
dependent of rotational position. In 
other words, the welding current will not 
vary because of the rotation of the trans¬ 
former. The transformer impedance cal¬ 
culations have been outlined sufifidently 
to show how the performance can be pre¬ 
dicted accurately. 

It has been shown, in connection with 
the problem of the welding load, that its 
effect on the electrode impedance is 
known at present only from measure¬ 
ments. The reduction of this to mathe¬ 


matical calculation woidd be of help in 
understanding and therefore in applying 
the transformer correctly and in the 
proper selection of the alternator to 
supply it. 

In its present form the rotary welding 
transformer represents more than 35 
yems of development. Since the first 
unit w'as built the field experience has 
been studied and improvements have 
been made. Since 1946, with the advent 
of the oil-cooled rotary transformer, the 
author has collected information from 
users of the equipment, which has led to 
a number of design improvements directed 
to improved reliability and greater ability 
to withstand the mechanical loading in¬ 
herent in its application. 

However, the most important improve¬ 
ment was the introduction of the novel 
throat structure consisting of multiple 
concentric tubular conductors. This re¬ 
duces the impedance substantially thus 
making the construction of very large 
and efficient units possible. 
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Protection r 11 where the stress of switching surges ma 

9 TV I rrODIemS - II be the ultimate criterion of insulatio 

strength. 

2. With the steady growth in the mega 
watt capacity of systems there has been 
parallel growth in the amounts of energ 
stored momentarily within the systen 
itself. The transient conversion of thi 
energy from inductive storage to capacitiv 
storage and vice versa is the switchinj 
surge in its simplest form. This potentia 
growth of the switching surge hazard is 
usually unappreciated but is v^ real. 

3. The trend in the improvement of high¬ 
speed circuit-interrupting devices to cope 


INURING the past 25 years the study of 
^lightning and of the means of pre- 
v^ting its destructive effects on elec¬ 
trical equipment have played a significant 
role in the development of widespread 
electrical systems. As Kghtning, our 
raemy no. 1, is gradually becoming sub¬ 
dued, our enemy no. 2, switching surges, 
appears in ever greater proportion as the 
possible ultimate factor in dictating the 
in^ation level of dectrical equipment. 
This has a direqt bearing on the ultimate 
cost of dectrical equipment. Accord¬ 


ingly, switching surges form one of the 
most promising frontiers for. study and 
solution. This series of papers is dedi¬ 
cated to a small area of this study. 

Several important trends during the 
growth of the industry give the switching 
surge the importance it now holds in the 
destiny of the system. A few of these 
trends are enumerated as follows: 

_The study of lightning and the solution 
of its protection problems have it 

possible, in many cases, to reduce the level 
of insulation behind the bus to a point 
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with larger short-circuit currents could 
produce interrupting forces which might 
be too strong for light .inductive currents 
causing considerable amounts of energy 
to be trapped within the system, which 
could quicMy appear as surge voltage 
unless adequately controlled. 

4. The advance in high-speed reclosing 
increases the possibility of switching surge 
phenomena. 

5. The steady growth in the trend to add 
considerable amounts of capacitance kva 
to systems (long lines, cables, and static 
capacitor banks), with their attendant 
switching, leads to the possibility of re- 
sttiking, a switching surge phenomenon of 
considerable importance to the industry 
today. 

6. The gradual increase in the capacitive 
kva to neutral with the growth of large 
industrial and distribution systems em¬ 
ploying ungrounded load tran^ormers can 
lead to severe overvoltages under certain 
conditions of relaying in the presence of 
open conductors. 

The study and analysis of switching 
surge phenomena is not as simple and as 
straightforward as the study of lightning. 
The fact is significant that the discovery 
of numerous important switching surge 
phenomena has been the result of field 
troubles followed up by intensive investi¬ 
gations, The 3-phase resistance, induct¬ 
ance, capacitance circuit under transient 
conditions still holds many secrets. Their 
revelation and study require the utmost 
in co-operation between the private 
utility and the parties delegated to study 
the phenomena. Analogue simulation of 
field circuits is making noteworthy con¬ 
tributions in many cases. 

One of the encouraging trends which 
will speed discovery and understanding 
of surge phenomena is in the greater ease 
with which case studies can be made in 
the field even to the point of re-enacting 
the actual switching occurrence suspected 
of trouble. Such studies impress upon 
the user the statistical fact that all elec¬ 
trical equipment operating in a network 
is exposed to the transient potentials 
generated within the network, and ac¬ 
cordingly each piece of apparatus is sub¬ 
ject to a calculated risk over and above 
the rigid specifications required at the 
time of its purchase. As a result of stud¬ 
ies of switching surges several impor- 
tanttrends in system operation and design 
are noted which will eventually mold 
standards. A few are listed as follows: 

1. The recognized superiority of the 
grounded system as being freer of switching 
hazards. 

2. The importance of grounding the 
neutrals of load transformers in large 
distribution and industrial systems. 

3. The desirability of gang-operated dis^ 
connecting switches to avoid, although 
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momentarily, the creation of single-phase 
isolated open conductor in 3-phase circuits 
subject to series resonance conditions. 

4. Relaying practices which avoid ener¬ 
gizing unloaded, ungrounded load trans¬ 
formers through long transmission circuits 
where open conductors are a possibility. 

5. The superiority of flat spacing of 
transmission line conductors as a means 
of minimizing double line-to-ground faults 
and arcing grounds in the event of broken 
conductors. 

6. The recognized need for a new standard 
impulse wave to represent the nominal 
switching surge on industrial and utility 
systems. 

7. The accepted need for special con¬ 
sideration of the capacitor switching prob¬ 
lem as dictated in more exacting circuit- 
breaker performance specification. 

8. Of greater importance, a keen aware¬ 
ness of the need of further study of the 
overvoltage problem in many areas dictates 
that analogue tools of greater precision and 
availability are needed, together with 
personnel trained in their use. 

Circuit Representation 

An important phase of both the analysis 
of switching problems and their repre¬ 
sentation in analogue circuits is the proper 
circuital representation of the essential 
circuit elements. The simpler and more 
obvious of these were discussed in Part 
I of this paper. ^ It is the purpose here 
to discuss the circuital representation of a 
bus forming a common connection to 
several lines and windings. This has an 
important bearing upon the magnitude of 
the voltage which can appear on the bus 
under various switching operations. The 
logical approach is to consider the individ¬ 
ual ingredients one at a time before 
considering their interconnection. 

Long Transmission Lines on Bus 

A long transmission line on the bus be¬ 
haves, under surge conditions, exactly as 
though a resistor equal to the surge im¬ 
pedance of the line were connected from 
the bus to ground. This representation 
is exact under either of two conditions: 
1. if the transmission line, regardless of 
length, is terminated at the far end in the 


equivalent of its surge impedance or, 2. 
up until the moment of a reflected wave 
from the far end of the line. Accord¬ 
ingly, if a voltage wave of magnitude E 
approaches a switching station on one of q 
identical long lines connected to the bus, 
then the surge voltage e of the bus will 
be given by the relation 

twice the traveling wave voltage 
number of identical lines on the bus 

This stems from the solution of e from the 
equivalent circuit^ shown in Fig. 1. 
Where the magnitude of the traveling 
wave E is limited by the flashover of the 
line, say seven times the normal crest of 
the line to neutral voltage Em, then 

( 2 ) 

2 

from which the total number of lines 
radiating from the bus would have to 
be only 5 to hold the bus to 2.8 Em and 
avoid arrester operation. This is shown 
in Fig. 2. 

When one of q lines, radiating from a 
simple switching bus, is open at the far 
end and this line is switched from the bus 
(there being no windings on the bus) the 
voltage which can appear on the line at 
the home end due to one restrike is given 
by the following relation; see reference 2 
and the Appendix. ' 

e„=2(Fi-l-£2)(^-^^-E, (3) 

where 

g=total number of connected transmission 
lines radiating from the switching bus 
Fi= voltage trapped on the line due to 
normal current zero interruption 
E 2 =instantaneous bus voltage at moment 
of restrike 

When E2=0.95 Em (a practical point 
for restriking, maximum gradient for 
linear contact separation) and Ei=1.05 
Em, then (Ei-|-£2)=2 E^. Now, when 
five lines radiate from the bus (g=6) the 


Fig. 1. A—Bus 
with q-connected 
lines and wave E 
approaching bus on 
oqe line only. B— 
Lumped circuit 
equivalent of A 
showing develop¬ 
ment of bus wave 
potential. See curve 
1 in 2 for plot 
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1 Masnitude of lightning voltages appearing 
on bus due to waves entering station over 
transmission line whose impulse flashover is 
limited to seven times crest of normal line to 

neutral voltage 

2 Maximum line voltage at home or source 
end due to one restrike. One grounded 

winding on bus 

3 Maximum line voltages at home or source 
end due to one restrike. No windings on bus 
^ ^Maximum bus voltage due to one restrike 
during isolation of one of lines on bus. One 

srounded winding on bus 
5 ^Maximum bus voltage due to one restrike 
during isolation of one of lines on bus. No 
windings.on bus 

6~Maximum line voltage at far end of 
isolated line when one restrike occurs at 
source end 


value of the line voltage at the home end 
becomes 

and the voltage at the far end of the line 
is 

««=2(Si+£2)-JSi 

with this value for jEi and JSs it becomes 

The maximum bus voltage in this case is 
given by the relation 

( 5 , 

For these particular conditions this re¬ 
duces to 

These pa^cular values are plotted on 
the composite summary curves of Fig. 2 
as a function of Idle total number of 1ini»s 
on the bus. These relations were com¬ 
puted from the complete summary of 


equations in the Appendix, and derived 
as a rMult of the new graphical studies of 
traveling wave and switching surge phe¬ 
nomena presented in the figures. Itshould 

be clearly pointed out that the results 
shown in Fig. 2 were computed on the 
basis of a rational set of assumptions re¬ 
garding voltage conditions at the moment 
of restrike and upon a particular set of 
line terminations when more than one linf> 
was involved. Attenuation of waves and 
secondary phenomena were omitted. The 
results are indicative of the general na¬ 
ture and teend of the relative magnitudes 
of lightmng and switching surges as a 
function of bus loading. Moreover, the 
equations presented permit the recompu¬ 
tation of the relative maximum voltages 
which might be expected under other 
values of initial voltage, surge impedances, 
or line and winding arrangements. 

Of still ^eater value is the oppor¬ 
tunity to utilize the graphical techniques 
to develop corresponding voltage and cur¬ 
rent equations for any particular circuital 
arrangement. Practice in this area and 
correlating the computed results with 
field experience (arrester operation, out¬ 
ages, etc.) should be a rewarding adven¬ 
ture toward a more scientific approach of 
the protective art. Station design and 
protection criteria should be influenced. 

It was probably the realization of the 
duality in the simple graphical treatment 
of distributed circuits’-^ which led to the 
development of the so-called slope-line 
methods of treating lumped parameter 
CMcmits in an analogous manner with no 
limitations concerning nonlinearit}^®-® or 
accuracy. 

Consider the case of Fig. 3, where’ a 
long rectangular wave £! traveling on line 
meets the winding represented by Zg 
of finite length and grounded at the far 
end. The graphical solution of the junc¬ 
tion voltage is shown in Fig. 3 for the case 


FiS. 3 (above). Calculated surge voltage 
appearing on bus at junction of line Zi and 
grounded winding Zg when rectangular wave 
of E approaches junction over line. Compare 
lumped parameter solution of Fig. 4 

where Zg~Z Z\. Note the exponential 
nature of the junction voltage. A com¬ 
parison with the junction voltage of the 
same line tenninated in a pure induct¬ 
ance, as shown in Fig. 4, is of interest in 
diowing the “smooth” solution. Here 
the reflected wave or junction voltage is 
initially 2£ in magnitude and decays 
exponentially to zero, which eventually 
recognizes the grounded nature of the cir¬ 
cuit. A comparison of the two solutions 
is of interest. 

Retiuning to Fig. 3, a word of explana¬ 
tion is in order. Here it is first sought to 
solve g^raphically the voltage eg of Fig. 
3(A)i Hence in the volt-cuirent diagram 
of Fig. 3(B), £ and 2£ are plotted. From 
the origin 0 Zg is constructed having a 
slope proportional to Zg, and from 2E 
—Zx is plotted at the negative slope 
proportional to Zx. It follows that the 
intersection of Zg and —Zx satisfies the 
solution^ of Fig. 3(A) which is also the 
magnitude of the wave eg which enters Z 2 . 
Neglecting attenuation, this wave eg will 
reflect at the grounded terminal and re¬ 
turn to the junction as a negative wave. 
Accordingly, the solution Fig. 3(C), must 



Fig. 4. Development of junction voltage 
where line terminates in pure inductance. 
Compare with wave solutions of Figs. 3 and 5 
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Fig. 5. Calculated surge voltage appearing on bus which has total of three identical lines 
connected and one grounded winding Zi. Rectangular wave E approaches station on one of 
lines. (Alternate caption: Calculated lightning potential of transmission line tower when 
lightning wave E, running down leader stroke Zi, impinges upon tower of surge impedance 
Zi with radiating ground wires having effective surge impedance R. Magnitude of ej will be 
modulated by wave front characteristics in relation to height of tower) 


be satisfied to determine the effect of magnitude enters on one of the lines, 

this first reflection from the neutral. The presence of the (g—1) long lines is 

Accordingly 2 ea is graphically con- represented on the bus as a resistor to 

structed. The small negative wave ei ground equal to the parallel value of the 

which is pushed out on the line Zi, and surge impedance of the remaining lines or 

which reduces the potential of the junc- 
tion by its magnitude, is computed by 
constructing line A JB at the slope of Zi. 

Wh^e it intersects —Zi at B determines Similarly 


surge impedance of one winding 
^2 ® — 
number of windings 

Zi = surge impedance of incoming line 

On approaching the junction the wave 
observes the parallel value of i? and Za 
which will be called Zi where 


Zi' 


R'X.Zi 

iJ+Za 


( 7 ) 


Similarly, waves reflected from the 
grounded terminal in the winding ap¬ 
proach the junction and observe the 
parallel value of R and Zi which will be 
called Z\ where 


With these data it is possible to con¬ 
struct tlie graphical solution of the junc¬ 
tion voltage as shown in Fig. 5. Here the 
intersection at .4 of — Zi from 2E and Zi 
from 0 determine the initial waves ei 
which enter each winding. When all 
windings are grounded these waves return 
negatively to the junction. The re¬ 
mainder of the pattern is the same as ex¬ 
plained for Fig. 3 except that Z\ replaces 
Zi. The solution is shown at the lower 
right and is in correct quantitative rela¬ 
tion to the magnitude of the incoming 
wave E for the particular number of lines 
and windings and their respective surge 
impedances, as shown in Fig. 5. Such 
diagrams make it possible not only to 
visualize the solution but to see the rela¬ 
tive inrportance of each parameter; see 
the Appendix for the equations of line 
and bus voltage for this case. The travel 


the magnitude of ex. The reflected wave 
6% now returns positively on Z 2 to the 
grounded terminal where it reflects nega¬ 
tively to repeat the process in diminish¬ 
ing exponential fashion. It becomes ap¬ 
parent that the bottom half of the panto¬ 
graph diagram is uimecessary and may be 
omitted. 

It is important to observe the unidirec¬ 
tional nature of the terminal voltage, in 
spite of the fact that the wave in the wind¬ 
ing is racing back and forth, changing 
polarity with each reflection and giving 
rise to the observed characteristic oscil¬ 
latory behavior within the winding. It 
is because of this internal oscillatory be¬ 
havior within the winding that some¬ 
times the transformer is represented 
externally by lumped capacitance and 
inductance with pessimistic results con¬ 
cerning the nature of the terminal voltr 
ages due to an incoming wave. 



CURRENT 


TIME 


Consider now the case of a bus havmg Calculated waves which enter the switched line Zi and grounded winding Z 2 when 

both lines and wmdings. Fig. 5(A) repre- 01 .^ separated by breaker which permits one restrike. Zi=400 ohms and Z2=1,200 

sents a bus having g identical long lines ohms. From such diagrams values were obtained to derive composite voltage equations in 
and r identical windings and a wave of E the Appendix 
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time of waves on windings is essential 
to a detailed numerical solution. Some 
are given in reference 7. In general, the 
tune intervals between voltage changes 
on the diagrams of Figs. 3 and 5 are the 
times required for the wave to travel 
twice the length of the winding. For 
grounded neutral windings this is the 
same time as represented by the period 
of the natmral frequency of the winding. 
Many of these are given in reference 8. 
It should be pointed out that these ap¬ 
proximations describe witli good en¬ 
gineering accuracy the potentials of the 
bus. In some cases the potentials within 
the windings may become somewhat 
higher than the terminal voltages. In the 
case of op^ neutral windings with simul¬ 
taneous surges on all three phases the 
neutral potentials can reach or even ex¬ 
ceed twice the line terminal voltages. No 
open neutral cases are analyzed here. 


Fig. 7 (left). A—Line wave, no 
bus capacitance. See Fig. 6 for 
development. B—-Line wave with, 
bus capacitance considered. Small 
initial sliver of voltage soon at¬ 
tenuates and is usually not pres¬ 
ent on the reflected wave. C— 
Same phenomenon as seen by 
magnetic oscillograph 

Fig. 8(righ0. Calculated waves 
Cl which enter switched line Zi 
, and waves e 2 which enter 
grounded winding Zi and 
remaining (q—t) transmission 
lines appended to bus follow¬ 
ing one restrike during isola¬ 
tion of one of lines from bus ^ 





l-ii 
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Line-Dropping from Busses with 
Grounded Windings 

To complete the comparison between 
the relative overvoltages due to lightning 
and as the result of one circuit breaker 
restrike when dropping a line from the 
bus (as presented in Fig. 2 for the switch¬ 
ing station with no connected windings) 
the same cases will be considered of Figs. 
3 and 5 for one restrike during the drop¬ 
ping of one line; see the Appendix for 
line and bus voltage equations. 

In Fig. 6 is shown the case of one wind¬ 
ing on the bus having an effective surge 
impedance of Z% ohms. In this analysis 
the effect of the presence of any lumped 
bus capacitance will be postponed. Just 
prior to restrike the instantaneous gen¬ 
erated voltage is and will be assumed 
to remain constant during the phenom¬ 
enon. Fig. 6 describes the waves 
which travel down the line as well as the 
waves which retreat in the winding fol¬ 
lowing resriike. In the case shown the 
line length, in time, is many times the 
winding length in time since eadi tread 
of the stair-step waves is equal to twice 
the travel time of the winding. The ex¬ 
ponential nature of the composite wave is 
apparent and it justifies, in many cases, 
the use of a lumped inductance to replace 
the winding. The stair-stepped expo¬ 
nential wave which travels down the line 
is aqcotnpahied by a current wave of simi- 
OMncly, the voltage wave 
divided by the Khe surge impedance Zi. 


This current wave can be taken off the dia¬ 
gram as previously shown. i When the 
far end of the line Z\ is open, the voltage 
wave returns on itself without change of 
sign while the current wave returns with a 
change of sign since the terminal current 
is zero. It is important to note that the 
actual voltage at any point on the at 
any time is the algebraic sum of all the 
waves at that point and the original 
bound charge B.\. The ultimate magni¬ 
tude of the voltage wave is (Ei-f-F 2 ) 
which doubles at the far end, giving rise 
to a terminal potential of 

c=2(FiH-F2)-jgi=5,+2Bj (9) 

When both Ei and equal Em then we 
have the theoretical 3 Em- As the waves 
return to the junction and enter the wind¬ 
ing the reflections at the grounded end 
hold the terminal voltage down and not 
until several internal reflections within 
the winding take place does the current in 
the circuit breaker at the junction come 
to zero where interruption usually occurs. 
The reasons for the characteristic inter- 
mptions following one round trip on the 
line become clearer with this analysis 
and are attributed to the slow changes in 
voltage (low rate of rise of voltage) fol¬ 
lowing the current zero. This is particu¬ 
larly true when the breaker is some dis¬ 
tance from the bus. 

The following factors act to hold the 
line voltage to less than three times 
normal. 

1. At the time of restrike Ei is seldom 
as great as Ei, the latter being slightly 
higher than Em- 

2. The travel time of the line in terms of 
the travel time of the winding influences 
the magnitude of the line voltage. 

3. When the line length is long, the 
tendency for higher line voltage is offset 
by the attenuation factors due to corona 
and leakage. 

4. There are sinusoidal changes in the 
generated voltage. 


CURRENT 


The effect of bus capacitance causes 
the bus to appear momentarily as a volt¬ 
age source of Ei having very low surge 
impedance. As a result the initial wave 
which moves out on the line approaches 
a magnitude of (FiJ-Fa) but dies away 
at a rapid rate, depending upon the timp 
constant ^ viewed at the terminal capac¬ 
itance, and expressed in the exponential 
decay 

* ( 10 ) 

As a result the bus first holds its voltage 
but quickly gives way to the foregoing 
wave solution. Accordingly, the initial 
wave which moves down the line will ap¬ 
pear as shown in Fig. 7. 

When the bus has additional connected 
lines the diagram of Fig. 6 is modified as 
shown in Fig. 8. Here the resistant E 
is the parallel value of the surge imped¬ 
ances of all lines radiating from the bus 
exclusive of the line being switched. The 
graphical analysis uses the apparent junc¬ 
tion impedances as viewed by waves ap- 


and winding Zi 


(RXZi\ 



(11) 

\R+ZiJ 

(12) 


Fig. 8 presents a radically different pic 
ture. Here the initial wave mbring dowi 
the line is large in comparison. In man] 
respects Fig. 8 is the conjugate of Fig. 6 
For the case of one restrike the equatioi 
for the maximum bus voltage becomes 

^=E2-i-2(Et+E2)n{^~^ —( 13 ' 
\(1+»2)V ^ ‘ 

where n^ZifZx (the ratio of surge im¬ 
pedances) and ^ is the total number of lines 
on the bus. 

When «=3 this relation gives a maxi- 
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mum of 1.93 Em when q—2. Should 
both n and 2 = 1.0, ei»=(£ 2 +-Em) == 1 .QSEm. 

The maximum line voltage at the home 
end is given by the equation 

j ^ ( 14 ) 

With five lines on the bus and one wind¬ 
ing, having a surge impedance three times 
the surge impedance of one line, this equa¬ 
tion yields e»t=2.58 Em- This voltage 
should increase as the number of lines is 
increased. In all cases, except where 
there is no winding on the bus, the far- 
end voltage will approach 3 £»,. A close 
study of Fig. 2 will show important quan¬ 
titative trends as bus loadings increase. 
The relative importance of bus versus line 
arresters becomes clear, particularly since 
the open-line circuit breaker stands as a 
point of maximum reflection for lightning 
and as the open far end to receive the 
switching surge of the distant breaker or 
line disturbance. 

Importaiit Case 

A case of special importance arises when 
a cable-line section is isolated from a large 
bus by a circuit breaker which allows just 
one restrike, the cable being adjacent to 
the bus. Under the conditions of a large 
bus the initial wave on the cable following 
a restrike will be (Ei+iSa) which can be 
dose to 2 JEm or even greater because of 
the capadtive coupling of the idle phase 
conductor with energized conductors. 
Following a restrike, this wave will in- 
(^^ase at the cable-line junction causing 
the voltage entering the line to be 

where the Z and C refer to line and cable 
respectively. 

This wave then doubles at the far end 
of the open line causing the maximum 
open circuit wave voltage to be 

-£i (16) 

When El=1.05 Em and £ 2 =0.95 Em 
and the ratio of the line-to-cable surge 
impedance is 8 to 1, this voltage can reach 
over six times normal for just one well- 
timed restrike. Without line arresters. 



Fis* 9. Bus voltage changes immediately 


following re^ike 

A—^Wave analysis 

B—^As viewed by fast cathode-ray oscillograph 
C—^As seen by slow magnetic oscillograph 
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flashover usually occurs under this condi¬ 
tion. The line arresters absorb a great 
deal of energy in protecting the drcuit in 
this case. For long lines, attenuation due 
to corona will reduce these peak values at 
the open end. Short lines are more vul¬ 
nerable in this case. 

Scope 

The graphical study presented here is 
an attempt to encourage the devdopment 
of a simple analytical tool as an aid to the 
solution and visualization of practical field 
problems involving travding waves. 
Analogue computers, digital machines, 
and transient analyzers are powerful tools 
to study the behavior of systems; how¬ 
ever, correct answers are dependent upon 
the proper circuital representations of the 
field circuits. Such computing tools tend 
to mask the answer to the question, why? 
concerning the physical behavior of sys¬ 
tems. As far as possible these powerful 
acal 3 rtical tools should be paralleled with 
simple and more direct methods available 
to the student equipped with a paper, 
pendl, a straight-edge and the ability to 
reason. 

The interpretation of field or analogue 
phenomena as observed by the cathode- 
ray oscillograph or osdlloscope requires 
correlation with wave analysis. The 
diagrams presented here are essentially as 
would be seen at specific time intervals by 
an observer viewing the entire system. 
However, the cathode-ray measurements 
are made at a specific point on the system 
and cover the full time span of the dis¬ 
turbance. This difference in the mode of 
observation must be correlated to inter¬ 
pret and understand the phenomena be¬ 
hind the time diagrams of the oscillo¬ 
graph. One such sample conversion is 
presented in Fig. 9. 

Applications 

Consider the bus voltage (Fig. 6) fol¬ 
lowing a restrike in the case where one 
line is dropped from a bus fed by one 
winding. Just prior to the restrike, the 
bus voltage has been approaching its 
crest voltage in sinusoidal fashion and has 
reached the instantaneous voltage E 2 . 
Immediately following restrike the change 
in bus voltage is 

as graphically shown in Fig. 6. Now, 
when Z%= 3Zi, for a practical case, and 
E 2 =0.9 El, then 

Eb^ 1.43Ei 

Now, when Ei=1.05 Em (as is reasona¬ 


ble) where Em is the crest of the normal 
line to neutral voltage, then 

Eb “ i.5Em 

Hence the bus voltage collapses mo¬ 
mentarily from +0.945 Em to —0.555 Em- 
This collapse is important to the turn 
insulation of the windings and is some¬ 
what eased by the presence of bus capaci¬ 
tance which allows the change to take 
place exponentially. As shown in Fig. 6 
and in Fig. 9, the multiple reflection of this 
change of voltage within the winding 
builds the bus voltage back up dose to 
E 2 . This is followed by the reflection 
from the far end of the switched line caus¬ 
ing the bus voltage to rise still higher than 
E 2 . These events are shown in Fig. 9 
as they would be observed by both a 
cathode-ray oscillograph and a magnetic 
osdllograph. In a similar manner the 
student can construct the volt-time dia¬ 
grams for any point on the system. The 
graphical solutions using the slope-line 
methods are a great aid in smnmarizing 
accurately the effects of multiple reflec¬ 
tions. In a similar manner the current 
at any point can be studied by taking the 
current waves from the diagrams as shown 
in Figs. 9 and 10 of part I of this paper. ^ 

The methods and diagrams of these 
papers are applicable to many spedal 
cases where multiple reflections take place 
on short lengths of line. Of spedal in¬ 
terest is the rise of transmission line tower 
potentials due to a direct stroke of steep 
wave front. Such a case is shown in Fig. 

5 with the dternate caption employed. 
The parameters are redefined for this spe¬ 
dal case in items 2 through 6 of the no¬ 
menclature. 

Conclusions 

1. A technique for the graphical analysis 
of lightning and switching surges has been 
presented facilitating the development 
of simple equations which express the 
magnitude of the surge potentials which 
may be expected on lines, towers, and 
terminal equipment under a given set of 
circuital connections. 

2. It is shown that, rather than using 
lumped parameters in the analysis, the 
representation of windings as short termi¬ 
nated lines of higher surge impedance 
together with the consideration of small 
local capacitances immediately available 
on the bus, when necessary, is better and 
more conservative. 

3. When lumped parameters must be 
used to represent the large bus it is clear 
that capacitance should be used in pref¬ 
erence to inductance. Such representa¬ 
tion more accuratdy describes the surge 
characteristics of the large bus, and it 
further points up the fact that it is difficult 
to raise the surge potential on a large bus 
to arrester spark-over values. 
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4. As the number of lines connected to the 
bus increases, the lower the bus potentials 
become for both lightning and switching 
surges originating with drcuit-breaker re¬ 
striking (Fig, 2). 

5. As the number of lines connected to 
the bus increases, the higher the line 
pot^ti^s become for switching surges 
origi^ting with circuit-breaker restriking; 
^e Fig. 2. This partially explains the 
difference of opinion concerning the magni¬ 
tude of overvoltages produced by line- 
dropping tests when made without con- 
sid^ation of the nature of the bus from 
which the line is being switched. 

6 . The application of the graphical anal¬ 
ysis of tower potentials due to a direct 
stroke may be rewarding. The effect of 
tower height, footing resistance, number of 
ground wires, etc., can be readily visualized 
by constructing a dynamic model of the 
graphical constructions. 

J’ The desirability is evident of increas¬ 
ing the surge impedance of the bus to 
reduce the switching surge potentials due 
to restriking. In this light the role of the 
mternal resistors in modern circuit breakers 
takes on a new significance. ^ 

8 . The advancement of a technique, 
available at the student level, which 
permits the analysis of connected dis¬ 
tributed circuits under surge conditions 
to be better understood should encourage 
greater research in the area of wave anal¬ 
ysis. 

9. The correlation of analytical studies 
with field experience is the greatest prac¬ 
tical opportunity to the protection engineer. 
There is little doubt that serious effort on 
the part of field engineers in this regard 
will lead to the empirical determination of 
some of the parameters to be used in such 
studiM. Encouragement is needed of more 
field investigations concerning the behavior 
of large and small switching stations under 
conrtolled surge generation. Such ex¬ 
perience combined with a strong technical 
approach to the problem will give the best 
results in the shortest time. 


=. 2 i/g=effective surge 
impedance of bus as viewed from one 
winding or effective outgoing surge 
impedance as viewed from a tower 
in case of direct stroke to tower 

«jn=peak instantaneous voltage due to 
surge phenomena 

Em = crest value of nominal line to neutral 
voltage of the system 
El = bound charge trapped on Ei due to 
interruption of capacitive current. 
T^en as 1,06 Em in problems in 
this paper 

E 2 = instantaneous bus voltage at moment 
of restrike. Taken as 0.96 E„ in 
problems in this paper 
«i'“initial voltage entering line Z\ following 
restrike or due to reflected wave 
from grounded neutral following a 
lightning surge 

e 2 =initial voltage entering winding Zi 
^ following restrike or lightning 
Clsecond increment of voltage entering 
line Zi. Due to first reflection from 
pounded terminal of winding follow¬ 
ing a restrike 

“reflected voltage wave from junction 

Bus Voltages Due to Line-Dropping. 
One Restrike 

One Grounded Winding Plus q Lines 
ON Bus, Fig, 7 


c„, — E2-|-4 (Ei ^ 

When n =2 

c,„=!2.14 Em (highest point on curve) 

Dropping One op q Lines From Bus- 
No Windings ’ 



( \] 

\Z,-HZ2/ 

\Zi+ZiJj 


El “1.05 Em and E 2 “ 

0.95 Em 

Cm = 1 . 20 Em (highest point on curve) 

Line Voltage Due to Line-Dropping, 
One Restrike 

One Grounded Winding Plus q Lines 
ON Bus; See Fig. 7 

Home end, at restriking breaker 


Cm. ^ Ei+2{Ei’{-Bi)n( 7 ^”^ — 

\(14-»g)*/ 

. 

\l+nq/ 

ei-fej“Ei-|-E 2 (usually taken as 2 Em for 
problems in this paper) 


^“E2+Ci 


Cfti —E2-)-(EiH“E2) 


( 


1+ng—» \ 
l+Wfir / 


g=6 and »=3 and Ei = 1.06 E* 
and E2“0.96 Em 


^M—2.68 Em 

Changing g = 10, c„“2.76 Em 
F ar end 

— 2(Ei ■|“E 2 )—El 

When El “1.06 Em and E 2 “ 0.96 Em 


Appendix. Composite 
Equations 


Nomenclature 

g“ total of identical long lines on the bus 
E 2 -net surge impedance of grounded 
winding or short grounded line or 
short pounded cable on bus or 
transmission tower surge impedance 
in special cases 

El = surge impedance of one incoming line 
or stroke impedance of a ItgTi fni ng 
discharge in special cases 

=s(^j/g_l^ effective surge im¬ 
pedance of (g— 1 ) lines on the bus, 
or sm-ge impedance of ground wires 
as viewed by a lightning stroke to a 
tower in special cases 
E 2 “(EXE 2 /E- 1 -Z 2 ) “effective surge im¬ 
pedance of composite bus as viewed 
from one line or effective surge 
impedance as viewed by a direct 
lightning stroke to a tower in special 
cases 


When « “ 3 and g “ 6 and E, “ 1.06 
Em and Es “ 0.96 Em 

Cfn * 1.66-Eto 

When ?» “ 3 and g = 2 and El “ 1.06 
Em and E 2 “ 0.96 


—2.96 Em 

One or More Grounded Windings Plus 
S wiTcaiED Line Only on Bus; Fig. 6 

When Zi is less than Zi (n^l.O). 

Home end 


Cm=®1.96EM (highest point on curve) 

One or More Grounded Windings Plus 
Switched Line Only on Bus, Fig, 6 

When Zi is less than Ei (n<1.0) 

Cm —Ei+2{Ei+Ei)( -———I 
\(1+«)V 

When Zi is greater than Zi in>1.0): 
the usual case 


8m“E2+Ci 


«M “E2-f-(El-f-E2) 

Cm =E2+(Ei-4-E2) 



When »“l /2 and Ex“1.06 Ew and E 2 “ 
0.96 Em ^ 


Cm “EM(0.96-f-4/3) “2.28 Em 

Changing «“ 10 , eM “1.96 Em. 

As n approaches zero (many windings) 
Cm approaches 2.95 Em a short distance 
from the bus depending upon front of wave 
distortion 
Far end 


Cm “ El -j-2si 



Cm ^ 2(Ei +E 2 )—El 

When Zi is greater than 2XZi(«>2.0). 
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Home end, Fig. 6 

»£i+(Ei+E2)f — \ 

^ \(Zi+Zs)V 

When »=s3 and £2=0.95 £« and JSi = 
1.05 £,„ 

Cm—2.45 JStn 

Far end 

Cm ~ 2 (jEi +£2)—£1 = 2.95 £m 

Dropping One of q Line From Bus, No 
Windings 

Home end 

Cm—2ei —£i 

• =2(£i+£2)^^^-£i (3) 


When 2=4 and £i = 1.05 Em and £2 = 
0.95 Em 

Cm = 1*95 Em 

As q approaches infinity, Cm approaches 
2.95 Em a short distance from the bus. 

Far end 

em=2(£i+£..)^^^^-£, 

In this case the same as home end. 

The far end voltages neglect the addi¬ 
tional rise in transmission line voltage due 
to the Ferranti effect or to induced electro¬ 
static components from the energized 
phases. Wave attenuation is also neglected. 
The longer the lines the greater the wave 
attenuation. Since' the first reflections 
at the far end are opposite in polarity to 
the natural rise of line voltage mentioned 
in the foregoing, it can be expected that 
the longer the line the lower the far-end 
surge voltage due to one restrike. The 
natural rise in line voltage at the home end 
due to the presence of the energized phase 
conductors will increase the value of £i 
just prior to restrike. These equations 
can be used to demonstrate the effect of 
this rise in line voltage. 
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Electromagnetic Unbalance of 

Untransposed Transmission Lines 

II. Single Lines With Horizontal Conductor 
Arrangement 


ERIC T. B. GROSS 

FELLOW AIEE 

Synopsis: Various configurations of single- 
circuit overhead lines without and with 
ground wires have been considered in a 
previous investigation of unbakince factors 
nto and nti.^ In this part of the study, 
electromagnetic unbalance has been cal¬ 
culated and balance factors plotted for 
single-circiut overhead transmission lines 
with horizontal conductor arrangement and 
two ground wires, so located in many 
different positions that the protective angle 
differs from the 30 degrees of the earlier 
analysis. Since many new lines have 
been built with a smaller protective angle, 
the arrangements covered in the investiga¬ 
tion may become valuable for application 
considerations. All computations have 
been made on an International Business 
Machines card program calculator, and 
the basic procedure is given in the Appendix. 

Basic Configuratioii 

M any singje-drctdt transmission 
lines have horizontal configura¬ 
tions with two overhead ground wires. 
The tower structures are essentially wood- 
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S. W. NELSON 

STUDENT MEMBER AIEE 

pole H frames laid out in symmetrical 
manner with the ground wires and phase 
wires forming two equilateral triangles 
and a protective angle of 30 degrees. In 
order to improve the protective value of 
the ground wires, not only steel towers but 
recently also wood structures have been 
constructed with varied locations of the 
two overhead ground wires relative to the 
phase wires. 

A typical new 230-kv tower structure is 
shown in Fig. 1. The simplified construc¬ 
tion of this towier makes it economical to 
have a protective angle which is smaller 
than the customary 30 degrees. This 
transmission tower is in use on the new 
230-kv system of the Public Service Com¬ 
pany of Indiana.^"^ 

Standard tower structures used in 
many transmission lines which axe in 
operation have been investigated to de¬ 
termine the extremes on ground wire loca¬ 
tion, Recent information® on ground 


wire positions, phase wire spacing, and 
conductor diameters for high-voltage lines 
of various voltages has been reviewed in 
order to cover all practical cases. 

The rectangular, shaded areas of Fig. 2 
represent the area of ground wire location 
considered in the computations on the 
CPC. The dimensions of this area are 
given with reference to the phase wire 
spacing S, since it is an important dimen¬ 
sion ; S increases when higher voltages are 
considered. 

The area inside the dashed 30-degree 
protective triangle has little practical use 
since lines would hardly be designed with 
protective angles that are larger than 30 
degrees. The crosshatched trapezoidal 
areas shown in Fig. 2 represent bounds 
for the locations of ground wires. How¬ 
ever, the entire shaded area of Fig. 2 was 
investigated to find the general trend of 
the magnetic unbalance with variable 
ground wire locations. The following 
cases were considered:® S between 10 
and 30 feet. For each value of S, two 
typical values of phase wire size were used. 
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Courtesy Sargent and Lundy. Engineers 

Fig, 1. 230-l(v transmission line, protective 
angle 20 degrees 

In line with present practice, steel- 
reinforced almnintun-cable ground wires 
having a geometric mean radius (GMR) 
of 0.0217 foot were considered. As shown 
by Fig. 2, results were calculated for a 
range of ground wire locations for each 
''^ue of i". In the horizontal direction, 
me ground wire spacing W varied from 
0.4 S to 2.0 S. The vertical height varia¬ 
tion G of the ground wire above the level 
of the phase wires ranged from 0.2 S to 
1.7 ,S. The ground wires w and x lie in 
all cases on a horizontal line above the 
phase wires and are equally displaced 
from the vertical center Kne, Fig. 3. 
To calculate the limiting cases without^ 
ground wires, the ground wires can be 
moved to a very great distance above 
the phase conductors, thus eliminating 
their effects without changing the pro¬ 
gramming on the computer. 


with two ground wires,^ somewhat sim¬ 
plified unbalance equations have been 
developed in the Appendix for the hori¬ 
zontal configuration here considered. 
Since the solution by use of a computer 
was desirable, the development presented 
in the Appendix has been accomplished 
with this in mind. The unbalance equa¬ 
tions were programmed for and solved 
on a card program calculator, which is a 
fairly large-scale digital computer. 

The program, consisted of 420 cards, 
needed to calculate points for one zero- 
sequence ftio and one negative-sequence ntz 
unbalance curve. A general-purpose con¬ 
trol board was used in the ccanputations. 
This is an 8-digit floating decimal system 
which eliminates the necessity for scaling. 
Numbers ranging from lO-s® to as high 
as 10®® can be used with this system. 

To test the accuracy of the equations 
and program, results were compared to 
previously calculated data for the con¬ 
figuration with a 30-degree protective 

.If fbe spacing between ground 

wires approaches zero, the unbalance 
factors should compare to the case of one 
ground wire located above the horizontal 
configuration. The results of both the 
30-degree case and the limiting case with 
small spacing W cmiipared satisfactorily. 


Discussion of the Curves 


Method of Computation 

^ Froni the basic voltage equations for a 
single-circuit overhead transmission line 



Fig. 2. Areas of ground wire locations 
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Figs. 4 through 9 give the and mo 
unbdance factors for various line config¬ 
urations. Each set of curves is for a dif¬ 
ferent value of 5 and geometric mean 
phase wire radius R.. The independent 
variable along the abscissas of a set is the 
ratio of W to S. The parameter deter¬ 
mining the curves of each set is G, ex¬ 
pressed as a multiple of S. Fig. 3 indi¬ 
cates how the variables used in the calcu¬ 
lations have been defined. In all cases 
GMR„ equals 0.0217 foot corresponding 
to steel-reinforced aluminum-cable ground 
wire of size 266,800 circular mils and 
about 1/2-mch outside diameter. 

Most applications will use ground wires 
between 0.7 .S and 5 above the level of 
the phase wires. Supplementary data 
for such conductor arrangements and 
for between 10 and 30 feet were com¬ 
puted and the results tabulated for JV/S 
between 0.4 and 2; see Tables I and II. 

set of curves has been plotted in 
the figures over the whole range of ground 
wire spacing from W=0A S out to W= 
2.0 S. Some of these locations are not 
practice, especially when the ground 
wire height above phase conductors aud 
the spacing W between them are small. 
However, the complete curves are pre¬ 
sented to show the general trend of un¬ 


balance for variations in ground win 
locations. A small black dot which He: 
on each of the unbalance curves indicates 
the 30-degree protective angle point foi 
that particular case. In most conditions, 
this is the maximum angle that is prac¬ 
tical; thus only the section of the curve 
to the right of this dot is of practical 
importance. 

For G= 10 iS" the unbalance appears on 
all sets as a horizontal line. When G= 
10 S, both Wo and m 2 , rounded off to two 
sigmficant figures, did not change with 
variations in ground wire spacing. The 
re^ts did also not change appreciably 
wi^ increased ground wire height above 
this value. Thus, the curves for 
10 5 can be considered as approximaitely 
equal to the resulting unbalance of a 
horizontal line configuration without 
ground wires. These curves check very 
closely to results obtained previously,^ 
calculated from unbalance equations 
derived for the horizontal conductor con¬ 
figuration without ground wires. 

^ The unbalance factor m 2 shows a defi¬ 
nite trend for variations in ground wire 
location. A reduction in G above the 
phase wires causes a drop in the m 2 factor. 
An increase in W reduces Wj, while an 
increase in phase wire size also increases 
the negative-sequence unbalance factor. 

The ^ zero-sequence unbalance curves 
show similar trends for variations in the 
ground wire location. The zero-sequence 
curves are shown in Figs. 7 through 9. 
For the larger values of G, mo is generally 
reduced when W is decreased. It is ap- 
parent from the figures that a gradual 
transition occurs for smaller values of G. 
The unbalance reaches a low TniniTTi iiTn 
for ground wire positions somewhere be¬ 
tween the phase wires. For the range of 
variables considered, the maximum value 
of Wo is on the order of 30 times its mini¬ 
mum value as compared to the Wj maxi¬ 
mum to minimum factor of only 2. By 
noting the position of the dot, the 30- 
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®-OVERHEAD GROUND WIRES. 

O -PHASE CONDUCTORS. 

Fig. 3, Arrangemeni of conclucfor 
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Fig. 4(A) (lefty top). 
Unbalance factor m 2 for 
conductors of S—10 
feet and GMRa^O.OS 
foot 


Fig. 4(B) (left, center). 
Unbalance factor m 2 for 
conductors of S»10 
feet and GMRft=0.04 
foot 



Fig. 5(A) (right, top). 
Unbalance factor m 2 for 
conductors of S=>18 
feet and GMRb= 0.02 
foot 



3.0I_ I___I_I _ 1_I - 1-1-» 

0.4 0.6 0.8 1.0 1.8 1.4 1.6 1.6 2.0 

'*'/s 


Fig. 5(B) (right, center). 
Unbalance factor m 2 for 
conductors of S=>18 
feet and GMRii=0.04 
foot 



Fig. 6(A) (left). Un¬ 
balance factor m 2 for 
conductors of S=>26 
feet and GMRa^^O.OS 
foot 


Fig. 6(B) (right). Un¬ 
balance factor m 2 for 
conductors of S=26 
feet and GMRa—0.05 
foot 
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Table I. Unbalance Factors for S = 10,14, and 18 Feet; GMRa^O.OS and 0.04 Foot; Ground 
Wires 266,800-Circular-Mil Steel-Reinforced Aluminum Cable 


w/s 

mt% 

uio% im% 
S=10 Feet 

ino% 

m*% in«% mj% 

S »14 Feet 

m«% 

ms% 

ma% Tm% 

S = 18 Feet 

010% 


0.02 Foot 
GMRa 

0.04 Foot 
OMRa 

0.02 Foot 0.04 Foot 

GMRa GMRa 

0.02 Foot 
GMRa 

0.04 Foot 
GMRa 

1.2.... 

.6.70. 

.0.49. 

.7.12. 

..0.56.. 

G>0.6 S 

..6.49...0.63...6.76. 

..0.69.. 

..5.34. 

.0.55. 

.6.62. 

.0.62 

1.6.... 

.6.36. 

.1.33. 

..6.72. 

.1.51.. 

..5.18...1.31...6.39. 

.1.48.. 

..6.06. 

.1.30. 

.6.17. 

.1.46 

2.0.... 

.6.11. 

.1.97. 

.6.41. 

.2.22.. 

..4.94...1.91...6.11. 

.2.14.. 

..4.83. 

.1.87. 

.5.90. 

.2.09 

1.2. 

.6.83. 

.0.67. 

.7.29. 

.0.64.. 

G = 0.7 S 

..5.61...0.60...6.91. 

.0.07.. 

..6.46. 

.0.63. 

.6.66. 

.0.70 

1.6.... 

.6.67. 

.1.23. 

.6.98. 

.1.38.. 

..6.37...1.22.;.6.63. 

.1.30.. 

..6.23. 

.1.21. 

.6.39. 

.1.36 

2.0.... 

.6.87. 

.1.74. 

.6.74. 

.1.96.. 

. .5.19...1.70...6.40. 

.1.90.. 

..5.06. 

.1.67. 

.6.18. 

.1.86 

0.8. 

.6.14. 

.0.31. 

.7.07. 

.0.34.. 

G» 0.865 S 

..5.90...0.36...7.26. 

.0.39.. 

..5.74. 

.0.38.. 

.0.98.. 

.0.43 

1.2. 

.5.09. 

.0.70. 

.7.48. 

.0.78.. 

..5.76...0.72...7.09. 

.0.81.. 

..5.60. 

.0.74. 

.6.82.. 

.0.83 

1.6.... 

.5.81. 

.1.14. 

.7.27. 

.1.28.. 

..5.00.. .1.14.. .6.90. 

.1.27.. 

..6.45. 

.1.14. 

.6.64.. 

.1.27 

2.0. 

.6.67. 

.1.62. 

.7.10. 

.1.70.. 

..6.47...1.49...6.74. 

.1.66.. 

..6.33. 

.1.47. 

.6.49.. 

.1.63 

0.8. 

.6.20. 

.0.60. 

.7.74. 

.0.56.. 

G = 1.0 S 

. .5.96...0.54...7.33. 

.0.60.. 

..5.79. 

.0.57.. 

.7.05.. 

.0.03 

1.2. 

.6.08. 

.0.79. 

.7.60. 

.0.88.. 

. .5.85...0.81...7.20. 

.0.91.. 

..5.68. 

.0.83. 

.6.92. 

.0.92 

1.6. 

.5.95. 

.1.12. 

.7.44. 

.1.25.. 

..5.73.. .1.12. ..7.05. 

.1.24.. 

..5.67. 

.1.12. 

.6.79.. 

.1.24 

2.0. 

.6.84. 

.1.41. 

.7.31. 

.1..67.. 

. .6.63...1.39...6.98. 

.1..54.. 

. .5.47. 

.1.38. 

.6.67.. 

.1.53 

0.8. 

.6.26. 

.0.02. 

.7.80. 

.0.71.. 

G = l.l S 

..5.97...0.57...7.37. 

.0.74.. 

..5.81. 

.0.69. 

.7.12.. 

.0.76 

1.2. 

.6.20. 

.0.86. 

.7.69. 

.0.96.. 

..5.88...0.88...7.26. 

.0.97.. 

. .5.75. 

.0.88. 

.6.90. 

.0.99 

1.6. 

.6.12. 

.1.12. 

.7.64. 

.1.27.. 

..5.80...1.12...7.13. 

.1.25.. 

..5.63. 

.1.18. 

.6.80. 

.1.27 

2.0. 

.5.91. 

.1.38. 

.7.32. 

.1.52.. 

1.5.71...1.36...7.10. 

.1.50.. 

. .5..56. 

.1.36. 

.6.74. 

.1.48 

0.4. 

.6.33. 

.0.82. 

.7.86. 

.0.88.. 

G=>1.4 S 

..6.08...0.83...7.40. 

.0.92.. 

..5.90. 

.0.82. 

.7.20. 

.0.93 

0.8. 

.6.30. 

.0.89. 

.7.82. 

.0.98.. 

..6.07...0.90...7.38. 

.1.00.. 

..5.88. 

.0.89. 

.7.18. 

.1.02 

1.2. 

.6.28. 

.1.00. 

.7.80. 

.1.12.. 

..6.02...1.00...7.36. 

.1.12.. 

..5.85. 

.1.02. 

.7.12. 

.1.13 

1.6. 

.0.24. 

.1.17. 

.7.74. 

.1.28.. 

..5.92...1.15...7.30. 

.1.28.. 

..5.77. 

.1.16. 

.7.00. 

.1.44 

2.0 

0.4. 

.0.34. 

.0.98. 

.7.80. 

.1.08.. 

G = 1.7 S 

..6.10...0.97...7.41. 

.1.12.. 

..5.92. 

.1.02. 

.7.23. 

.1.10 

0.8. 

.0.32.. 

.1.03. 

.7.84. 

.1.13.. 

. .6.09.. .1.03.. .7.40. 

.1.16.. 

..5.90. 

.1.06. 

.7.20. 

.1.15 

1.2. 

.6.30.. 

.1.10. 

.7.83. 

.1.21.. 

..0.08...1.12...7.88. 

.1.22.. 

..6.88. 

.1.12. 

.7.18. 

.1.22 

1.6. 

.6.27. 

.1.18. 

.7.80. 

.1.30.. 

..6.04...1.18...7.37. 

.1.31.. 

..5.87. 

.1.18. 

.7.12. 

.1.29 

2.0. 

.6.25. 

.1.28. 

.7.76. 

.1.40.. 

..6.00...1.26...7.34. 

.1.40.. 

..5.85. 

.1.28. 

.7.11. 

.1.37 


degree protective angle marker, it is clear 
that most of the region of large variation 
in Wo falls out of the range of the practical 
data. For large values of ground wire 
spacing, reduction in ground wire heights 
above the phase conductors causes an in¬ 
crease in Wo. Changes in phase wire 
spacing and phase wire size do not affect 
the zero-sequence unbalance appreciably. 
Increase in phase wire size causes a slight 
increase in Wo. There is little change in 
Wo as a function of phase wire spacing, 
but what there is seems to be a decrease 
in zero-sequence unbalance for increased 
phase conductor spacing. 

Conclusions 


area with a protective angle of 30 degrees 
or less, the practical condition of minimum 
zero-sequence unbalance is in the vicinity 
of the equilateral configuration. If it is 
desirable to reduce m, the ground wires 
could be shifted a little further apart and 
placed lower. This change would cause an 
increase in mo so that an optimum balance 
must be established^ 

3. It is difficult to draw definite conclusions 
on any one configuration since the rate 
of change, of zero-sequence and negative- 
sequence unbalance factors as a function 
of spacing, varies considerably for different 
ground wire heights above the phase 
conductors. 

4. The curves and tables permit the quick 
evaluation of ttii and wo for all practical 
locations of ground wires and for conductor 
separations between 10 and 30 feet. 


in Fig. 3. These variables are defined as: 

5=phase wire spacing, feet 
G=distance of ground wires above phase 
wires, feet 

1F=ground wire spacing, feet 
GMR»=GMR of ground wires, feet 
GMRfl = GMR of phase wires, feet 

Since the ground wire positions are to 
be varied in a symmetrical manner, the 
distance between various wires will have a 
definite relationship. These relations de¬ 
rived, from Fig. 3, are 



With this, the unbalance factors can be 
derived in terms of the original variables.^’’ 
Negative- and zero-sequence unbalanced 
factors for untransposed overhead tran.s- 
mission lines are defined as 


lot —Zoi lao —Zui 



( 2 ) 


where the sequence impedances equal 

•Zi “ r {Zaa-^rZbh-^Zt^ —-(Zab-^-Zac+Zbe) 

3 o 

i^aa~^Zbb-hZci^ -1-- CZab~\rZac'\‘Zbe) 

(3) 

1 2 

Zii =>- {Zcia-^aZbb-^-ci^Zi;^ -t-~ 

3 o 

<lZae'\'Zb(^ 

Zoi =- (Zaa-|-o®Zft6-HoZcc) (aZaj-f 
3 « 

tt*Zac")"Zjc) 

The general equations for a single-circuit 
overhead transmission line with two ground 
wires has been established as y, 


Va ’^laZaa'^‘IbZaJ)-^-leZac ~\~IuiZaio -hIxZax 
Vb — laZab ~\~IbZaa ~\~^eZbe ~\~^V)Zbv> ~^IxZbx 

(4) 


Vc =IaZae~hTbZbe~\~IoZaa'^Iv>ZctB’\'IxZcx 


1. Zero-sequence unbalance mo is affected 
to a much greater degree by changes in 
ground wire spacing than is the negative- 
sequence unbalance wo. On the other 
hand, w* is affected more appreciably by 
phase conductor changes than is mo. Since 
voltage and current requirements determine 
the phase wire spacing and wire size, there 
is little freedom of altering phase con¬ 
figuration economically. Transmission tow¬ 
ers can, however, be designed with some 
degree of freedom as far as ground wire 
location relative to the phase conductors 
is concerned. 

2. When keeping the ground wires in an 


Appendix. Derivation of 
Unbalance Factor Equations* 

The electromagnetic unbalance of single¬ 
circuit untransposed overhead transmission 
lines with two ground wires can be computed 
from the general voltage equations.'^ Un¬ 
balance factors will be shown to be only 
functions of the geometric variables given 


’■'Note: In accordance witli current editorial prac¬ 
tice, phasor quantities are not differentiated from 
general mathematical composition, but are set 
throughout in light-face italic type. 


0 —IaZavi'\~IbZbto~\‘IcZcti)~\~J^uZy)te'^^xZiex 
0 =‘IaZax~\'IbZbx~^^eZcz~\~^ieZtex~^IxZtoto 

As has been done in previous work,^ 
J„ and J* can be eliminated from the first 
three equations of equations 4. After 
some algebraic manipulation, the right side 
of these equations can be written in terms 
of la, Ib, and le times effective s^- and 
mutual impedances. These effective im¬ 
pedances in each case include either the 
complete self- or mutual impedance with 
no ground wire less a correction factor due 
to the presence of the ground wires. By 
substituting these effective impedances 
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mto equations 3, the sequence impedances 
can be expressed by equations 5. Primes 
are used to distinguish sequence imped¬ 
ances of configurations with two ground 
wires from those without ground wires 

Zi = Zi —— [(Zaw +aZi,v, +a^Zcn) {Zaw + 

^^^bv)-\-ClZcw)ZtBto-\-(,Zax -f- 
O'^Zex) (Zax +a^Zbx +aZex)Ztou, — 

(Zav)+aZbw+d’>Zeu)(Zax+a^Zbx + 

oZex)Ztox —(Zax-{-aZtx +a‘Zcx) X 

(Zaw -\-a^Zbw +aZtto)Ztia:] 

f +Zbx +Zex) ^Ztew - 2(Zaw + 

^bw+Zcw-hZcwXZax-hZbx -irZbx)Zwx] 

Zot Zoi [(Zaw+a^Zbw -haZew) X ^S) 

(Zaw "^Zbw "i” Zaw)Zwwi~(Z/iv -|- 
O’^Zbz +aZcz) (Zax -hZbx +Zex)Zww — 
(Zaw +a^Zbw +aZcw) (Zax +Zbx + 
Zez)Ztgx — (Zax +a^Zbx +aZcx) X . 

(Zaw+Zbw+Zew)Zwx] 

Z 21 Z 21 [(Zaw +<l*Zbw +^ew) ^Zww + 

(Zax+a»Zbx +aZaxXZww ■-2(Zaw+ 

°^^i>w+aZtwXZax+a^Zbx+aZ^)Zwx] 

_B 1^®*® 3-7 »_y i 

17 7 ^toto ^itgr 

\^wx ^tow 

complexity of these equations may 

computation by the 
use of symbohc representation. Let 

^^’=‘(Zaw+Zbw+Zaw) 

% ^ 10 =(Zaw+aZbw+a^Zcw) 

^ == (Zaw-ha^Zbw •i^’^ew) (6) 

^x^(^4^+Zcx) 

Bx = (^Zax 4-aZbx+o,*Zex) 

Cx = (Zax +a^Zbx +aZex) 

evaluated using 
““ «™plete self' 

0.830 , 0.2860 /2i 


Table II. 


<?MR.-=«.03 .„<.0.05 Foo. 


w/s 

mi% mg% mt% mo% 

S-22 Feet 

mj% nio% mi% m»% 

S — 26 Feet 

ino% 109% nu% 
S-30 Feet 


0.03 Foot 0.05 Foot 

GMRn GMRa 

0.03 Foot O.OS Foot 

GMRft GMRa 

0.03 Foot 0.05 Foot 

GMRa GMRa 


1.2.. 

1.6... 

2.0... 

... .6.97. 
...5.66. 
...5.41. 

. .0.62. 
..1.40. 
. .1.98. 

..6.69. 

..6.24. 

..6.98. 

. .0.66. 
..1.49.. 
..2.10.. 

...5.84 

...5.54 

..6.31. 

G-0.6 S 
...0.64...6.43. 
...1.39...6.10. 
..1.96...6.84. 

..0.68 
..1.48 
..2.07. 

1.2... 

1.6... 

2.0... 

...6.09. 

...6.86. 

...5.67. 

..0.70. 

..1.30. 

..1.77. 

..6.72. 

..6.46. 

..6.25.. 

..0.74., 

..1.38.. 

..1.88.. 

,.5.96. 

..6,73. 

..6.66. 

G-0.7S 
..0.71,..6.66. 

..1.30...6.31. 
..1.80...6.11., 

. .0.76. 
..1.38. 
. .1.86. 

0.8... 

1.2... 

1.6... 

2.0... 

...6.39.. 
...6.26.. 
...6.09.. 
...5.96.. 

.0.44., 

.0.82.. 

.1.22.. 

.1.66.. 

.7.05.. 

.6.89.. 

.6.71.. 

.6.57.. 

0.47.. 

.0.86.. 

.1.29.. 

.1.66.. 

G 

. .6.25. 
..6.11, 
..5.95. 
..6.83, 

-0.865 S 
,.0.47...6.87.. 
. .0.83...6.72.. 
. .1.22.,.6.56.. 
. .1.66...6.41.. 

.0.60. 

.0.88. 

.1.29. 

.1.64. 

O.8.... 

1.2.... 

1.6.... 

2.O.... 

..6.45.. 
..6.34.. 
..6.22.. 
..6.11.. 

.0.63.. 

.0.90.. 

.1.20.. 

.1.47.. 

.7.11.. 

.6.99.. 

.6.85.. 

.6.74.. 

.0.67... 

.0.96... 

.1.27... 

.1.56... 

0-1.0 S 

.6.30...0,66...6.93. 
.6.20...0.92...6.81 
.6.08...1.20...6.68.. 
.6.98.. .1.46.. .6.68.. 

.0.69., 
.0.97., 
.1.27.. 
.1.64.. 


0 . 8 . 

1 . 2 . 

i.a. 

2.0. 


0.4. 

0.8. 

1 . 2 . 

1.6. 

2.O.. 


O.4., 
O.8.. 
1 . 2 .. 
1 . 6 .. 
2 . 0 .. 


.6.47. 

.6.39. 

.6.30. 

.6.23. 


..6.60. 

.6.67. 

. 6 . 68 . 

.6.48. 

.6.38. 

.6.61. 
.6.60. 
.6.59., 
.6.67.. 
.6.64.. 


.0.75. 

.0.96. 

. 1 . 22 . 

.1.42. 


.0.90. 

.0.97. 

. 1 . 10 . 

.1.25. 

.1.38. 


.1.08. 

. 1 . 12 . 

.1.18. 

.1.25. 

.1.32. 


..7.14. 

..7.07. 

..6.90. 

. 6 . 86 . 

.7.26. 

.7.23. 

.7.20.. 

.7.12., 

.7.05.. 


.7.27. 

.7.26. 

.7.24. 

.7.16. 

.7.12. 


.0.78. 

. 1 . 00 . 

.1.29. 

.1.62. 


.0.97. 

.1.03. 

.1.16. 

.1.28. 

.1.43. 


.1.13. 

.1.18. 

.1.26. 

.1.35. 

.1.43. 


0-1.1 S 
..6.36...0.76.. 
. .6.27...0.96.. 
-.6.17...1.18.. 
••6.11...1.40.. 

0-1.4 S 
.6.89...0.92.. 
.6.38...1.00.. 
.6.36...1.10,. 
.8.28...1.28.., 
.6.26...1.36,., 

0-1.7S 
.6.40...1.06.. 
.6.39...1.11... 
.6.38...1.18.. 
.6.86...1.26.. 
•6.31...1.33.. 


.6.92. 

.6.87. 

6.75. 

6.63. 


.7.11. 

.7.10. 

6.93. 

6.90. 

6.83. 


.7.12. 

.7.11. 

7.08. 

6.98. 

6.92. 


.0.82. 

.1.03. 

.1.31. 

.1.62. 


.0.97. 

.1.03. 

.1.16. 

.1.31. 

.1.46. 


.1.16. 

.1.19. 

.1.26. 

.1.33. 

.1.40. 


.6.74. 

.5.46. 

. 6 . 22 . 


.5.85. 

.5.63. 

.6.46. 


.6,13. 

. 6 . 00 . 

.5.85. 

.5.72. 


.6.18. 

.6.08. 

.6.97. 

.6.87. 


.6.25. 

.6.16. 

.6.08. 

.5.91. 


,6.36. 

,6.30. 

.6.26. 

.6.18. 

.6.14. 


.6.36. 

.6.32. 

.6.28. 

.6.26. 

.6.24. 


, 0 . 66 . 

.1.39. 

.1.93. 


.0,73. 

.1.30. 

.1.74. 


.0.49. 

.0.84. 

.1.23. 

.1.64. 


.0.67. 

.0.03. 

. 1 . 21 . 

.1.46. 


.6.30. 

.5.98. 

.6.73. 


.6.42. 

.6.18. 

.5.99. 


.6.72. 

. 6 . 68 . 

.6.41. 

.6.28. 


.6.78. 

.6.67, 

.6.65. 

.6.44. 


.0.70 

.1.47 

.2.05 


.0.77 

.1.37 

.1.84 


.0.62 

.0.89 

.1.30 

.1.63 

.0.71 

.0.98 

.1.27 

.1.53 


.0.77. 

..0.82. 

..0.82 

.0.96. 

.,6.72. 

..1.03 

.1.21. 

..6.63. 

. .1.28 

.1.43. 

. ,6.64. 

..1.60 

.0.94. 

..6.88., 

..0.98 

.1.00., 

,.6.87., 

..1.06 

.1.10., 

. .6.79., 

.1.17 

.1,23., 

.6.76.. 

.1.30 

.1.38.. 

.6.68.. 

.1.44 

.1.08.. 

.6,90., 

.1.14 

.1.13., 

.6.92.. 

,1.18 

1.20.. 

.6.87.. 

.1.25 

1.28.. 

.6.82.. 

.1.32 

1.36.. 

.6.77.. 

.1.40 


Ax^^Aw, Bx^Cw= -B„*, Cx=Bw 

Equations 8 show that the last four 
ei^ressions 6 are either Aw or Bw. Bv 
Tre^^^to^ corresponding parts, equations 


Zo'=Zo~- 


2(Bw)(Bw*)Zwx} 


’‘Zqi~- 


3 Zww~\'Zwx 
1 Aw(Bw — Bw*) 


>Zu 


(100 3 


!.8880 


3 (Zww ~hZwx) 


(9) 


Mp^ated. By defining a few more symbols 
final exprwsions for the sequence imped 
ances can be written. With new symbols 

Aw^oi-l-jbj 

(Zww —Zwx) * 02 + ja^ 

Zi=Ci+jKi m' 

Bw=^az-{-jbz 

(Zww-hZwx) ‘^di+jOi 

Zo^Co+jICo 

Substituting equations 11 into equations 
9 and rearranging, the final forms of the 
^quence impedance equations result, 
Eqimtions 12 are now in ideal form for 
oigital computer solution 


+ 


0.2794 log/ 7 ) 
GMRy 


l(^«>)^+(Bw*X]Zww+ 




^ 0.2860 /2.8880 \ 

3 [—^-0.2794 logDixj 

Substituting the expressions 7 into 
equations 6 leads to ° 

.4to*0.2860-f-j 2.888 —0.2794 log 

( BawBbwBffa^ 

Bw^O.^21 log Bbw/Bcw+j 0.1397 log 

(T^bwBew/Baw^ 

Cw^O .^1 log Z>c«,/Att+i 0.1397 log 

(DbwDcw/D^^ * 

(conjee of Bw negative) 

By use of equation 1 


2(Bw)(Bw*)Zwx} 
Sequence impedances without ground 
wires have been previously evaluated, 1 Bv 
substituting the relations of equations 1 
which pertain to the horizontal configura¬ 
tion, the equations reduce to 

„ 1.612 

* “(100 

IogGMRaH-0.231] 


( 8 ) 


Zo = ; 


1.612 
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(100 

0.12134(2 log Z-{-0.462+log GMRo)] 
Zoi^jO.02804; Z2 i^~j0.05608 (10) 

In order for equations 9 to be in proper 
form for the card program calculator, 
imagmary and real components must be 


2 / 02^ 08 \ 

3\as*+6s* 04 * 4 - 64 */ 

L 3\as®H-J3* 04*-|-&4*/ 

g3 \ 

3\a4*-|-ft«a 

J r0.06608 f*LiL 

L 3\08®-f68® 

3 V 04*+i4* / 


1+ (12 

/ 

A0.02804-^2—'^^'^*] 

I 8 y. 


Cg —A ~^i^04'4~2ai&i64 \ 

8\ 04®-j-&4* 

j r Kg —gl*^ \ 

L “ 3\“ 04*4-54* / 
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A summary of the symbols used in 
equation 12 indicates that the only variables 
are G, W, S, GMR», and GMRa defined 
by Fig. 3. 

Cl 0.2860 


where 
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Protection of Personnel Asainst 
Electrical Shock Hazards in Central 
Office Communications Equipment 

RAY V. JONES 

ASSOCIATE MEMBER AIEE 

W HILE the safety of employees has possible shock hazards specifically in the 

always been a consideration in design. This paper outlines the various 

the design of communications equip- precautions taken in the design of Bell 

ment, until recent years hazards from System central office communications 

electrical shock have not been a serious equipment to reduce to a minimum the 

problem since the voltages used were possibility of dangerous electrical shock, 

relatively low. Direct current of 48 In the central office, primary power is 
volts or less has been ^ployed for circuit in general received from commercial 

operation and signaling, with some ap- mains at a nominal 120 or 240 volts, 

plication of 130 volts. Alternating cur- Motor-generator sets or rectifiers are 

rent has been employed for ringing sub- then used to float batteries for supplying 

scriber bells, sometimes in combination the desired direct current. Alternating 

with direct current, but the values have current for ringing purposes is also pro- 

been low enough to be considered well duced by motor-generator sets. No 

below the limits for safety. voltages higher than 48 or 130 are dis- 

With the introduction of electronic tributed throughout the office. Where 
facilities, higher voltages were intro- such high voltages are required they are 
duced, although in many instances these derived within the equipment with which 
liigher voltages were not hazardous since they are to be used, 
it was not possible under normal condi- Equipment directly coimected to com- 
tions for a dangerous amount of current merdal power service, including engine- 
to be passed through the human body as alternator or battery-driven alternator 
a result of accidental contact with ener- sets to supply this power regularly or dur- 
gized parts. In other cases, however, it ing emergency, have live parts insulated, 
was necessary, in order to insure safety guarded, or enclosed in cabinets. The 
to those operating and ihaintaining the power supplies in question generally in- 
equipment, to consider protection against volve operating voltages of less than 150 


volts to gi-ound. Warning signs are not 
considered necessary. 

In the case of power used for signaling, 
switching, and operation of other com¬ 
munications equipment, the protective 
treatment provided is adapted to the level 
of voltage involved and is discussed here 
in three voltage categories. Such power 
includes battery supply, ringing, stepped- 
up alternating and rectified direct volt¬ 
ages, and stepped-down alternating volt¬ 
age not directly connected electrically 
to the commercial power service. 

Voltages Up to 150 Volts 

’ No special precautions other than de^ 
sign layouts to minimize accidental short 
circuit or personnel contact are applied 
for cases involving up to 150 volts to 
ground rms a-c or nominal d-c, and not 
over 300 volts rms a-c across any bare 
parts. Enclosure in cabinets is em¬ 
ployed when the type of equipment makes 
such enclosure desirable. "When not 
enclosed certain live parts are protected 
by insulation. 

Voltages From 150 to 600 Volts 

For cases of 150 to 600 volts to ground 
rms a-c or d-c, and not over 1,000 volts 
rms a-c across any bare parts, insulation. 

Paper SS-426, recommended by the AIBE Safety 
Committee and approved by the AIBB Committee 
on Technical Operations for presentation at the 
AIBB Summer General Meeting, Swampscott, 
Mass., June 27-July 1, 1956. Manuscript sub¬ 
mitted February 24, 1955; made available for 
printing April 1, 1955. 

Ray V. Jones is with the American Telephone 
and Telegraph Company, New York, N. Y. 
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fl9. 1. TD.2 ,.6,o «l.y boni W«,, cov„ l,t»s.d 

meter panel closed 


isolation, and guarding are employed. 
For installations of this voltage range, 
it was formerly the usual practice to 
provide a door switch to disconnect the 
power supply automatically when a 
^ver was removed or a door opened. 
However, experience over an extensive 
period has led to the conclusion that max¬ 
imum safety and reliability, and greater 
maintenance flexibility, can be secured 
by concentrating attention on insulation 
isolation, guarding, and effective warnings 
rather than placing dependence upon 
automatic door switches. The use of 
such protective devices was not particu¬ 
larly satisfactory where it was necessary 
or testing and adjusting purposes to 
operate the equipment with the cover 
removed and with normal power applied. 
There is a tendency for the attendant 
to block the safety switch rather than 
to apply operational safety precautions 
if the voltages involved are not in a range 
which he considers particularly hazardous. 
Where a circuit runs through several 
cabmets, door switches in series add to 
compKcation and the opportunity 
for failure. Door switches may also 
interrupt important circuits if a cover 
IS removed or a hinged door is opened 
before the load is transferred to reserve 
equipment. Where carrier or other mul¬ 
tichannel systems are involved, a single 
power unit improperly shut down may 
caus^ nation-wide trouble on hundreds 
of channels. While the use of door 
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switches affords a measure of protection 
to unauthorized or um'nformed personnel, 
this obviously increases the difficulties 
of authorized maintenance men checking 
circuits under operating conditions. 

High-voltage bare parts are isolated. 
If voltages must be checked, these 
parts are so arranged that they will be 
accessible to probes while protected 
against accidental contact. Supplemen¬ 
tal enclosures or shields will be used and 
locations of higher voltages presenting 
possible hazard, such as 300 to 600 volts, 
will be marked with the maximum volt¬ 
age involved if this appears to be prac¬ 
ticable and useful. Pin jacks are brought 
out where necessary to make reading 
pomte accessible. High-voltage points 
requiring checking only at long intervals 
are protected by removable barriers 
fastened with screws or cUps. 

Appropriate warning signs are provided 
consisting of a metal plate or decalco- 
ma^ma reading “Warning-Hazardous 
Voltages” with the word “Underneath” 
added where appropriate. If the re¬ 
moval of an outer cover exposes live parts, 
the warning is appKed to the outer en¬ 
closure. If all high-voltage parts are 
segregated and are under another inside 
cover or an inside guard, the warning is 
located on the inner cover or associated 
with the guard. The warning designa¬ 
tion is placed in a prominent location 
visible both when guards are in place 
and when they have been removed for 


equipment repairs after power has been 
disconnected. 

This voltage range covers most of the 
plate voltage rectifiers and other power 
SOUTHS operating at 130 volts output 
or higher since they will have voltages 
higher than 150 volts to ground across 
parts. By improving the isolating and 
parding, and omitting the door switch, 
it is believed t^t greater safety during 
field operation is secured and accidental 
opening of working circuits is minimized. 
Point-to-point voltage readings specified 
m maintenance instructions are also 
facilitated. 

Fig. 1 shows a rectifier for the TD-2 
, radio relay system which exemplifies 
an equipment arrangement for the class 
of voltage under discussion. 

High-Voltage Panel: For this rectifier 
the components above 150 volts are seg¬ 
regated on the upper panel (shown in 
Fig. 1); values of 600 volts are not ex¬ 
ceeded. The panel is covered by a trans¬ 
parent plastic grid, further details of 
wffich are given later. By the use of 
type of grid accidental contacts 
with live parts are prevented, but meter 
readings can be taken if necessaiy by the 
insertion of test probes through the grid. 

A warning sign is provided and located 
in such a position that attention will be 
^awn to it even with the grid in place. 
The rign remains on the panel when the 
grid is removed. The removal of the 
grid may be necessary in order that de¬ 
fective components may be replaced but 
the rectifier should be disconnected from 
its power source before the removal of a 
pid and not reconnected until the grid 
is replaced. 

Low-Voltage Panel: The terminals 
and equipment on the lower panel and 
the hinged meter panel (shown in Fig. 1) 
operate at less than 160 volts to ground, 
and are not considered hazardous to a 
maintenance man working on the equip¬ 
ment. During normal operation a 
grounded metal cover encloses all live 
parts so nothing carrying voltage can 
be touched. Normal operation does not 

require removal of this cover. 

Voltages Over 600 Volts 

Power supply and other equipment in¬ 
volving voltages over 600 volts to ground 
rms a-c or d-c, or over 1,000 volts rms 
a-c across any bare parts, usually have a 
limited number of parts at high voltage, 
associated with other parts operating on 
low voltage. L carrier is an example of 
this class. 
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The high-voltage apparatus is isolated 
in a supplementary enclosure equipped 









with an automatic door switch and 
marked with a warning including the 
value of the maximum voltage. If some 
of the high-voltage equipment cannot 
be isolated, live parts are separately- 
guarded and marked. Pin jacks are 
brought out to facilitate taking of high- 
voltage readings where these are neces¬ 
sary under operating conditions. A 
warning sign is provided on the iimer 
enclosure to caution against possible 
interruption to service as well as against 
high voltages. In addition to the sign, 
there is stamped on the cover adjacent 
to -the sign the approximate maximum 
value of the voltage across equipment 
terminals or to ground, such as 2,500 
volts. The remaining lower voltage ap¬ 
paratus, if any, belonging to the high- 
voltage plant, is protected in accordance 
with the methods previously given, de¬ 
pending upon the classification of the 
apparatus which is outside of the inner 
enclosures. Usually an outer enclosure 
not equipped with a door switch will be 
supplied. There may, however, be cases 
where aU the equipment is high voltage, 
or where only the high-voltage equipment 
need be enclosed, in which event a single 
enclosure only is used and the protection 
recommended in the previous para¬ 
graphs is applied. 

Interlocks on High-Voltage Control 
Equipment 

In certain types of plants it is neces¬ 
sary to perform maintenance operations 
on high-voltage equipment while the plant 
remains in service, and consideration is 
given to the use of key interlocks instead 
of door switches. One example is a 
260-volt storage battery rectifier plant 
for plate supply. This includes a 56-cell 
battery plant added to the regular db 130- 
volt supply. Duplicate battery sections 
are pro-vided, each in a separate locked 
cabinet, so that one section may be en¬ 
tirely disconnected for routine mainte¬ 
nance purposes while the remaining section 
floats across the rectifier carrying the 
office load. A key interlocking system 
prevents access to a cabinet without 
disconnecting its battery from the cir¬ 
cuit. Each section is equipped with an 
ON and OFF switch, which is mechanically 
interconnected with three lock mech¬ 
anisms. One lock prevents the switch 
from being operated to its off position 
until a master key has been inserted and 
turned. Two cabinet keys, one each for 
the front and rear cabinet doors of the 
section, are held in the other locking 
mechanisms until the switch is turned 
to the OFF position. The switch cannot 


be operated to its on position again until 
both cabinet keys are restored to their 
proper locations in the supplementary 
locks. With the switch once thrown to 
its OFF position, the master key is 
“seized” and cannot be withdrawn so 
that the switch in the other section can¬ 
not be opened. This feature is provided 
in order to guard against disconnecting 
the load. When one of the cabinet doors 
is opened its key is “seized” until the 
door is again closed and locked. Thus 
the operation of the on and off switch 
to its on position is prevented if one of 
the cabinet doors is open. With the 
switch operated to the off position, 
the battery section is ungrounded 
and the maximum voltage obtainable is 
less than 120 volts. This particular 
system uses eight interlocks. More ex¬ 
tensive plans have been developed for 
higher voltage systems for other uses. 

Checking Volt£^es 

The arrangements just discussed should 
permit safe maintenance and checking 
of all except the highest voltage units 
without taking the power plant out of 
service. The high voltages can also be 
checked while operating to the extent 
that pin jacks are provided, but the equip¬ 
ment must be shut down for other main¬ 
tenance activities. Where jacks are not 
provided for taking certain infrequent 
high-voltage readings, temporary wiring 
to meters may be installed in some cases 
and the door reclosed while taking read¬ 
ings. It is preferable that the meters 
be located behind transparent panels, 
and that temporary high-voltage caution 
signs be placed to warn personnel in that 
vicinity. If the voltmeter has a multi¬ 
plier, this should be connected so that 
the meter will be on the grounded side, 
if any. 

Use of Series Resistors With 
Pin Jacks 

The highest voltage standard portable 
instrument ordinarily available will be 
one having a maximum reading of 600 
volts. On “high-voltage” equipment it 
will often be possible to read operating 
voltages by permanently installed panel 
voltmeters forming part of the equip¬ 
ment. Where point-to-point voltages 
of equipment over 600 volts to ground 
must be checked, consideration is given 
in the design to bringing out pin jacks to 
read a definite fraction of tire high 
voltage to ground. One way of-doing 
this is to put high series resistors between 
the voltage sources and the pin jacks 


which will act as built-in multipliers for 
the particular meter to be used. This 
should limit the current to about l/2 
mil, which is harmless even if the meter 
terminals should be accidentally touched. 

It would also be possible to bring out 
the pin jacks from voltage dividers or 
potentiometers but this is not considered 
suitable under most conditions. Read¬ 
ings would be wrong if there is trouble in 
the divider and the high voltages up to 
full value would be put on the voltmeter 
if the divider connection to ground should 
be open. This wotild create a serious 
hazard to the attendant. For high- 
voltage, low-current supplies, as are used 
for cathode-ray tube accelerating anode 
potentials, consideration is given to 
providing inherent current-limiting fea¬ 
tures. 

Protective Grids 

A red-tinted plastic insulating grid has 
been made available for use in protecting 
against accidental contact with parts 
connected to voltages principally in the 
150- to 600-volt class. This grid has ribs 
approximately 1/8 inch in cross section so 
spaced as to provide openings about 3/4 
inch square through which test probes 
can be inserted. The grid is preferably 
located in such a position as to provide a 
clearance of 3/4 inch to 1 inch between 
the grid and live parts but in no case is 
this clearance less than l/4 inch. It is 
held in place with clips so arranged as to 
permit ready removal of the grid if 
replacement of circuit components be¬ 
comes necessar)^ 

Test Probes 

Two special test probes with enclosed 
voltage multipliers have been made 
available. One of these provides a 
multiplier for use on voltages up, to 
3,000 volts. It is suitably insulated so 
that a craftsman can manipulate it in 
taking readings without introducing a 
shock hazard. The other test probe is 
intended for use on up to 12,000 volts 
and has an enclosed 240-megohm series 
resistance. This type of device is in¬ 
tended for use in connection with video 
amplifiers and certain radio transmitters. 
It is arranged to be clipped to the point 
at which a reading is desired and the 
meter end of the attached lead is arranged 
to be hooked to the associated meter with 
a special safety connecting device to give 
full insulating protection from the inner 
live’ parts if the connector should be 
inadvertently attached or removed from 
the meter while the probe is connected 
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with working voltages. The probe proper 
IS highly insulated for protection in 
case it is necessary to hold the probe in 
position manuaUy while taking a reading. 

Another test probe for use on lower 
voltages has been made available. Al¬ 
though this device is not intended pri- 
inarily as a means of insuring against 
high-voltage shock, it is, however, in¬ 
sulated to ayoid contact by the user with 
the metallic inner parts of the tool. The 
cpntact member is surrounded by a 
retractable spring-loaded insulated tube 
which^ prevents undesired contacting 
vnth circuit elements. The contact mem¬ 
ber is not thrust forward to the opening 
of the tube for making connection with a 
circuit element until pressure is exerted 
against the spring toward the equipment 
under test The tip of the contacting 
member is of hardened steel sharply 
serrated to produce several sharpened 


points. This feature tends to prevent 
slippage off the desired point of contact. 

Means for Disconnection 

All devices in any of the three voltage 
classes have means provided for dis¬ 
connecting them locally without the 
necessity of going to a distant fuse panel. 
If a flexible cord is plugged into a power 
supply outlet this may be used. A 
toggle-type or other enclosed switch 
which indicates power on or opp may be 
^ployed. In some cases a fuse of the 
"Saf-to-fuse” or similar enclosed t3rpe 
may be used to disconnect the equipment 
Ipcally for maintenance. 

Discharging of Capacitors 

If capacitors are of sufficient size to store 
harmful energy the circuit is normally 


provided with drainage resistors or other 
means to insure that any high-voltage 
charge leaks to ground promptly after 
power is removed. If this is impracti¬ 
cable they are marked with a warning 
and instructions are provided to cover 
a suitable method of discharging. 

Mechanical Layout of Components 

In locating parts, such as potenti¬ 
ometers, which may require adjustment 
by screw drivers or other tools while 
voltage is applied, care is taken to provide 
a free path for the tool so it will not come 
into contact with live parts during ad¬ 
justment or in the event that it should 
slip off the screw head. The same ap¬ 
plies to location of live parts which must 
be reached by voltmeter probes. Such 
probes are insulated for most of their 
length. 



System-Planning Practices 

AIEE COMMIHEE REPORT 


T he system Planning ^bcom- 
mittee. Committee - on System En- 
gin^ing, in 1953 surveyed represen¬ 
tatives in the electrical utility industry 
in regard to their system planning 
practices. All of those queried Tiad 
representatives on the System Engineer- 
ing Committee. Twenty-two responded. 

This report presents the results of the 
survey. It does not purport to be conclu¬ 
sive. or representative of the entire in¬ 
dustry, However, it is believed to re¬ 
flect the present practices of a group of 
utilities which have given definite sup¬ 
port to the concept of system planning. 


rationalizing standards of service, antid- 
patmg trends in equipment design and 
coordinating the various elements of the 
system into a well-designed whole; it is 
pmticularly concerned with plans for 
changes and additions to generation* 
Uan^ssion, substations, and distribution 
facilities. It is not concerned with the 
problems of day-to-day operation or design 
except to the extent that these problems 
affect future system development. Briefly, 
electric system planning is the process of 
determining when, what facilities should 
be provided where in order to assure 
adequate electric service at minimum 
average annual cost to the community. 

Purpose of Survey 


Definition of System Planning 

The following definition of system 
planning was prepared early in 1953 by 
an Edison Electric Institute subcom¬ 
mittee and has been widely circulated 
through both Edison Electric Institute 
and AIEE channels. It appears to be 
generally acceptable and was used (with¬ 
out the last sentence) as a basis for the 
survey covered in the present report. 

Sy^m pkumiug is the preparation of a 
^t'^^Pogram for the development of 
so that it can 
It ^ economic manner. 

It indudes forecasting and analyzing loads. 


JSlectncal utility system planning 
relatively new concept, as compared i 
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design and operation. The purpose of the 
survey was to determine the present prac¬ 
tices, trends, and individual company 
philosophies with regard to this function. 
This would include information indica¬ 
tive of the interest and responsibility of 
engineering, operating, and management 
personnel in planning. It was not in¬ 
tended to set up a standard pattern for a 
systein planning organization but rather 
to point out for management considera¬ 
tion both similarities and differences in 
methods and viewpoints. 

Survey Data 

The questionnaire and a summariza¬ 
tion of the data are presented in the Ap- 
p^dix. The detailed information ob¬ 
tained is interesting as an indication of 
the thinking of the respondents. How¬ 
ever, it is the attitude and philosophy 
behind the answers that is most signifi- 
cant. Therefore, this report will deal 
principally with these matters under the 
following headings: 

1. General. 

2. Scope of planning. 

3. Administrative control. 

k’ of the planning group, 

o. Staffing of planning group. 

6. Conclusions. 

General 

\ 

In the case of every company respond- 
iiig to the survey, management had recog¬ 
nized system planning as a necessity, 
and had provided in some way for its ac¬ 
complishment. It appears to be ac- 
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cepted that “the preparation of a rational 
program for the development of an elec¬ 
tric power system, so that it can evolve 
in an orderly and economic manner” is 
one of the most important factors to be 
considered by management. While the 
application of planning has been in prac¬ 
tice from the days of the first Edison sys¬ 
tem, it has only recently been recognized 
as a function separate from design, con¬ 
struction, operation, and maintenance. 
As systems have become more complex, 
the number of alternative possibilities for 
action have become more numerous and 
the analysis of these alternatives, more 
time-consuming. This has led to estab¬ 
lishment or changes in planning organiza¬ 
tion to provide management with the in¬ 
formation upon which to make decisions. 
Illustrative of this is the fact that eight 
of 17 companies answering this question 
reported the setting up of planning or¬ 
ganizations within the past 5 years. 

It is apparent that each company is 
working out the practical application of 
system planning according to its own 
individual situation. There is a liberal 
mixture of planning committees with 
planning groups or departments; there 
are also numerous different allocations of 
responsibility for generation, bulk-power 
transmission, and distribution planning. 
The one common denominator, in addi¬ 
tion to recognizing the need for planning, 
is recognition that planning requires a 
high degree of co-ordinajtion. Perhaps 
the situation is the result of the fact that 
only recently have many managements 
become aware of the value of careful 
planning studies. The organization of 
planning departments seems to have 
evolved from the work done by the grow¬ 
ing number of engineers whose efforts are 
in this area and whose recommendations 
form the basis for important decisions. 
For these engineers a practical working 
concept of planning has long been a 
necessity. 

Scope of Planning 

Assignments of the planning depart¬ 
ment vary considerably as to the system 
components studied. It was reported 
that 68 per cent (%) were involved to 
some degree in the planning of both gen¬ 
erating stations and the transmission and 
distribution systems. All but one made 
both long-range plans of a general nature 
and more specific short-range plans for 
imme diate application. As to the length 
of time covered by long-range plans, about 
half were for 10 or more years. There is a 
tendency to consider long-range planning 
in terms of a percentage of present load, 
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e.g., 150%, 200%, and 300%, rather than 
to establish an exact time sdiedule. 

Administrative Control 

The administrative control of planning 
organizations shows a wide variation be¬ 
tween companies. Nevertheless, the in¬ 
terest of management is demonstrated by 
the fact that the department is generally 
responsible to a high-level executive. In 
over half the cases, this was the person 
responsible for engineering. Existence of 
joint committees and the many cases of 
joint responsibility clearly reflect the 
need for close co-ordination which the 
planning leadership can initiate and as¬ 
sure. In five cases the department re¬ 
ported directly to a company officer. The 
survey could not determine the effective¬ 
ness of any particular method of adminis¬ 
trative control. 

Responsibilities of Planning 

Department 

A general concept of the planning de¬ 
partment implies that its responsibilities 
include systmn resources (generation, 
transmission and interconnection capac¬ 
ity) and the integration of these resources 
into an economic whole. It is primarily 
responsible for studies of the necessity 
for additions to system facilities and for 
economic comparisons of plans in roughly 
half of the companies reporting, and 
jointly responsible in another one-fourth. 

In all companies the planners are en¬ 
gaged in studies of the transmission sys¬ 
tem, and in over three-fourths of the com¬ 
panies they have the primary responsi¬ 
bility for forecasting the need for and the 
general nature of transmission facilities to 
be required. 

Inmorethanhalf of the companies, the 
primary responsibility of the planning 
organization extends in some degree 
through the distribution substation, but 
the data show that there is a great varia¬ 
tion in this respect. 

That management conaders it impor¬ 
tant that the plans be translated into dol¬ 
lars to assist financial planning can be 
seen from the fact that nearly all of the 
system planning departments have some 
responsibility for annual and long-range 
construction budgets and forecasts. 

Responsibility for establishing stand¬ 
ards for service reliability, reserves, and 
equipment ratings is in most ca^ shared 
jointly with others. Many bdieve that 
planning engineers can best act as co¬ 
ordinators in this area. 

In forecasting system and area loads, 
about half of the planning departments 
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have primary responsibility, but in only a 
few cases does this extend to detailed fore¬ 
casting of distribution feeder loads. The 
latter is usually handled jointly by plan¬ 
ning and distribution engineering groups. 

Staffing of Planning Department 

No attempt was made to draw general 
conclusions as to the proper size of a plan¬ 
ning organization. The whole process of 
application of system planning in the elec¬ 
trical utility Add is in a state of flux and 
growth. However, the summary, Table 
I, of the range of the 22 companies report¬ 
ing may be of interest. 

With some exceptions, the factors 
which appear to affect the ratios in Table I 
are the scope of the work performed 
within the group, whether the company 
was engaged in wholesale or retail opera¬ 
tions, the type of supervision or adminis¬ 
trative control, and the rapidity of load 
growth. No data were available to rdate 
planning manpower adequatdy to reve¬ 
nue, investment, or rate of growth. This, 
however, is dearly a matter for each 
operating company to evaluate for itself, 
not only in rdation to present and future 
load but also in relation to per c^nt of in¬ 
vestment which may be affected by the 
activities of the planning department. 
Planning is a form of insurance of eco¬ 
nomic and logical devdopmentof a system 
and perhaps it can be evaluated as such. 

Conclusion 

The survey disdosed an increasing 
awareness on the part of management of 
the need for system planning. It also 
indicated that tlie majority of respond¬ 
ents consider this work most effectivdy 
handled if spedfically assigned to a de¬ 
partment organized for the purpose. 
Such a department is considered an im¬ 
portant source for the information neces¬ 
sary to guide the huge future investment 
required by growing loads. 


Appendix. Answcis to 
Questionnaire on System 
Planning 

I. Administrative Control 

a, Is planning work under the direction 
of a particular department? If so, please 
name the department. 

All of the organizations operating at 
the ptail level reported that they had a 
S 3 retem planning group. Only one whole¬ 
sale power organization, dealing in trans¬ 
mission and marketing of power, reported 
that each branch did its own planning. 
One other wholesale organization had 
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Table I. 


Summary of Reporf$ on System 
Planning 



Man Years per 100- 
Megawatt (mw) Load 

Classification 

Mini¬ 

mum 

Maxi¬ 

mum 

Median 

Engineers. 

Technical assistants.... 

Clerical. 

Total planning staff.. 

..0.80.. 

..0.06... 

..0.06... 

..0.60... 

..1.60.. 
..0.60.. 
.1.88.. 
.3.25.. 

..1.06 

..0.24 

..0.18 

..1.49 


pla^ng divided between a central office 
^d re^onal groups. Another had planning 
divided between the generation and trans- 
^sion departments and commercial and 
distribution department. 

Fourteen planning organizations are part 
of the engineering organization, two are 
part of^ the operating departments and 
five are mdependent. 

b. If planning work is handled by a 
separate department, which officer of the 
company is responsible for its control? 

companies engaged in retail 
distribution and where planning is a 
separate department, control is as follows: 

Vice-president of engineering, operation 
and construction ’ 

Vice-president of engineering and opera¬ 
tions 

Vic^president of operations 
Assistant vice-president of operations 
Executive engineer 

One wholesale power organization had 
two planning groups reporting respectively 
to the vice-presidents of the generation and 
tr^st^sion and the commercial and dis¬ 
tribution departments. 

c. Are planning committees used? If 
they are, how are the memberships and 
assi^ments determined? 

Six companies reported that they used 
stanc^g committees for certain plannine 
functions. Two of these companies spe¬ 
cifically mentioned load forecasting as done 
by a committee upon which the system 
planmng group was represented. In five 
cases there were committees containing- 
representabves of the planning, engineer- 
mg, operating, and production departments 
presumably for discussion and agreement 
on system plans. 

Two companies reported the use of special 
committees to study major projects. Three 
othw companies emphasized the use of 
comerences or informal discussion with 
appears well recognized 
that planning, because of its broad effect 
requires an unusuaUy high degree of inter¬ 
departmental co-ordination. 

d. If planning is a separate function, 
how long has it been so recognized? 


In nearly all cases, the answers indicated 
tlut many of the assignments originated 
withm the planning department. One 
company stated. "Engineering Planning 
Section IS charged with forecasting in- 
^maencies and initiating their solutions.” 
Anoth» answered, "Planning assignments 
generaUy onginate within the System De¬ 
velopment Division as an automatic step 
m the fulfillment of its duties. Some 
assi^ments originate in other divisions 
M the rmlt of operating experience or as 
toe result of problems which arise in these 
divisions and which can be more con- 
venientiy stodied by the System Develop¬ 
ment Division.” The unique viewpoint of 
one company was that "Planning assign¬ 
ments originate in the Engineering Depart- 
^ ^ result of operating problems.” 
Many companies reported that planning 
engmeers were sometimes given special 
problems by higher levels for study. 

f. Is plan^g based on definite service 
stand^ds which are prescribed by manage- 


Table II. Analysis of Answers fo Question 
III 


Responsibility 

«... Not 

Pri- In. 

•iiary Joint volved 

General 


1 . 

2 . 

Design details . 3 . 

Requisitioning of equip- 

.. 6 .. 

..13 

3. 

ment. 2 

Preparation of detailed 

-. 2 .. 

..20 

4. 

construction estimates.. 1 
Work on annual or long- 

..3.. 

..20 

5. 

range construction 

budgets or forecasts_13.., 

Establishment of service 

. 8.. 

.. 3 

standards and reserves.. 7... 
Load forecasting 

. 14.. ■, 

.. 3 


Up to and including 6 years, 8 
From 6 to and including 10 years, 2 
Over 10 years, 7 

1 appear to indicate that at 

planning department in 
most uttoties has been changed in recent 
y^, either because of the increased size 
or to improve orgmdra- 

ot&mS^ Ptamimg assigoments 


ment? 

No standards, 5 

Based on standards considered as one of 
several factors, 6 

Based on standards informally approved 7 
Based on standards formally approved, 6 

Two companies listed as not having 
service stan^ds modified their repKes 
by saymg, "not as yet.” One company 
listed under "formally approved” stated 
that this applied to their underground 

definite 

standards on overhead. 

The answers appear to indicate that 
often m heu of fixed standards, a balance 
IS drawn between cost and expected service 
improvement. 

H. Scope of Work 

a. Does one group handle both electric 
system and generating station work? 

15, YES 
7, NO 

answering yes stated 
that toen- participation was limited to such 
considerations as date required, general 
area of mstallation, and size. One com¬ 
pany hsted as NO above states that the 
planmng division has a separate group 
handh^ generation as system resources. 

1 tie planning group handle 

Doth long- and short-range work? 

21, -VES - - 

I, NO 

The NO reply was modified by the state¬ 
ment that it applied to plans of less than 
two years range. 

c. At the present time, how far ahead 
h^ long-range planning been extended? 

If thM IS not considered sufficient, how far 
m the future is it thought long-range 
plannmg should extend? 

Less than 10 years, 10 
10 to 15 years, 8 
Over 16 years, 3 

This is approximate, since many replies 
represented a considerable spread, depend- 
mg upon the type of planning. Several 
replies giving 200% load as their range were 
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2 . 

3. 

4. 

5. 

6. 


3. 


4. 


. .12. 
.16. 


2 . 


b. _^ 

Forecast system load. 

2 . Forecast area loads. 

3. Forecast distribution 

feeder loads. 4 

c. Low-voltage a-c networks 

1 . Determination of equip¬ 
ment ratings.•. 3 

Determination of when 
new capacity is needed.. 4 .. 
Flans for supply stations.. 7 .. 
Flans for high-voltage 

feeders. 5 

Location and size of net- 

work transformers. 2 .. 

Size and number of 

secondary mains. 

d. General distribution systems 

1 . Determination of new 

equipment ratings.... 

2 . Determination of when 
new capacity is needed.. 

Freliminary routes and 
size of supply lines to 

substations. 

Location and capacities 
of distribution sub¬ 
stations.. 

One-line diagram of dis¬ 
tribution substations.... 7 .. 
Determination of short- 

circuit duties^. 7 .. 

Flans for relay protec¬ 
tion. 

Freliminary routes and 
size of principal dis¬ 
tribution feeders. 

Routes and size of dis¬ 
tribution laterals. 

Size and location of dis¬ 
tribution transformers. 

Size and location of 
capacitor banks. 

e. Transmission system* 

1 . Determination of equip¬ 

ment ratings. 

2 . Determination of when 

new capacity is needed.. 18 

3. Freliminary routes and 

capacities of lines. 

4. Study of stability prob¬ 

lems. 

6 . Study of voltage regula¬ 
tion and reactive. 

f. Generating stations 

L Determination of equip¬ 
ment ratings. 7 ,. 

2 . Determination of when 

new capacity is needed 

3. Prepare economic com¬ 

parison of alternate 
plans for additional 
capacity.. _ 


3.. .. 9 

4.. .. 3 


6.. .. 5 
6 .... 2 

7.. .. 3 

4.. .. 9 

3.. ..10 


9. 

10 . 


11 . 


12 .... 6 .... 4 


6.... 4 


primarily responsible 
for location and size of capacitor banks; and to 
det^me economic size of conductor and over- 
system)***** switching (on an extensive wholesale 


listed in the lO-to-16-year group, gitify the 
mdustry rate is about double load in 10 
3 ^s. Many companies r^orted longer 
tim^. for generating and transmission 
faahtxes than for distribution facilities. 
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.. 4. 

.. 7. 

.. 7 

! 

.. 8. 

.. 8. 

.. 2 1 

..11.. 

.. 2. 

i 

.. 5 1 

..12.. 

.. 8 .. 

.. 3 1 

.. 7.. 

..6.. 

.. 6 

.. 7.. 

..5.. 

.. 6 1 

. 5.. 

. 3.. 

..10 j 

. 4.. 

. 6.. 

1 

. 1... 

. 3.. 

:i4 1 

. 1 ... 

. 0... 

.17 L 

.7... 

. 6... 

• ® r 

. 6. .. 

. 16... 

3 1 

18,.. 
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.0 ! 

15... 
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° . i. 

18... 

6... 

0 i 

j 

17.... 

6... 

0 1 
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Table III. Analysis of Answers to Question VI/ a 


Company 

No. 

Engineers 

Technical Assistants 

Clerical Workers 

All Classifications 

Total 

Per 100- 
Mw Load 

Total 

Per 100- 
Mw Load 

Total 

Per 100- 
Mw Load 

Total 

Per 100- 
Mw Load 

1. 

..13.. 

....0.75_ 

.... 4... 

...0.23. 

3 . 

.0.17. 

20 . 

.1.16 

2. 

. .15.. 

....1.36.... 


. 

3 . 

.0.27. 

18 . 


3. 

. .24.. 

....1.32.... 

.... 1... 

...0.06. 

4 . 

.0.22. 

29 . 

.1.60 

4 

% 


. . 1... 


1 . 

. 

4 


e; 


1 00 



1 


6 


6. 

.. 5.. 

1!!!i!32.!.. 

!.!. i... 

...0.26. 

. 0.6. 

.0.13. 

6.6. 


7 


0 50 

1 

0 .50. 



2 . 


8. 

fi. 

0.44.... 



. 3 . 

.6.16. 

11 . 

.0.60 

9. 

. .63.. 

_1.66_ 

.3.. . 

...6.10. 

. 6 . 

.0.19. 

62 . 

.1.93 

10. 

..63.. 

_1.46_ 

....16... 

...0.41. 

.60 . 

.1.38. 

.118 . 


11. 

.. 8.. 

_1.09- 

.... 1... 

...0.14. 

1 . 

.0.14. 

10 . 


12. 

..4.. 

....1.00.... 

_ 1... 

...0.25. 

. 1 . 

.0.26. 

6 . 


13. 

..11.. 

....1.60_ 

.... 3... 

...0.43. 

. 4 . 

.0.67. 

. 18 . 

.2.60 

14. 

1R 







. 7 . 

.1.49 
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. 6 . 

.1.56 

16. 

!! 9.. 

....O.GO.... 

.... 4.!. 

...0.26. 

. 2 . 

.6.12. 

. 16 . 

.0.97 

17 





. 2 . 


. 5 


18. 

.',2.. 

....6.30.... 

.... 1... 

...0.16. 

. 1 . 

.0.15. 

. 4 . 

.0.60 

19. 

. .25.. 

....0.83.... 

.... 3... 

...0.10. 

. 2 . 

.0.06. 

. 30 . 



25 




. 4 . 


. 29 


21. 

..2.. 

.6.5 to 0.67. 





. 2 . 

..0.5 to 0.67 

22. 

..18.. 

.1.80.... 



. 4 . 

.6.4. 

. 17 . 



Prefer to train in department, 1 

Two companies stated that prior ex¬ 
perience with other departments was not 
required, but that all engineers receive 
some training in other departments. 

c. Is the planning group expanchng 
faster or slower than other engineering and 
operating groups? 

Faster, 8 
Same, 9 
Slower, 6 

It is doubtful if these figures indicate 
any trend. 

d. Does the planning group include a 
relay engineer? 

VBS, 10 
NO, 12 

However, one yes was qualified by the 
answer, “not as such.’* It will be noted 
that under question III, d, 7 five of the 
planning groups are primarily responsible 
for relay protection and three jointly 
responsible. 


The range in years of planning was generally 
less where load was growing rapidly. 

m. Division of Responsibility 

To what detail does the system planning 
group go in economic comparison and de¬ 
velopment of the preferred plan? Is it 
prlinarily responsible, jointly responsible, 
or not involved in the following? 

See Table II. It will be noted that 
there are 24 answers from 22 companies. 
Two wholesale organizations answered for 
two divisions each. 

Other duties were: 

To determine need for voltage regulators, 
transient torques due to faults or syn¬ 
chronizing out of phase, method of ground¬ 
ing generator neutral, and short-circuit 
stresses in cables and busses. 

To determine whether plant shall be of 
the base-load, peaking, or seasonal type. 

To make economic studies of new projects. 

IV. Other Routine Work 

What routine work is handled by this 
group other than already covered? 

Many items were mentioned here which 
were considered prerequisites for the work 
brought out in questions in Section III. 
These have been omitted in the listing of 
some of the more interesting answers to 
the question following: 

1. Analyze trouble logs for preparation 
of data on service continuity. An annxial 
report is issued to show trend of improve¬ 
ment. 

2. Prepare progress reports on con¬ 
struction for management perusal. 

3. Answer industry questionnaires, and 
Federal Power Commission and Public 
Utilities Commission reports. 

4. Mflititain population growth data, 
maintain data on interchange and area 
power pools, prepare studies of per capita 
use and utilimtion of equipment. 

5. 'M'a.ke technical studies of operating 
problems. 

6. Analyze system losses. 

7; Supervise budget preparation. 


8. Assemble job estimates prepared by 
other groups to obtain total cost and write 
request for authorization for funds, giving 
reasons foi construction. 

9. Carry on all network analyzer studies. 

10. Act in an advisory capacity to the 
engineering, operating, administrative, and 
legal departments, furnishing from time to 
time such data and technical calculations 
as may be requested. 

11. Represent company on planning 
and engineering problems dealing with 
intercompany matters on an interconnected 
system. 

12. Supervise day-to-day dispatching. 
Provide data and technical information 
necessary for the dispatching group to 
carry on the day-to-day operation. 

V. Degree of Responsibility 

What is the degree of responsibility of 
the system planning group? 

Somewhat unsatisfactory replies, due 
probably to the wording of the question, 
indicate that planning departments are 
generally responsible for forecasting any 
deficiencies in the ability of the existing 
system to meet expected increases in load, 
arid either preparing plans or reviewing 
plans made by others for elimination of 
these deficiencies. In some cases, alter¬ 
nate plans are submitted to a committee 
with recommendations as to the preferred 
one. In other cases, only the preferred 
plan is submitted to either a committee 
or to ma nag ement for final authorization 
or approval. 

VI. Personnel 

a. How many are engaged in planning 
work? 

See Table III. 

b. Are engineers in the planning depart¬ 
ment required to have prior experience in 
other departments of the company? If 
such prior experience is not required, is 
it considered desirable?- 

Required, 6 

Not required but desirable, 16 


Vn. General Comments 

The following are representative of the 
general comments received: 

“P lanning work in OUT company is 
included in the duties of system operation 
and, therefore, the Electric Department. 
This brings the planning group in close 
contact with the Load Dispatching and 
the Transmission and Distribution group. 
General Engineering does not take part in 
p lanning except as work is assigned to 
them by the planning group, such as 
investigating a proposed plant site or hydro 
project from the construction angle. We 
normally use two engineers from Trans¬ 
mission and Distribution on all transmission 
problems, system arrangements, trans¬ 
mission estimates, board studies, etc. In 
our company, the Electric Department 
includes Generation, Operations and Trans¬ 
mission and Distribution. General Engi¬ 
neering is a separate department and 
handles design details, detailed cost esti¬ 
mates and construction of plants.” 

“It should be pointed out here that the 
persoimel reported in VIo rely on regular 
conferences with the Superintendent of 
Engineering and the Assistant Super¬ 
intendent of Engineering and other senior 
engineers for planning work.” 

“It is also important that all other de¬ 
partments do originate and contribute 
planned improvements through the Super¬ 
intendent of Engineering.” 

“The System Planning Division of the 
General Manager’s Department is a rela¬ 
tively new (1950) organization. The 
division works jointly with and is gradually 
3 .fKiiming planning functions from various 
divisions of the Operating Department. 
These divisions previously assumed plan¬ 
ning functions in addition to construction- 
operation functions.” 

“Negotiations with larger customers 
(7,600 HP and over which are usually 
served from the Transmission System) are 
handled jointly with the Commercial 
Department.” 

“It is anticipated and desirable that a 
larger share of budget functions be assumed 
by the System Planning Di^dsion.” 

“System Planning includes Communica- 
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tions planning and Load and Frequency 
Control planning. Another group operates 
the A.C. Network Analyzer and prepares 
reports on the studies. The engineers 
also consultants on technical matters 
tor other departrnents.” 

"Much of our planning is carried on in 


consultation wth Consulting Engineers, 
pa^cularly on generating plant studies 
and occasionally on load studies;” 

"Other general duties are kept to a 
imnimum. However, it is obvious that 
those who made the plan must follow 
through some of the details and operating 


results ... all applications for loads above 
100 Kw which may require expansion of 
facihties at any voltage are cleared through 
the planning office.” 

"Planning group is primarily responsible 
for maintaining the statistical parameters 
of the system.” 


Ouadriphase A New Approach to 
Time Division Multiplexing 


W. E. EVANS R. F. LOWE 

NONMEMBER AIEE ASSOCIATE MEMBER AIEE 


ccumnercial microwave commiini- 
■ cation industry has supported a more 
or less continuous controversy on timp 
diviaon versus frequency division multi¬ 
plexing. One of the conclusions which 
may be drawn from these discussions is 
that time division has certain theoretical 
advantages. That is, whenever a multi- 
ch^el communication system is pushed 
to its ultimate performance by the length 
of the system, or by simultaneous and 
continuous loading of a high percentage 
of the channels, time division multiplex 
can produce higher signal-to-nolise ratio 
and lower crosstalk. 

However, the master timing or S 3 m- 
chronization of a time division multiplex 
system presents many practical problems. 
Generally this master timing has required 
either complex wave forms such as the 
saw-tooth or a sharp "timer pip” spike, 
or multiple complex networks to delay a 
master pulse wave form by various 
amounts. Most time division synchroniz¬ 
ing S3rstems have required very precise, 
very stable plate and bias voltages. Until 
now, it has been found that excellent de¬ 
sign, top quality components, regulated 
power supplies, and .good maintenance 
were required to achieve the theoretical 
advantages of time division multiplexing. 

New Concept of Synchronization 

To overcome these practical drawbacks, 
a completely new approach to the syn- 

^per recommended by the AIEE Carrier 

“*** approved by the AIEE 
Operations for presenta¬ 
tion at the AIEE Summer General Meetlmr 
SmrnpsMtt, Mass., June 27-July 1, 1955. Manu- 
scri^submltted March 28, 1955; made available 
for printing May 5, 1955. available 

and-R. F. Lowb are with the General 
Elec^’lc Company, Syracuse, N. V. 

a^owledge the development 
hv W epocept of the quadriphase system 

of the cLeS 

Electric Company, Syracuse, N. Y, 


chronization problem has been taken 
In the conception of the quadriphase sys¬ 
tem, simplicity of design, operation, and 
maintenance has been a prime requisite. 
The designers were faced with two ques¬ 
tions: 

V ^^5*- most simple wave form: 

the easiest to generate and to carry from 
the master generator to several slave units? 

2. What component is the simplest, the 
least expensive, and the most trouble-free? 

The answers to these two questions are 


really quite obvious. The simplest wav( 
form is a low-frequency sine wave; th( 
most elementary component is the re 
sistor. These two, the sine wave and the 
resistor, form the heart of the quadri¬ 
phase system. 

The sine wave is not generally con¬ 
sidered as a good timing signal because of 
its wide variations in slope. However, 
the portion of a sine wave in the im¬ 
mediate vicinity of the zero axis is very 
linear and can be used as an accurate time 
base. 

The segment a-b of Fig. 1 is the part of 
the sine wave with a slope steep enough 
and lineal- enough to be used as an ac¬ 
curate timing signal. The remaining 
problem is to make use of only the linear 
portion, To accomplish this, the phase 
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Rg. 3. Schematic diagram and explanatioi 
or operation of a phase-dividing network 
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Fig. 4. One 
frame of the com¬ 
posite multi¬ 
plexed signal 
showing pulse 
number 3 modu¬ 
lated 100 per 
cent 



of the sine wave must be shifted by finite 
increments through 360 electrical degrees. 
More precisely, the phase of the master 
sine wave must be shifted so that its zero 
point at which the voltage is going from 
negative to positive will occur at the be¬ 
ginning of the time space allocated to each 
channel of a multichannel system. It is 
neither practical nor in keeping with the 
simplicnty requirements to achieve this by 
emplo 3 ring a completely different phase- 
shifting network for each channel. 

A single sine wave can readily be made 
into two such waves phased exactly 180 
degrees apart by a conventional paraphase 
‘amplifier or phase inverter. If each of 
these two waves is shifted 90 degrees by a 
stable, temperature-compensated resist¬ 
ance capacitance network, we then have 
four sine waves of exactly the same fre¬ 
quency and phased in quadrature, i.e., 
"quadriphased.” These may be repre¬ 
sented in vector form as shown in Fig. 2. 

With these four sine waves as a master 
timing signal, it is possible to use networks 
containing only resistors to form a sine 
wave of any desired phase. This is illus¬ 
trated in Fig. 3, which shows two resistors 
connected in series from phase A to phase 
B. The voltage developed across the 
load is a sine wave whose phase is depend¬ 
ent upon the relative value of the two 
resistors. It is shown in Fig. 3 that the 
output phase of the divider is completely 
independent of loading as long as the 
load is resistive. Thus there is a “phase 
divider.” With this simple type of de¬ 
vice it is possible to produce a sine wave 
of any desired phase. 

Only a very small portion of the sine 
wave in the immediate vicinity of the zero 
axis (much less than the total linear por¬ 
tion indicated in Fig. 1) will be used for 
the actual timing of the channel pulses. 
Therefore, the amplitude of the quadri- 
phase voltages is not critical; regulated 
plate voltage is not required in any part 
of the quadriphase system. 

Syst^ Design Considerations 

The frequency chosen for the master 
sine waves will be equal to the frame repe¬ 


tition rate, whidi is the sampling rate for shows one frame of the composite multi- 

each channel. To keep audio distortion plex signal for such a system using pulse 

low, it is desirable to have the sampling position modulation. This frame period 

rate approximately 3 times the maximum results in an oscillator frequency of 8,929 

audio frequency to be transmitted. Using cycles per second. 

this criterion, the frame rate and thus the 

oscillator frequency must be in the range Transmitting Section 
from 8 to 10 kc for telephone voice chan- 

nels which normally have a bandwidth of Master Sync Generator 

about 300 to 3,000 cycles per second. If Fig. 5 is a block diagram of the master 
the time allocated to each channel is sync generator. The tuned plate circuit 

chosen at 4 microseconds, and if a like of the master oscillator employs a tor- 

time is provided for the marker and for roidal coil with a Q of approximately 200 

the guard space on either side of the assuring excdlent frequency stability, 

marker, a 25-channel system requires a Negative feedback is employed for am- 

total of 28 intervals of 4 microseconds or plitude stability. The output of the os- 

112 microseconds per frame. Fig. 4 cillator drives a paraphase amplifier to 



Fig. 5. Master sync generator 



Fig. 6. Channel-pulse generator and modulator 
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produce two waves of equal amplitude 
Md frequency, but opposite phase. 
(Vectors A and C of Fig. 2.) Vectors B 
and D of Fig. 2 are obtained by 90-degree 
phase shift from vectors A and C. Each 
of the four phases is fed through a cathode 
follower having an effective output im¬ 
pedance of approximately 10 ohms. 
These four cathode followers are arranged 
as two push-pull pairs. The output volt¬ 
ages from these cathode followers are in 
the order of 35 volts rms. 

Marker Pulse Generator 

To form a marker pulse, a phase divider 
is connected from phase A to phase D. 
The resultant voltage is used to trigger a 
gate generator. This gate turns on a one- 
megacycle oscillator for 3 cydes. These 
3 cydes are rectified and dipped to form 
three 1/2-microsecond pulses located in 
time, immediatdy prior to phase A, as 
shown in Fig. 4. 

Channel Pulse Generator and 
Modulator 

The four voltages generated by the 
master sync generator are fed to the phase 
divider network assodated with each 
channd-pulse generator. Electrically 
these networks have a negKgible loading 
effect upon th^ quadiiphase voltages since 
the phase dividers have an impedance of 
appro^atdy 30,000 ohms and the 
quadriphase voltage generator has an ef¬ 
fective 10-ohm driving impedance 
Physically, these phase-diriding networks 
are arr^ged to plug in so as to allow 
connection of the networks to the quadri- 
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FiS* 7. Receiving sync generator 

phase voltages in any of the eight possible 
positions between adjacent phases A to 
B, B to A, BtoC,C to 5, etc. Only 
fom different types of networks are re¬ 
quired to select any of the 26 different 
channds. 

The output of each phase divider is used 
to trigger a saw-tooth generator. The 
saw-tooth will cause the channel pulse to 
be generated at the mid-point of the 4- 
microsecond time space allocated to that 
particular channel. The presence of an 


PHASE DIVIDER 
OUTPUT 


audio modulating signal causes the chan¬ 
nel pulse to be formed earlier or later dur¬ 
ing this time space. Maximum devia¬ 
tion from the center position is limited to 
=1=1.1 microsecond. Nominal 100 per 
cent modulation is ±1 microsecond. A 
block diagram of the modulator is shown 
in Fig. 6. 

Receiving Section 
Receiving Sync Generator 

The receiving synchronizing equipment 
as shown in Fig. 7 contains an oscillator, 
paraphase amplifier, and cathode followers 
similar to the transmitting equipment 
for generating the quadriphase voltages. 
The oscillator, however, is controlled by 
an automatic frequency control circuit 
and reactance tube to maintain syn¬ 
chronism of the quadriphase voltages with 
the received pulse train. A marker selec¬ 
tor is employed to detect the mar k er 
pulse (by virtue of its make-up of three 
1/2-microsecond pulses closely spaced). 
The recurrence rate and the phase of thif t 
separated marker are used to derive the 
automatic frequency control signal. 

Demodulator 

The quadriphase voltages are con¬ 
nected to the phase-dividing networks for 
each of the individual channel demodula¬ 
tors. The output sine wave of each net¬ 
work is used to trigger a gate generator 
whose output is a positive gate of 4 micro¬ 
seconds’ duration. This gate is used to 
bias the video input section of the de¬ 
modulator to allow it to accept any chan¬ 
nel pulse occurring during the gate in¬ 
terval, but to reject all others. The 
modulation on the channel pulse is de¬ 
tected by means of a balanced phase 
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Fig. 8. Demodulator 
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detector. A low-pass filter is used td* re¬ 
move any high-frequency components 
present in the detector output as a result 
of the sampling process. Fig. 8 is a block 
diagram of the demodulator. 

Conclusions 

1. The system described emplo 5 '’s pulse- 
position modulation. It should be noted 
that the quadriphase principle of syn¬ 
chronization is equally applicable to systems 
utilizing pulse length, pulse amplitude, or 
pulse code modulation. 

2. Because of the simplicity of the tiitiing 
signal, fewer tubes are required for its 
generation, which inherently reduces both 
manufacturing and maintenance costs. 

3. The simple form of the timing signal 


makes it easy to detect electronically any 
failure or false operation of the synchroniz¬ 
ing equipment and to transfer automatically 
to stand-by equipment. This means that 
all vacuum-tube circuits common to more 
than one channel of a microwave system 
can be readily protected by stand-by units. 

4. The negligible effect upon channel- 
pulse positioning of plate voltage variations 
of as much as 10 to 16 per cent completely 
eliminates the requirement for regulated 
power supplies. 

5. Since only the phase and not the 
amplitude of the timing voltage affects 
channel pulse position, tube-aging can be 
detected during routine maintenance long 
before any faulty operation of the system 
occurs. 

6. Simple plug-in arrangement of the 
phase-dividing networks provides the ut¬ 


most in flexibility in changing channel 
assignment of a particular facility when 
rearrang in g system channel layout or when 
expanding an existing system. 

7. Eight-position, plug-in feature of 
phase-dividing networks results in only 
four different networks for a complete 26- 
channel system. These networks are com¬ 
parable in function to the channel band¬ 
pass filters of a frequency division system, 
but each consists of only two resistors 
instead of a number of inductances and 
capacitors. 

8. A time division multiplex system using 
the quadriphase system for channd timing 
is simpler to maintain, has fewer tubes, 
and is affected less by line voltage variations 
than any previous time division system. 
It is more than adequate to meet today’s 
high standards for microwave system per¬ 
formance and reliability. 


Review of the Factors Concerned 
with the Use of Protective Devices 
Shunting Reactors 

AIEE COMMIHEE REPORT 


Scope 

T his report is limited primarily to a 
study of factors concerned with the 
use of protective devices for shunting 
current-limiting reactors, including neu¬ 
tral grounding reactors, as normally ap¬ 
plied in American transmission and dis¬ 
tribution practice. The study was under¬ 
taken because of a growing interest in the 
subject and because there is very little 
published information available. It is 
hoped that the recommendations which 
the Working Group is making will be 
useful to those seeking guidance in the 
use of protective devices shunting reac¬ 
tors. The work of the group was divided 
into several separate investigations, each 
of which is described in some detail in the 
Appendixes. These investigations are 
outlined in the following. 

Investigation I 

A questionnaire was sent out to 45 
power companies and from the results it 
was possible to conclude that; 

1. Very little trouble has been associated 
with the use of current-limiting reactors. 

2. Cable faults, apparently accompanied 
by transient overvoltages, were indicated 

October 1955 


as being largely responsible for what little 
trouble has occurred. 

3. No trouble was reported where pro¬ 
tective devices shunted reactors, except 
in two cases, one where a lightning arrester 
connected across a neutral grounding 
reactor failed, and a second where the 
terminals of a resistor-shunted cable-feeder 
reactor flashed over. 

Investigation II 

Two reactor manufacturers studied 
their application and experience records 
for current-limiting reactors as applied to 
industrial systems. They concluded that 
there was nothing unique in such ap¬ 
plications distinguishing them in any way 
from the typical power company installa¬ 
tions which were the subject of the ques¬ 
tionnaire. 

Investigation IQ 

A series of failures involving reactors 
and cables in Havana, Cuba, led to a de¬ 
tailed study, including a transient-ana¬ 
lyzer investigation. This study indi¬ 
cated that the forcing of current zero 
was the only way in which transient over¬ 
voltages of the magnitude encountered 
could be produced. 

The results of the preceding investiga¬ 


tions indicated that the majority of the 
cases of trouble were due to system tran¬ 
sient overvoltages. Circuit changes that 
produce the highest transient overvoltages 
are known to involve arc paths. The arc 
path may be in a fault or it may be in a 
circuit-interrupting device such as a cir¬ 
cuit breaker. If intermittent arcing takes 
place in a fault to ground, the phenom¬ 
enon is called an arcing ground. How¬ 
ever, if the arcing occurs in a circuit¬ 
interrupting device, the voltages produced 
are called switching surges. Normally 
the arc in the fault or interrupter is ex¬ 
tinguished when the arc current goes 
through the zero point of its wave. If 
the arc is in a confined space, such as 
under oil or in apparatus or cable insula¬ 
tion, the deionizing agents present may 
produce an expulsion siction to interrupt 
the arc prior to a normal current zero. 
This phenomenon in a fault or circuit- 
interrupting device is called forcing cur¬ 
rent zero or chopping of the arc. Inves¬ 
tigations IV through VI were devoted to 
studying these arcing conditions. 

Investigation IV 

A general study using an analogue com¬ 
puter was made of transient overvoltages 
due to arcing grounds on circuits involv- 
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ing current-limiting reactors. From the 
study, it was concluded that: 

1- Highest overvoltages occur on un- 
grounded S3^tems. A resistance shunt 
will reduce the transient voltage across the 
reactor but will not reduce the voltage to 
ground. 


l&ely to be subjected to higher voltages 
toan on other systems since cable insulation 
has the expulsion’* action necessary for 
the extinguishing and reigniting of the arc 
which produces the arcing ground phe¬ 
nomena. This expulsion action also may 
force current zero in the arc. 


action will not occur when the ground-fault 
current is of sufficient magnitude to blow 
a large hole in the insulation during the 
first half-cycle. 

circuit is predominantly reactive 
under the fault or switching conditions. 


2. Even on solidly grounded systems, higi 
overvoltages can occur under certaii 
conmtions. One case studied showed th 
cable capacitance to be resonant with th( 
rewtw under arcing fault conditions 
wth the result that overvoltages as high ai 
400 per cent (%) occurred. These voltagej 
can be reduced by properly designed shuni 
resistors. 


3. Forcing current zero in circuits which 
ave reactors can produce overvoltages 

many tmes worse than arcing grounds in 
which the current is extinguished at normal 
current zero. 

4. Reactors instaUed on cable systems 
either grounded or ungrounded are more 


Investigation V 

A review of experience with forced cur¬ 
rent zero and investigations of faults 
through solid dielectrics by one manu¬ 
facturer indicates that: 

1. Circuit breakers can force current zero 
but the overvoltages resulting are not 
Imely to exceed thr^ times the normal 
line-to-neutral voltage. 

2. Where arcs occur through solid in¬ 
sulation, as in cable faults, the deionizing 
gas^ can produce an expulsive interruption, 
facing current zero at a much higher rate 
than circuit breakers. This expulsive 


Investigation VI 

A review of the literature on forcing 
current zero and on .postconductivity as 
a cause of circuit-breaker restriking indi¬ 
cates that: 

1. Circuit breakers can force current zero 
but American circuit breakers are usually 
designed so that they do not. 

2. In rare cases, where chopping is sus¬ 
pected, a resistor should be installed 
shunting the reactor. 

3. Reactors, although they do have an 
^ect on postconductivity, do not increase 
the severity of circuit-breaker duty 


Table I. Questionnaire Data on Reactor Applications 


Voltage 

Bangs, En 

Pro¬ 

tec¬ 

tion 

Generator 

Reutral 

Generator 
Phase Leads 

App Tr 

Generator 
Phase Leads, 
Buplez 

Load Bus 

Tie 

Synchro¬ 
nization 
Bus Tie 

ions 

Generating 

Station 

Tie 

Transformer 

Neutral 

-- 

Overhead 

Feeder 

— 

App Tr 

App Tr 

App Tr 

App Tr 

App Tr 

App 

Tr 

App 

Tr 

Br 


' none... 
Q ... 
5 ... 




• -0.many.. 

...1. 

...3. 

...3..,. 

..1.., 

..6... 

., many * ,, 

. B 

2.8 to 7.2. ^ 

T 







. 


.. 1.., 


. F 

i 

V ... 


\ 







..1... 


F 


V ... 

.. .1 








5... 


B 



100 to 220. 


none. 
Q . 
R . 
5 , 
V . 


Wt ., 

^J^P"no. of applications 
Tr«»ho. of troubles 
Br ■« breaker location 
bus side of reactor 
B«»feeder side of reactor 

pro^tioU; type not specified 
V * snunt resistor 
A * shunt lightning arrester 
shunt air gap 
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... .1 
,.. .1 
.. .1 
.. .2 
.. .1 


^-arrestor connected ^^^^o*i^ reactor 

Wi - wester on transmission lines and banks 
Wt - shunt capacitor 

X«arrestw on cable riser connecting to O.H. feeder 
Ai^arrester on line and bus sides of reactors 
arrester on O, H. feeders " 
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Investigation VII 

A study of the requirements for protec¬ 
tion of neutral grounding reactors reveals 
that: 

1. The practice regarding protection of 
transformer neutrals is well established. 
It consists of shunting the reactors with 
arresters or resistors having characteris¬ 
tics that will protect the neutral insulation 
level. 

2. Rotating machines having direct ex¬ 
posure to lightning may need additional 
surge capacitors (in addition to those 
normally used for winding protection) at 
the machine terminals to protect the 
machine neutral. 

3. From a switching-surge standpoint, 
high transient overvoltages on rotating 
machines and their neutrals are avoided if 
the system is grounded so that Xo/Xi is 
less than 10, although lower values of 
■X'o/Xi will further limit transient over¬ 
voltages. 

4. Overvoltages can occur when an arc is 
extinguished at other than normal current 
zero, but inasmuch as the probability of 
such overvoltages being excessive is very 
remote, the use of protective equipment 


shunting machine neutral reactors for this 
purpose is usually not considered justified. 

Conclusions 

The Working Group has reached the 
following conclusions as a result of its 
studies: 

Series Current-Limiting Reactors 

1. Series current-limiting reactors have an 
excellent record for reliability. There has 
been very little trbuble associated with 
their use. 

2. The great majority of applications have 
no protective device shunting the reactor. 

3. In a preponderance of cases where 
trouble has occurred it has been in con¬ 
nection with cable feeders or with overhead 
feeders served by cable risers. In such 
applications it appears that arcing grounds 
through cable insulation can, under certain 
circumstances, force current zero with 
resulting overvoltage at the reactor. 

4. Properly designed shunt resistors or 
lightning arresters will protect series cur¬ 
rent-limiting reactors, even in the most 
adverse circumstances, and will control 
switchgear and bus overvoltages which 


might otherwise result from the presence 
of the reactor in the circuit. 

Neutral Grounding Reactors 

1. Transformer neutral reactors are nor¬ 
mally equipped with shunting resistors or 
arresters. 

2. When rotating machine neutrals need 
protection, the requirements are more 
universally met by adding protective 
capacitors to the machine line terminals 
than by adding devices in shunt with the 
neutral reactor. 

Recommendations 

Series Current-Limiting Reactors 

1. Where there is exposure to lightning, 
standard protective practices should be 
followed, with the precaution that adequate 
lightning arresters are connected to ground 
on the line side of the reactor. 

2. Protective shunts are not recom¬ 
mended for installation across series current- 
limiting reactors except where a user is 
unwilling, to assume the small calculated 
risk of trouble developing in applications 
involving cable feeders or overhead feeders 
with cable risers. 
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Table II. Application, Protection, and Failures 


Reactor 

Application 


Total No. of 
Companies 
Using 
Application 


Voltage, 

Kv 


Protected 

or 

Unprotected 


Column no. 2 


No. of 
Companies 
Ha Ting 
Application 


No. of 
Companies 
Having 
Trouble 


No. of 
Trouble 
Cases 


2.3-7.2 


Cable feeder.. 

2? 

111.0-16.5. 

1 unprotected.. 

.... 7_ 
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. f protected . 

.... 6_ 




[ 22-220.... 
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...17. 

. 7. / , 




. f protected ... 
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.n. ' 
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. f protected ... 
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-21. 
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... 6. 





22-69. 
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( protected ... 
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Load bus tie.... 


11.0-16.5.. 
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.2,... 

.... many 


....19.1 
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. 1 

.0 
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... 2. 
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....17.. 
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.. 5.. 



.2.3-220_ 
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.. 3. 
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22. 
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. 16. 
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.{ 
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. . 6. 
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.0... . 
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.. 3....... 

.1. 

.i ■; 
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...13.....J 

11.0—16.6.. 

1 

22-220.1 

f protected .... 
1 unprotected.... 

.. 3. 

.. 5. 
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. 1 


( 

f protected .... 

1 unprotected.... 

.. 5. 

.. 4. 

.0....'.' 

.... n 

.0 

Generator phase leads... 

••• ®. \ 

2.3- 7.2.... j 

11.0-16.5.. 

2.3- 69.1 

f protected .... 
unprotected.... 

.. 1. 

.. 1. 

- 0 ..... 

.... f) 

. 0 

Transformer phase leads. 

Synchronizing bus tie 

... 8.; 

... fl. « 

unprotected.... 
protected .... 
unprotected. 

.. 9. 

.. 1. 

• • n. 

.1.!.!.! 

.0. 

.0. 

. 1 

- 0 

_ 0 




protected . 

unprotected. 

.. 1.. 

. 8. 

-0. 

_ n 

.... 0 


“vetliead diirin, palod. whm tli. (mihrad 

Tin one onse reactor nomiallr ohnnted by btea]^. 


Types ok Surge Protective Devices 

Some type of surge protective device was 
applied by some companies to all of the 
listed applications. The types of surge 
protective devices reported on include: 


1. Shunt resistor. 

2. Shunt lightning arrester. 

3. Shunt air gap. 

4. Shunt capacitor. 

6. Airester connected line-to-ground 
feeder side of reactor. 


on 


I®' Arrester connected bus-to-ground. 

7. Arresters on transmission lines and 
banks. 

8. Arrester on cable riser connecting to 
overhead feeder. 


9. Arrester on both line and bus sides of 
reactors. 

10. Arrester on overhead feeders. 

!!• Arrester protection, time not 

specified. 


12. Customary rotating machine pro- 
tecfaon consisting of arrester and capacitor. 

13. High-frequency absorber. 


In^encb of Trouble Arising from 
Surge Voltages 

There were relatively few trouble 
by far the majority of which occurred on 
reactors installed in cable feeders or in 
overhead feeders having cable risers. 

Adequacy of Surge Protection 

In general the protection was adequate 
where surge protective devices were used. 


Discussion of Replies to 
Questionnaire 


Neutral Grounding Current-Limiting 
Reactors 


1. All transformer neutral reactors she 
be equipped with shunting arresters 
sistors may be used in the lower volt 
ranges). 

2. The neutrals of reactor grounded rol 
mg mac^es usuaUy need no protect 
from switching surges if the system 
founded so that Xo/Xi is less than 
For values of Xo/Xi greater than 3 it ni 
be necessary to apply protective equipme 
shunting the reactor where the sysb 
constants are such as to permit transu 
overvoltages to occur. 

3. Where there is lightning exposure 
IS recommended that the machine neut 
be protected by increasing the machi 
tamm^ ^pacitance to ground to at lea 
1/2 microfarad per terminal. 


connected to power systems. 

2. To determine what type of surge 
protective devices, if any, are used in 
conjunction with the reactors. 

3. To determine the incidence of troubles 
arising from surge voltages. 

4. To determine whether the protection 
was adequate in aU cases where surge 
protective devices were used. 

5. To detwmine which types of appUca- 
tion are considered to require special con¬ 
sideration of surge overvoltages. 

The questionnaire was sent to 46 power 
Compaq, and replies were received from 
^ presents in detail the data 
obtained from the replies to the question¬ 
naire. 

Summary 


Appendix I. Report on 
Questionnaire 


Reactor Connections 

* T^j reactor applications reported on 
include applications in: 


Objectives 

_A questionnaire was prepared t 
WorlMg Group for circulation am 
sample group of power companies wi 
following objectives in mind; 

i. To obtain information cone 
the various methods in which reacto 


1. Cable feeders. 

2. Overhead feeders. 

3. Load bus ties. 

4. Generating station ties. 

6. Synchronizing bus ties. 

6. Generator neutrals. 

7. Generator phase leads. 

8. Transformer neutrals. 

9. Transformer phase l^ds. 
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Applications, Protection, and Failures 

A summary of the information obtained 
rom the replies to the questionnaire is 
givm in Table II. Only those reactor 
applications which were reported by several 
companies are tabulated, but every case of 
trouble reported is included. Information 
concemmg applications reported by only 
rae or two companies can be obtained from 
Table I. 

A brief explanation of the significance of 
the figures presented in columns 2 and 5 
of Table II will perhaps be useful in avoid¬ 
ing confusion. Column 2 lists the total 
number of companies which make use of 
^y particular application. On the other 
hand, column 6 lists the number of com- 
P^es reporting the use of a reactor ap¬ 
plication in various voltage ranges, 
separates protected and unprotected reac¬ 
tors. Thus, in any given application, a 
company could be tabulated as many as 
sue times ^in column 5 if the company had 
that particular application both protected 
and unprotected in each of the three voltage 
ranges. However, in column 2 each 
company using a particular application 
would be counted only once. 

Applications 

Table II indicates that cable and over¬ 
head feeder reactors are the most extensively 
used application of reactors, with load-bus 
tie and generating-station tie reactors second 
in importance. Generator and transformer 
neutral reactors ^e next in importance and 
the three remaining applications, generator 
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and transformer phase leads, and S 3 m- 
chronizing bus tie reactors were reported 
by relatively few companies. 

Protection 

Column 6 of Table II shows that with 
but two exceptions the majority of the 
companies provide no surge protective 
devices for their reactor applications. The 
exceptions are transformer neutral reactors 
and overhead feeder reactors. 

In the case of the transformer neutral 
reactor application in the 22- to 220-kv 
voltage range, five companies use surge 
protection, and four do not. However, 
this was not the case in the lower voltage 
ranges, for in the 11- to 16.6-kv range only 
three’ companies use protective devices 
while five use none, and in the 2.3- to 7.2- 
kv range none of the three companies 
having the application provide any surge 
protection. In the overhead feeder ap¬ 
plications, the companies using surge 
protection outnumber those with no pro¬ 
tection, at all voltage levels; in the 2.3- 
to 7.2-kv range eight companies supply 
protection and six do not; in the 11- to 
16.6-kv range 12 companies use protection 
and seven use none; and in the 22- to 69- 
kv range seven companies provide protec¬ 
tion while only two do not. 

The majority of companies replying to 
the questionnaire specifically state that 
they do not feel that surge protective devices 
are required on their specific reactor ap¬ 
plications. However, a great majority of 
the troubles which were reported occurred 
on unprotected applications. 

Failures 

There were comparatively few troubles 
with reactors due to surge overvoltages 
reported in the questionnaires. No trouble 
of any kind was reported on synchronizing 
bus tie, generating station tie, and trans¬ 
former phase lead reactor applications. 
One company reported a single case of 
trouble with a generator phase lead reactor, 
and one company reported several cases 
of trouble with a generator neutral installa¬ 
tion. Three companies reported trouble 
with load bus tie reactors; two of these 
companies reported one case of trouble 
each, while the third reported "many” 
trouble cases. Each of two companies 
reported one case of trouble with trans¬ 
former neutral reactor applications. 

The great majority of troubles reported 
were with cable feeder applications and 
overhead feeder applications in which 
cable risers were used. In the case of the 
cable feeder application, seven companies 
reported a total of 18 trouble cases. In 
addition to these, one company reported a 
single case of trouble on a reactor in an 
overhead feeder which was caused by a 
fault on the cable riser of the circuit, and 
another company reported “several” trouble 
cases which occurred during periods when 
the overhead fe^er was discoimected. 
(Only the cable riser was involved.) In 
these two instances, since the cable riser 
rather than the overhead feeder was in¬ 
volved in the trouble, the trouble data have 
been included with the cable feeder trouble 
data in Table II, columns 6 and 7. The 
application data, however, columns 2 and 
6, have been induded with the other over¬ 
head feeder data. 


In the overhead feeder application, two 
companies reported 17 cases of trouble, 
exdusive of the two instances just de¬ 
scribed. One company reported an esti¬ 
mated 12 cases of trouble, all occurring on 
overhead feeders having cable risers, and 
lightning arresters at the risers. This 
company did not supply sufficient informa¬ 
tion to determine whether the cable risers 
played any part in the failure of the reac¬ 
tors. The second company reported five 
trouble cases, but did not state whether 
cable risers were involved. 

Of the 18 companies reporting trouble 
due to surge overvoltages, only three had 
trouble with reactors equipped with surge 
protection of some kind. One company 
had a single case of trouble involving a 
transformer neutral reactor having a shunt 
lightning arrester, one company had one 
case of trouble with a cable feeder reactor 
equipped with a shunt resistor, and the 
third company reported an estimated 12 
cases of trouble with overhead feeder 
reactors on circuits having lightning ar¬ 
resters at the cable risers of the feeders. 


Details of Reactor Troubles Reported 


Cable Feeder Reactors 

Case 1, Table III. The 13.8-kv bus is 
effectively grounded by grounding one 
generator neutral solid. The calculated 
data for the last case of network cable 
trouble are 

=s =»2,460 amperes (line to ground) 


Xx 


1.066 


— « 0.365 

Xi 

The circuit breakers are known to have 
difficulty interrupting currents in the range 
of 3,000 to 5,000 amperes, and the arcing 
time may be 4 to 6 cycles on a 60-cycle 
basis. No damage or burning was apparent 
on the circuit-breaker contacts in any case 
of fault. In the last case of network 
cable trouble, the reactors flashed to ground 
and between phases. The network feeders 
have induction regulators on the line side 
of the reactors. In all cases of trouble, 
flashovers occurred to ground across about 
6 inches of air, and ultimately spread to all 


Table III. Cable Feeder Reactors 


No. of 
Instal- 

Case Circoit lations No. of Protec- 

No. Voltage inTTse Troubles tion 


1..13.8 lev... 20.3.none* 

Subtrans¬ 

mission 

Network.... 13.8 kv... 4.4.none* 

2 .12 fcv...300 .1.none 

3 .13.8 kv...333 .1.none 

4 .11 kv...220 .2.none 

5 .ll.Skv... 28t.1.none 

6 .13.8kv... 14.1.resistor. 

shunting 

reactor 

7 .13.8kv... 70.6.none 


* Bus arresters inslAlled, in 1047. 

tNone of these installations are in service at 

present.. 


three phases. Arc and fire severely dam¬ 
aged the breaker mechanism and buswork. 

All of the troubles reviewed in the fore¬ 
going have occurred at one station. There 
have been at least two cases on subtrans¬ 
mission cables at two other stations, which 
were attributed to overvoltages due to 
reactors, but details are lacking. One 
failure on subtransmission and two failures 
on network feeders occurred after bus 
arresters were installed in 1947. 

The Working Group feels that the reac¬ 
tors definitely contribute to the over¬ 
voltages which have caused flashovers. 
No line arresters are installed, since all 
feeders are entirely in cable. One set of 
bus arresters is installed on one end of the 
bus. The bus arresters were installed 
about 1947. It seems significant that the 
failures which occurred are 100 to 200 feet 
from the lightning arresters. The installa- 
^tion of additional arresters on the bus is 
contemplated, as well as Thyrite resistors 
on the reactors. The Thyrite resistors 
seem effective at all overvoltages as against 
the lightning arrester, which is effective 
only above flashover. Also a matter to 
be concerned about is that the lightning 
arrester may blow up on sustained over¬ 
voltages. 

Case 2, Table III. A multiple flashover 
of the reactor occurred during a severe 
fault on this cable. The exact cause of 
the flashover is unknown. 

Case 3, Table III. No comments on this 
trouble. 

Case 4, Table III. For the two failures 
listed, the reactors failed mechanically on 
a cable short circuit within a mile of the 
reactor. It was found that the reactors 
were of 1920 vintage and were not physi¬ 
cally strong enough to withstand the stresses 
that could be-applied. 

Cose 5, Table III. Surge flashover caused 
by external 3-phase-to-ground fault on the 
11.5-kv system. 

Case 6, Table III. Reflection of incoming 
surge caused 3-phase flashover on cable 
feeder terminals of reactor. 

Case 7, Table III. In May 1942 band C 
phase reactors were burned out by a flash- 
over caused by lightning. In July 1947, 
the potheads and cables of two feeders 
having reactors and fed from the same bus 
were damaged by a flashover caused by 
lightning. These two trouble cases oc¬ 
curred on radial feeders ter min ati n g in 
13.8/4.16-kv transformers. Since 1947, 
HgVii-niTig arresters have been installed at 
the potheads on the source of the lines. 
Since then, no failures have been reported. 

The other three cases of trouble occurred 
at installations where two cables are fed 
through one circuit breaker and reactor. 
The cables terminate on the same bus at 
the far end. Twice a cable fault on one 
cable resulted in a flashover of the pot¬ 
heads near the reactor on both cables. In 
the third case a flashover of the breaker 
bushings at -the far end. of one cable resulted 
in a simultaneous flashover of the potheads 
on both cables near the reactor. 

Overhead Feeder Reactors 

Case 1, Table IV. These troubles occurred 
15 years ago or earlier, and information 
now on hand concerning -them is not very 
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Table IV. Overhead Feeder Reactors Generator Neutral Reactors 


No. of 
Instal- 

Nn V W®- of Protec 

ITo. Voltage In Use Troubles tion 


Circuit 

Voltage 


No. of 
Installations 
in Use 


Table VI. Transformer Neutral Reactors 


No. of 
Troubles 


Protection 


1 •... 26 kv.. 
2•... 12,5 kv. 

3-4.16 kv. 

4....12 kv... 


• • 4.4 or 5.none 

. 1.none 

• •61.several.none 

• • 63.12.arresters 

estimated at cable 
risers 


complete. However, they involved flash- 
overs of reactors at times of lightning 
stoims, and the flashovers were probably 
^tot^ by lightning surges or system 
disturbances caused by lightning. 

These troubles led to the replacement of 
two sets of reactors. The original reactors 
Nad bare conductors, whereas the new 
asbestos covered conductors 
and Thynte shunt resistors. 

Case 2, Table IV, Line-to-ground fault in 
outgoing cable to 12.6-kv overhead Une 
^u^d overvoltages to appear on reactor, 
nasNing it over and destroying it. 

Case 3, Table IV. Several cases of trouble 
have occurred at the time of dropping of the 
charging current of 4.16-kv regulators 
tmough a reactor-cable combination. The 
oil circuit breakers in question were old and 
^ow, and showed evidence of restriking. 
The Rouble was cured by the installation 
of lightnmg arresters at the regulators. 

Case 4, Table IV. AU of the failures have 
been on overhead feeders connected to the 
rectors by cables varying in length from 
150 to 600 feet. The only lightning pro¬ 
tection on these circuits is the distribution 
type of Ughtning arrester at the risers and 
interconnected with the cable sheath and 
the system neutral. Practically all of the 
fmlures were turn-to-tum faflures at the 
line end of the reactors. These failures 
occurred on reactors which were approxi- 
i^tely 26 to 30 years old. PracticaUy ‘ 
all failures occurred during lightning storms. 

Load Bus Tie Reactors 

Case 1, Table V. Whenever a heavy fault 
^curred, usually close to the substation, 
tee reactor would flash over as the faulted 
iee<^ cleared. In about 1927, the 2.3- 
kv bus reactor was replaced by a 13.2-kv 
re^or.^type CZS, form B, each phase 
rated 152 kva, 200 amperes, 762 volts. 

It was tapped down so that about two- 
ttirds of the coil remained in the circuit 
This reactor was never flashed over by the 
dea^ng of 2.3-kv fault. In 1941, the 2 3- 
^ bus was changed to 4.16-kv grounded 
T, and the reactor was removed. 

Case 2, Table V. The one case of trouble 
occurred during the dearing of a line-to- 
ground fault on the adjacent 13.2-kv 
system. The reactor flashed turn to turn 
ahd to ground. At the same time, the 
shunt lightning arrester of a 13.2-kv neutral 
reactor exploded; see case 1 in Table VI. 

Case 3, Table V. Surge flashovers on 
reac^, disconnect switches, and con- 

nectmg cables. This installation is no 

Jonger m service. 


^.^.severa l.none 

During the 10 years of operation with 
reactor grounding of generators (1928-38) 
at two stations, several cases of surge 
^hovers occurred on the neutral busses. 
f«ter the installation of resistance ground¬ 
ing at both stations, no trouble of any 
kind was experienced. 

Transformer Neutral Reactors 

Case 1, Table VI. The one case of trouble 
occurred during the dearing of a line-to- 
ground fault on the adjacent 13.2-kv 
arrester across one of 
tee tran^ormer neutral reactor instaUations 
exidoded. At the same time, a 13.2-kv 
lo^ bus tie reactor flashed tum-to-tum 
and to ground; see case 2 in Table V. 

Case 2, Table VI. The only case of trouble 
mvolved a reactor that is connected be- 
tween l^ound and the neutral connection 
of two 12.500-kva transformers that ener- 
Pze a 4.16-kv distribution bus. Thereactor 
normally shunted by a 400-ampere fuse 
Heavy ground faults are thus Kmited in 
magnitude to protect regulators from 
excessive ground-fault current. A solid 
p-<^d m tlie station caused the reactor 
to nash over to ground. 

Cdcmlations indicate that a solid ground 
SnL® station wiU initiaUy equal 
amperes symmetrical. The fuse 
wiU interrupt this current and cause the 
reactor to limit the steady current to 7,400 
amperes. The initial transient probably 
caused about 10,000 volts to be impressed 
across the reactor, which flashed to ground. 


Case 

No. 

Circuit 

Voltage 

No. of 
Instal¬ 
lations 
in Use 

No. of 
Troubles 

Protection 

1... 

. .13.2 kv. 

_3_ 

... 1 


2... 

. .4.15 kv.. 

... .1_ 

1 

lightning 

arrester 



through a reactor vrith slow circuit breakers. 

Of the types of failures, 13 were flash¬ 
overs between turns, nine were flashovers 
to ground, and two were .mechanical fail¬ 
ures. Several companies reported troubles 
on a^ociated equipment, such as shunt 
hghtmng arresters exploding, cable pot- 
heads failing, and flashovers on neutral 
bus and cable fatdts, which were attributed 
to surge overvoltages due to the presence 
of the reactors. 

Complete Tabulation of Replies 

j complete presentation of 

^ data obtained from the questionnaire, 
IS shown every reactor application reported,' 
the applications being tabulated in four 
voltage, ranges; in each voltage range the 
number^ of companies employing pqf»h 
appheation and the type of surge protec¬ 
tion, if any, are indicated. In the cas e 
of overhead and cable feeders, the location 
of the circuit breaker with respect to the 
reactor is also shown. The types of pro- 
teefron are indicated by letter symbols. 
Table II was derived from Table I. 


Generator Phase Lead Reactors 


Circuit 

Voltage 


No. of ■ 
Installations 
in Use 


No. of 
Troubles 


Protection 


.none 


A fla^over to ground occurred on one 
phase of a generator phase lead reactor 
dunng abnormally high flow of. reactive 
current through it. There was oscillo¬ 
graphic evidence of high-frequency com¬ 
ponents in the current prior to the flashover. 

Cause and Nature of Reactor Failures 

Table VII indicates the major causes of 
the troubles reported on reactors. It 
shows that of 41 specific cases, 20 were 
reported as caused by lightning, and 18 
by fault currents. One other assigned 
cause was breaking charging current 

Table V. Load Bus-Tie Reactors 


Case 

No. 

Circuit 

Voltage 

No. of 
Instal¬ 
lations 
in Use 

No. of 
Troubles 

Protec¬ 

tion 

1.... 
2.... 
3.... 

.. 2.3 kv.. 
..13.2 kv.. 
.. 6.9 kv.. 


. .many_ 

....1..... 

;. .none 

.. .none 

...none 


Use of Protective Devices Shunting Reactors 


Appendix II. Date on Reactors 
in Industrial Applications 

^ An attempt was made to collect data for 
ihdustrial applications similar to that 
obtained by questionnaire from the power 
companies. For this purpose, two of the 
reactor manufacturers studied their records 
for cuCTent-limiting reactors installed in 
industrial systems. 

The majority of such reactors are types 
H and J, Table I, in cable and overhead 
circuits. Also quite a few are used as 
startmg reactors for motors. The other 
^jor group used are the types Z) and JS, 
bus tie and synchronizing bus reactors! 
There are very few cases where the other 
classifications are used. Types A, B, C, 
and F refer to generating stations, and 
^ce only the largest industrial systems 
have their own generation, very few of 
these instaUations exist. Thete are also 
very few cases of type G, reactors in trans¬ 
former neutrals, since most industrial sys¬ 
tems are either ungrounded or resistance- 
grounded. 

I^ormation on the protective schemes 
used on reactors in industrial systems is 
vmy meager. There are no recorded cases 
where protective devices were applied 
to protect the reactors themselves. There 
are cases where arresters are mounted 
acyacent to the reactors, but these are 
prnnanly for protection of other equipment 
There »e also a limited number of neutral 
grounding reactors supplied with shunting 
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Table VII. Reactor Troubles 

Initiating Cause and Type of Failure 


Number and Type of Trouble 






Flashover 



Mechanical 

Failure 

No. of 

Com- No. of 

panics Troubles 



Initiating Cause 

Tum-to-Turn 
No. of 

Com- No. of 
panics Troubles 

To Ground 

No. of 

Com- No. of 
panics Troubles 

Phase-to-Phase 
No. of 

Com- No. of 
panics Troubles 

Not Specified 

No. of 

Com- No. of 

panics Troubles 

Other 

No. of 

Com- No. of 

panics Troubles 

Total 

Number of 
Troubles 


1 

12 




...3.... 

8 




20 

Fault Currents. 

Breaking Charging- 
Current Through Re¬ 
actor with Old Slow 


.... 1. 

,... 2 .... 

.8. 


_4.... 

. 3-|-many. 

....1_ 

_2. 

1 1* 

...1. 3t .. 

, ,18-|-many 

.. several 


' 


... 1.... 

_1. 


_1,... 

1 



....1. 1§ .. 

3 












several 

Totals...... 

... 2 .... 

....13. 

...3.... 



...8.... 

.12-|-many. 


_2. 

.. .5.. .S-l-several.. 

. .41-i-many 


II Shunt arrester on transformer neutral reactor exploded. 

"‘Cable potheads near reactors flashed over. 

fBreaking charging current of cable risers to overhead feeders caused faults on cable risers. 
tNo comment as to type of trouble. 

iSurge flashover on neutral bus in station with reactance grounded generators. 


resistors to reduce the Xa/Xi ratio of the 
system. 

There is a complete absence of reported 
cases of trouble either to the reactor or 
to other equipment caused by the mis¬ 
application of the reactor. This might be 
explained by the fact that files containing 
such data are destroyed after 5 years so 
that any cases reported in the past must 
have occurred at least 5 years ago. The 
absence of reports in the last 5 years 
indicates either no failures or that the 
industrial engineering departments of the 
manufacturers were not consulted. It 
may be that local utilities supplying indus¬ 
trial systems are consulted without the 
manufacturer's engineers being involved. 
In any event the information is very meager, 
to say the least, on this phase of the investi¬ 
gation. 

It was concluded that in view of the 
general lack of detailed information, fur¬ 
ther investigation of industrial applications 
was not warranted and that industrial 
applications should follow practices estab¬ 
lished by the utilities. 

Appendix III. Failures on 13.8- 
Kva Cable Circuits with Reactors 
in Havana, Cuba, and Transient 
Analyzer Study for Station 

Seven cases of trouble on 13.8-kv cable 
circuits with reactors have been e3q)erienced 
at Consolidated Steam Electric Station in 
Havana, Cuba, since 1930. Two similar 
cases have occurred, one at each of two other 
stations. ' 

At the Consolidated station the dis¬ 
turbances have resulted in 13.8-kv bus 
faults probably due to communication of 
the arc from the line side of the circuit 
breaker to the bus side of the breaker 
within the breaker cell. I^lashovers have 
also occurred in the current transformer 
compartments and in the reactor compart¬ 
ments, both of whidi are isolated from the 
breaker cell and are on the line side of the 
breakers. All cases have occurred with 


Westinghouse type-CO-11 breakers, al¬ 
though Westinghouse type-CO-1 and 0- 
lllA breakers are also installed. The 
CO-1 breakers have been installed in a 
maximum of 12 positions compared to 
about 25 positions for the CO-11 breakers 
since the early 1920*s. The 0-111A break¬ 
ers have gradually replaced about 76% 
of the CO-11 breakers in the last 6 years. 

Analysis of the information available 
on the last two cases of trouble indicated 
cable failures and about 1/2 mile from 
the Consolidated station were tlie initiating 
cause. Flashovers in the cells occurred 
across about 5 inches of air. Flashovers 
in the reactor compartments occurred 
between turns of the reactors, between 
reactors on different phases, and between 
reactors and grounded parts of the com¬ 
partment. The reactors are stacked ver¬ 
tically for the three phases and range from 
1.6% to 7.6% for different circuits. Most 
failures have occurred on circuits with 
7.5% reactors. The calculated ground 
current ranged from 2,500 to 3,000 amperes, 
and Xo/Xi was approximately unity while 
Ro/Xi was approximately 0.36. It is 
known that the CO-11 circuit breakers, 
being plain break breakers, have arcing 
times of 3 to 5 cycles for currents in the 
range of 2,000 to 6,000 amperes. The 
extent of damage to the cables at the point 
of fault is not known exactly for the last 
two cases, but it is known that from 1/2 
square inch to several square inches of 
lead sheath have been destroyed on some 
of the. cables. No damage to breaker 
contacts has ever been experienced. It is 
estimated that a voltage of approximately 
nine times phase-to-neutral on a crest 
basis might be necessary to flash across 
6 inches of air. 

A transient analyzer study was made for 
the Consoli(hited station. No overvoltages 
in excess of 150% were produced for any 
type of fault on either the faulted or un¬ 
faulted phases for restriking in the circuit 
breaker, restriking in the fault, or dropping 
capacitive circuits. The only manner in 
which overvoltages of any consequence 
could be produced was by chopping current 
zero. Overvoltages up to 7.5 times phase- 


to-neutral voltage on a crest basis were 
produced by chopping current zero. The 
maximum value of overvoltage was limited 
by the interrupting ability of the synchro¬ 
nous switch. However, the magnitude of 
all overvoltages was reduced to two times 
phase-to-neutral voltage on a crest basis or 
less by the addition of Thyrite resistors in 
shunt with the ciirrent-limiting reactors. 
Even though the likelihood of CO-11 
breakers chopping current zero was seriously 
doubted at tiie time of tlie study, the use of 
Thyrite resistors shunting the reactors 
appeared to be a possible solution to the 
problem. . The application of Thyrite re¬ 
sistors therefore was recommended on all 
reactors at the Consolidated station. 

Further consideration of the CO-II plain- 
break circuit breaker possibly chopping or 
forcing current zero led to concern that 
the 0-111A deion grid breakers, being 
more efficient interrupting devices, would 
be more prone to the phenomenon than the 
CO-11 breakers. Search of the literature 
on the subject and discussions with breaker 
designers resulted in formulation of no 
definite opinions. Two papers were found 
particularly interesting because they in¬ 
dicated that the magnitude .of overvoltage 
did not necessarily depend on the magni¬ 
tude of the current chopped, although 
rms currents chopped were less than 100 
amperes. Also, reactors were important 
elements according to both papers. One 
designer felt that possibly the CO-11 
breaker in the particular cases at the 
Consolidated station may be able to force 
current zero at the values of fault current 
calculated, while no other breaker may 
have such an interrupting characteristic. 
Continuing study of these aspects of the 
problem is under consideration, h* The 
Working (^oup felt that the possibility of 
the expulsion extinction of the fault by 


GENERATING 

STATION 



Rg. 1. Connections for duplex reactor in 
generating station tie 
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the solid cable insulation should be con¬ 
sidered as a source of transient overvoltage. 

Appendix IV. Study 
® Overvoltages Due to 

Arcing Grounds on Circuits 
Involving Current-Limiting 
Reactors 

A study was made on the analogue com¬ 
pute (ANACOM) to determine the nature 
of the transient overvoltages on a system 
due to arcing grounds. The primary pur¬ 
pose of the study was to determine the effect 
of current-limiting reactors on the system, 


and what effect shunting resistors across 
the reactors would have on the transient 
overvoltages. In this study various fault 
conditions and system constants were 
examined in an attempt to find a general 
type of reactor application where trouble 
due to transient overvoltages might be 
expected to occur. 


Description of System 


Fig. 2 shows the general system set up 
on the ANACOM, a single-phase repre¬ 
sentation, but the actual system was set 
up on a 3-phase basis. The source was 
represented by a voltage connected to a 
distributed constant line. Four tt sections 
were used for the line, which was coimected 


Table VIII. Combination of System Variables for Each Case Studied 


Case No. 


Type of 
Circuit 


Groundlag 


Length of 
Load Feeder, 
Miles 


Fault at 
Point 


Shunting Resistor 
Across Reactor 


Fig. 3 (right). Ex¬ 
amples of forcing 
current zero 


to a so-called source reactor at point A, 
Fig. 2, and the reactor to a bus at point B. 
A feeder reactor was connected to the bus 
and to a load feeder at point C. The load 
feeder was represented by four x sections 
and the end of the line designated as 
pomt D. 

The fault condition studied was an 
arcmg ground fault on one phase. The 
fault consisted of the original fault occur¬ 
ring at the 60-cycle peak of the voltage 
wave and clearing at the first current zero. 
'Tyro arc restrikes were considered occur- 
rmg at the peak transient value of the 
voltage wave and clearing at the first 
current zero. The position of fault on the 
system was varied to obtain the maximum 
overvoltages. 

System Variables 

The constants and conditions of the 
system were varied to determine their 


1 . 

2, 
3.. 
4. 


... .grounded. 

... .grounded. 

-grounded. 

.12. 

. B.... 

. C . 

.no 

.no 

.no 

- system. The variables are as follows. 

1. Fault location : Arcing grounds, as 
just described, were applied at points A, 
B, C, and D, see Fig. 2. 

2, System grounding: Cases were taken 

with the source grounding switch, Fig. 2 
open and closed. ' 

6.. 
6. . 

7.. 

8.. 
9.. 


-ungrounded. 

■.. .ungrounded. 

•.. .grounded... 

... .tingrounded.. 

.12...... 

.12. 

. A _ 

. A _ 

. A.... 

. B . 

10,. 
11,. 
12.. 


•... grounded. 

.. .grounded. 

•. ..12. 

. 0. 

. A . 

. A.. 

.no 

.no 

3. Feeder length: The length of the 
load feeder was varied from zero to 24 

13.. 

14.. 


., .ungrounded. 

.. .ungrounded. 

.24. 

. A . 


miles. 

4,^ Reactor resistor: The effect was 
studied of shunting the reactors with a 
resistance equal to the surge impedance of 
the lines or cables. 

16.. 
16.. 

17.. 

18.. . 


.. .ungrounded. 

.. .grounded. 

•. .ungrounded . 

. 0 . 

. 12 . 

. A . 

. A . 






. A . 


S' Type of circuit: The constants of 
the source line and load feeder were varied 


Table IX. Resultant Transient Voltages for Each Case Studied 



1. 

2, 

3.. . 

4.. . 

«... 

6 .. . 

7.. . 

8 .. . 

9... 

10 ... 
11 ... 
12... 
18... 

14.. ., 

16.. ., 
16..., 

17.. .. 

18.. .. 


.170 
.140 
..130. 
..160. 
. .360. 

. .340. 
, 120 , 
.600. 
. 220 . 
.160. 
.160. 
.470. 
.280. 
.600.. 
.400.. 
. 110 ., 
.340.. 
.860,. 


, 100 ... 
... 100 ... 
... 100 ... 
... 100 ... 

...460... 
...860.... 
... 100 ..., 
...610.... 

...260. 

... 100 .... 

...100.... 

...490,... 

.. .270_ 

...690,... 

...590.... 

... 100 .... 

...460.... 

. •.400.... 


.260. 

. .240... 
.. 100 ... 
..180... 
..290... 
..340... 
. 120 ... 
,630... 
. 220 ... 
.160... 
.160... 
,460... 
.270..., 
.480.... 
.610..., 
. 120 .,.. 
,360.... 
.340_ 


..100 

. 100 . 

. 100 . 

. 100 . 

.290. 

.380. 

. 100 . 

.600. 

-260. 

- 100 . 

- 100 . 

-470. 

,...290. 
....690.. 
...600.. 
.... 100 .. 
.,.,460.. 
...430.. 


...870.. 
... 210 .. 
...290.. 
...230... 
...400... 
.360... 
..140... 
. .680... 
.,240... 
..180... 
.. 210 ... 
..490... 
..270... 
..480... 
..680.,, 
. 120 ... 
.430... 
.360... 


.. 100... 

...no.... 

.... 100.... 
...110.... 
...480..., 

...430_ 

...100_ 

...630. 

...230. 

...120. 

...100. 

...460. 

.. .330. 

;..690. 

...800. 

...100. 

.. .470. 

...460..... 


.390. 

. 210 . 

.310. 

.230. 

.420. 

.350. 

. 160. 
.670.. 
.240., 

.'246.'! 

.630.. 

.270.. 


..no. 

..no. 

..no. 

..no. 

.450. 

.440. 

. 100 ., 
.630., 
.280.. 

.iio.’.’ 
.600.. 
.360.. 


.130.100_ 

.480.610_ 

.350.490_ 


.. 220 ... 

..160... 

..170... 

..160... 

.320... 

.160... 

. 70... 
.400... 

. 90... 
.160... 
.140... 
.340... 
.160... 

. 0 ... 

.260... 

. 120 _ 

.300.... 

.180,... 


910 


. 0 .. 

.. 200 .... 

.... 0 

i 

. 0 . 

. 220 .... 

.... 0 

1 

. 0 . 

.. 190 .... 

.... 0 


. 0 ...... 

.. 140 .... 

.... 0 


.240 . 

. 300 .... 

....220 


. 70 .. 

.. 160 ..., 

.... 70 


. 0 ...... 

.. 60 .... 

.... 0 

■ 1 

. 100 . 

.. 360 .... 

....100 

} 

80 . 

. 100 .... 

.... 30 

-■ i 

80 . 

.. 110 .... 

.... 30 


10 . 

. 180 .... 

...10 

P 

220 ...;.. 

. 320 .... 

...220 


70 . 

. 160 .... 

... 70 


0 . 

. 0 .,.. 

... 0 

i 

90 . 

. 240 .... 

... 70 


0 . 

. 90 .... 

... 0 

i 

100 . 

. 230 .... 

...90 


60 .. 

.160 . 

... 60 

\ 
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length 

to represent either cable or overhead cir¬ 
cuits. 

6. Rate of current decay: The effect 
of forcing current zero was compared to 
the more normal case of extinction at cur¬ 
rent zero. 

Results 

Table VIII gives the combination of the 
system variables identioned in the fore¬ 
going, which were used for each case studied. 
The resultant voltages for each is given in 
Table IX, The values given in Table IX 
are given in per cent of normal line-to- 
neutral crest voltage. The effect of the 
system variable s is as follows. 

1. Fault location: Cases 1 through 4 
give the results of faults at points A through 
JD respectively for a grounded system. 
These cases show that a fault at A gives 
slightly higher voltages than at the other 
locations. 

2. System groundiug: Cases 1 and 6 
compare grounded and ungrounded opera¬ 
tion for fault at A. Cases 2 and 8 show 
the same for fault at J3. Cases 3 and 9 
show the same for fault at C. All except 
case 9 show that ungrounded operation 
gives the highest overvoltages. The data 
obtained for case 9 seem suspicious based 
not only on these results, but also from 
previous experience, so there is an inclina¬ 
tion to disregard this case. 

3. Feeder length: Cases 10, 1, and 11 
are for feeder lengths on a grounded system 
of 0, 12, and 24 tniles respectively. Since 
case 1 showed hi^er voltages (370% to 
390%) than are usually expected on solidly 
grounded systems, a system of resonance 
condition was suspected. This point was 
investigated further with the results shown 
in Fig. 4. The feeder length was varied 
in smaller steps and the overvoltages ob¬ 
tained are shown. The resulting curve 
resembles a reasonance curve with its 
maximum around 12 miles. This seems 
to indicate that this length of cable repre¬ 
sents a critical value of capacitance which 
sets up an oscillatory circuit with the 
reactors. This point was further checked 
by varying the source line length and the 
ohmic value of the reactors, with similar 
results obtained. 

Cases 15, 6, and 12 are the same for an 
ungrounded system, and all these voltages 
are of the same relative magnitude and, as 
expected, are higher than the grounded 
case. 

4. Reactor resistor: Cases 1 and 7 are 
for a 12-mile feeder on a grounded cable 


system, without and with resistors shunting 
the reactors respectively. These cases 
show that the voltages are materially 
reduced when the resistors are used. 
Cases 5 and 6 are for a 12-mile feeder on an 
ungrounded system without and with re¬ 
sistors, and they show that while the line- 
to-ground voltages are not changed, the 
voltages across the reactors are materially 
reduced. 

6. Tjrpe of circuit: Cases 1 and 16 
compare a grounded cable system with a 
grounded overhead system respectively. 
In this case the overvoltages on the cable 
system are higher. Cases 5 and 17 com¬ 
pare the same for ungrounded system, and 
there is essentially no difference between 
the cable and overhead circuits. 

6. Rate of current decay: The effect 
of forcing current zero on the magnitude 
of the transient overvoltages appears in 
Table X, which shows the voltages obtained 
on the system with the system constants 
as given for case 1, Table VIII. The data 
for case 1, Table X are a duplication, for 
pmrposes of comparison, of the data for case 
1, Table IX. Case 1.4, Table X, is for the 
condition of the arc being extinguished 
just before the 60-cycle current zero on the 
second restrike. Case IB is for the condi¬ 
tion of the arc being extinguished just 
after the initiation of the second restrike. 
Fig. 3 shows the fault current for these 
three cases. The data are examples of 
one system condition only. If the fault 
location had been tpken at B, C, or 2>, 
the overvoltages would probably have been 
higher. However, the results show that 
forcing current zero greatly increases the 
magnitude of the overvoltages, not only 
from phase to ground, but also across 
the current-limiting reactors. 

Conclusions 

The conclusions from these data are 
first, that the highest overvoltages occur 
on ungrounded systems, and that shunting 
the reactors with resistors will reduce the 
voltage across the reactors but not the 
line-to-ground voltages. This was to be 
expected since it is known that even without 
reactors, overvoltages to ground of the order 
of 500 to 600% occur on ungrounded sys¬ 
tems. 

The second conclusion is that even on 
grounded systems, high overvoltages can 
occur if certain conditions are met. From 
the data it was shown that with a 12-mile 
cable feeder, overvoltages of the order of 
400% are obtained. It was determined that 
this condition exists because the capacitance 
of the particular length of cable is resonant 
with the feeder reactor for the particular 
arcing ground condition on the system. 
However, it was shown that if a resistor 
equal to the surge impedance of the cable 
were shunted across the reactor, the over¬ 
voltages would be materially reduced. 


It can be concluded that forcing current 
zero in circuits which have reactors can 
produce overvoltages many times worse 
than arcing grounds in which the current 
is extinguished at normal current zero. 

The last conclusion, and the one for 
which the study was conducted, is that 
if a system were chosen in which special 
care is taken in the application or protection 
of reactors (that is, one in which trouble 
might occur), it would be on a grounded 
cable system for three reasons: 

1. Trouble is expected on ungrounded 
systems and thus proper protection is 
provided. 

2. While on grounded systems trouble 
is not expected, certain system resonance 
conditions as given in the foregoing can 
cause high overvoltages. 

3. On cable systems the chances of 
having arcing ground faults are the greatest. 
Cable circuits have the expulsion action 
necessary for the extinguishing and reignit¬ 
ing of the arc which produces the arcing 
ground phenomena. This expulsion action 
also may force current zero in the arc. 

Appendix V. Experience of 
One Manufacturer with Forcing 
Predominantly Reactive Currents 
to Zero Before Normal Current 
Zero 

Following a number of cases of flashover 
of cable pothead terminals adjacent to 
current-limiting reactors and reactor wind¬ 
ing flashover at the same time cables 
were faulted to ground, it was suggested 
that high voltages were being produced in 
the reactors by the low power factor fault 
current being forced to zero ahead of normal 
current zero. 

The stored magnetic energy of a drcuit is 
in phase with the current, and since the 
power factor of a faulted circuit is very low 
the back electromotive force approaches 
mflvimiiTn as the current approaches zero. 
The value of voltage generated is directly 
proportional to the current and its equiva¬ 
lent frequency. The maximum frequency 
will depend on the natural period of oscilla¬ 
tion of the circuit. The highest frequencies 
are most likely to appear on open-wire cir¬ 
cuits, but such circuits have only their 
circuit breakers to force quadrature current 
to zero, so overvoltages are not likely to 
exceed three times voltage to neutral. 
While the natural frequency of cable circuits 
would be lower, the solid insulation of the 
cable provides a good expulsion interrupter; 
a high rate of forcing results if the fault 
current is not so high that it can blast a 
large hole through the insulation on the 
i tittial half-cycle. Maximum voltage wiU be 
produced by forcing the initial half-cycle of 
current which will approach full asymmetry 
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and provide the tnaxinium expulsion per 
Consider a 3% reactor in a circuit 
which has a natural period of 20 times the 
^nd^ental. Forcing of the first cycle to 
zero of only three times normal circuit cur- 
rMt would produce 3.6 times line-to-neutral 
voltage across the reactor. This is quite 
common in arc furnace operation. If full 
^yi^etrical short^cuit current ex- 
to^shes at the first current zero, approxi¬ 
mately double-curcuit voltage will occur. 

In mte^pting transformer exciting cur- 
r<mt. the hpteresis and eddy currents pro- 
vide sufficiMt energy loss to limit the 
rate of discharge. A recent AIEE paper 
shows some tested results that check very 
well with calculated values. They seem to 
approach about five times normal as a 
mnit. In disconnecting motors about the 
same overvoltages as for transformers occur, 
^cept in cases where the motor is stalled or 
the circuit breaker at starting makes a pre- 
stnke and extinction, in which case it 
approach^ the air-core reactor. An induc¬ 
tion regulator is a locked rotor motor and 
may be expected to produce similar over¬ 
voltages when current zero is forced. In 
air-core or current-limiting reactors there is 
very httle to slow down the discharge of 
magnetic ^ergy unless the coil is shunted 
resistor, arrester, capacitor, or 

the past year, in conjunction with 
some o^er short^cuit tests, an attempt 
w^ made to obtain some comparative tests 
on the forang characteristics of various 
insulating materials. Fig. 6 and Table XI 
show the circuit and results. One of the 

^ 5/8-inch hole 
cov^ed with 0.0016-inch-thick copper fofi 

0°012?S^® ^ of 

u.ui26-inch . copper wire was threaded 
^ough a hole in ^e insulation sample to 
initiate the arc. 

The highest voltages indicated on the 
magnetic osdllo^aphs located at A and B 
Pig. h, came at the opening of the backup 
cirrait broker, which apparently did a con¬ 
sistent job of forcing. 

The ca^ode-ray oscillograph produced a 
consijently poor record. However, asJmn- 

mg the width of the ”fog» to be twice 
normal, the high-frequency peaks were 
ev^uated as indicated in Table XI. The 
highest overvoltages were 
obs^ed with the asbestos sheet, test F 
confi^ experience in developing a fault- 
bt^mg set several years ago. At that time 
^^e was ^eat difficulty in maintaining an 
arc after breakdown of asbestos-insulated 
wnirel wire, and finaUy a high-frequency 
tonsfonner had to be added to maintain 
involving asbestos 
insulation m order to obtain sufficient 
bummg to locate the fault. 



Fig. 5. 


.l25Mf 
®^INSULATING 
^ MATERIAL 

Circuit for testing forcing character¬ 
istics of insulating materials 


and postconduc- 
I * particular interest 

m the study of switching reactors.*"® 
Forcing of current zero and chopping are 
terms denoting the various rates of changes 
of current attending premature current zero 
in some circuit-breaker operations. These 
phenomena are interesting in the study of 
reactor protection as they may produce 
voltages of appreciable magnitude across 
rectors. In 1952 was reported some of the 
most r^ent work on the general subject 
confiiming results of past studies of chop- 
high-voltage circuit breakers. ^ In 
the -S^oung paper the mechanism of arc 
extraction m high-voltage breakers is dis¬ 
cussed, and records of voltage, current, and 
arc resistance near current zero for an air- 
bl^t circmt breaker are given to illustrate 
ae process and to show how the current 
may be brought to zero prematurely. Sud¬ 
den changes of arc resistance are shown to 
occ^ near current zero, when the rms cur¬ 
rent IS low, as for reactive loaded circuits 
such as unloaded transfcumers and shunt 
reactors. The way in which this conSn 
can ^ve nse to current oscillations and sud- 
den inteiwption of current (current chop¬ 
ping) is illmtrated. It is shown that the 
proc^ IS affected by circuit constants and 
by the circmt-breaker characteristics. The 
maximum instantaneous value of current 
bemg chopped in any particular circuit 
breaker is substantially independent of the 
ms -^ue of current being interrupted and 
is a function of the effective capacitance 

According to 

this work, the same mechanism exists for 
current-chopping in oU-break circuit break- 
ers. In the <ffi-break circuit breaker, how- 
evCT, the dielectric does not build up as 
qui^y and the voltages which must be 
produced by current chopping would not go 
as high as in air breakers before a restrike 
or a reignition occurred. As reported, 
popping was actually produced in the oil- 
break cffcuit breakers but in practice con- 


yentional types of oil circuit breakers used 
in this country rarely permit forcing of cur¬ 
rent zero. As a matter of fact, hundreds of 
oscillopams taken by one large manufac- 
tim» in the testing of oil circuit breakers 
than the piston or impulse type) 
fmled to show any forcing of current zero. 
It IS felt that the piston or impulse type of 
oil breaker has inherently a greater tendency 
to force current zero, but that proper design 
practically eliminated it as a factor. It 
has be^ observed that the greater the de- 
p-ee of violence by which the arc is dis¬ 
turbed, the more likely chopping is to occur, 
in any case, the maximum current that 
could theoretically be chopped appears to be 
m the range of 30 to 50 amperes. 

It is generally considered that the circuit 
constants of practical systems along with 
the characteristics of available circuit 
breakers leave little possibility for the 
occurrence of dangerous overvoltages due to 
choppmg or forcing of current zero. How- 
ever, rare cases of trouble are difficult to 
wplain otherwise. It has been suggested 
that m such cases the circuit be damped by 
ptecmg a resistor across the breaker. 
J^en reactors are involved, a resistor may 
be plac^ across all or* part of the reactor 
aurmg the switching operation. 

For some time, postconductivity has been 
reco^ized in circuit breakers. This con¬ 
duction is caused by the ionization remain¬ 
ing^ m me breaker contact region following 
extinctmn of the arc. Its effect is to damp 
oscillations in the recovery voltage across 
the orcuit-breaker contacts. Although the 
conduction current may become large 
enough to mitiate breaker restriking, harm¬ 
ful voltages do not result from such re- 
stntog. In general, the effect of post- 
wnductivity current is »to reduce the 
toansient recovery voltage in breakers. 
One study indicated that although reactors 
near circuit breakers caused high natural 
freqummes m the recovery transients and 
thereby had some effect on postconductivity 
events, they did not increase the severity 
of cu-cuit breaker duty.® 


Appendix VIL Protective 
Devices Used with Neutral 
Grounding Reactors 

The use of protective devices with neutral 
groundmg reactors faUs into two general 


Table XI. Forcing Characteristics of Insulating Materials 


Material 


Vault, 

Amperes 


Times Normal Volts 


Appendix VI. Some Observa¬ 
tions on Fomins of Current Zero 
by Circuit Brealcen and of Post- 
conductivity in Breaker 

A conriderable amount of information 
appears in the literature concert S 
natwe of cureent changes near current zero 

Ainterruption of the 
arc. A few references concerning forcing of 
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classifications, transformer neutral protec¬ 
tion and rotating-machine neutral protec¬ 
tion. The practice regarding protection of 
transformer neutrals is well established and 
consists of merely paralleling the reactor 
with an arrester or resistor having charac¬ 
teristics that will protect the transformer 
neutral insulation. 

In the case of rotating machine neutrals 
grounded through reactors, overvoltages of 
two types must be considered: lightning 
surges and switching surges. Overvoltages 
on machine neutrals from lightning can 
occur only when the machine is connected to 
overhead lines directly or through a 
grounded autotransformer or double-wye 
transformer. Machine neutral protection 
against lightning surges is generally accom¬ 
plished by the surge protective equipment 
installed at the machine terminals for 
winding protection although at 11.6-kv and 
over it may be necessary to add additional 
surge protective capacitors to the machine 
terminals. It has been common practice 
to shunt neutral reactors with nonlinear 
resistors or lightning arresters to limit over¬ 
voltages. However, with the advent of 
lower surge impedance machines, it is 
diAhcult to desigrn a shunt that will properly 
protect the reactor. In the relatively few 
applications where the terminal equipment 
does not automatically protect the neutral, 
the addition of another surge capacitor at 
the terminals is regarded as the most con¬ 
venient method of protecting the neutral. “ 

As for switching surges, the occurrence of 
transient overvoltages on the system will 
impose overvoltages on the machine neu¬ 
trals. Where machines are grounded with 
neutral reactors, the ratio of zero-sequence 


reactance to positive-sequence reactance is 
normally equal to or less than 10. In such 
cases transient overvoltages from circuit- 
breaker restriking during circuit interrup¬ 
tion or from faults in solid dielectrics will be 
limited to safe values. For higher ratios of 
to it is necessary to apply protective 
equipment shunting the neutral reactor ex¬ 
cept where a study indicates that system 
constants will not permit excessive transient 
overvoltages to occur.*^“^* 

Overvoltages at the neutral can occur 
when an arc is extinguished at other than 
normal current zero. In the case of ma¬ 
chine neutrals the machine capacitance 
reduces the overvoltages from this source to 
values lower than in the series reactor case. 
Accordingly, the possibility of excessive 
voltage is very remote and the use of pro¬ 
tective equipment shunting machine neutral 
reactors to protect against this contingency 
is usually not considered justified. 
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The Limiter—Its Basic Functions in 
Network Distribution Systems 

C P. XENIS 

FELLOW AIEE 


T ests on network cable insulation, 
design considerations, dimensional in¬ 
formation, and characteristics of limiters 
in use on low-vpltage network distribu¬ 
tion systems of many electric utilities 
are described in the companion papers.^”^ 
This paper summarizes the operating 
objectives which the limiter must meet, 
arid co-ordinates the material on the 
various phases of this subject as cov¬ 
ered in these papers. 

The basic problem and designs de- 
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vdoped for the purpose of protecting net¬ 
work cables under fault conditions have 
been discussed by the author in a previous 
paper.® While there has been no major 
change on the subject, the thermal proper¬ 
ties of cable insulation currently manu¬ 
factured have been studied in considerable 
detail by the Limiter Standardization 
Task Group of Accessories Subcommittee 
of the AIEE Insulated Conductor Com¬ 
mittee for the purpose of devdoping 
standards for the guidance of users and 
manufacturers. 

Fault Currents on Network Systems 

When a fault devdops on a set of 
mains in the network system, short-cir¬ 
cuit current is supplied through various 


branches of the grid, as shown in Fig. 1 
with the maximum current flowing to the 
fault from points A and B. Beyond 
points A and B, less current flows in the 
mains from the various directions as in 
the case of fault currents coming from C 
toward A, from D toward B, from E 
toward A, and from G toward B. In 
many cases the fault “bums clear’ and, 
consequently, the fault currents are in¬ 
terrupted before permanent damage has 
occurred to the cables feeding the maxi¬ 
mum fault current from At-o F and from 


THESE UIMITERS WILL 
CLEAR THE FAULT SINCE, 
THEY CARRY THE TOTAL] 
^FAOLT CURRENT-^ 





MULTIPLE 

POINT 


■LIMITER 
'CURRENT FLOW 


Fig. 1 . Fault-current distribution 
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AMPERES IN THOUSANDS 


Rs. 2, Time-current characteristic of a 4/0 
limiter 

B to F. However, when the fault does 
not burn cl^, temperatures ranging up 
o the melting point of copper may be 
reached particularly in the cable conduc¬ 
tors from ^ to i? and 5 to i? if no limiter 
protection is provided. The result of 
such temperatures is the complete vola¬ 
tilization and destruction of organic in- 
^tion, and further spreading of the 
fault in a multiplicity of directions. The 
purpose of the Kmiter is to disconnect the 
faulted cables at ^ and 5 before the asso^ 
ciated cable conductors have reached 
temperatures which are destructive to the 
insulation. 

Limiter designs in current use have 
been based on the premise that fault cur¬ 
rent on the mains cables must not be 
mteiTupted too rapidly. Rapid inter- 
ruption of these currents may be accom¬ 
plished by fast fuse operation, but this 
would cause unnecessary mains interrup¬ 
tion. Many operating conditions on the 
system, such as loss of one or more of the 


sources of supply, starting up of large 
motors or backfeeding into a primary 
fault, may cause currents to flow through 
certain mains sections in the grid which, 
while of large magnitude, are of relatively 
short durarion pd can be safely carried 
by the grid without endangering cable 
insulation. Hence, the maximum tem¬ 
perature which cable insulation can stand 
safely has been used as the basis for the 
selection of the proper limiter charac- 
tenstic. 

Fig. 2 illustrates the current-time 
characteristic of limiters for 4/0 cables as 
reco^ended by the Task Group. It 
provides protection to cable insulation 
over a broad range of short-circuit cur¬ 
rents. In the range below 900 amperes 
the characteristic shows that no protec¬ 
tion is provided. 'Hiese relatively low 
^ues of short-circuit current are usually 
tie result of single-phase faults. This 
situation develops when two phases of a 
3-phase fault have cleared either by lim¬ 
iter operation or because the fault burned 
clear in the other phase cables. There¬ 
fore, ^ce the heat generated in the 
conduit is materially reduced because only 
part of the circuit carries current, the 
cable damage characteristic is definitely 
less pessimistic than indicated in the 
curve. Years of experience with limiters 
have demonstrated that under operating 
conditions the insulation has been ade¬ 
quately protected on the cables supplying i 
the fault current. s 

When network mains backfeed into the i 
pnmayy system and the network protec- ' 
tor is incapable of interrupting the back- e 
feed current because of a defect, the fuses f 
on the network protector are called on to c 
ear that fault. These fuses are capable t 
of carrying approximately twice the con- b 
tmuous current rating of the transformer p 
and, therefore, have a relatively slow 
charactenstic when interpreted in terms tl 


1^2400 AMP. 


t^3600 AMR 


^4700 AMP. 



-12 SECONDS 


CALCULATED 
SHORT- CIRCUIT 
CURRENT FDR 
SOLID FAULT 



* 5 500 AMR, 


-^AMPERES- 


Rs. 5. Arcing fault current, 4/0 bare 
copper cable 


TRANSFORMER- 
500 MCM LIMITERS—C^; 


network FUSE- 


500 MCM LIMITERS — 

equipment 

CORNER 

manhole 

4/0 LIMITERS- 

™«4^«A!NS 


twin 4/0 MAINS TO SOUTH 


-H.V. FEEDER 


500 MCM CABLES 


protector 

j (SEPARATELY MOUNTED) 


•^__500 MCM CABLES 

twin 4/0 MAINS 
TO NORTH 

—ItU twin 4/0 
1 -MAINS TO EAST 


Rs. 3 (left). Cur¬ 
rent distribution 
diagram under 
backfeed condi¬ 
tions 


of n^e-plate rating of the equipment. 
The fuses must be capable of carrying 
without interruption, large values of cur¬ 
rent to be supplied to the network under 
contmgency operating conditions within 
the overload capabflities of the trans¬ 
former and network protector for rela- 
tivdy short periods of time. Fig. 3 
shows that, when a primary fault occurs, 
the network feeds current to the fault 
though several sets of limiters in parallel, 
men through the network protector and 
Its fuse, then through several parallel 
connected cables to the transformer 
l^mals, and through the transformer. 
The current carried by each limiter varies 
even m the section between the trans¬ 
former and the network protector. Part 
of this unequal distribution of current in 
^ese parallel-connected cables is caused 
by unequal lengths of cable and part by 
proximity effect. 

The limiter design must be such that 
there is co-ordination between the blow- 


_:3SELECTION BETWEEN NETWORK 
--PROTECTOR FUSE ^25 and - 
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Rs. 4 (right). 
Selection be¬ 
tween network 
protector fuse 
Z-25 and 500,- 
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ing of the limiters and the network pro¬ 
tector fuse. The basic design calls for the 
network protector fuse to blow before the 
limiters, miless a particular limiter carries 
in the order of 50 per cent or more of the 
fuse current. 

Fig. 4 illustrates the analysis of this 
selectivity problem between limiters of 
conventional designs and one type of fuse. 
It will be seen that reasonable selectivity 
between the network protector fuse and 
the limiters is available in this arrange¬ 
ment. However, if a much faster limiter 
characteristic were to be used, it would 
be necessary to install additional sets of 
cables in the tie from the network system 
to the network protector to reduce the 
current per limiter and thus permit ade¬ 
quate selectivity. 

Arcing Faults 

Solid faults devdop under field condi¬ 
tions when the molten mass of copper, 
lead, or both establishes a weld between 
conductors. This solid type of fault 
also develops when construction tools are 
accidentally driven into a conduit, thus 
establishing solid contact between the 
various cables in the conduit. Under 
conditions of a solid fault, currents ap¬ 
proximating the maximum calculated 
values are established which, except for 
limiter protection, will cause the rapid 
destruction of cable insulation on cables 
between the fault and point of supply; 
see A \jo F and J5 to F in Fig. 1. The 
destruction and volatilization of insulation 
of the cable length involved will establish 
additional faults and bring the fault to 
points A and B, Fig. 1, and in some cases 
the fault will continue in several direc¬ 
tions beyond these points. It is the pur¬ 
pose of limiters to prevent the develop¬ 
ment of this type of serious fault. 


When the fault is not of the solid type, 
described in the foregoing, it consists of 
an intermittent arc, the current flowing 
being of a fluctuating t 3 q)e and of much 
lower magnitude than the calculated 
short-circuit value, unless of course a 
weld is established converting the fault 
into a solid short circuit. To investigate 
the arcing t 3 rpe of fault, a series of tests 
were made in circuits having various 
values of impedance and diarts taken of 
the current flowing through an arcing 
fault. Fig. 5 illustrates the currents 
measured in four circuits which in the 
absence of arc impedance could supply 
fault currents of 2,400, 3,500, 4,700, and 
5,500 amperes. With arcing faults, the 
cables suppl 3 nng the fault current are 
subject to a temperature rise resulting 
from the fluctuating values of current 
permitted by the arc, which, of course, 
is far below the value that would have 
been reached if the fault were a solid 
short circuit. It is interesting to note 
that when a fault is in the arcing stage the 
resulting current is of a highly fluctuat¬ 
ing nature and amounts to only a fraction 
of the calculated short-circuit value. At 
times, the current to the fault approxi¬ 
mates the normal current-carr 3 dng capac¬ 
ity of the cable. 

It will be concluded by an examination 
of the foregoing results that tlie proposed 
limiter characteristic offered by the Task 
Group and discussed in this series of 
papers is not intended to and cannot 
interrupt arcing currents of low magni¬ 
tude. The arcs resulting from these rela¬ 
tively low fault currents will consume 
cable at the point of the fault but are not 
sufl&cient to overheat the cables supplying 
the fault current. Were the limiter char¬ 
acteristic to be speeded up to the point 
where faults would be cleared in the arcing 
stage, the serious operating difficulties 

Discussion appears on pases 944^50. 


discussed in the first part of this paper 
might result. 

Elements Determining Limiter 
Characteristic 

The companion pa.pers cover the 
various phases of the problem and indi¬ 
cate the approach to the solution of each 
phase of the problem. In review, the 
basic of the proposed limiter charac¬ 
teristics is the following; 

1. The limiter characteristic must be fast 
enough to prevent the destruction of the 
insulation on the cables supplying the fault 
currents. 

2. The characteristics must be dow enough 
to permit selectivity with the associated 
network protector fuse under normal and 
contingency operating conditions. It must 
be slow enough to permit transfer of current 
through network mains under contingency 
operating conditions which can be safdy 
met by the thermal capabilities of the mains 
cable insulation. 
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Overload Classifications for Secondary 
Network Cables 
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IN 1937 some unpublished ecperimental 
■ data showed that the rubber iusula- 
tions then used on aOO-volt underground 
secondary network cables had an ap- 
proxttnate temperature limit of 265 de 
grees centigrade (O as the point of 
p^anent visible damage and the design 
cha^tenstics of cable limiters were ac¬ 
cordingly selected to provide the desired 

zone of protection on that basis. During 

he subsequent years new rubber in¬ 
sulating compounds and nonmetalKc 
coverings have been developed which are 
caS" extensively in network 

fii+t ^ urther, it is recognized that 
future development will undoubtedly 
provide stiU different network cable in- 
sulafaons and coverings than what are 
considered today’s standard types. 

Bemuse of this situation the Limiter 
St^dardization Task Group. Accessories 
Subcomrmttee, AIEE Insulated Conduc 
tors Camrmttee. felt that among its many 
assignments and objectives a major, 
phase of their work should be as follows- 


with these particular phases of the prob¬ 
lem. More specifically, this paper sum- 
maizes the results of current overload 
tests on network cable samples in air as 
conducted by several cable manufac¬ 
turers at different intervals during the 
years 1951--1963, Some 65 cable samples 
were tested by the various cable manu¬ 
facturers to determine the proper over- 

to h/"" temperature” rating 

t^be used for limiter design characteris- 

Test Procedure and Samples 

The two most popular network cable 
d^^s^ in use today are nonmetalKc 
sheathed constructions: 


75 C and the butyl base 80 C accorrlino- 
industry specifications. ^ 

Network cable sizes vary from no. 
/v Amencan Wire Gauge (AWG) tn 
600,000 circular mils and it was decided to 
make all tests on no. 4/0 AWG which 
seems to be the most popular. 

In addition to these two major cable 
eagn classifications, some very limited 
and preliminary data were also obtained 
on no. 4/0 AWG sizes utilizing a poly- 
vmyl-chloride tliermoplastic insulation 
(no further coverings), a specimen similar 
to sainple 1 except that a commercially 
pure lead sheath replaced the neoprene 
jacket, and a sample similar to 1 except 
that a high natural rubber submarine 

The test method in all cases was in 
genial accordance with the procedure 
Illustrated in Fig. i and described in 
Appendix I. This procedure is recom¬ 
mended as a standard method for con¬ 
ducting overload temperature classifica- 
tion tests on rubber or rubberlike in- 
sulated network cables. It is believed 
to be a relati vely simple method that is 
bo& practicable and reproducible. It 
will be noted that these current overload 
tests are conducted on cable samples in 

Mtaent air rather than in an oven, dnct, 
or the like. ’ 


L To investigate and recommend nron^r 

conv^tipnal types of network cables now 
m use, these data to be used in the design 
of the appropriate cable limiter. ^ 

iuvestigate and recommend a orac- 

c^^ediS?: 

>«r could Mow toX£°^v 
^itlonal network cabinStSTd" 

future mvestigatious of a eimilar 

‘■'ports on Uie 
Task Group’s activities in connection 


Committee on by the AIEE 

tion at the AIER ^ Operations for presenta- 
Swampscott, Owwal Meeting, 

script submitted March 8 
for printing April 12, 19 fi|' available 

^ Cable Corporation. 

to the 

tests, data, and other iMor^i ^ samples, 

Pap«; Anaconda 

Oeneral Blectrie Cable Company. 

Wire Division of Phelos*Do^***f^***'^ Cable and 
Corporation, General Products 

Olconite Comp^%lL«?®“,5„ Corporation. The 
PWW, awl O-M. own. 


•“'’?“ «”"‘"«or, GR-S syn- 

i? IF heat- and moisture-resistant 
JTPound, confonning to UndtSS 

sidS T“ American 

Msterids (ASTM) 

or jacket of ^ySor^^r^S 

^edfi(ationZ>‘^,r“^SiaraMd^ta and Observations 

irS“o'^’''2abt%n*fL“"T“°^ -- • 

to (ipcEA) 

rated power cables.^ This cable generaUy 

toperaturf 


Table I summarizes damage tempera- 
twes as recorded from visible observation 
of all samples after overload tests. Dam¬ 
age temperature may be defined as the 
2. Same as item 1 exr#>nt • uuuimum or threshold temperature at 

rubber insulation either of the oflSS tvoe evidence of de- 

2 iUustrates some typical 
0 ‘ ^ ■“ tie threshold td^ 

®tomnmcontinuoustempe.lturerf* Poi:t“rSr^ou^ 
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TR^SFORMER T(WNSFORmER 
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Fig. 1 Typical 
test setup for 
overload tests on 
network cables 
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Table I. Damage Temperatures 



IIStM 


Fig. 2. Typical effects obtained on cable 
insulation submitted to overload conditions 


and undue hardening or softening of the 
insulation next to the conductor were 
generally observed above the threshold 
temperature. 

Correlation of Physical Tests with 
Damage Temperature 

Physical (tensile and elongation) tests 
were also made on the cable samples sub¬ 
jected to the current overload tests in 
air with the following observations re¬ 
corded: Fig. 3 indicates an approxi¬ 
mate maximum deterioration of 60 per 
cent (%) in tensile strength of EH-EW 
insulations at the damage temperature. 
Fig. 4 shows an approximate maximum 
deterioration of 65% in elongation of EH- 
EW insulations at the damage tempera¬ 


ture. Fig. 6 indicates an approximate 
Tnaximum deterioration of 30% in ten¬ 
sile strength of ozone-resistant oil-base 
insulations at the damage temperature. 
Fig. 6 gives an approximate maximum 
deterioration of 25% in elongation of 
ozone-resistant oil-base insulations at 
the damage temperature. Fig. 7 shows 
an approximate maximum deterioration of 
60% in tensile strength of ozone-re¬ 
sistant butyl insulations at the damage 
temperature. Fig. 8 indicates an ap¬ 
proximate maximmn deterioration of 
45% in elongation of ozone-resistant 
butyl insulations at the damage tempera¬ 
ture. 

The abscissas of Figs. 3-8 represent 
conductor temperature. Physical tests 
were made upon samples of cable sub¬ 
jected to 4 hours at the indicated tem¬ 
perature as described in Appendix I. 
The measured current values and sheath 
temperatures given in Table II are 
typical of the data obtained on tlie over¬ 
load test procedure described in Appen¬ 
dix I. 

General Comments 

1. It is felt'that the best criterion of judg¬ 
ment as far as damage temperature is con¬ 
cerned is visible examination of the insula¬ 
tion next to the conductor. 

2. There was a wide variation in physical 
properties (tensile and elongation) between 
different manufacturers’ compounds. The 
value of such physical tests to be used for 
insulation classification is doubtful, 

3. In all cases at the damage temperature 
the polychloroprene sheath was consider¬ 
ably less affected than the insulation next 
to the conductor. The damage tempera¬ 
ture for the polychloroprene sheath was 
270 C (as measiu-ed at the conductor) or 
higher in every case. 

4. There is some inconclusive evidence 
that a lead sheath instead of polychloro- 


Damage 
Temperature 
Threshold, C 

Manufacturer General Type (Visible 

Identification of Insulation Damage) 


RH-RW Insulation With Polychloroprene Sheath 
(Samples Were Wo. 4/0 AWG With 5/61-Inch In¬ 
sulation and 3/64-Inch Sheath) 


C . 270 

B . 290 

F 260 

H. 276 

I . 260 

.. 270 

Range...260 to 200 


The Task Group has selected 260 C as the damage 
temperature to be used in limiter design for this 
class of insulation. This classification is termed 
class L 260. 


Ozone-Resistant Insulation With Polychloroprene 
Sheath 

A .oil-base, GR-S . 250 

B .oil-base, GR-S.over 230 

N .butyl. 260 

O .butyl.over 220 

R .oil-base, GR-S . 240 

S .butyl. 240 

Range..220 to 260 

The Task Group has selected 220 C as the damage 
temperature to be used in limiter design for this 
class of insulation. This classification is termed 
class JL 220. 

High-Rubber-Content Submarine Insulations With 
Polychloroprene Sheath 


D ... 
G... 

.50% GR-S . 

...260 
...280 


Miscellaneous Cables 


M... 

..., RH-RW with lead 

...240 


Polyvinyl-chloride 
thermoplastic. 

...160 


Due to the very meager data the Task Group was 
iinnhif. to select a damage temperature for limiter 
design on the above types of cable. _ 

prene may reduce the damage temperature 
by approximately 20 C. There is also some 
inconclusive evidence that natural in place 
of GR-S synthetic rubber in similar insula¬ 
tion compounds may reduce the damage 
temperature by approximately 20 C. 

6. In most cases, a current of approxi¬ 
mately 800 amperes was required to reach a 
conductor temperature of 240 C on no. 4/0 
AWG under the test conditions described 
here. Any differences in current loading to 



(Fig. 3. Typical values of RH-RW insulation tensile strength as removed Fig. 4. Typical values of RH-RW Insulation elongation as removed 
from cable submitted to overload temperatures from cable submitted to overload temperatures 
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give the same conductor temperatures for 
different compounds and samples are be¬ 
lieved to be largely due to the differences in 
values of thermal resistivity and emissivitv 
employed in the cable con¬ 


struction. -- 

thf. deformation at 160 C of 

insulated sample 
SS)t! evaluation of &is 

Conclusions 

detP^^nl* procedure has been established to 
ttnTS temperature classifica° 

tions of d^erent network cable insulations 
and coverings as based upon the d^^e 

particular mi 

lerials or design mvolved 
sh^^s); 

,<^ompounds, 260 C, and ozme- 
Appendixes D 

‘'able 

whioT^ ^ave been obtained 

which may be used on future evaluations. 

4. Observations have been recorded that 


may be studied further in similar investiva- 
tions in the future. mvesiiga- 


Appcndix I. Recommended 
Procedure for Overload 
Temperature Classification 
tests (Current Loading Tests) 
on Rubber or Rubberlilce 
Network Cables 
With or Without Further 
Coverings 


of protection obtained with limiters of 
known characteristics. 

General 

The manufacturer shall make tests on 
network cables 
‘'an be determined. 
The cables to be tested shall have a con- 


Measured Cunrent Values and 
Sheath Temperatures 


Scope 


Ciurent 

Load, 

Amperes 


Temperature, C 


_^o_Ampere^^ 

ttat the conductor temperature is held con- I ..230.i42. 27.0 

stant at a specified value, generally in the f.ffn.. 1®2 . 26.9 

range of 180 to 300 C. “ tbe 3. 880 . 260 . 177 ....!. .28.0 

nrltiA this test procedure to • • • • • • • • • • .' 270 .’’ijs .I 7 S 

pro^de a method of classifying cable insu- Ozone-Resistant (Ofl-Base) tosulation w 

P^fonn under heavy overloads of J.750. 220 .isa 

resulting from short circuit 1 .112.• • • • • 

and other faidt conditions. This will enable 1’■ ’797 .^. 

the prospective user to determine the degree g... 808 .‘.'.’JSS.J 


•220 .183.27.7 

. .230...... 136.28.0 

• *240.147.27.7 

•250.160.30.6 

••260.168.29.0 
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ductor size of no. 4/0 AWG with ASTM 
cIass-5 stranding. The type of insulation 
shall be indicated by the manufacturer, such 
as natural rubber, S3mthetic rubber, oil-base, 
butyl rubber, etc. The thicknesses of insu¬ 
lation and jacket shall be those recom¬ 
mended by the manufacturer for network 
cable service. The manufacturer should 
state the applicable ASTM specification 
applying to the insulation and sheath or/and 
the manufacturer’s own specifications. If 
the manufacturer supplies the cable, insula¬ 
tion, or sheath to his own specifications, 
copies of these specifications should be 
fumidied. 

Test Procedure 

Each test length shall be at least 20 feet. 
Tensile strength and elongation measure¬ 
ments shall be made on samples of insulation 
and sheath before and after test. The sam¬ 
ple shall be mounted horizontally in air at 
least 12 inches away from any other external 
objects, supported by the ends, and at inter¬ 
mediate points so that 24 inches of cable are 
exposed between supports. At each ^p- 
port point the cable will rest on a straight 
strip of transite or s imil ar material having a 
bearing surface 1/8-inch wide. 

The test length shall be heated by passing 
direct current or 60-cycle-per-second alter¬ 
nating current through the conductor. 
Conductor temperature shall be measured 
with thermocouples inserted between 
strands at two points along the conductor 
approximately 1 foot from the center of the 
sample. Jacket temperattxre shall be meas¬ 
ured with two thermocouples attached to 
the jacket surface at points approximately 
6 inches from the points where the conduc¬ 
tor thermocouples are located. Ambimt 
air temperature shall be measured with 
thermocouple or thermometer at same level 


as cable and 2 feet distant. Load current 
shfl.11 be measured and rwiorded. 

The load current shall be adjusted so that 
the conductor temperature is held constant 
within ±5 C during a 4-hour period. The 
desired conductor test temperature shall be 
reached within 1 hour, but not sooner than 
45 minu tes of Starting time. Room tem¬ 
perature shall be measured and recorded. 
After 4 hours of current aging, the current 
shall be cut off and the cable allowed to cool 
to ambient temperature without being 
disturbed. 

The manufacturer shall make a number 
of exploratory tests in accordance with the 
foregoing so as to arrive at a threshold 
temperature at which the cable insulation 
has been visibly damaged. This point 
shall be judged by visual inspection (sight, 
smell, and feel) of the insulation next to the 
conductor. He will then make tests at or 
near this temperature, the results of which 
will be used for the final classification. 

Deformation shall be determined on the 
insulation and jacket at the points of sup¬ 
port by measuring the thicknesses of the 
insulation and jacket at the points of mini¬ 
mum thickness and comparing with meas¬ 
urements made on samples as received. 
Tensile strength and elongation measure¬ 
ments shall be made separately on samples 
of the insulation and of the sheath of cables 
subjected to this test. These data are for 
additional information purposes only. The 
values of load current and the conductor 
and sheath- temperatures shall also be re¬ 
ported for information purposes only. 

Classificatioa 

These tests are made to determine the 
visible damage threshold temperature of the 
particular insulation being investigated for 
the purpose of determining limiter design 


characteristics. Short lengths of the cable 
so tested shall be cut and the insulation 
stripped for examination. As a result of 
visual examination, flexing by hand, and 
looking for excessive softening or hardening 
of the insulation, as well as other defects, 
the compound will be classified for damage 
temperature rating. 

Damage temperature may be defined as 
the minimum or threshold temperature 
(expressed in C) at which there is visual 
evidence of deterioration of the insulation 
and/or sheath. In no case shall damage be 
so extensive as to cause deformation of the 
inoiilflting wall to one-half of its original 
value or indicate impending failure. 

Note: It must be understood that this 
classification of cables is no figure of merit 
or demerit but a criterion sought for the 
purpose of co-ordination between cables and 
limiters. 
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Time-Current Damase Characteristics, 
Cable in Duct 


L. F. PORTER 

ASSOCIATE MEMBER AIEE 


T his is one of several papers on the age characteristics of the installed cable. 

subject of the cable limiter: its func- Such information is most directly and ac¬ 

tion, application to the network, design curately obtained by testing the cable in 
and tests, and classification of cables to duct under conditions closely approximat- 
t>e protected by limiters. The selection ing actual field installations, 
of a limiter to protect cable from “roast¬ 
ing” under diort-circuit conditions re- Summary 
ouires knowledge of the time-current dam- 

___This paper presents data obtained from 

Paper SS-434, recommended by the AIEE In- number of in-duct testS made in 1937 

sulated Conductors Committee and approved by , . _ .. , ._j • 

the AT BE Committee on Technical Operations for 85 9. bssis for llxnitCT dcSlgHS 3Jld., lH adul- 

presentation at the AIEE Gener^ Meet- ^ there are included data of SUpple- 

mg, Swampscott, Mass., June 27-July 1* 1965. ^ . i. j • 

Manuscript submitted March 17, 1966; made mentaiy check tests, which were made in 
available for printing May 11, 1966. more modem rubber-neo- 

prene cables for cofflparisom with the 


earlier in-duct tests. All the in-duct 
data are from tests made on nonleaded 
RH/RW type of underground cable and 
limited to no. 4/0, 600 , 000 -circular-mil 
(CM), and 760,000-CM cables installed 
in 4-inch concrete duct. It is shown that 
RH/RW, neoprene-jadketed cables of 
current manufacture withstand heating 
from short-circuit current at least as well 
as the 1937 vintage of mbber-braid under¬ 
ground network cables of the RH/RW 
type. 

Cable Heating In-Duct 

The temperature rise in duct for some 
tjrpical cables in no. 4/0,600,000-CM, and 
760,000-CM sizes is diown in Figs. 1, 2, 
and 3 respectivdy. In aU cases the load 
was equally balanced among the phase 
conductors and the neutral earned no 
current. The dot-dash Kne in the upper 
part of each figure indicates the tempwa- 
ture limit beyond which immediate 
visible insulation damage occurred. In 
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areas below this line there was no appre¬ 
ciable damage visible. The broken lines 
show temperature rise for a single cable in 
open air. 

Time-current damage characteristics of 
the cables have been obtained by plot¬ 
ting the damage points for the insulation 
obtained as described in "Summary.” 
These damage cliaractetistics for eacli of 
the sizes tested are shown in Fig. 4, 
Here, also, the damage observed on a 
single cable in open air has been included. 
These damage characteristics have been 
used as the basis for limiter designs to 
provide short-circuit protection from fault 
currents. The broken line, indicating 
cable damage of a single cable in open air, 
is presented as a guide for estimating 
damage which might occur in the case of 
a single-phase fault in duct. Since most 
short-circuit currents in the lower values 
are apt to be under single-phase fault 
conditions, this curve may be a closer ap¬ 
proximation of the lower limit of damage 
for which limiter protection is required. 
This situation develops when two phases 
of a 3-phase fault have cleared and the 
third phase is left drawing current. 

Fig. 6 shows time-temperature curves 
for each of several cxurent values for six 
no. 4/0 rubber-neoprene cables tested in 
duct in 1962 under conditions identical 
with the 1937 tests. 


200 220 


Rg. 1 (left). 
Time - tempera¬ 
ture characteristic 
ior six no. 
.4/0 R/B cables 
in duct 

-One 4/0 

cable in air 

Fig. 3 (right). 
Time - tempera¬ 
ture characteristic 
for three 750,~ 
000-CM R/B 
cables in duct 

-One 500,- 

. 000-CM cable in 
air 


-3500 AMPS / 

,3 000 AMPS, 

V L//' a 


rubber insulation suffers reRMANEN 

VISIBLE DAMAGE AT ALL POINTS ABOVE 
-1_this LINEI | 


Fig. 6 shows cotistant-temperature 
curves plotted against time and current 
from the 1962 in-duct tests. Super¬ 
imposed on these curves is the time-cur- 
rent damage characteristic for no. 4/0 
cable shown in Fig. 4; also included is the 
no. yo limiter characteristic to show its 
relationship to the constant-temperature 
curves in the lower cuirent values. It 
will be noted that the 220-, 260-, and 300- 
degree-centigrade curves axe closely 
grouped in the area below 1,000 amperes 
aud that the no. 4/0 damage charac¬ 
teristic which was obtained from the 
1937 in-duct tests lies on and between 
the 220- and 260-degr^-centigrade curves. 

Refemng again to the constant-tem¬ 
perature curves, it is important to note 
they refer only to six no. 4/0 cables, with 
type ^/RW insulation, equally loaded 
and installed in 4-inch concrete duct. 
Other insulations or other duct m atprial 
uisy result in a different temperature rise. 
Limited information indicates that some 
oil-base compounds and/or fiber duct 
will cause a somewhat greater tempera¬ 
ture rise than was observed in these tests. 

Test Setup and Procedure 

All in-duct tests were performed by 
pulling the cables into a 4-inch concrete 




jARRANGEMENT OF CABLES IN DUCT 

BALANCED PHASE CURRENT - 
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° ^0 60 80 100 120 140 160 ISO' 200' 220 
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duct installed in a sand-filled box ap¬ 
proximately 2 feet high by 3 feet wide 
and 18 feet long, shown in Fig. 7, in 
each of the tests, the cables were ar- 
rmged in the configuration shown and 
tied at intervals so as to get a maximum 
temperature rise and to assure a definite 
location of the thermocouples after the 
cables were pulled into the duct. Tem¬ 
peratures were measured on each cable 
near the mid-point. The thermocouples 
were inserted just under the insulation of 
cable so as to be in contact both with the 
copper strands and the cable insulation. 
The insulation was then taped in place 
over the thermocouple junction. All 
temperatures indicated in the data were 
the maximum read in each test. All 
tests were performed with constant cur¬ 
rent and starting at room ambient tem¬ 
perature. Observation of the condition 
of the cable during the test was made 
through a "window” in a section of the 
sandbox. 

Conclusion 

The time-temperature damage charac¬ 
teristics presented here are a reHable basis 
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Fig. 2 (left). Time-tempera¬ 
ture characteristic for three 
500,000-CM R/B cables in 
duct 
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Fig. 4 (right). Insulation dam¬ 
age characteristic for rubber- 
insulated cable 
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Fig. 5 (left). Time- 
temperature curves for 
six no. 4/0 cables 
equally loaded in duct 


Fig. 6 (right). Con¬ 
stant-temperature curves 
for six no. 4/0 cables 
equally loaded in duct 



notes: 


1 CABLES-TYPE RH/RW RUBBER , 
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|2 AMBIENT TEMPERATURE 30* C. 
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k DUCT. 4" CONCRETE. 
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for liniiter design within the limitation 
described, namely: class iiH/i?Trinsula- 
tion for cable sizes 4/0, 600,000 CM and 
760,000 CM installed in 4-inch concrete 
duct. Other classes of insulation and 
other duct materials may show somewhat 
different damage characteristics. 

Since testing to date covers only one 
class of the network cables commonly in 
use and the characteristics of cables 
change in time with technical develop¬ 
ments and since this type of testing is 
both costly and time-consuming, supple¬ 
mentary methods of classif3Hhg rubber 
insulated cables with respect to their 
ability to withstand high temperatures 
and a method of estimating in-duct heat¬ 
ing of cables subjected to short-circuit 
current are given in companion papers.^"* 
Graham describes the classification of 
cable with respect to its ability to with¬ 
stand high temperature on the basis of in- 
alr tests. Couch and Crowdes de¬ 
scribe a relatively quick and convenient 
method of temperature classification of in¬ 
sulation. Kolks indicates that if heat¬ 
ing constants are known the in-duct heat¬ 
ing of cable may be estimated with a fair 
degree of accuracy. 
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I T IS clearly described in other papers 
of this oanel ttiQ+ 


I - -— 

of this panel that the work of the 
Limiter Standardization Task Group, 
Accessories Subcommittee, AIEE In¬ 
sulated Conductor Committee deter¬ 
mined that from a heat-resistant stand¬ 
point, and for this quality only, the 
secondary network cables furnished today 
can reasonably be separated into two 
classes. 1 The damage point of one, 
labeled class L260, is about 260 degrees 
centigrade; that of the second, labeled 
class L220, is about 220 degrees centi¬ 
grade. 

The object of this paper is to show, for 
each class, the necessity of co-ordinating 
all network protective devices and the 
manner in which co-ordination can best be 
effected, and to define in a general manner 
the bands of protection obtainable with 
several combinations of devices. Only 
4/0 conductors and limiters are discussed. 
The information presented here applies 
approximately to other popular sizes of 
cable, 350,000 circular mils and 500,000 
circular mils, when projected on an area 
of conductor basis. 


Conclusions 

1- A high degree of protection is available 
for most networks, but precautions must be 
obs^^ m order to obtain it. Certain 
light networks will be outside the positive 
protection area but much can be done for 
their maximum protection if all components 
are properly co-ordinated. 

de^ee of protection is not auto- 
maticdly obtained by the random installa- 
tion of several protective devices presently 
available. Instead, the characteristics of 
the protective devices to be used in each 
network area must be examined and co¬ 
ordinated to achieve the highest degree of 
protection for that area. 


Discussion 

Ideal Protection 

Perfect co-ordination of protective 
devices used in the a-c network will re¬ 
sult in the following: Upon initiation of a 
secondary fault in the network, the pro¬ 
tective devices will clear in the proper 
sequence and in the proper time so that 
ae fault wiU be isolated and de-energized 
before damage greater than the “cal¬ 


culated risk” is incurred. In addition, 
customer outage will be at a minimum. 

The components of this co-ordinated 
protection are: 

1. The class of secondary cable. 

2- The cable limiter. 

3. The network protector fuse. 

4. The insulation of the transformer and 
Its associated equipment. 

5. The station circuit breaker. 

The co-ordination of these elements as¬ 
sumes that sufficient short-circuit cur¬ 
rent is available to properly activate the 
protective devices and that the short- 
circuit current is limited to the point that 
the interrupting ability of the devices 
under consideration is not exceeded. 

Complete protection of the secondary 
cable would be obtained by the time- 
current ch^acteristics of cable and cable 
limiter indicated in Fig. 1 (the limiter 
characteristic shown is, of course, ideal, 
and is not presently available). The 
characteristics of the network protector 
fuse must be such that the transformer 
associated with the protector will be 
well able to carry not only its normal and 
emergency load for the desired time but 
also high motor starting currents which 
may be supertaposed on these loads. 

At the same time, the fuse must have 
such characteristics as wiH permit it to 
blow ahead of the heaviest loaded cable 
limiter in each phase in the event that the 
protector fails to open on a primary fault. 
For faults in the secondary cable the 
associated limiters must blow ahead of the 
network protector fuse. (In the case 
shown, the limiter is one of a probable 
group of eight.) The station breaker 
setting is sufficiently high so that all 
secondary protective devices will oper¬ 
ate well ahead of it. 

While the co-ordination of protective 
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devices shown in Fig. 1 is termed “ideal,” 
it is based on the actual damage cur\^e of 
modem RH-RW insulated cable**® (class 
L260). Therefore, the characteristics 
of the network protector fuse and station 
breaker shown here are qualitative, and 
in actual cases must be co-ordinated/with 
the other elements in a specific network. 

In evaluating the degree of protection 
desired or obtained, it is well to remember 
that the generally accepted function of 
network equipment is to hold onto the 
load. Investment in the network is 
veiy high, and for that investment there 
shotdd be practically 100 per cent con¬ 
tinuity of service. 

Typical Present Protection 

Elements having the characteristics 
shown in Fig. 2 are commonly installed 
in tlie average network today. **8 It is 
obvious that the degree of protection is 
definitely less than in the ideal arrange¬ 
ment. 

Curve B shows the time and current 
at which class L260 4/0 cable is dam¬ 
aged to a visible degree. At tliis dam- 
age point, the judgment of the obser\'er 
detennines whether or not it is to remain 
in ser\'’ice. Some of the cables presently 
in use, particularly those using oil-base 
insulation,® have a damage characteristic 
less favorable than that shown (i.e., 
less tolerant of high temperatures). 

Curve C shows the clearing time of the 
4/0 limiter presently installed on many 
networks. It is apparent that when suffi¬ 
cient current is available the limifp r will 
dear before the insulation is damaged. 
There is a band, however, where no pro¬ 
tection is afforded and the operators of 
the many “light” networks (those con¬ 
sisting of small transformers widdy 
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Fia. 2. Typical present protection 


spaced and connected by small secondary 
ties) around the country can well afford 
to examine their systems in this regard. 
It should be remembered further that the 
amperes here designated are actual am¬ 
peres, not calculated. Prior to specifying 
limiter characteristics substantially faster 
than those shown in Fig. 2, however, 
careful investigation should be made to 
determine: 

1. That under foreseeable opera^ condi¬ 
tions the emergency overload carried by the 
limiter will not seriously damage the cable 
insulation adjacent to the limiter terminals. 

2. That heavy starting loads on the net¬ 
work, such as large motors, wUl not blow 
the cable limiters. In other words, the 
limiter must not act as a fuse. 

Curve D shows the clearing time of a 
fuse size and type commonly used with 
600-kva transformer banks. The fuse is 
not ideal but is quite satisfactory as 
long as network cables are equipped with 
limiters, and there is suitable selectivity 
t)etween the cable limiters and the net¬ 
work protector fuse. Fuses of somewhat 
different characteristics are often used, 
ft fid their curves must be substituted for 
those shown in an actual case. Also, in 
the actual case what appears to be good 
selectivity between the fuse and the other 
components may be upset by insufficient 
or misplaced transformer capacity. 

The foregoing gives a very general 
picture of a given ccanbination of protec¬ 
tive devices. The intention of this 
paper is to point out what is desirable, 
what the advantages and shortcomings of 
commonly Used devices are, and to sug¬ 
gest to the operator of a network that an 
examination of the apparatus he has is 
•desirable in order to determine for his 


system what degree of protection he can 
expect. The penalties of inadequately 
co-ordinated protection are likely to be 
service interruptions, damaged equip¬ 
ment, and perhaps explosions and fires. 

Protection on Class-L220 

Insulation 

The curves in Fig. 3 are similar to 
those in Fig. 2, except that the cable here 
shown is of the currently used oil-base 
or class-1,220 variety. (This curve may 
be shifted slightly some time in the future 
but is acceptable in its present form for 
comparison purposes.) It is readily ap¬ 
parent that the band of protection is con¬ 
siderably less than that shown in Fig. 2. 
Again, it is up to the operator to evaluate 
the components and the band protection 
he has, since it is well known that in some 
significant respects oil-base compounds 
are superior to s<»ne other types. This 
is not true, however, in regard to re¬ 
sistance to abnormally high temperatures. 

Proposed Protection 

The assignment of the Task Group 
required two major steps: • 

1. The analysis of all the components of 
network protection and their relationship to 
each other. 

2. The design and standardization of a 
family of Cable limiters which would give the 
mavimiim protection possible and yet re¬ 
main within reason as to size and cost. 

The curves in Figs. 1, 2, and 3 show 
the analysis of the components in use at 
the present time as compared to protec¬ 
tion which would be ideal. The curves 
in Fig. 4 show the time-current damage 
characteristics of two types of modem 
4/0 cables. Curve C is the limiter 



Fig. 3. Typical present protection with 
cla8$-L220 insulation 



Fig. 4. Proposed protection 


matched with class-X2dO cable and 
curve D is the limiter matching class- 
L220 cable.8 

The limiter used for curve D is not a 
standard item at present. Enough ex¬ 
perimental work has been done, however, 
to assure a limiter with time-current char¬ 
acteristics similar to that used for curve 
D, Fig. 4. This will provide a much 
improved band of protection for the X- 
220 class of cables. It is again apparent 
that the cable is not protected perfectly, 
but with the proposed new limiter, curve 
D, the band of protection has been 
materially improved. 

These four curves are the basis for 
network protection and all other de¬ 
vices should be co-ordinated about these 
combinations. Knowing what type of 
cable he has, the operator of a network 
can then either check the devices on his 
system for co-ordination or design new 
protection for it. 

Summary 

The information presented here shows 
that the protective; devices generally used 
in networks of all sizes do not automati¬ 
cally co-ordinate to give either the best 
protection against secondary faults or 
the best operating characteristics in every 
network. The purpose of this paper is to 
draw the attention of network operators 
to these facts and to point out the de¬ 
sirability of scrutinizing each network 
area rather carefully in order to evaluate 
the degree of protection it is receiving. 
In addition, the advancement in the art of 
limiter protection is shown, which will 
make a much more accurate band of pro¬ 
tection possible. The operator in ex- 
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amining his network must know the char¬ 
acteristics of each component as well as 
the distribution and magnitude of fault 
current at the location of each protective 
device if his information is to be com¬ 
plete. 
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Limiters, Their Design Characteristics 
and Application 


F. HELLER I. MATTHYSSE 

ASSOCIATE MEMBER AIEE MEMBER AIEE 


S INCE publication of the original paper 
on limiters by C. P. Xenis.i a wealth 
of experience has been obtained, not only 
in the operation and use of limiters but 
also in the operation of secondary net¬ 
work distribution systems. This operat¬ 
ing experience has resulted in a review of 
the limiter and types of secondary cable 
used in network systems as well as the 
theory of operation of such systems. 
Before describing the work which was re¬ 
cently done in this field, the function of 
the limiter will be reviewed. 


Function of the Limiter 


^ In^ the original theory of underground 
distribution, the success of a secondary 
network depended upon the ^stem being 
designed to have sufficient short-circuit 
capacity to bum dear a solidly faulted 
cable. Possibly because of their recollec¬ 
tion of this theory, many utility company 
engineers feel that hmtters are unnecessary 
in those parts of their secondary network 
where they believe the short-circuit ca- 
padly is suffidently high to bum dear 
faulted cables. However, even when a 
fault bums dear, the possibility of further 
trouble is not removed. The cables have 
been seriously damaged at the point of 
fault and for all intents and purposes 
be considered defective. It is only a 
matter of time before the fault will re¬ 
occur because of operating conditions 
such as rain or mdting snow which may 
flood ducts and manholes. At best, 
when a fault bums dear, it should be re- 
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garded as a temporary extinguishing of an 
arc. Furthermore, fault currents of such 
magnitude and duration that will bum 
dear a fault may elevate the copper tem¬ 
perature to a point where it will com¬ 
pletely destroy all the cable insulation, 
thereby causing great volumes of smoke 
with possible fires and explosions, if the 
fault is not burned dear. It is the func¬ 
tion of the limiter to dear and disconnect 
cable sections before they reach this 
damage point. 

In some cases, solid cable roasting 
faults were tolerated in nonlunitered sec¬ 
ondary networks in spite of the smoke 
and cable damage.^.s It was argued that 
the fault would eventually bum clear 
before spreading past the junctions at 
each end of the cable. Recent experi¬ 
ences by operating utilities have shown 
that major faults were not self-clearing 
even though the calculated short-circuit 
current available was more than ample to 
bium dear the faults. 

To aid in understanding the function of 
limiters, a typical network grid is shown 
in Fig. 1. The secondary grid is tied to 
the transformers through network pro¬ 
tectors. When a fault occurs at point A, 
current flowing through the faulted sec¬ 
ondary main is supplied from various 
branches of the grid. In many cases, the 
fault will bum dear before any permanent 
damage has occurred to the cables feeding 
the fault. The magnetic effect at the 
point of fault will usually make the fault 
self-dearing by forcing the conductors 
apart. When this occurs the cable has 
been damaged and the need for the limiter 
has been simply postponed. As the fault 
reoccurs again and again, it is accom¬ 
panied by greater violence as a greater 
area of cable is consumed by the arc. 
With the exposure of the copper conduc¬ 
tor, there is a strong possibiKty for the 


fault to wdd as the copper is mdted by 
the arc. 

If the short-drcuit current does not 
bum the fault clear and if limiters are 
not used, the conductor temperature may 
reach a point where the insulation of 
cables B to A, and C to A, Fig. 1, will 
begin to roast, causing additional faults 
in the secondary main B to C. Under 
these conditions, it can be seen that cur¬ 
rent to fault A is supplied from three 
directions at points B and C. It is pos¬ 
sible for the fault to spread and reach 
points B and C and then extend beyond 
these points in several directions, causing 
extensive damage. Under these condi¬ 
tions, when limiters are installed at points 
B and U, the limiters at each end of the 
faulted cable will clear and disconnect 
the secondary cable main B~C from the 
grid before the cable insulation is roasted. 
Thus, the fault is isolated and cannot 
spread. If limiters are not used, the only 
methods to control this condition are to 
cut the secondary mains around the 
faulted area or to drop the entire second¬ 
ary network. 

Self-dearing faults are accompanied by 
arcing which may cause smoke and cable 
damage at the point of the fault. Limit¬ 
ers were not designed to dear ardng 
types of faults which occur in network 
systems. G. P. Xenis discusses in some 
detail this particular operating considera¬ 
tion.® The sustained type of fault, in 
which the computed value of short-drcuit 
current can be expected to flow, is one 
having negligible fault impedance. This 



Fig. 1. Typical network grid 
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Fig. 2. Typical limiter and insulation damage 
curves 

type of fault is only possible where there 
is no arcing at the fault, and may occur 
when the conductors come solidly into 
contact, leaving no chance for an arc to 
establish itself, or when a mass of molten 
metal freezes at the fault resulting in a 
“welded” type of fault. This is the one 
type of fault that invariably results in 
cable roasting unless it is cleared by limit¬ 
ers or by cutting of the cable. This is 
readily apparent when it is realized that 
the resistance of the welded fault is much 
lower than that of an equal length of the 
conductor itself. Thus, when a welded 
fault develops, the available tremendous 
short-circuit currents will raise the con¬ 
ductor temperature to the point where 
the cable insulation will be roasted. Thus, 
even in those sections of a network where 
there is ample short-drcuit capacity to 


bum dear certain types of faults, limiters 
are the only protective means to isolate 
a faulted cable and prevent spreading of 
the fault. 

Limiter Operalmg Characteristics 

To design a limiter properly, it was 
necessary to first determine the cable 
insulation damage characteristic. The 
initial tests presented detailed informa¬ 
tion on the insulation damage curves for 
various types of cable.^ This work has 
been re-evaluated and found to be sub¬ 
stantially correct.**'* 

In addition to its main function of co¬ 
ordinating -with the cable insulation 
damage, the limiter must not hinder but 
allow for the succes^ul operation of a net¬ 
work system by not dearing on: 

1. Faults which will clear without damag¬ 
ing the cable insulation (but probably will 
restrike at a later date). 

2. Overloads due to motor startings, 
transfer of load because of a primary fault, 
or temporary overloading during con¬ 
tingency operating conditions. 

3. Overloads due to loss of secondary 
conductors caused by clearing of other 
limiters. 

4. Reverse current supply through the 
network protector. 

5. Faults on other secondary cables. 

Fig. 2 illustrates a typical insulation 
damage curve of time plotted against cur¬ 
rent. In addition, the ideal and practical 
limiter curves are shown. The dotted 



CURRENT 


Fig. 4. Typical limiter and insulation damage 
curves 


line, drawn just safely below the insula¬ 
tion damage characteristic curve of the 
cable, would be the ideal time-current 
characteristic curve for a limiter to pro- 
•vide protection to the cable size involved. 
This curve, however, cannot be obtained 
because the limiter must be simple, eco¬ 
nomical, rugged enough to withstand nor¬ 
mal operating conditions during the in¬ 
stallation and life of the cable, and be 
practical to manufacture. Inasmuch as 
the limiter is a form of insurance, its use 
can only be justified when the insurance 
is not too costly. 

Fig. 3 illustrates the time-current 
characteristic curves for a range of limiter 
sizes in addition to insulation damage 
curves for a number of cable sizes. Note 
that the limiter curve actually crosses the 
insulation damage curve for balanced 3- 












Fig. 6. Basic 
limiter curve 



phase cables in duct. Fig. 4 sheds some 
light on this paradox by illustrating the 
insulation damage curves for both the 
balanced 3-phase condition in duct and 
for a single cable in free air. The limiter 
curve does not cross the curve for 
in free air in Fig. 4. In practice there 
would be little likelihood of the limiter 
not protecting the cable insulation since 
low-magnitude faults can be expected to 
be single phase (or badly unbalanced if 3 
phase). The heat generated in the duct 
by such faults is much less than for a 
balanced 3-phase fault of the same current 
per conductor. Therefore, more titn^ is 
required for a single-phase fault to bring 
the insulation to the roasting point fhan 
for a 3-phase fault. It can then be as¬ 
sumed that the cable insulation damage 
curve for a single-phase fault would be 
more like the dotted curve for the single 
conductor in free air curve than the solid 
curve as shown in Fig. 4. Operating ex¬ 
perience has confirmed this viewpoint. 
However, if the network has been designed 
so that there is insufficient capacity to 
dear limiters, engineers have considered 
a lighter limiter, but this problem is be¬ 
yond the scope of the present program of 
the Limiter Standardization Task Group; 
Accessories Subcommittee; AIEE Insu¬ 
lated Conductor Committee. 
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Fig. 7. Typical limiter curves 


Recent operating experiences, coupled 
with the work of the Task Group, have 
cast some doubt on the ability of the 
standard limiter to provide complete pro¬ 
tection for ozone-resistant rubber insula¬ 
tions, as it does for mineral-base insula¬ 
tions (RH-RW).® Where the threshold 
of damage for min^al-base insulated cable 
occurs at 260 degrees centigrade, damage 
to ozone-resistant insulated cable occurs 
at 220 degrees centigrade. Hence, these 
insulations have been disting uish e d by 
the Task Group by designating them as 
dasses L260 and L2J0 respectivdy. Fig. 
5 illustrates the tentative time-current 
characteristic insulation damage curve 
for dass-L220 cable. It therefore would 
appear desirable to design a lighter limiter 
with a faster fusing characteristic, es- 
pedally at the low-current end of the 
curve, in order to prevent damage to 
dass-L220 cables. 

Theory of Limiter Design 

When the Task Group recommended 
an investigation into the practicability of 
designing and manufacturing an econom¬ 
ical lighter limiter, it was necessary to 
review the basic theory of limitpr design. 
In this manner, it could be determined 
which design factors had to be modified. 
A review of this Iheory will help to darify 
the reason for the difference between the 
ideal and practical limiter time-current 
curves. Fig. 2, as well as the method used 
in designing the lighter limiter. 

Lmuter time-current characteristic 
curves as drawn on log-log paper, Fig. 6, 
can be easily analyzed if the cmwe is 
broken into sections. It is easily seen 
that they have rdativdy straight-line 
portions at both ends joined by a transi¬ 
tion curve or “knee” in the middle. The 
straight portion A, Fig. 6, at the high 
current end is the simplest part. Itis de¬ 
pendent on only a relatively few factors 
and may be predicted with a fair degree 
of accuracy. In this portion of the curve, 
the current is usually very high and the 
dearing time is very short, being in the 
order of 0.1 second or less. During thip 
short interval, the current heats the fusi¬ 
ble section up to its melting point before 
any appredable amount of heat escapes 
to the surroundings, or is conducted into 
the heavier end masses. Under these 
conditions the following factors deter¬ 
mine the blowing time: 

1. Imposed conditions. 

a. Current. 

b. Initial temperature (slight effect), 

2. Limiter design 

a. Melting point of limiter material. 

b. Resistivity. 



— r . - 

— ^ - 

LIMITER FUSIBLE SECTION lA) 



Fig. 8, Typical limiter heating characteristic 


c. Resistance-temperature coefficient, 

d. Thermal capacity, 

e. Cross-sectional area. 

All of these factors are known values. 
The following qualitative discussion will 
show how they affect the time-current 
curve. The rate of heat generation at 
any instant is proportional to Hi? in 
which R is dependent on the resistivity, 
the cross-sectional area, and the resist¬ 
ance-temperature coeffident. All of this 
heat goes to devating the temperature 
of the limiter fusible section, since in this 
part of the curve no heat is dissipated. 
The temperature rise is therefore depend¬ 
ent on the thermal capadty of the ma¬ 
terial. Finally, the time to mdt the lim¬ 
iter will depend on the initial temperature 
of the limiter section and its melting point. 
By putting all these factors together the 
time-current equation is obtained 

IH—kA* (1) 

where ^ is a constant depending on all 
the factors just mentioned, except cur¬ 
rent I and cross-sectional area A. If 
the logarithm of this equation is taken, 
equation 2 is obtained 

(Log t) =(log kA^)-2 (log I) (2) 

Since time-current characteristic curves 
are plotted on logarithmic scales, it is 
found that this is just the equation of a 
straight line doping down to the right at 
a slope of 2-down to 1-across. 

From equation 1 it appears tliat limit¬ 
ers alike in all respects except for cross- 
sectional area would have parallel straight 
pcations of their curves separated from 
each other by amounts, measured on the 
current scale, proportional to the increase 
of area of the limiter. 
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It can be argued that the discussion is 
incomplete because the limiter clearing 
action is not complete when the melting 
point is reached. In other words, current 
flows after reaching the melting point to 
supply the heat of fusion and the heat of 
vaporization. Furthermore, arcing be¬ 
gins at some stage during this process. 
However, calculations have shown that 
computed values from equation 1 agree 
fairly well with experimental values and 
that any correction, even if only for the 
heat of fusion, brings about less agree¬ 
ment with actual experiments. This is 
probably true because the circuit is inter¬ 
rupted almost immediately upon reaching 
the melting point. At this point, the 
fusible section of the limiter has no me¬ 
chanical strength and its weight and other 
factors, such as turbulence of the gases 
and magnetic forces, cause it to become 
severed. Arcing, however, is an impor¬ 
tant factor, but time-current curves are 
usually obtained in the laboratory at very 
low voltages so that arcing time is negli¬ 
gible. At higher voltages the arcing time 
increases, but within tlie rated voltage of a 
limiter the arcing time is only a fraction 
of a cyde. 

It has been shown that the high-current 
part of the limiter time-current curve is 
simple to predict because the action takes 
place so fast that no appreciable heat is 
lost by dissipation to the surroundings. 
At lower ctuxents and long times, this 
heat loss cannot be neglected. Therefore, 
this portion of curve C, Fig. 6, is de¬ 
pendent upon the following factors: 

1. Imposed conditions 

a. Current. 

b. Initial temperature (slight effect). 

c. Ambient temperature (slight effect). 

2. Limiter design 

a. Melting point of limiter material. 

b. Resistivity. 

c. Resistance-temperature coefficient. 

d. Thermal capacity. 

e. Gross-sectional area. 

f. Heat conductivity. 

g. End masses. 

h. Shape of limiter. 

i. Heat-dissipation factors. 

In view of these additional factors, a 
complete mathematical solution is ex¬ 
tremely difficult to present. However, 
from experimentation and experience 
a qualitative concept of what occurs in 
this portion of the curve can be obtained. 

Consider first a straight limiter section, 
such as a piece of wire, having considera¬ 
ble length. Because of this great length 
the masses of metal at each end receive 
very little heat by conduction from the 
center of the limiter. Howeverj due to 
the heat dissipation into the surrormdings 


by radiation, conduction, and convection, 
the limiter will take longer to blow than 
would be indicated by the extension of 
the lower straight portion of the curve. 
In other words, the low-current end of the 
time-current curve is bent to the right. 
Fig. 7(A), by the heat-dissipation factor 
and thus there is not a 2-to-l slope in this 
region of the curve. 

Curves of this type are obtained for the 
bmm-off characteristics of insulated cables 
or bare wires sin<» their great length 
renders the end effect negligible. Simi¬ 
lar curves are also obtained for the insula¬ 
tion damage characteristic of cables ex¬ 
cept that in this case the temperature 
reached is not the mdting point but the 
temperature value which would per¬ 
manently injure the insulation. Never¬ 
theless, the insulation damage diarac- 
teristic curves and the limiter curves 
have the same 2-to-l slope for the right- 
hand straight portion. This would seem 
to make a limiter ideal to protect a cable 
against insulation damage by selecting 
the limiter whose curve was just below the 
insulation damage curve. 

However, the limiter must reach the 
melting point before it clears. Since this 
is considerably above the insulation 
damage temperature, the limiter will dis¬ 
sipate considerably more heat per unit of 
length than the cable, thereby resulting 
in a bending of the curve with a lower 
knee tflan the insulation damage curve. 
If this limiter curve were selected it would 
cross the insulation damage curve. Fig. 
7(B), and provide no protection at cur¬ 
rents below the point of intersection. 
Therefore, a smaller limiter has to be se¬ 
lected which overprotects. Fig. 7(C), 
since it would dear sooner than needed 
in the high-current portion of the curve. 

The limiter design problem is further 
complicated by end effects. Obviously 
the limiter, unlike the cable, cannot be 
made so long that the ends draw no appre¬ 
ciable heat from the center section. 
Therefore, the heat conducted into the 
end masses slows the melting time still 
further, thereby bending the upper end of 
the time current curve towards the right 
and lowering the knee.. To compensate 
for this heat drain on the limiter design, 
it was found necessary to devise a way to 
have a long "effective” length and at the 
same time keep the cost of the limiter to 
a minimum. This was accomplished by 
redudng the cross section of tiie fusible 
section. Fig. 8(A), near each end where it 
joins the tubular barrel.^ By increasing 
the resistance at points A and B, Fig. 
8(A), and at the same time lowering the 
heat conductivity, the temperature gra¬ 
dient, Fig. 8(B), along the fusible section 


was reduced. This tended to cancel the 
effect of the cool ends and make the fusi¬ 
ble section behave more like a cable with 
considerable length. 

In designing the limiter, there must be 
a careful balance between the cross-sec¬ 
tional area in the center and at the ends 
of the fusible section so that, in the work¬ 
ing portion of the time-current curve, 
melting will usually occur at the center. 
Nevertheless, at very high currents the 
fusible section will clear at the reduced 
section at the ends which will make the 
limiter dear sooner that if it were a truly 
long limiter. 

Therefore, when the problem of design¬ 
ing a lighter limiter to protect dass-X220 
cable was presented, it was apparent that 
the limiter design had to be modified to 
one incorporating a longer effective length 
in the fusible section.* This design 
change would bend the low-current end of 
the time-current curve to the left as re¬ 
quired. Initial experimental tests on size 
4/D indicate that a lighter limiter can be 
economically manufactured. The final 
design of the lighter limiter may include 
heat reservoirs as well as a reduced cross- 
sectional area in the fusible section. In 
addition to testing for the proper time- 
current curve, tests were also run to in¬ 
sure that the heat generated in the fusible 
section of the limiter would not roast the 
cable insulation during normal operating 
and overload conditions. 

All initial tests were conducted on ex¬ 
perimental limiters manufactured, from 
one piece of copper tubing which was flat¬ 
tened in its center section. This center 
section was modified to obtain the de¬ 
sired characteristics. To keep the cost 
of the lighter limiter to a minimum, it was 
decided to use the 1-piece construction 
instead of possibly resolving the problem 
with a multiple-piece design incorporating 
low melting-point alloys which would re¬ 
sult in a substantially higher cost limiter. 

Pig. 6 illustrates the tentative time- 
current curve of the lighter limiter L220 
for 4/0 cable. It can be noted it is ap¬ 
proximately 20 pd: cent faster than the 
standard limiter {L260). The tentative 
insulation damage curve for L220 cable 
was established by the Task Group pend¬ 
ing completion of the duct tests.* The 
work of the Task Group will probably 
continue until complete and reliable insu¬ 
lation damage curves are obtained so that 
the lighter limiter design can be further 
investigated for other cable sizes. 

Application of Limiters 

At the time a network system, which 
uses all new equipment and cable, is in- 
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Fig. 9 (left). Straight limiter 



stalled the question may arise as to why 
it is necessary to install limiters. Op¬ 
erating experience has shown that second¬ 
ary faults rarely occur during the early 
life of a network system. When faults 
have occurred, they have usually been 
traced to external damage, such as work¬ 
men cutting through cables, or a cable 
insulation defect which occurred during 
the installation or manufacture of the 
cable. As the network system ap¬ 
proaches the end of its life, an 3 nivhere fr om 
20 to 40 years, the rate of fault occurrence 
rapidly increases until the decision is 
made to recable the system. Obviously, 
the replacement of a network system is not 
an overnight job and is usually planned 
to take place over a number of years. It 
is during this period that limiters provide 
the maximum amount of protection. 

The limiter is a connector, in addition 
to being a device for protecting the cable 
insulation from roasting. Therefore, 
when installed, the cost of protection is 
minimized since labor, which is the major 
cost, is already provided for during the 
construction of the network. The cost of 
going back into the network years later, 
just to install limiters, is usually prohibi¬ 
tive due to the high cost of labor. There¬ 
fore, it is normal practice to install limiters 
during the installation of a new or ex¬ 
panded network. In some cases where 


limiters were not initially used, they are 
installed whenever work has to be per¬ 
formed in manholes and vaults. 

In a secondary network system, it is 
usually necessary to tie together a multi¬ 
ple of cables at junction points. There 
are many different types of limiters used 
in such installations but they all have the 
same basic design characteristics. The 
limiter combines a fusible section with a 
connector element and is made from one 
piece of copper tubing. In most cases, 
the portion of the limiter accommodating 
the conductor is coimected to the con¬ 
ductor by crimping the tubular barrel to 
the conductor with a press. The limiter 
is rated by cable size and its time-current 
characteristic is obtained by flattening 
the center section of the tubing and blank¬ 
ing out the proper section. To quench 
the arc which occurs when the limiter 
clears and prevent it from reforming, heat- 
resistant shells incorporating barriers en¬ 
close the limiter. There are many dif¬ 
ferent types of limiters available: 

Straight limiter: Is used to splice two 
conductors together. In Fig. 9, note the 
1-piece tubular construction, arc quench¬ 
ing shells, and insulating sleeves which fit 
snugly over the cable insulation. 

Limiter lug: Terminates cable to bus 
bar. Normally installed in vaults where 
bus bar is used to join the secondary side 



of two or more transformers. Note the 
screws in the shell. Fig. 10, which pre¬ 
vents the cleared limiter from falling down 
and causing additional faults. 

Molimiter: Terminates cable to a mul¬ 
tiple outlet preinsulated mechanical-type 
connector which is used as a junction 
point to join secondary mains and serv¬ 
ices. Fig. 11 illustrates a Molimiter 
installation. 

Limiter tap: incorporates a limiter lug 
modified to terminate cable to a cable ring 
bus. U bolt and saddle as shown in Fig. 
12 make a neat compact installation. 
Insulating sleeve and hood keep taping to 
a minimum. 

Limiter crab: Incorporates limiters 
into a multiple outlet preinsulated com¬ 
pression-type connector. Used to join 
secondary mains and services. 3-way- 
3-way type is shown in Fig. 13. The 5- 
way~5-way type has a 500,000-circular- 
mil (CM) conductor running through the 
center which is used to join two limiter 
crabs together, thus forming a ring bus 
with limiter tap elements. Fig. 14 illus¬ 
trates this crab with the limiter taps, 
500,000-CM conductor, heat-resistant 
shells, and finally the completely in¬ 
sulated assembly. 

Network protector fuse: Fig. 15 shows 
types Y and Z fuses which were designed 
to co-ordinate with limiters. Type 7 has 
the 2-hole mounting while type Z is drilled 
for 4-hole mounting. 

Co-ordination of Limiters and 
Network Protector Fuses 

Various phases of this problem have 
been discussed in other papers.^*® Si n ce 
the design and application of limiters is 
closely allied with the design and applica- 
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Fig. 13 (left). 
3-way - 3-way 
limiter crab 



Fig. 15 (right). 
Type-Y and -Z 
network protec¬ 
tor fuses 



tion of network protector fuses, it may 
be best to review this co-ordination prob¬ 
lem. 

The selection of the proper size and 
type of network protector fuse is an im¬ 
portant consideration in the design of a 
secondary network. Fuses which are too 
light can result in unnecessary blowing 
and overheating of the network protec¬ 
tor, thus making it necessary to use ex¬ 
ternal mounting, or they may even lead 
to cascading of all fuses in the network. 
If the fuses are too heavy, the network 
transformers may become damaged or 
limiters may blow before the fuse op¬ 
erates. 

In analyzing the problem of co-ordina¬ 
tion, two factors must be considered: 

1. In the case of a primary fault, when the 
network protector does not function because 
of mechanical failure, on reverse current, 
the network protector fuse should clear 


network grid. In selecting the proper 
size network protector fuse, allowance 
for a possible unequal distribution of cur¬ 
rent in the four secondary mains should 
be considered. It has been the practice 
to design for at least 40 per cent of the 
network protector fuse current to be fed 
through one of the four limiters.^ There¬ 
fore, in analyzing the problem of second¬ 
ary co-ordination on a primary fault, the 
fuse aze selected must be chosen so that 
it will blow before a limiter carr 3 dng up 
to 40 per cent of the reverse current. 

In Fig. 16 curves 1 and 2 are for the 
500,000-CM limiter and network protec¬ 
tor fuse respectively. Curve 4 is W the 
500,000-CM limiter replotted in terms of 
the current through the network protec¬ 
tor fuse, assuming 40 per cent of this cur¬ 
rent is carried by the limiter. 


Proper selectivity with limiters can 
only be obtained by selecting a network 
protector fuse having the same general 
shape for its time-current characteristic 
curves as that of the limiter. Selectivity 
is extremely important in that it mini¬ 
mizes the possibility of cascading net¬ 
work protector fuses, or clearing second¬ 
ary faults by use of the network protec¬ 
tor fuse. Fuses should be selected only 
after carefully analyzing the problem of 
co-ordination with limiters. 

There are many types of fuses which 
have been used in network protectors for a 
variety of reasons. Some offer a limited 
range of selectivity w'ith limiters, while 
others do not offer any co-ordination 
with limiters. There may be reasons for 
using each type, but before selecting the 
size and type a co-ordination analysis of 


before any of the limiters blow. 

2, When a secondary fault occurs in the 
network, the limiters should clear the fault 
from the system before the network pro¬ 
tector fuse opens if the fault does not clear. 

Fig. 16 illustrates the time-current 
characteristic curves of a network protec¬ 
tor fuse as well as the associated limiters. 
A typical case has been illustrated of a 
500-kva transformer and 1,600-ampere 
network protector with four 500,000-CM 
secondary leads per phase feeding the 



Fig. 14 (left). 
5-way - 5-way 
limiter crab 


Fig. 16 (right). 
Co - ordination 
curves (or limiter 
and netwmk pro¬ 
tector (use 
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the two criteria just mentioned should be 
made. For example, a copper link fuse, 
curve 3, sometimes used in a 1,600-ampere 
network protector, crosses the 500,000- 
CM limiter curve. Fig. 16. In this case, 
the copper li nk fuse will clear on a second¬ 
ary fault before the limiter when the 
fault currentis in excess of 11,000 amperes. 

Summary 

1. Standard limiters rated by cable size 
are in g^eral use, and are available in a 
wide variety of sizes and t 3 rpes, to prevent 
roasting of RH-RW type of insulation 
iL260). 


2. It appears to be feasible to economically 
manufacture a lighter limiter to prevent 
roasting of L220 cable when used in network 
systems. 

3. The availability of limiters, coupled 
with means of making cable connection, 
justifies their use preferably during the 
initial installation of a network system. 

4. When limiters are used, co-ordination 
studies between network protector fuses 
and limiters should be prepared in order 
to select the proper size and t 3 rpe of fuse. 
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High-Temperature Classification of Rubber 
and Rubberlilte Insulation of Network 
Cable by Oven 

W. H. COUCH 

NONMEMPER AIEE 


O VEN-HEATING tests on mbber 
and rubberlike insulations for net¬ 
work cable were made for the purpose of 
classifying their ability to withstand high 
temperatures for short periods of time. 
These tests are useful as comparisons of 
actual tests made on completed cables 
both by oven heating and current loading 
and offer a simple and easy method of rat¬ 
ing insulations. The tests are part of an 
investigation carried out by the Limiter 
Standardization Task Group; Acces¬ 
sories Subcommittee; AIEE Insulated 
Conductors Committee. Other aspects 
of this subject and correlating data are 
given in companion papers. 

Insulated conductors only have been 
subject to oven heating for various times 
up to 30 minutes and temperatures up to 
260 degrees centigrade (C) [600 de¬ 
grees Fahrenheit (F)]. Physical charac¬ 
teristics and dielectric breakdown tests 
were made at each time and temperature 
combination and detailed examinations 
earned out. The oven apparatus was 
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Committee on Technical Operations for presenta¬ 
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script submitted March 8, 1965; made available 
for printing April 1, 1955. 

W. EC. Couch and G. J. Crowdbs are with the 
Simplex Wire and Cable Company, Cambridge, 
Mass. 


-Heating Tests 

G. J. CROWDES 

FELLOW AIEE 

carefully designed to provide adequate 
volume and heating capacity to reduce 
temperature lag. 

There is good qualitative comparison 
between the oven tests and cable and duct 
tests made by current loading. As would 
be expected, the oven tests produce dam¬ 
age at somewhat lower temperatures (ap¬ 
proximately 10 to 26 C), since the insula¬ 
tion is heated at uniform temperature 
throughout and is without the protection 
afforded by the jacket. The insulation 
damage temperatures found are given 
Table I. 

This method of dassiiication is rela¬ 
tively quick and easy to do. It requires a 
minimum of apparatus. Because of these 
factors Appendix I gives a proposed pro¬ 
cedure for high-temperature classifica¬ 
tion tests, by oven heating, on rubber or 
rubberlike insulated network cables with¬ 
out coverings. 


General 

For the past 2 years the Task Group 
has been working on the characteristics 
of limiters and their co-ordination with 
cable performance. The operation of 
networks involves the hazard or rather 
includes the near certainty tliat cables 
may carry large currents for short periods 
of time. Earlier networks depended on 
the cables being self-protecting and bum- 
off characteristics were of considerable 
interest. The use of limiters changed this 
but did not lessen the need for a knowl¬ 
edge of the high-temperature characteris¬ 
tics of the cable and co-ordination with 
the limiter behavior. This co-ordina¬ 
tion has not always been present in past 
installations, and there have been cases 
of sufficient mismatch where the limiter 
did not protect the cable involved. 

This situation is further complicated 
by the variety of cables available having 
insulations of different high-temperature 
behavior patterns. Since co-ordination is 
essential, further knowledge was required 
and studies have been made on the vari¬ 
ous aspects of the problem. The perti¬ 
nent parts appear to be: 

1. Intrinsic high-temperature behavior 
pattern of the cable insulations now in 
use under various time-temperature param¬ 
eters and their classification. 

2. Thermal characteristics of network 
cables. 


Table I. Insulation Damage Temperatures 


Rubber 

Designation 

Damage Temperature 

Time, Minutes 

Natural. 

.... .oil base. 



Natural. 

GR-S . 

.... .mineral base, class AO . 

....oilbase. , , 

. son c. (apo. 


(Buua S) .. . . 

... .low water absorptive. 



Butyl. 

... .low water absorptive, heat.... 
and ozone resisting 
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Fig. 3. 200 C 

3. Mathematical detennination of the 

temperature rise of a-c secondary network 
mains. 

4. ' Overload tests on cables in air. 

6. Tests on cables in ducts. 

6. Characteristics of various limiters. 

7. Co-ordination of secondary network 

protection. 


This part of the study is concerned 
with the intrinsic high-temperature char¬ 
acteristics of the various cable insulations 
now in use as indicated by tests after oven 
heating. 

Test Procedures 

The data reported here are from two 
separate sets of tests run. The first of 


Fig. 6. 260 C 

these was made on seven different insula¬ 
tions including natural and synthetic 
rubbers. The second set of tests con¬ 
tained refinements in test procedures and 
the measurement of additional pertinent 
characteristics on three of the component 
types in most use today. 

The earlier tests consisted in the raeas- 
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Test Results 


Table II. Physical Data for Run No. 1 


Compound 


1 

2 

3 

4 

S 

5 

are inch 

..658.. 

..1,280.. 

..1,618.. 

..1,710.. 

.1,075. 


..688.. 

.. 816.. 

..1,346.. 

..1,465.. 

. 984. 


..590.. 

.. 366.. 

..1,198.. 

..1,430.. 

. 926. 


.,331.. 

..melted.. 

..1,110.. 

..1,410.. 

. 645. 


..194.. 


..1,089.. 

..1.290.. 

. 383. 


..167.. 


.. 778.. 

.. 900.. 

. 129. 


After 16 min. at 180 C (356 F) 
After 16 min. at 200 C (392 F) 


Elongation, per cent 


After 16 min. at 200 C (302 F) 
After 16 min. at 220 C (428 F) 
After 15 min. at 240 C (464 F) 
After 15 min. at 260 C (500 F) 

'ensile strengtb at 200-per-cent < 
pounds per square inch 

Original. 

After 16 min. at 180 C (356 F) 


After 16 min. at 240 C (464 F) 
After 16 min. at 260 C (500 F) 



.331.. 

. 476.. 

. 600... 

. 600 


.181.. 

. 450.. 

. 612... 

. 600 


.118.. 

. 500.. 

. 693... 

. 560 


. 94.. 

.melted.. 

. 481... 

. 631 


, 68.. 


46a 



. 68.. 



! 518 

elongation. 




.627... 

.616.. 

.. 432... 

. 677... 

. 576 

.202... 


.. 290... 

. 637... 

. 650 



.. 160... 

. 602... 

. 594. 



.melted... 

. 626... 

. 668. 




636... 

555. 


675. 


496. 


626. 

650. 

600. 

650. 

456. 

281. 


377. 

362. 

600. 

330. 

230. 

109,. 


.864 

.860 

.760 

.669 

.634 

.180 

.488 

.356 

.312 

.262 

.268 

.250 


.570 

.695 

.653 

.618 

.456 

.160 


urement of physical properties before and 
after oven heating and careful physical 
examination at each time-temperature 
step. The later tests include these and 
added durometer hardness and a-c and 
d-c dielectric strengths. 

After some consideration it was de¬ 
cided to use a standard sample which con¬ 
sisted of a single class-5 stranded, alloy 
coated conductor, size No. 8 American 
Wite Gauge, insulated with a 4/64-inch 
(0.0626-inch) wall of the desired insula¬ 
tions. In all cases the test samples 
were without outer coverings. 

The samples were placed in a preheated 
oven at the various temperatures for the 
required period of time,, then removed 
and allowed to cool to room temperature 
for at least 24 hours before being tested 
for tensile strength, elongation, durometer 
hardness, and a-c and d-c dielectric 
strength. Samples of 10 to 12 feet were 
used for dielectric strength tests; the 
samples were coiled on 2-inch-diameter 
mandrels. Samples for physical tests and 
examination were hung straight in the 
oven; see Fig. 1. All results reported 


are the mean of two samples except for the 
d-c dielectric strength tests where only 
one result is reported. Standard Ameri¬ 
can Society for Testing Materials test 
methods were used. 

The oven was a model 84SA Precision- 
Freas oven having a maximum tempera¬ 
ture range of 260 C (600 F) and an inside 
measurement of 37 inches by 19 inches 
by 26 inches. Pyrex glass inner observa¬ 
tion doors were provided. 

Every effort was made to insert the 
test specimens as promptly as possible 
and to keep the oven doors open for as 
brief a time as necessary. The oven, 
in addition to a 1,200-watt heater for 
normal use, has two “booster" heaters, 
one of 1,200 watts and another of 2,400 
watts. It is felt this added heat capacity 
is necessary in order to obtain rapid re¬ 
covery of temperature after the insertion 
of samples. Actual measurements of 
oven temperature show recovery was ac¬ 
complished in 3 to 6 minutes as indicated 
by a recording temperature chart which 
normally lags the temperature of the air 
heating medium. 


Run No. 1 

The various compounds tested were: 

1. Oil base, ozone resisting, natural rubber 
insulation. 

2. Oil base, ozone resisting, GJi-S rubber 
insulation. 

3. Mineral base, performance grade, 30- 
per-cent natural rubber insulation AO. 

4. Low water absorption, GR-S rubber 
insulation. 

5. Low water absorption, heat resisting, 
GJi-S rubber insulation, RPT-RTf type. 

6. Low water absorption, ozone resisting, 
heat resisting, butyl rubber insulation. 

7. Low water absorption, ozone resisting, 
heat resisting, butyl rubber insulation. 

Figs. 2 through 6 show the effects of 
oven heating on run no. 1 at various 
temperatures. Table II gives the physi¬ 
cal data for the seven compounds. Table 
III shows the condition of the compounds 
after 16 minutes of heating time at vari¬ 
ous temperatures. 

• 

Run No. 2 

In this run three insulations commonly 
in use were chosen, namely: naturd 
rubber oil base, GR-S—Jill-JifV, and 
butyl which is water, heat, and ozone 
resistant. Tables IV through VIII show 
the effect of h^t on different conditions 
for these three insulations. 

Discussion of Results 

The data for run no. 1 given in Table 
II show the natural rubber insulations to 
be more perishable at high temperatures 
than any of the others. The oil base 
natural rubber compound is rendered 
unserviceable after 16 minutes at 180 C 
(366 F). The other natural rubber com¬ 
pound (a mineral base class AO) is only 
slightly more heat resistant. Both 
started to melt at 180 C (366 F). 

Oil base GJ^-S compound is another 


Table III. Condition for Run No. 1 AHer 15 Minutes of Heating Time at Temperatures Noted 


Com¬ 

pound 

ISO C (356 F) 

200 C (392 F) 

220 C (428 F) 

240 C (464 F) 

260 C (500 F) 

1.... 

2 ... . 

>. emitted smoke, on verge.. 
of melting 

.OK. 

. .smoked, distorted due to.. 
melting 

,. smoked, completely melted.. 

leaving copper bare 
. .smoked, blisters larger, small,. 

cracks upon bending 
..smoked, surface brittle,., 
inside tacky 

. .complete destruction. 

.. complete destruction 

3.... 

4_ 

. surface tacky, on verge of.. 
melting 

• OK... 

over surface 

. .smoked, surface melting... 

..OK.. . 

..smoked, blistered cracks.. 

open on bending 
.. smoked, surface brittle,.. 

inside melted 

. .smoked, all blistered, cracks 
open on bending 
..smoked, fell apart when 
removed from oven 

6.... 

.OK. 

..OK...... 

. .surface brittle, small surface.. 
cracks on bending 

..OK. 

..smoked, surface started to., 
wrinkle and crack on 
bending 

. .smoked, surface wrinkles, 
small surface cracks, on 
bending 

6.... 

.OK.. . 

..OK. 



. .smoked, few wrinkles surface 
cracks on bending 

7.... 

.OK. 

..OK. 


. .smoked, on verge of melting.. 

.. smoked, melted a little, small 
holes appeared 





. .smoked, on verge of melting.. 

. .smoked, melted a little, small 
holes appeared 
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Table VII. Effect of Heat on Dielectric Strength, Volts per Mil 


Table IV. Effect of Heat on Tensile Strength, 
Pounds per Square Inch 



Oil 

Base 




Oil Base 

RH-RW 


Butyl 


RH-RW 

Butyl 


A-C 

D-C 

A-C 

D-C 

A-C 

D-C 

» 

Oriifinal. 

Heated in air oven for 

.794. 

...797... 

..833 

Original. 

Heated in air oven for 

....478 

.1,160... 

.. .733. 

.2,240... 

...496. 

.1,430 

5 min. at 180 C (356 P). 

..768.. 

...813... 

..818 

5 min. at 180 C (356 F).... 

....430. 

.1,170... 

...478 

.2,120... 

...430. 

.1,210 

15 min. at 180 C. 

.668.. 

...784... 

..820 

15 min. at 180 C. 

....438. 

.1,380... 

...448 

.1,850... 

...450. 

.1,210 

30 min. at 180 C. 

..668.. 

...785... 

..819 

30 min. at 180 C. 

....390 

.1,130... 

.. .438 

.2,280... 

...430. 

.1,080 

15 min. at 200 C (302 P). 

.567.. 

...785... 

..811 

15 min. at 200 C (392 P) .... 

. ...455. 

. 690... 

...498. 

.1,670... 

...423. 

.1,046 

5 min. at 220 C (428 P). 

..739.. 

...848... 

.861 

5 min. at 220 C (428 F).... 

....440. 

.1,430... 

...483. 

.2,200... 

...380. 

. 145 (Saw) 

10 min. at 220 C. 

..621.. 

...738... 

.782 

10 min. at 220 C. 

....368. 

. 650... 

...493. 

.2,600... 

...448. 

.1,360 

15 min. at 220 C. 

.428.. 

...767... 

.815 

15 min. at 220 C. 

....270. 

. 496... 

...465. 

.1,805... 

...425. 

.1,450 

30 min. at 220 C. 

.287.. 

...675... 

.802 

30 min. at 220 C. 

....288 

. 506... 

...448. 

.2,330... 

...430. 

.1,470 

30 min. at 240 C (464 P). 

.220.. 

...644... 

.633 

30 min. at 240 C (464 P)_ 

....170. 

. 317... 

...436. 

.2,030... 

. ...428. 

.1,360 

30 min. at 260 C (500 P). 

.149.. 

...659... 

..382 

30 min. at 260 C (500 P).... 

.... 0. 

. 0... 

.. .445 

.2,340... 

...250. 

. 440 


Table V. Effect of Heat on Per-Cent 
Elongation 



ou 

Base 

RH-RW 

Butyl 


. .294. 

...576... 

.659 

Heated in air oven fot 

6 min. at 180 C (366 F). 

..307. 

...532... 

..407 

15 min. at 180 C. 

..263. 

...629... 

..444 

30 min. at 180 C. 

..244. 

...625... 

..400 

15 min. at 200 C (392 P). 

..257. 

...644... 

.425 

5 min. at 220 C (428 F). 

..343. 

...518... 

..443 

10 min. at 220 C. 

..282. 

...632... 

..413 

15 min. at 220 C. 

. .176. 

...562... 

.360 

30 min. at 220 C. 

..100. 

...562... 

..337 

30 min. at 240 C (464 P). 

.. 62.. 

...687... 

..331 

30 min. at 260 C (500 P). 

.. 31.. 

...612... 

..350 

Table VI. Effect of 

Heat 

on Durometer 


Hardness (Measured at Room Temperature) 



Oil 

Base 

RH-RW 

Butyl 

Original. 

Heated in air oven for 

. .61.. 

...,68.... 

..67 

5 min. at 180 C (366 P). 

. .63. . 

...69.... 

..67 

15 min. at 180 C. 

. .61.. 

...69.... 

..58 

30 min. at 180 C. 

. .62.. 

...69.... 

..60 

15 min. at 200 C (392 F). 

. .61.. 

..,66..., 

..60 

5 min. at 220 C (428 P). 

. .60.. 

...70.... 

..68 


. .60.. 

...69.... 

.61 


. .53.. 

...66. . 

.56 


. .55.. 

...68_ 

.58 

30 min. at 240 C (464 P). 

. .43., 

...04_ 

..63 

30 min. at 260 C (600 F). 

.20 . 

.. .63... 

.43 


perishable insulation and is little more 
heat resistant than the two of natural 
rubber. Other GR-S insulations are 
much more heat resistant with the RH- 
RW type best. Under this test they do 
not appear to be harmed very much 
until 260 C (600 F) is reached when the 
surface wrinkles and becomes brittle 
enough to crack when bent. 

The butyl compounds also stand heat 
very well. At 260 C (600 F) in the oven 
test they tend to melt, develop pores, 
and swell a little. At 240 C (464 F) the 
butyl insulations soften but do not appear 
to be harmed. 

Run no. 2 added durometer hardness 
and dielectric strength to the test sdied- 
ule. It is interesting to note that dete¬ 
rioration of physical properties is ac¬ 
companied by a corresponding decrease 


in dielectric strength. Since the times 
are short, oxidative deterioration is un¬ 
likely and the deterioration is probably 
due in most cases to the formation of pores 
at the very high temperatures. As shown 
in Table VIII, pores were developed in the 
natural rubber oil base compound at 200 
C (392 F); in the butyl compound at 220 
C (428 F). In the RH-RW compound 
there were no pores even after 30 minutes 
at 260 C (600 F). 

Noticeable swelling occurs when the 
oil base compound is heated to 220 C 
(428 F). The butyl compound also 
swells but not as much. There is no 
swelling of theRfl-RlV (GR-S) compound 
at any of the temperatures tried. See 
Table VIII. 

Durometer hardness, given in Table 
VI, shows that permanent softening oc¬ 
curs after 16 minutes at 220 C (428 F) 
for the oil base compound. The butyl 
compound showed indications of softening 
at 240 C (464 F) and further softening 
at 260 C (600 F). The RH-RW (GR-S) 
compound shows only slight evidence of 
permanent softening at the same tem¬ 
perature. 

Conclusions 

It is felt that the oven-heating proce¬ 
dure provides a quick and convenient 
method for the classification with respect 
to the intrinsic high-temperature behavior 
of insulations for secondary network 
cables. This method, when carried out 
on insulation only, undoubtedly ^ves 
temperatvues lower than obtained in 
service for the same times. This is due 
to the oven temperattire being constant 
with absence of temperatme gradient 
and to the help afforded by outer cover¬ 
ings normally present. The tempera- 
tiures indicated can be correlated qualita¬ 
tively with those on cable in duct ob¬ 
tained with current loading. 

On the basis of the tests reported here, 
the following comparison of compound 
types can be made: 


1. RH-RW (GR-S) compound retains^^its 
physical and dectrical bre^down properties 
to a higher temperature than either the 
butyl or oil base compounds. Indications 
are that RH-RW (GR-S) is serviceable 
after being heated for 30 minutes at 260^C 
(500 F). 

2. The butyl compound shows a loss of 
physical properties and dielectric strength 
at temperatures higher than 240 C (464 P). 

3. The physical and electrical properties 
of oil base compound show deterioration at 
a lower temperature. Signs of physical 
deterioration appear at 180 C (356 F) in 
10 to 15 minutes and 220 C (428 F) will 
render the compound practically useless. 

Appendix. Proposed Procedure 
For Preliminary High-Temperature 
Classification Tests, by Oven 
Heating, on Rubber orRubberlilce 
Insulated Network Cables 
Without Covering 

Scope 

The purpose of this test procedure is to 
provide the manufacturer with an optional 
screening test in the form of a convenient 
short-time high-temperature test method 
to be used in classifying insulating com¬ 
pounds. The results obtained by this 
method are approximate. For final classi¬ 
fication, the test results must be confirmed 
by the current loading test method. 

General 

The tests shall be made on no. 8 stranded 
4/64-inch wall insulated conductor. The 
type of insulation shall be indicated such 
as natural rubber, synthetic rubber, oil 
base, butyl rubber, etc. The American 
Society for Testing Materials specification 
applying to the insulation and/or the 
manufacturers’ own specifications shall be 
noted. If a manufacturer supplies the cable 
insulation to his own specifications, copies 
of these specifications shall be furnished. 

Test Procedure 

1. Test samples for visual inspection 
shall be at least 12 feet long wound on 
2-inch mandrels. Straight samples shall 
be used for the physical tests. 
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Table VIII. Effect of Heat on Appearance of Compounds 


Oil Base 


RH-RW 


Butyl 


^igiual.smooth and black. 

Heated in air oven for 

6 nun. at 180 C (356 P). .no change. 

16 nun. at 180 C. .no change. 

30 nun. at 180 C. .no change.. 

16 min. at 200 C (392 F).. blisters and pores. 
5 nun. at 220 C (428 F). .scattered pores.... 

10 min. at 220 C.shiny, porous. 

16 min. at 220 C.very porous. 


.smooth and slight brown, .smooth and black 


30 min. at 220 C.swollen, porous. 

30 min. at 240 C (464 F).. soft, swoUen. 

porous, surface cracks.. 

30 min. at 260 C (600 F).. swollen and empty shell, 
breaks on touch 


.no change.no change 

.no change.no change 

.no change.....no change 

.no change.no change 

.no change.no change 

.no change.slight tackiness 

. no change.slight tackiness (few 

pores) 

.shiny smooth.slight 

. hard shiny.melting, tacky 

.surface cracks, cracks, .some pores 
when bent 

kard, wrinkled, .. melting, tacky, increased 
cracks when bent porosity 


2. Tensile strength, elongation, durom- 
eter hardness, and a-c and d-c dielectric 
str&gth tests and a visual inspection gligl l 
be made both before and after the samples 
have been subjected to the high-tempera¬ 
ture oven tests. 

3. The heating medium shall be a 
circulation air oven having a temperature 
range to at least 260 C (500 F) and equipped 
with pyrex glass observation doors. Suffi¬ 
cient heaters shall be provided to reduce 
temperati^e recovery to 6 minutes maxi¬ 
mum as indicated by the recording chart 
when the doors are opened to insert samples. 
The oven shall be preheated to the desired 
temperature. 

4. Testing methods for determining 
specific properties before and after exposure 
to heat shall conform to the requirements 
prescribed in the method of test of the 


American Society for Testing Materials 
covering the specific property to be de¬ 
termined. The inspections shall consist 
of a visual examination for softening, 
blistering, swelling, porosity, hardening, 
and other defects. 

5. The room temperature shall be 
measured and recorded. 

6. The samples shall be suspended in 
the preheated oven at the required tempera¬ 
ture for a period of 1/2 hour. They cbaii 
then be removed and allowed to cool to 
room temperatiu-e for at least 24 hours 
before being tested. The results shall be 
averages of a minimum of three tests. 

Tests 

A number of exploratory tests shall be 
made in accordance with the foregoing so 


as to establish a starting temperature ai^d 
an approximate temperature range for a 
more critical study. The starting tempera¬ 
ture shall be a multiple of 20 C which is 
near the maximum which the insulation 
will withstand without failure. Check 
tests at the maximum withstand tempera¬ 
tures shall be made, the results of which 
will be used for tentative classification. 
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A Mathematical Method for 
Determining insulation Damage 
Curves for Network Cables 


R. H. KOLKS 

MEMBER AIEE 


S INCE 1937 limiters have been recog¬ 
nized as devices for protecting a-c 
network secondary cables against exces¬ 
sive damage from faults and overloads. 
The general principles of design and ap¬ 
plication of limiters were originally dis¬ 
covered by C. P. Xenis.i 
In general it can be said that the “blow¬ 
ing curve” of the limiter should closely 
follow the damage characteristic of the 
cable it protects. In accordance with 
this principle, the characteristics of the 
original limiters were based upon actual 
tests made upon cables installed in ducts 
and subjected to various amounts of cur¬ 
rent. In these tests damage of the insu- 
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lation was largely determined from physi¬ 
cal examination and appearance. 

Since the original development of the 
limiter there has not been any substantial 
change in the design characteristics of the 
types commonly available and in most 
cases operation has been satisfactory as 
contemplated. However, in recent years, 
along with the greatly expanded develop¬ 
ment of new rubber and rubberlike cmn- 
pounds for cables, there have been some 
reports of cases where cables were not 
sufficiently protected by the limiters. As 
a result of these reports it was considered 
desirable to investigate damage charac¬ 
teristics of some of the newer insulations, 


and cables more thoroughly. Partly as a 
result of these experiences the Limiter 
Standardization Task Group, Accessories 
Subcommittee, AIEE Insulated Conduc¬ 
tor Committee was formed to investigate 
the subject and to perhaps arrive at an ac¬ 
ceptable standard for limiters. 

The present paper reports a small por¬ 
tion of the work of The Task Group and 
has as its purpose a mathematical inves¬ 
tigation to determine the damage charac¬ 
teristic of a particular installation of cable. 
Given the temperature of the conductor 
at which damage could be expected, and 
the thermal, electrical, and physical 
characteristics of the cable and surround¬ 
ing structure, it was desired to develop a 
simple mathematical equation for the 
time-current curve of the cables. It was 
considered that this would be a method 
supplementary to the experimental 
method.^ The method reported herein 

Paper 55-474, recommended by the AIEE In¬ 
sulated Conductors Committee and approved by 
the AIEE Committee on Technical Operations for 
presentation at the AIEE Summer General Meet¬ 
ing, Swampscott, Mass., June 27-July 1, 1966. 
Manuscript submitted March 23, 1966; made 
available for printing May 26, 1966. 

R. H. Rolks is with the Cincinnati Gas and 
Electric Company, Cincinnati, Ohio. 
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was considered worthy of study in that it 
was hoped that it would present some in¬ 
formation as to the quantitative effects of 
various factors which might he useful to 
manufacturers or users. It was also felt 
that, if future developments should result 
in the production of limiters having 
several different characteristics for the 
same size of cable, this method would per¬ 
haps assist the user in selecting the par¬ 
ticular limiter which would suit his own 
conditions. 

Discussion 

In determining the damage characteris¬ 
tics of network secondary cables, periods 
of time up to 4 hours and temperatures of 
conductors up to 300 degrees centigrade 
(C) should be considered. The tempera¬ 
ture at which the cable would be damaged 
in a period of 4 hours and the corre¬ 
sponding value of current were considered 
to be the factors which would largely de¬ 
termine the design of the limiter. Ac¬ 
cordingly, the first part of this investiga¬ 
tion was concerned with determining the 
accuracy with which the 4-hour tempera¬ 
ture rise could be determined by calcula¬ 
tion. 

Steady-state temperature rise of cables 
installed in ducts can be expressed by the 
well-known equation 

Tc^-Ta+NPRiHx+m+Hz+Hi) ( 1 ) 

where 

TV “temperature of conductor, C 
TV “ambient temperature, C 
J\r“ number of conductors carrying current 
/“Current, amperes 
jR “a-c resistance of conductors, per foot 
i?i“ thermal resistance from loaded con¬ 
ductors to outer surface of cables, 
C per watt per foot 


Fig. 1 (left). Equiv¬ 
alent thermal net¬ 
work 

Fig. 2 (above). Sim¬ 
plified thermal net¬ 
work 


effective thermal resistance from outer 
surface of cables to inner edge of the 
duct, C per watt per foot 
/fj“ thermal resistance through duct wall, 
C per watt par foot 

Hi™thermal resistance of duct bank and 
surrounding earth, C per watt per 
foot 

For the particular problem under con¬ 
sideration, the temperature rise of the 
duct bank and surrounding earth were 
assumed to be negligible. The ambient 
temperature was accordingly assumed to 
be the temperature of the duct bank as 
measured in a near-by empty duct. The 
ambient temperature would therefore in¬ 
dude the heating effects of the other 
cables in the duct bank. 

Following the procedure of Fuller and 
Neher,® the cables were assumed to be 
concentric with the duct, which simplified 
the calculations to the extent that it was 
not necessary to take into account the 
flow of heat through the direct contact 
between cables and duct. It was not 
found necessary to make any corrections 
later to the calculations due to the direct 
contact of cables with duct, inasmuch as 
reasonably dose agreement was obtained 
between calculated and measmed tem¬ 
peratures. 

Network secondary cables are generally 
single-conductor type, with from three to 
seven cables installed in one duct. In 
the case of four cables in a duct a random 


arrangement and the inclusion of a neutral 
add complications which make the ac¬ 
curate calculation of Hi and Hz very diffi¬ 
cult. The calculations were therefore 
limited to considerations of compact 
groupings of cables in a duct. Ac¬ 
cordingly, the equation for Hi in the case 
of four cables in a duct was taken to be 
the same as for a 3-conductor bdted 
cable as given by Simmons® 

„ 0.00522pGi 


p=thermal resistivity of insulation and 
sheath, C per watt per centimeter® 
Gi=geometric factor for 3-conductor belted 
cable with belt thickness=0 

This equation also neglects the effect of 
the neutral upon Hi. For the case of 
seven cables in a duct, see Appendix I. 

In arriving at an equation for Hi, an 
examination of the literature on cable 
calculations indicated that the com¬ 
monly used value of 1,200 watts per 
C per square centimeter at normal op¬ 
erating temperatures was not sufficiently 
accurate at the 200 to 300 C copper tem¬ 
perature being considered. The following 
equation, as given by Fuller and Neher,® 
gave more accurate results 

1 0.092(2?/)»/®(Ar)^/®(P)»® 0.0213 

H2~ 1.39-1-2?*VPtf Da 

0.102D,'.(l+0.0167r„) (3) 


2?*'“diameter of circle enclosing cables 
in duct, inches 

2?<j “inside diameter of duct, inches 
F=air pressure, in atmospheres, assumed “ 
1 

e=emissivity of outer surface of cables = 1 


Table I. Thernipl Characteristics of Materials 


Specific Heat K, 
'Watt-Honrs per 
Pound per C 


Resistivity, 

C per Watt per 
Centimeter* 


Specific Gravity 
G per Centimeter* 


Copper...0.048..8.89 

Fiber duct, wet.!.0.22 . 470..1.05 

Rubber RH-RFF... 0.16 to 0.24.326 to 610..1.05 to 1.30 

Oil-base rubber....0.22 . 500.1.17 

Neoprene...0.18 . 426.1.6 

Concrete..0.082.116.2.3 
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Table II. Measured Versus Calculated Thermal 
Resistances, Four No. 4/0 Cables in Fiber 
Ducts 


I. 

Amperes 

Ta. 

C 

Te, 

C 

Thermal Resistance H 

Measured 

Calculated 

$25. 

. .15. .. 

. .184. 

....2.42... 

. ..2.44 

475.... 

..13... 

..154. 

....2.66... 

.. .2.54 

325.... 

..13... 

.. 76. 

....3.12... 

...2.91 

250_ 

. .12... 

.. 48. 

_3.36... 

.. .3.14 

200.... 

.10... 

.. 35. 

....3.83... 

...3.30 


T “temperature drop between envelope 
enclosing cables and inner surface of 
duct 

Tm “average temperature of air in duct, C 

Since Tm and T are dependent upon 
Hit Hi, and H 3 , it was found necessary to 
arrive at the correct value for Hi from 
equation 3 by the method described in 
Appendix II. 

The thermal resistance of the duct can 
be obtained from the equation for a 
cylindrical element as follows 

.ffa=0.00S22plog* ^ (4) 

Da 

where 

2)»“the outer diameter of duct, inches 
p “Specific resistivity of duct material, 
C per watt per centimeter* 

Determinatioii of Temperature 
Rise Curve 

To obtain the temperature rise curve 
for cables in ducts, the electric analogue 
method® was considered. The equiva¬ 
lent thermal network was therefore de¬ 
veloped as shown in Fig. 1, where 

Ce “thermal capacity of the conductor 
and any portion of the insulation 
which can be assumed to attain the 
same temperature as the conductor 
Cl “thermal capacity of the remaining 
portion of the insulation and jacket 
C8“ thermal capacity of the duct 
C4“ thermal capacity of the duct bank and 
the surrounding earth 

Practical experience indicates that the 
duct bank does not change very much in 
temperature in a period of 4 hours, and 
therefore C* may be taken as infinite. 
The thermal capacities are shown lumped 
at the mid-points of their individual ther¬ 
mal resistances. 

Rigorous mathematical solution of this 
network for the thermal transient has 
been covered in a number of previous 
AIEE papers, involving, however, a con¬ 
siderable amount of laborious calcula¬ 
tions. The electric analogue computer® 
would provide a convenient and simple 
means for obtaining a solution providing 
one WCTe available. 


Table III. Calculation of Time-Current Damage Curves 


Size and Number of Cables 


Item 

Symbol 
or Units 

Seven No. 4/0 

Four 500,000 
Circular Mils 

Four 750,000 
Circular Mils 

Weight of conductor. 


. 0.663_ 

. 1.54 . . 

2 32 


per foot 




Weight of insulation sheath. 

.. pounds... 

. 0.166... 

. 0.311 ... 

.' 0.40 


per foot 




Insulation thickness. 

. .inches.... 

. 6/64 ..., 

. 6/64 ... 

. 7/64 

Jacket thickness.. 

.. inches_ 

. 3/64 ... 

. 4/64 ... 

. 4/64 

A-c/d-c resistance ratio. 


. 1.06 ... 

. 1.13 . 

1 21 

Conductor resistance, 265 degrees. 

..R . 

.... 1.03X10-*.. 

....0.47X10-*.. 

.0.336X10-* 

Number of loaded cables. 

.. V. 

. 6 

_ 3 

2 * 

Conductor diameter. 

. .inches_ 

. 0.628... 

. 0.814 ... 

. 0.998 

Cable diameter. 

. .inches_ 

. 0.778... 

. 1.126 ... 

. 1.342 

Duct material. 





Inside duct diameter, inches.....’ 

..Da....... 

. 4.6 ... 

_ 4.6 

4 iS 

Equivalent diameter of cables, inches.. 

..D»> . 

. 2.334... 

.... 2.42 ... 

. 2.89 

Ambient temperature, C. 

..Ta . 

.25 

....26 

. 25 

Conductor temperature, C. 

..Te . 

.266 

....266 

.265 

Temperature rise, cables to duct wall, C 

..T . 

.136 

....113 

.106 

Average duct air temperature, C. 

.. Tm . 

.151 

.... 128 

.128 

Thermal resistance. 

..Hi . 

. 0.28 ... 

0 61 

0 

Thermal resistance. 

..St . 

. 0.82 ... 

.... 0.87 ... 

. 0.73 

Thermal resistance....:. 

..Hi..- . 

. 0.36 ... 

.... 0 36 

0 

Total thermal resist me-. 

, .H . 

. 1,46 ... 

_ 1.83 

1 

Thermal capacity. 

..Ce . 

. 0.188... 

.... 0.222 ... 

. 0.334 

Thermal capacity. 

. .Cl . 

. 0.108... 

.... 0.187 ... 

. 0.240 

Thermal capacity. 

, .Cn . 

. 0.064... 

.... 0.136 ... 

. 0.192 

Thermal capacity. 

..Ca. 

. 0.485... 

.... 0.485 ... 

. 0.485 

Equivalent thermal capacity. 

.Ce'........ 

. 0.188... 

.... 0.188 ... 

. 0.188 

Equivalent thermal capacity. 

.Cl' . 

. 0.179... 

.... 0,156 ... 

. 0.198 

Equivalent thermal capacity . 

.C»' .. 

. 0.062... 

.... 0.0906... 

. 0.125 

Equivalent thermal capacity . 

.Ct' . 

. 0.069... 

.... 0.0466... 

. 0.0611 

Time constant . 

.5. 

. 0.478... 

... . 0 515 

0 7nft 

Total equivalent thermal capacity .... 

.SH . 

. 0.693... 

.... 0.943 .!. 

. 1.176 



517't/ ^ 

OAR .a/ ^ 






i'i®'’'yi 



Fig. 3. Measured versus calculated temperature rise curves 
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The method was therefore adopted of 
simplifying the network by transferring 
intermediate capacities in the network to 
approximate equivalents at the extremi¬ 
ties, much in the same manner as is done 
in the case of transmission lines. This 
procedure is illustrated in Fig. 2, in which 


Cl =» Cl- 




H^12 

Hx+Hi+Hi 


(5) 

( 6 ) 


The thermal capacity of the neutral 
cable can be assumed as lumped at some 
logical point in the circuit, depending upon 
its physical location with respect to the 
other cables. In this particular illustra¬ 
tion, it is assumed to attain a temperature 
approximately the same as the outer sur¬ 
faces of the cables. The equivalent neu¬ 
tral capacitance then becomes 


, , ^ H^+Hx 


(7) 


The various thermal capacities are 
determined from the equation 


C-^WK 


where 

C is in watt-hours per C per foot 
TF=weight, pounds per foot 
1?=specific heat, watt-hours per pound 
p er C 

Values of specific heat, thermal resistivity, 
and density of various materials which 
may be useful in calculations of this na¬ 
ture are given in Table I. 

For the simplified network shown in 
Fig. 2 the equation for the temperature 
at any time t is 

Tc = Ta-f iVJ*i?(Hi+i?-2+JT3)(l - 

( 8 ) 

where 


#=time, hours 

S—Ce -\-Ci+Cz'-\-Cm' in watt-hours per 
foot per C 
H^Hx+Hi+Hz 


Temperature Rise Tests 

In an effort to determine the accuracy 
with which temperature rise of network 
cables could be obtained by means of the 
approximate mathematical expressions 
discussed previously, a number of tests 
were made at the Cincinnati Gas and 
Electric Company. These tests were 
made upon cables installed in a normal 
dVa-inch fiber duct, encased in concrete, 
and having a length of about 30 feet. 
The cables were all no. 4/0 copper con¬ 
ductor, insulated with 5/64-inch type- 
RW-RH insulation, and having a 4/64- 
inch neoprene sheath over-all. In one 
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amperes per conductor 

Fig. 4. Time-current damage curves 


series of tests, fotur cables were installed 
in the duct, bound together for 16 feet to 
represent "dose lay,” and in the remain¬ 
ing 15 feet the cables were permitted to 
lie in a random manner, representing 
‘ ‘random lay. ’ ’ Thermocouples were con¬ 
nected to the copper conductors in the 
centers of each of the 15-foot stretches, 
and tenninated in a multipoint thermo¬ 
couple recorder. Current was circulated 
through three of the conductors connected 
in series, and held constant for about 4 
hours, or until the maximum measureable 
temperature of 200 C was reached. The 
fourth conductor did not carry any cur¬ 
rent and was installed only for the pur¬ 
pose of representing the neutral cable. 

Table II shows the measured value of 
thermal resistance for several valuSs of 
current in comparison with the calculated 
values. The agreement seems to be 
reasonably dose, particularly for the high 
values of current. 

Fig. 3 shows typical temperature rise 
curves for the case of four no. 4/0 cables 
in a 4V2-inch fiber duct and a current of 
626 amperes maintained constant for 4 


hours. In this Same figure the tempera¬ 
ture calculated by means of equation 8 
is plotted and shows that for short periods 
of time considerably higher values of tem¬ 
perature are obtained by use of this equa¬ 
tion than were actually obtained. One 
reason for the higher temperature rise is 
due to having assumed a constant value 
of conductor resistance throughout the 
period. In order to correct for the change 
in resistance, equation 8 was modified as 
follows 

a =* temperature coeflBldent of resistance for 
copper per C 
F--NPRH 

This equation is also shown plotted in 
Fig. 3, and in this case the agreement 
with the observed rise is much doser. 

Time>Current Damage Curves 

For plotting time-current curves, equa¬ 
tion 8 can more conveniently be expressed 
in the form 
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. EFFECTIVE 
' ^OUTER 

ENVELOPE 


H 3 

WN^ 


Fig. 5. Graphical determination of Hi for 
case of seven cables in a duct. Uniform heat 
flow assumed through shaded areas 

Ri = Radius of conductor 
R2 = Outer radius of cable 




I 

where 


iSH^ 


■4 


Tc-Tg 

NRH 


( 10 ) 


(II) 


Taking the conditions given in Xenis’ 
paper! for seven no. 4/0 cables, four 
500,000-circular-mil cables, and four 
750,000-drcular-mil cables in ducts, cal¬ 
culations of the time-current curves were 
made as outlined in Table III. The 
curves as calculated are compared with 
Xenis’ curves in Fig. 4, and show close 
agreement for low values of current and 
somewhat lower calculated values of cur¬ 
rent in the higher current range. The cal¬ 
culated curves can be brought much closer 
in agreement by using the average conduc¬ 
tor resistance during the temperature rise 
period rather than the resistance at the 
end of the period as assumed for equation 
11. This factor appeared to be rather dif¬ 
ficult to express mathematically, and for 
practical purposes it was believed that this 
correction would not need to be made, 
particularly since limiters presently avail¬ 
able considerably overprotect in this por¬ 
tion of the curve. 

1. Given the maximum temperature of 
the conductor beyond which excessive 
damage can be ejected, the time-current 
damage curves of network cables installed 
in ducts can be calculated with reasonable 
accuracy by the methods outlined. . 

2. The mathematical method should prove 
to have some value in that it permits certain 
factors to be evaluated which would be 
extremely laborious by the experimental 
method. 


Fig. 6 (above). 
Thermal network 
for determination 
of H 2 


Appendix I. Graphical 
Determination of Hi for Seven 
Cables in a Duct 


For the case of seven cables tightly 
bound together, as shown in Fig. 6, 

TOth six cables carrying current, the heat 
is assumed to flow uniformly through the 
shaded portion of the insulation, as in¬ 
dicated in the figure. The assumption 
that the heat flows under steady-state 
conditions through 180 degrees of the 
circumference of each individual cable 
seems to be a reasonably accurate as¬ 
sumption. 

The equation for the thermal resistance 
from the sk loaded conductors to the 
effective outer envelope becomes 

„ 0.00622, Ri 

«- 3 - log,- 

where 

over-all radius of cable, inches 
over-all radius of conductor, inches 


Typical example for the case of four no. 
4/0 cables in a 4^/s-inch duct 

Il/ = 1.76 fli=0.73 rc=240 C 

fr8=0.36 ==1 

Pd=4.6 r«=40C 

From equation 3 

where 

1.39-f-P,7Pd 
0.092(1.76)»/<(r)!^< 

1 . 39 +^® 

4.6 

0.0213 „ 

----“0.052 

4.5 


i0.0786(r)«< 


-AT- 


■vW- 


WV- 


■vAAr 


H| 

■vAAr 


Kc =0.102P/(l-j-0.0167r„,) 

=0.102 X 1.76(1-f0.0167r„,) 

=0.1785(H-0.0167 Tm) 

Estimating J72* 1.20, then from Fig. 6 


THTo-Tg) 




200X1.20 


2.28 


=105 


T HciTc~Ta) 


2 (Hi+Hi-hHi) 


, 105,0.35X200 _ 

=40 H--= 123,2 

2 2.28 


and 


7fa*0.0785(105)i'^= 0.251 

0.052 

X,=0.1785(1-1-0.0167X123.2) 0..546 

0849 


Hi=- 


•=1.18 


Appendix II. Calculation of Hs fi*=i.i8 


0.849 

Recalculating, assuming 7/2 = 1.18 

r= 104.5 
Tm = 123 

Xa=0.0786 (104.6)*/* 0.251 

■8^6"= 0.052 

Xc=0.1786(l-f-0.0167X123) 0.646 

0.849 
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Characteristic Properties of Secondary 
Network Cables 


S. J. ROSCH 

ASSOCIATE MEMBER AIEE 


Synopsis: This is one of several papers^"^ 
on problems associated witii low- 
voltage secondary network cables. The 
data reported in tiiis paper deal specifically 
with characteristic properties of such cables 
determined on an industry basis. These 
data are intended to be representative of 
insulations produced during the past decade, 
the emphasis being on nonmetallic-sheathed 
cables for low-voltage secondary network 
systems. 

Historical 

A lthough some nonmetallic- 

sheathed cable CSO-per-cent rubber- 
insulated, braided cables) had been used 
for network systems in underground ducts 
as far back as 1919, the trend towards 
nonmetaUic-sheathed cables had its be¬ 
ginning about 1930. In 1934 the writer 
presented an unpubUsbed paper on a 
somewhat broader aspect of nonmetallic- 
sheathed cable for use in ducts. In that 
period network cables consisted mainly 
of conductors with rubber insulation pro¬ 
tected with a heavy cotton braid treated 
with moisture-resisting bituminous com¬ 
pounds. In some constructions a rubber- 
hUed tape was placed directly under the 
braid, while in others the braid was ap¬ 
plied directly over the unvulcanized rub¬ 
ber insulation, the cable being vulcanized 
in that condition and the braid then 
treated with preservative compounds. 
This latter construction was based on the 
theory that rubber under compression 
could better withstand the deteriorating 
or swelling action of liquid media with 
which the cable would come in contact 
in underground ducts. It was contem¬ 
plated that the primary function of the 
fibrous coverings was to provide me¬ 
chanical protection during cable installa¬ 
tion and that these coverings would deter¬ 
iorate eventually due to bacterial action 
on the alternately wet and dry ceUulosic 
coverings. 

Basic reliance for good operating per- 


Paper 55-441, recommended by the AIBB In¬ 
sulated Conductors Committee and approved by 
the AIBB Committee on Technical Operations for 
presentation at the AIBB Sunuher General Meet¬ 
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Manuscript submitted March 25, 1955; made 
available for printing April 8, 1955. 

S. J. Bosch is a Consulting Cable Bngineer with 
the Anaconda Wire and Cable Company, Hastings- 
on-Hudson, N. V. 


formance was therefore placed on the 
nature of the rubber insulation itself. 
Accordingly the rubber insulation was 
designed to have good physical properties 
both im'tially and after accelerated aging 
tests of various types, good resistance to 
moisture and other liquid media as might 
be found in sewage and manhole waters, 
and good resistance to short-time over¬ 
loads of high currents (about ten times 
normal loading for a few minutes). In 
some types an attempt was made to pro¬ 
duce a rubber insulation having a low 
explosibility range. 

In actual operation, a large percentage 
of the faults burned dear rapidly. Oc¬ 
casionally, if not “cleared” promptly, the 
fault ultimatdy would be surrounded with 
molten metal. Under the latter fault 
condition it was not unusual to find that 
not only was quite an axial length of the 
original faulted cable destroyed but the 
sustained current flowing over the cable 
length generated excessive heat and 
damaged, by “roasting,” the length be¬ 
tween street intersection and the fault. 
A partial preventive means for such oc¬ 
currences was achieved with the develop¬ 
ment and application of the cable limiter.* 

With the availability of greater quanti¬ 
ties of neoprene at a price considerably 
below that prior to 1941, the use of fibrous 
outer coverings was abandoned in favor 
of a neoprene sheath applied directly over 
the rubber insulation and generally with 
a firm bond between the two materials. 


Tensile Strength, pounds per square inch 

As received.785. 

After 96 hours in 70C oxygen bomb.645. 

After 250 hours in 70C oxygen bomb.732. 

Blongation, per cent 

As received. 200. 

After 96 hours in 70C oiygen bomb. bf. 

After 250 hours in 70C oxygen bomb. bf. 

Stress at 200-per-cent elongation, pounds per 
square inch 

As received.735. 

After 96 hours in 70C oxygen bomb. bf. 

After 250 hours in 70C oxygen bomb. bf. 


The nature of the rubber insulation also 
underwent a radical change. It no longer 
was based on natural but on synthetic 
rubber of the GR-S (BUNA-S) types de¬ 
veloped in the United States during 
World War II. The insulation generally 
used was of the heat- and moisture-resist¬ 
ant types with emphasis on good retention 
of some of the original physical properties, 
so as to meet the concept of what was re¬ 
quired of such cable during overload con¬ 
ditions. Subsequently, other types of 
insulation, generally referred to as oil- 
base types, consisting of a blend of 
natural or synthetic rubbers with factice 
(vulcanized vegetable oils) and having an 
establi^ed operating record on other 
types of low- and high-voltage uses, were 
tried on some of the utilities’ network sys¬ 
tems. These oil-base tjrpes were gener¬ 
ally also furnished with a neoprene 
sheath. 

In 1951 soifle consideration also was 
given to the use of another type of syn-' 
thetic rubber insulation, that made from 
butyl (also known as GR-T) rubber, which, 
altliough developed during World War II 
and only made available in limited quanti¬ 
ties at that time for general use by the 
cable manufacturer, already had estab¬ 
lished itself as having the combination 
of excellent electrical properties and re¬ 
sistance to moisture, acids, and alkali, 
as well as resistance to oxidation and 
heat. Comparatively little of this insu¬ 
lation has been used for network cables 
up to the present time, due primarily to 
the limited availability of butyl rubber. 

Before leaving the lustorical portion of 
this subject, a word about lead-covered 
rubber-insulated secondary network cables 
may be in order There is no question 
but that a seamless metallic sheath ap¬ 
plied by any of the wdl-known methods 
still constitutes the only truly imper¬ 
meable barrier against the intrusion of 


888.. 

.768.. 

.943.. 

.588.. 

.748.. 

.700.. 

.857.. 

.711 

455.. 

.726.. 

.496.. 

.590.. 

.721.. 

.769.. 

.885.. 

.737 

396.. 

.626.. 

.487.. 

.483.. 

.841.. 

.753.. 

.897.. 

.711 

.550.. 

.231.. 

.488.. 

.250.. 

.215.. 

.371.. 

.885.. 

.408 

, bt.. 

.142.. 

.. bt.. 

,. bt.. 

.. bt.. 

..275.. 

.287., 

.285 

bt.. 

.117.. 

. bt.. 

. bt.. 

. bt.. 

.216.. 

.257.. 

.200 

,435.. 

..770. 

..608.. 

..551.. 

, .739., 

..640.. 

..598.. 

..514 

. bt. 

.. bt. 

.. bt. . 

.. bt. 

.. bt. 

, .726. 

. .766. 

..646 

. bt. 

.. bt. 

.. bt. 

.. bt. 

.. bt. 

. .741. 

..844. 

..711 


*Replacements furnished by manufacturers of brands 2. 
fThese test specimeus broke bdow 200-per-cent elongation. 


Table. I. Physical Properties of Oil-Base Ozone-Resisting Rubber insulations Before and After 

Aging 


Brand Designation 


Nature of Test Conditions 


2a* 
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Table II. Physical Properties of RH-RW Rubber Insulations Before and After Aging 







Brand Designation 





Nature of Test Conditions 

9 

9a* 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Tensile Strength, pounds per square inch 

As received. 

...822.. 

.1,124.. 

..1,048.. 

. 947.. 

..947,. 

..1,003.. 

.. 937.. 

. .766.. 

.1,061.. 

.1,192.. 

. .681 

After 96 hours in 70C oxygen bomb. 

...783. . 

.1,183.. 

.1,115.. 

.1,051.. 

. .793.. 

.1,130.. 

. 835.. 

. .804.. 

.1,189.. 

.1,310.. 

. .621 

After 260 hours in 70 C oxvaen bomb. 

Elongation, per cent 

...747. . 

.1,196.. 

.1,188.. 

. 875.. 

..689.. 

.1,102.. 

.1,179.. 

. .596.. 

.1,108.. 

.1,027.. 

. .597 

As received. 

...462. . 

. 612.. 

. 448.. 

. 420.. 

..438.. 

. 390.. 

. 382.. 

. .616.. 

. 607.. 

. 325.. 

.542 

After 96 hours in 70C oxygen bomb. 

...453.. 

. 610.. 

. 390.. 

. 342.. 

. .347.. 

. 375.. 

. 267.. 

. .503.. 

. 522.. 

312.. 

.460 

After 250 hours in 70C oxvgen bomb. 

...392.. 

. 594.. 

. 395.. 

. 290.. 

.. bf.. 

. 358.. 

. 378.. 

. .362.. 

. 473.. 

. 235.. 

.525 

Stress at 200-per-cent elongation, pounds per square inch 

As received. 

...426.. 

. 418.. 

. 381.. 

. 443.. 

. .294.. 

. 554.. 

. 652.. 

..319.. 

. 407.. 

720.. 

.458 

After 96 horns in 70C oxygen bomb. 

...440.. 

. 441. . 

. 502.. 

. 568.. 

. .506.. 

. 671.. 

. 768.. 

. .366.. 

624.. 

. 835. 

.519 

After 250 hours in 70C oxygen bomb. 

...522.. 

. 477.. 

. 595.. 

. 635.. 

.. bt.. 

. 748.. 

. 878.. 

..465.. 

. 687.. 

. 905.. 

.503 


*RepIaceme]}ets furnished by manufacturers of brands 9. 
fThese test specimens broke below 200-per>cent elongation. 


air, moisture, and other deleterious chemi¬ 
cal influences into the cable interior as 
well as the cable insulation. This type 
of protection would be excellent were it 
not for the fact that the metallic sheath, 
regardless whether of lead, or aluminiun, 
.is also vulnerable to ultimate attack by 
chemical or galvanic corrosion. Once 
this has occurred, the metallic sheath 
loses its 100-per-cent impermeability and 
environmental influences ultimately at¬ 
tack the underlying insulation leading to 
subsequent failure. If arcing occurs dur¬ 
ing the initiation of the failure, the sheath 
metal begins to melt, flows about the duct 
interior, and occasionally “freezes” to the 
duct, thereby making cable withdrawal a 
difficult and costly operation. 

Even at present there is no industry 
standard for the characteristic properties 
or specification details for a standard type 


of low-voltage network cable. Obviously, 
different types of rubber-insulating com¬ 
pounds yield different characteristic prop¬ 
erties from a physical and electrical point 
of view. What follows is an attempt to 
assemble the most recent data obtained by 
a number of reliable investigators, mainly 
under the sponsorship of the Limiter 
Standardization Task Group, Accessories 
Subcommittee, AIEE Insulated Conduc¬ 
tor Committee, in the hopes that from 
these data some guidance may be obtained 
as to the type of insulation that best ap¬ 
proximates the most desirable over-all 
characteristic properties wanted in an 
efficient secondary network cable. 

Insulations—Physical Properties 

It should be noted at the outset that 
physical properties for a given type of 


compound, before and after being sub¬ 
jected to some type of accelerated testing 
conditions, may vary considerably with 
the products and processes of the various 
manufacturers. Therefore, to obtain a 
true picture, data must be presented for 
the products of more than one manufac¬ 
turer for each class of material. The 
purpose of this paper is to present not 
only the data gathered during the inves¬ 
tigation but also from other sources which 
have a bearing on the properties of the 
three basic insulations under discussion. 

Tables I and II were taken from the 
DeBaene-Anderson paper,® and are based 
on tests made on single-conductor no. 8 
American-Wire-Gauge 7-strand cable, 
with a 4/64-inch wall of “rubber” insula¬ 
tion without any protective covering. 
These data are sigmficant because they 
deal with properties of a substantial 
number of oil-base and KH-RW types of 
rubber insulation. 

Tables III and IV were taken from the 
Crowdes-Gouch paper® and represent an 
entirely different approach to determine 
the physical properties and behavior of 
these three lypes of insulation and others, 
both prior to and after more strenuous 
but diorter time oven-aging periods. The 
materials tested were the same as used 
for Tables I and II and, in addition, 30- 
per-cent natural-rubber (AO perform¬ 
ance) and butyl-rubber types of insula¬ 
tion. 

Table V supplements Table III and 
shows another phy^cal property, namely, 
the physical appearance after each period 
of 16 minutes’ heating at the same tem¬ 
peratures used in Table III. Similarly, 
Table VI supplements Table IV since it 
not only shows the ph 3 rsical appearance of 
the three basic insulations subjected to 
the oven-aging reported in Table IV but 
also the temperatures at which the insula¬ 
tion damage occurs. 

Fig. 1 shows another aspect of the 
physical properties of 16 commercial 
lengths of network cable varying in type 
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Tabic III. Physical Properties of a Variety of Possible Network Rubber Insulations After 
15 Minutes’ Oven Heating at Various Temperatures 


Type Designations 


Nature of Test Conditions 


Tensile strength, pounds per square inch 

Orietaal. 928 .. 668.. 1,280 . 

At 180C (356 degrees Fahrenheit (F). 220 . .688.. 815 . 

At 200C (392 degrees Fahrenheit (F). 323 . .690.. 356 . 

At 220C (428 degrees Fahrenheit (F).melted. .331. .melted. 

At 240C (464 degrees Fahrenheit (F). 194 . 

At 260C (500 degrees Fahrenheit (F).Ifi 7 .... ’ 

Elongation, per cent 

O'Sinal. 368 ..331.. 475. 

AtlSOC. 225 ..181.. 460. 

At 200C. 293 .. 118.. 600 . 

. .melted.. 94.. melted. 

At 260C.68!!/’!!!! 

Stress at 200-per-cent elongation, pounds per 
square inch 

Original. 627 

At 180C. 202 

At 200C. 281 

At 220C...melted 

At 240C. 

At260C.. 


1,618. 

1,340. 

1,198. 

1 , 110 . 

1,089. 

778. 

600. 

612. 

693. 

481. 

468. 

256. 


.516.. 432 

. 290 

. 150 

.melted 


677. 

637. 

602. 

626. 

635. 

676. 


,1,710. 

.1,465. 

1,430. 

1.410. 

1,290. 

900. 

600. 

600. 

560. 

631. 

619. 

618. 


576. 

669. 

594. 

558. 

565. 

495. 


1,075. 

984. 

926. 

645. 

383. 

129. 

626. 

650, 

600. 

660. 

456. 

281. 


377. 

362. 

500. 

330. 

230. 

109. 


.864. 

.860. 

.760. 

.669. 

.634. 

.180. 

.488. 

.366. 

.312. 

.262. 

.268. 

.260. 


,670. 

.696. 

.663. 

.618 

.466 

.160 


.2,190 

2,835 

1,800 

1,230 

1,560 

1,060 

526 

337 

200 

137 

168 

125 


1,046 

.1,630 

,1,800 


Key to' nature of insulations; 
a » Oil-base ozone-xesisting natural-rubber insulation. 
b<°> Oil-base ozone-resisting GR-.S-rubber itisiiiatjftii 

c = Mineral-base performance-grade 30-per-cent natural-rubber AO insulation. 
<lsX,ow-water absorption CrR-.S-rubber insulation. 

e-Low-water absorption heat-resisting GR-5-rubber insulation, ftff-RW type. 
i*=Low-water absorption ozone- and heat-resisting butyl-rubber insulation. 

SLow-water absorption ozone- and heat-resisting butyl-rubber insulation. 
h>B Neoprene insulating compound. 


940 


RoscA —Characteristic Properties of Secondary Network Cables 











































Table IV. Physical Properties of Three Possible Network Rubber Insulations After Various 

Conditions of Oven Aging 



Natural Rubber 
Oil-Base Type 

GR-S 

RH-RW Type 

Butyl Type 

Nature of Test Conditions 

Actual 

Value 

Per Cent of 
Original 

Actual 

Valje 

Per Cent of 
Original 

Actual 

Value 

Per Cent of 
Original 

Tensile strength, pounds 







per square inch 

Original. 

...794... 


...797.. 


...833 


After heating in oven 

At 180 C for 5 minutes.. 

...758... 

.... 95.5. 

...818.. 

.100.4. 

...818... 

.... 98.3 

At 180 C for 15 minutes.. 

. . .668... 

.... 84.0. 

...784.. 

. 98.2. 

...820... 

.... 98.5 

At 180 C for 30 minutes.. 

. .568... 

. 71.5. 

...785.. 

. 98.3. 

...819... 

_ 98.4 

At 200 C for 15 minutes.. 

...557... 

. 70.2. 

...785.. 

. 98.3. 

...811... 

.... 97.8 

At 220 C for 5 minutes.. 

...739... 

. 93.0. 

...848.. 

.106.2. 

...861... 

....103.2 

At 220 C for 10 minutes. . 

_621... 

.. . 78.3. 

...738.. 

. 92.5.... 

...782... 

.... 93.8 

At 220 C for 15 minutes.. 

. ..428... 

.... 53.8. 

...767.. 

. 96.2. 

...815... 

.... 97.6 

At 220 C for 30 minutes.. 

. .287... 

.... 36.1. 

...675.. 

. 84.5. 

...803... 

.... 96.3 

At 240 C for 30 minutes.. 

...220... 

. 27.7. 

...644.. 

. 80.6. 

...633... 

.... 75.9 

At 260 C for 30 minutes.. 

...149... 

. 18.7. 

...659.. 

. 82.5. 

...382... 

.... 46.8 

Elongation, per cent 

Original. 

...294... 


...575.. 


...569 


After heating in oven 

At 180 C for 5 minutes.. 

.. .307... 

....104.2. 

...582.. 

. 92.6. 

...407... 

.... 72.9 

At 180 C for 15 minutes.. 

...263... 

.... 86.0. 

...529.. 

. 92.0. 

...444... 

.... 79.3 

At 180 C for 30 minutes.. 

. ..244... 

.... 83.0. 

...525.. 

. 91.4. 

...400... 

.... 71.6 

At 200 C for 15 minutes.. 

•.. .257... 

. 87.3. 

.. .544.. 

. 94.5. 

...425... 

.... 76.0 

At 220 C for 5 minutes.. 

...343... 

_110.0. 

...518.. 

. 90.0. 

. ..443... 

.... 79.2 

At 220 C for 10 minutes.. 

...282... 

. 95.8. 

...532.. 

. 92.8. 

...413... 

.... 73.9 

At 220 C for 15 minutes.. 

...175... 

.... ,59.5. 

...562.. 

. 97.8. 

...350... 

.... 62.6 

At 220 C for 30 minutes.. 

... 100,.. 

.... 34.0. 

...562.. 

. 97.8. 

...337... 

_ 60.3 

At 240 C for 30 minutes.. 

... 02... 

.... 21.0. 

...587.. 

.102.0. 

...331... 

_ 59.3 

At 260 C for 30 minutes.. 

. .. 31... 

. 10.5. 

...512.. 

. 89.1. 

...350... 

_ 62.6 


of insulation or outer covering. It quali¬ 
tatively assesses the temperature at which 
various degrees of insulation damage occur 
as a result of current overloads for 4- 
hour periods. Fig. 1 is based on the 
Graham* paper and similar data pre¬ 
sented to the Limiter Standardization 
Task Group Committee. 

Insulations—^Dielectric Strength 
Properties 

Table VII is based on the Crowdes- 
Couch paper’ and represents both a-c 
and d-c dielectric strengths in volts per 


mil of the three basic types of insulation 
the physical properties of which were 
described in Tables IV and VI. The 
data are given for samples initially, and 
after having been subjected to different 
oven-heating tests. 

Insulations—^Effect of Water on 
Electrical Properties 

Table VIII is based on the DeBaene- 
Anderson paper® and represents the ef¬ 
fect of various periods of immersion in 
water at 60 degrees centigrade (C) on 
electrical propoties of eight different 


‘makes of oil-base rubber-insulated con¬ 
ductors. These are the same insulations 
whose physical properties are given in 
Table I. Of interest is the effect of 300 
volts d-c negative and positive potential 
respectively after prolonged immersion in 
water at 60 C. Part of the data is con¬ 
cerned with the “life-in-immersion test.” 
Failiue under this test is considered to 
have occurred for any of the three follow¬ 
ing reasons: insulation punctured during 
application of the measuring voltage, 
power factor of a specimen increased be¬ 
yond 20 per cent, or the leakage current 
through the insulation became so high 
that the 3-kva test transformer could not 
maintain the desired voltage. 

Table IX is similar to that in Table 
VIII except that the insulations tested 
were the same BH-RW types, the physi¬ 
cal properties of which are given in Table 
II. Another difference is that the periods 
of immersion in 60 C water were greater 
than for the 'oil-base insulations reported 
in Table VIII. 

Discussion 

Analysis of the data in the present 
paper leads to numerous possible observa¬ 
tions which may be summarized by the 
following: 

1. From the point of view of emergency 
overload conditions and the resulting 
temperatures to which secondary network 
cables may be subjected for comparatively 
short periods, there seems to be little 
question but that the GR-S type of RH-RW 
insulations will withstand higher tempera¬ 
tures than the ozone-resisting oil-base and 
butyl-rubber types. However, Fig. 1 also 
indicates that, if the overload temperatures 
can be confined to values not exceeding 


Table V. Physical Appearance of Insulations Reported in Table III After 15 Minutes’ Oven Heating at Various Temperatures 


Type Designations 

Temper- ---- 

ature, Ca b c d e f g 


180 (S66F). .Emitted smoke,.. .O.K.surface tacky,... .O.K.O.K.O.K.O.K.O.K. 

verge of melt- verge of mat¬ 
ing ing 

200 (392F).. Smoked, distort-.. smoked, small....smoked, surface.. O.K..O.K.. O.K..... O.K.surface brittle, 

ed due to melt- blisters all melting craclm on 

ing over surface bending 

220 (428F). .Smoked and com-, .smoked, blisters, .smoked, surface, .surface brittle,... .O.K...slight softening... .slight softening... .smoked, surface 

pletely melted, larger, small brittle, inside small surface brittle, cracks 

conductors cracks upon tacky cracks on bending 

bare bending bending 

240 (404F). .Complete de-.smoked, blis-.smoked, surface, .smoked, surface.. .O.K.smoked, verge of. .smoked, verge of. .smoked, surface 

struction tered, cracks brittle, inside starting to mdting melting brittle, macks 

open on melted wrinkle and bending 

bending crack on bend- 

ing 


struction blistered, apart when wrinkles, small wrinkles, sur- little, appear- little, appear- brittle, cracks 

cracks open removed from surface, cracks face cracks on ance of small ance of small on bending 

on bending oven on bending bending holes holes 


Key to nature of insulations: 

a Oil-base ozone-resisting natural-rubber insulation, 
b » Oil-base ozone-resisting G2i-5-rubber insulation. 

c —Mineral-base performance-giude 30-per-ceot natural-rubber AO insulation, 
d* Low-water absorption (71i-5-rubber insulatiom 


«»« Low-water absorption heat-resisting Gif-S-rubber insulation, Rff-JiW type, 
fo Low-water absorption ozone- and heat-resisting butyl-rubber insulation. 
gwLow-water absorption ozone- and heat-resisting butyl-rubber insulation. 
hBN’eopreme insulating compound. 
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220 C, the ozone-resisting oil-base and 
butyl-rubber insulations should also give 
satisfactory service. The only practical 
method currently available for controlling 
temperature is by suitable limiters. It is 
fw that reason that the Task Group tenta¬ 
tively established the need for two limiters, 
L220 and L260, designed for temperatures 
of 220 C and 260 C respectively. 

2. Tables I and II indicate very definitely 
that there is no distinct pattern of physical 
properties for either the oil-base or RH-RW 
insulations. These properties vary con¬ 
siderably, both initially and after various 
accelerated-aging tests, with the formula¬ 
tions used by different manufacturers of 
these products. 

3. Similar observations may be 
from Tables III through VI, even though 
the form of samples tested and the nature 
of their composition and type of tests 
used were radically different. The short- 
time evaluation approach developed by 
Crowdes and Couch* offers considerable 
promise as a new tool for the initial de¬ 
termination whether some new compound 
offers possibilities as a suitable network 
insulation in either the L220 or L260 class. 

4. Further examination of Tables III 
through VI reveals that, although oil-base 
and butyl-rubber insulations properly be¬ 
long in the L220 class, the butyl-rubber 
types appear to retain a greater per cent 
of their original physical properties, par¬ 
ticularly elongation. 

6. Statements have been made,'® and tlie 
opinion still prevails in some quarters, 
that a seamless metallic sheath in place 
of a neoprene sheath on rubber-insulated 
cables would yield greater service life. 
Wh^eas it is true that an impermeable 
barrier such as a lead sheath would prot ec t 
the underlying insulation from the effects 
of water and oxidation, it cannot protect 
the same insulation from high tempera¬ 
tures caused by overload conditions en¬ 
countered during the operation of secondary 
network systems. A metal enclosure may 
retain ov^load temperatures longer than a 
nonmetallic sheath and aggravate the 
damage caused by temperature. Sample 
M of Fig, 1 indicates this because, even 
though the only lead-covered construction 
of the 16 subjected to the current-overload 
tests, it IS the only RJH-RW insulation of 
the 7 tested to show that some noticeable 
physical damage had occurred at 240 C. 

It is possible that the same insulation- 
damage temperature would have been 
obtained on cable M if it had also been 
tested in a neoprene instead of a lead sheath. 

6. Table VII seems to confirm that, from 
a retained dielectric strength point of view, 
placing ozone-resisting oil-base and butyl- 
rubber insulations in the L220 class and the 
RH-RW insulations in the L260 class 
was a judicious decision on the part of the 
Task Group. 

7. Since good resistance to effects of pro¬ 
longed immersion in water at some elevated 
teniperature is considered one of the 
desirable properties of a network cable, 
the data in Tables VIII and IX are of con¬ 
siderable interest. It is regrettable that 
they did not include data on several types 
of butyl-rubber-insulated cables but such 
data will doubtless be made available in 


Table VI. Physical Appearance and Damage Temperature of Insulations in Table IV After 
Various Conditions of Oven Aging 


Nature of Test Conditions 


Natural-Rubber 
Oil-Base Type 


GR-S 

RH-RW Type 


Butyl Type 


Effect on physical appear¬ 
ance 

Original. 

After heating in oven 
At 180 C for 5 minutes. 
At 180 C for IS minutes. 
At 180 C for 30 minutes. 
At 200 C for 16 minutes. 
At 220 C for S minutes., 
At 220 C for 10 minutes.. 
At 220 C for 15 minutes.. 

At 220 C for 30 minutes.. 

At 240 C for 30 minutes.. 

At 260 C for 30 minutes.. 

Resulting damage temper¬ 
atures 

10 to 16 minutes. 

30 minutes. 

30 minutes. 


.smooth and black.smooth and slight brown, .smooth and black 

.no change.no change.no change 

. no change.no change.no change 

.no change.no change.no change 

.blisters and pores.no change.no change 

.scattered pores.no change.no change 

.shiny and porous.no change.slight tn olr in ,.ss 

. very porous.no change.slight tackiness 

„ . (few pores) 

.swollen and porous.shiny smooth.slight tackiness 

, „ (few pores) 

.soft and swollen, porous, .hard shiny, surface cracks,, .melting and tacky 
surface cracks cracks when bent some pores 

.swollen and empty shell,, .dry, hard, and wrinkled,.. melting and tacky, 
breaks on touch cracks when bent increased porosity 


.180 C to 200 C 


.260 C 


.240 C 


Table VII. Dielectric'Strength of Insulations in Table IV After Various Conditions of Oven 

Aging 


Dielectric Strength, Volts per Mil 


Natural Rubber 

Oii-Base GR-S RH-RW Butyl 


nature of Test Conditions 

A-C 

D-C 

A-C 

D-C 

A-C 

D-C 

Original. 

.478 





...1,430 

After heating in oven 





... .496... 

At 180 C for 6 minutes... 
At 180 C for 16 minute... 
At 180 C for 30 minutes.,. 
At 200 C for 16 minutes... 

.430... 

.438... 

.300... 

..1,170... 
..1,380... 
..1,130... 

.. 690.,.. 

...478... 

...448... 

...438... 

...498... 

. .2,120,,, 
..1,850... 
..2,280... 

- 1 670 

....430... 

,...460... 

....430... 

..1,210 

..1,210 

..1,080 

At 220 C for 5 minutes.,. 
At 220 C for 10 minutes... 
At 220 C for 16 minutes... 
At 220 C for 30 minutes... 
At 240 C for 30 minutes... 
At 200 C for 30 minutes... 

.288... 

. 0... 

..1,430..., 
.. 660.... 
.. 496.... 
.. 606.... 
.. 317.,.. 
0.... 

...483... 

...493... 
...466... 
...448... 
.,.433,,. 
...445... 

..2'200!!! 

..2,600... 

..1,806... 

..2,330... 
..2,030... 
..2,340... 

...880... 

...448... 
...426... 
...430... 
...428... 
...250... 

.. 145(flaw) 

..1,360 

..1,460 

..1,470 

..1,360 

.. 440 


180 


200 


220 


240 


OIL BASE - 6RS + NEOPRENE 

OIL BASE-6RS -I- NEOPRENE 

RW.(6RS) -h NEOPRENE 

60 % RUBBER + NEOPRENE 

RW-RH + NEOPRENE 

RW-RH(30% GRS) + NEOPRENE 

RW-RH(50% GRS) -I- NEOPRENE 

RW-RH (GRS) + NEOPRENE 

RW-RH + NEOPRENE 

RW-RH + NEOPRENE 

RH -h NEOPRENE 

RW-RH + LEAD SHEATH 

BUTYL + NEOPRENE 

butyl + NEOPRENE 

OIL-BASE + NEOPRENE 

5 KV BUTYL + NEOPRENE 

KEY 0» NO APPRECIABLE 
DAMAGE 

< • MINOR DAMAGE 
X • EXTENSIVE DAMAGE 

Fig. 1. Effect of 4-hour heating by current loadings on damage characteristics of secondary 

network cables 
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CONDUCTOR TEMPERATURE DEG. a 


280 


300 
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Table Vlll> Effect of Prolonged Immersion in Water at 50 C on The Electrical Properties of 
Oil-Base Ozone-Resisting Rubber Insulations 


BTature of Test Conditions 




Brand Designation 




1 

2 

2tL* 

3 

4 

S 

6 

7 

8 

Life in immersion test, months 










a. 

. 1 . 

. 7 . 

. 18 . 

.. 13 .. 

. 16 .. 

. 13 . 

,16.. 

, 21 . 

.. 23 

b. 

. 1 . 

. 9 . 

. 19-1-. 

.. 11.. 

. 15 .. 

. 14 . 

,18.. 

. 22 . 

.. 24 

c. 

. 1 . 

. 9 . 

. 19-f-. 

.. 13 .. 

. 7 .. 

. 14 . 

. 16 .. 

. 22 . 

.. 25 

Dielectric strength, volts per mil 










As received... 

.417 . 

.574-f-. 

.560-i-. 



.542-f- 


.389+ 


After 25 months* immersion 









a. 

.129k. 

. 53k 


.32 

37 

77 

4A 

117 

96 

b. 

.140k. 

. fi7k . 


.33 

.52 

Afl 

84 

117 

106 

c. 

.138k. 

. S6k . 


.31 

. 27 .. 

! 75 ! 

! ee!! 

!i21 ! 

..114 

Power factor @ 40 volts per mil 





After 14 days' immersion, per cent. 

. 2.8 . 

. 3.5 . 

. 3.7 . 

.2.3.. 

.2.7.. 

. 3.1 . 

.6.9., 

. 2.0 . 

..2.8 

Stability factor, per cent. 

. 1.1 . 

. 0.0 . 

. 0.0 . 

..0.0.. 

.0.1., 

. 0.0 . 

.0.2.. 

. 0.0 . 

,.0.0 

Increase in spedfic-inductive-ca- 










pacitance between 1 and 14 days* 










immersion, per cent. 

. 5.5 . 

. 6.1 . 

. 5.0 . 

..4.7,. 

.5.2., 

. 3.5 . 

.6.8.. 

. 2.6 . 

..2.2 


Key to symbols: 

* Replacement furnished by manufacturer of brand 2. 

k—These specimens were tested early, brand 1 after 13 months* immersion and brand 2 after 15 months' 
immersion. 

a,^ b, c—Refer to 300-volt negative d-c potential, 300-volt positive d-c potential, and a control sample 
without potential respectively. 

D-c—Where used, was applied continuously. 

Stability factor <= Difference between per-cent power factor measured at 80 volts per mil and at 40 volts per 
mil after 14 days* immersion. 


the future. The data in Tables VIII and 
IX do indicate that L260 {RH-RW types 
as a class) has a decided superiority in 
resistance to prolonged immersion in water 
at 50 C over that of L220 (represented by 
the oil-base) as a class. 

There still exist var 3 ring opinions as to 
the importance of different criteria used 
to evaluate good moisture resistance of a 
rubber or rubberlike insulation for opera¬ 
tion on an a-c system in wet locations. 
The tests most generally used include the 
"mechanical” moisture-absorption or gravi¬ 
metric test, in addition to those in Tables 
VIII and IX, The mechanical moisture 
absorption of such compounds is generally 
expressed in terms of milligrams per square 
inch of smdface exposed, after 7 days in 
distilled water at 70 C. No up-to-date 
mechanical moisture-absorption data on 


the L220 or L260 types of insulation have 
appeared in any of the references cited. 
However, from rather extensive data avail¬ 
able to the author, the three types of 
insulation appear to have the range of 
mechanical moisture-absorption values as 
shown in Table X. 

Similar data, from tests in progress, 
indicate that, under the 60-cycle power 
factor, under tlie stability factor and 
under the change in specific-inductive- 
capacitance (EM-60) test, butyl-rubber 
insulations as a class show a better range 
of values than either RH-RW or oil base, 
particularly when measured in water at 
70 and 80 C, temperatures which may not 
be unusual in an a-c network. On the basis 
of resistance to moisture, the three types 
of insulation appear to be in the following 
order of merit: butyl (L220), RH-RW 
(L260), d an oil-base (L220). 


Table X. Range of Mechanical Moisture- 
Absorption Values 


Class of 



Insolation 

Minimum 

Maximum 

L220, Oil-base. 

.40. 

.90 . 

L220, Butyl. 

.3. 

.15 

L220, RH-RW .... 

.14. 

.20 


8. With the daily progress in rubber 
technology, it is probable that one or both 
of the L220 insulations may be improved 
to an extent as to merit their rating being 
improved to the L260 classification. How¬ 
ever, it must be emphasized that, with 
the future availability of the L220 limiter 
design, the L220 insulations should yield 
performance equal to that with L260 
insulations protected by the L260 limiter. 

Conclusions 

From the data presented, it is possible 
to arriv^e at a number of interesting con¬ 
clusions: 

1. Up to the present, there has not been 
available an industry standard as to what 
constitutes suitable characteristic properties 
for a nonmetallic-sheathed network cable. 

2. Each of the three basic insulations 
varies considerably from the others in 
performance under a wide variety of criteria, 

3. From an over-all point of view, the 
decision of the Limiter Standardization 
Task Group Committee to establish classes 
L220 and L260 is fully justified. 

4. Regardless of tlie superiority of the 
L260 insulations over the L220 types in 
ability to withstand higher overload tem¬ 
peratures, with the proper limiter protec¬ 
tion, both classes of insulation should yield 
satisfactory service. 

6. For a-c network systems not protected 
by limiters, the L260 insulation should 
give better operating performance. 


Table IX. Effect of Prolonged Immersion in Water at 50 C on the Electrical Properties of RH-RW Rubber Insulations 


Brand Designation 


Nature of Test Conditions 

9 

9a* 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Life in immersion test, months 













,. 2 ... 

. 21+ .. 

.. 9 .. 

.. 15 .. 

.. 16 ... 

.. 27 ... 

.. 32 ... 

.. 32 ... 

.. 32 ... 

.. 84+ ... 

.. 34+ 

b. 

,. 4 ... 

. 21+ .. 

.. 9 .. 

.. 16 .. 

.. 24 .. 

.. 27 ... 

.. 22 ... 

... 32 ... 

.. 34 ... 

.. 34+ ... 

.. 34+ 


., 5 , 

. 21+ .. 

.. 11 .. 

.. 19 .. 

.. 26 ,. 

.. 28 ... 

.. 32 .., 

... 32 ... 

.. 84 ... 

.. 84+ ... 

,.. 34+ 

Dielectric strength, volts per mil 












As received. 

,. 385 .,. 

. 511 .. 


.. 493 .. 


., 343 ... 

..620+.., 

... 484 ... 

.. 488 ... 

..520+.., 

,. .620+ 

Aiter 28 months’ immersion 












a... 

.. 100 .., 


.. 157 .. 

.. 167 ,, 

.. 100 .. 

.. 161 






b ... 

.. 95... 


.. 169 .. 

.. 163.. 

.. 102 .. 

.. 149 






c. 

., 93... 


., 167 .. 

.. 166 .. 

.. 154 .. 

.. 149 






After 32 months’ immersion 



















.. 227 .., 

,.. 138 ... 

.. 162 ... 


... 206 

b ... 







.. 209 .., 

.., 141 ... 


.. 222 .. 

... 212 

c . 







.. 233 .. 

. i, 146 .., 



... 199 

Power factor at 40 volts per mil after 14 












days’ immersion, per cent.. 

..3.41... 

. 3.42.. 

..3.34.. 

..3.24.. 

..3.61.. 

..2.98... 

.. 0.90.. 

...1.04.., 

...3.49.. 

... 1,00.. 

...1.07 

Stability factor, per cent. 

..0.81... 

. 0.22.. 

..1,74.. 

..0,09., 

..1.46.. 

..0.78... 

.. 0.69 ... 

,..0.09... 

..0.42... 

..0.48.. 

... 0,00 


Increase in specific inductive capacitance 


between 1 and 14 days* immersion, per 

cent,.......2.8.-1.6 .4.2.8.6.1,9.2.8.4.8.2.0 .2.9 -1.2 ..... 3,2 


Key to symbols: 

’'■Replacement furnished by manufacturer of brand 9. 

a, b, c—^Refer to 300-volt negative d-c potential, 300-volt positive d-c potential, and a control sample without potential respectively. 

D-c—^Where used, was applied continuously. 

Stability factor—difference between per-cent power factor measured at 80 volts per mil and at 40 volts per mil after 14 days immersion. 
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6. It should be possible to develop ac¬ 
ceptable industry standards for the L260 
^d L220 network cables. If this is done, 
it is possible that individual performance 
standards would have to be provided for 
each of lie three types of ins<i1ation be¬ 
cause their individual characteristic proper¬ 
ties under the various test criteria vary 
considerably from each other. 
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should be clearly stated, even if it is de¬ 
sirable to add that at present it is the best 
available. That may offer some enter¬ 
prising engineer a challenge. It would be 
embarrassing to say that it cannot be done, 
and then have someone do it. 

Overload Classifications 

As we use practically all lead-covered 
cable with perfonnance-tsrpe rubber in¬ 
sulation, American Society for Testing 
Materials (ASTM) specification D-755. 
with a maximum operating temperature or 
60 C in the no. 4/0 and 500,000-CM sizes, 
in reference to paper 66-444 we would like 
to inquire whether the standard limiter of 
the new special limiter would be recom¬ 
mended for such cables. 

We question the use of a 4-hour period as 
the proper length of time to determine the 
damage characteristics of the ins nlation, 
as faults should be cleared normally in a 
matter of seconds. 

Time-Current Damage Characteristics 

In reference to paper 66-434, we would 
like an expression of opinion as to where the 
curve for damage characteristic of perform¬ 
ance-type rubber ASTM specification 
D-755 with lead sheath would fall. 

^ The Boston Edison Company has con¬ 
sidered making some short-circuit tests on 
cables pulled into ducts in a manner similar 
to the setup described in this paper in order 
to determine the time required for limiters 
of various types to blow on certain types of 
faults with various amounts of short- 
circuit current flowing. When these tests 
have been made we hope to have some better 
information on which to base our require¬ 
ments for cable protection. 

Co-ORDINATION OP SECONDARY NETWORK 

Protection 

I believe we are all in agreement with the 
conclusions arrived at in paper 66-445. 

While it is in general true that we should 
hang onto the load,” we should not do so' 
at ^e expense of possible manhole ex¬ 
plosions which may result in personal in- 
property damage and produce bad 
publicity in the newspapers. Such ex¬ 
plosions have occurred on our system in 
cases where limiters have not blown fast 
^ough, or at all, due to current being 
limited by arc resistance or other causes. 

We do not see the necessity for two 
limiters with characteristics so dose to¬ 
gether and suggest the use of the limiter 


Discussion 

Joint Discussion 

J* Wood (Boston Edison Company, 
Boston, Mass.): I should like to preface my 
discussion of the group of papers covering 
the protection of secondary network 
by the use of limiters, with a few remarks 
coticeming the specific interest the Boston 
Edison Company has in this subject, and to 
clarify omr position in this discussion. 

We started our secondary network with¬ 
out limiters but dedded to install t bom 
about the time we began to tie street maitig 
together. The decision to install limiters 
was based on the protection they afforded 
against faults which might result in fires 
and explosions or extensive destruction of 
cable. We also felt that we would be in a 
better position in damage suits resulting 
from manhole explosions or other causes if 
we could point out that we had taken the 
best known means of protecting our second¬ 
ary network system. 

We found that the limiters did a satis¬ 
factory job except in the following cases: 

1. Where there was insufficient short- 
circuit current in fringe areas. 

2. On nonleaded cable with half-size 
neutral. 

3. In the case of ardng faults. 

4. On phase-to-ground faults, or where 
lumters on two phases had blown and the 
third phase failed to blow. 

We had several manhole explosions and 
fires on nonleaded cables with half-size 
neutral and even on lead-covered cables 
where calculated short-circuit current was 
more than adequate to blow limiters. 

These troubles resulted in unfavorable 
newspaper publicity and agitation by city 
officials and our management to do some¬ 
thing to correct this situation. 

We studied several methods of affording 
better protection against faults in the sec¬ 
ondary network system such as the use of 
smaller limiters, that is, no. 1/0 limiters in 
no. 4/0 cable and no. 4/0 limiters in 500,000- 
CM cables, but discarded this idea because 
of the expense and work involved in chang¬ 
ing existing limiters, and the troubles that 
might arise from unnecessary blowing on 
ovttload and the possibility of incorrect co¬ 
ordination with other limiters or with the 
network protector fuse. 

Another idea which was discarded as being 
too expensive and physically impractical 
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was to change all nonleaded cable to lead 
covered or to add more neutral capacity. 

It was finally agreed that the most prac¬ 
tical solution would be to install trans¬ 
former vaults between existing vaults which 
would provide additional capacity for 
future load requirements, and thereby in¬ 
crease the available short-circuit current 
and reduce the length of cable between 
Vaults, Also, it was a^eed that an attempt 
be made to obtain limiters with more satis¬ 
factory characteristics, either by redesigning 
the present lim iter or by obtaining a new 
type of limiter with different characteristics. 

To determine what characteristics a 
limiter should have in order to dear arcing 
faults more rapidly and thereby minimize 
manhole explosions, a study is being made 
to provide the necessary test fadlities to 
obtain actual data on various types of 
faults on secondary network cable installed 
in a simulated duct hue and energized from 
a suitable network transformer and pro¬ 
tector as in actual practice. When these 
data become available we expect to be in a 
better position to determine what steps 
should be taken to minimize the danger of 
manhole explosions. 

Basic Function in Network 
Distribution Systems 

Paper 55-443 would be improved if the 
claim that "years of experience under op¬ 
erating conditions shows the insulation is 
adequately protected" were modified. It 
may be possible that the limiter is satis¬ 
factory on the systems of some companies 
but the experience of my company, however, 
has been unsatisfactory especially when 
single-phase faults lingered. 

The author gives the impression that 
troubles in this class also are of minor im¬ 
portance, and that attempts to solve the 
problem will be futile. My experience has 
been that faults in this class can be serious, 
and I understand that experiences on some 
other systems have been similar. It would 
be a disservice to the industry to discourage 
engineers from seeking a solution on the 
assumption that such solution would likely 
be impractical. There are indications that 
a solution may be found. 

In general, the paper is good, provided it 
does not give the impression that when the 
AIEE recommended limiters are used serious 
trouble will not occur, nor should the im¬ 
pression be given that there is little hope 
that the present limiter can be improved. 

The inadequacy of the present limiter 


Rosch Characteristic Properties of Secondary Network Cables 


October 1955 




shown on curve D. We also suggest that 
study be given to an even faster blowing 
limiter. 

Design Charactbrics and Application 

In regard to paper 66-473, it has been our 
experience that arcing faults are by far 
the most common type of fault and we feel 
that something should be done toward 
designing a limiter to clear this type of 
fault. We agree that the limiter will pro¬ 
tect the cable against the welded type of 
fault, but as such faults are in the minority 
we are not accomplishing the maximum 
protection to the secondary network system 
with the present limiter. 

•We do not agree that the standard limiter 
gives complete protection for the RH-RW 
type of insulated cable, for reasons stated in 
the foregoing and elsewhere in these dis¬ 
cussions. 

The co-ordination problem is well stated 
but its solution would be affected by a 
change in the design of the limiter. 


Discussion of Paper 55-443 

A. Bodicky (Union Electric Company of 
Missouri, St. Louis, Mo.): Mr. Xenis dis¬ 
cussed the difference between a solid fault 
and an arcing fault which is substantiated 
by our own experience. Solid faults are 
difficult to produce and none of our failures 
were of a solid type. A study of 13 failures, 
where completed information was available, 
involving 20 blown limiters out of a total 
of 78 limiters, indicated the results shown in 
Table I of this discussion on the triplexed 
600,000-CM nonleaded cable with a no. 
4/0 bare neutral wire installed in the same 
duct. 

Unless the fault clears itself, it takes a 
theoretical 7,000 amperes of fault current to 
blow one limiter. If the damage is more 
extensive, then a 11,000-ampere fault cur¬ 
rent will blow two limiters. In the mean¬ 
time the 4/0 bare neutral wire will bum dear 
so that the third-phase conductor has no 
direct path to the neutral. 

The largest damage, where about 140 feet 
of cable was burnt, occurred after a 46,000- 
ampere theoretical fault current opened 
two limiters from one end and the 4,400- 
ampere fault current from the other end was 
not suffident to blow the limiters. 

Since a 600,000-CM limiter will open on 
an average fault current of approximately 
1,600 amperes, the actual fault current dur¬ 
ing a failure is only about one fifth that of a 
theoretical maximum value. 


Table I. Theoretical (Gilculating Board) 
Maximum 3-Phase Fault Current, 
■ Amperes 


No. of 

Ends Max. Min. Avg. 


No blown limiters, 
fault cleared with 
only small burn 

on cable. 8... 52, QOO . ..8,500.. 20,100 

No blown limiters, 

cable burnt. ...7,.. 11,000. .3,100.. 7,000 

One limiter blown... .4. . .15,500. .6,600. .10,600 
Two limiters blown.. .6.. .96,000, .8,800; .44,200 
Three limiters blown. . 1........ .31,600 


Discussion of Paper 55-444 

G. S. Eager, Jr. (General Cable Corporation, 
Bayonne, N. J.): The procedure for over¬ 
load temperature classification tests recom¬ 
mended by the AIEE Study Subcommittee 
on Standardization of Limiters’ and pre¬ 
sented by Mr. Graham in Appendix I 
provides a very satisfactory means of dif¬ 
ferentiating between various types of in¬ 
sulations used on secondary network cables 
in so far as their behavior during overload 
conditions is concerned. This test pro¬ 
vides a means of obtaining very reprodudble 
results as long as reasonable laboratory 
testing precautions are observed. In ad¬ 
dition, this test should prove to be very use¬ 
ful in the future as a means of classifying new 
insulations and cable constructions for 
secondary network applications and should 
aid the user in establishing whether a par¬ 
ticular brand of cable is suitable for his 
system which is equipped with a particular 
type of limiter. Further, since a compound 
of a given classification may be improved 
over a present one, this procedure could 
serve as a means to justify reclassification 
of an L220 compound to L260. 

During the investigation by the AIEE 
subcommittee this test procedure has been 
applied principally to RH-RW (GR-S type) 
and ozone-resisting (oil-base and butyl) 
types of insulations having neoprene jackets 
as over-all coverings. It is important that 
this work be extended to study the per¬ 
formance and to classify cables having other 
insulations (such as RHW rubber, silicone 
rubber, and asbestos VC), and other jackets 
(sueb as lead and thermoplastic). 

It is to be noted that the deformation of 
• the insulation wall shall not be more than 
one half of its original thickness when sub¬ 
jected to the standard test. Although the 
author does not present actual test values 
observed on the 65 cable samples evaluated, 
it is assumed that the cables complied with 
this stipulation within their respective 
ratings of L260 and L220. The author 
does report that one polyvinyl chloride 
insulated and jacketed sample did exhibit 
excessive deformation at the low tempera¬ 
ture of 150 C. It is felt that this deforma¬ 
tion requirement is extremely important in 
selecting compounds as it provides a means 
of finding those insulations which soften 
excessively during overload periods so com¬ 
mon in secondary network systems. Such 
deformation reduces the dielectric strength 
and mechanical properties thereby produc¬ 
ing weak points which may lead to preraa- 
tiure cable failures. Hence, when test data 
are reported in the future, care should be 
taken to report the deformations observed. 

The wide variation in physical properties 
(tensile and elongation) between compounds 
of various manufacturers is noted and the 
author correctly concludes that it is difficult 
to correlate these properties suflSciently well 
to use them as a criterion for classification 
purposes. However, it is extremely im¬ 
portant that these properties be carefully 
recorded as they do give an excellent indi¬ 
cation of the deterioration of the insulations 
which supplements the visible data and 
may demonstrate excessive deterioration 
not noticeable by visible observation. 


E. C. DeBaene (Detroit Edison Company, 
Detroit, Mich.): The AIEE Limiter Stand¬ 


ardization Task Group is to be compli¬ 
mented on the constructive approach used 
to provide a solution to a troublesome prob¬ 
lem. If current limiters used in network 
circuits are to serve their intended function 
of protecting cable then surely they must 
operate on current overload before signifi¬ 
cant damage to the cable occurs. 

The work reported in Mr. Graham’s ex¬ 
cellent paper provides a method and pre¬ 
sents data which should prove of great value 
not only as a guide for improved limiter 
design, but also as an aid to the consumer 
in selecting a limiter to match the class of 
cable being installed in networks. Also, it 
will serve the wire and cable manufacturers 
with a guide for classifying new cable de¬ 
velopments. 

In reviewing this paper a few questions 
of a practical nature arise. These are 

1. As described in the paper, the classi¬ 
fication tests are to be made on new cable. 
The question then arises as to whether one 
can assume that the temperature at which 
the threshold of damage occurs for a given 
type of rubber insulation remains the same 
after years of exposure to service conditions. 
It is possible that the temperature required 
to produce significant damage to insulation 
may change significantly for cables oper¬ 
ating near their maximum current-carrying 
capability or for cables operating in wet 
locations. 

2. Frequently, as networks are extended, 
cables of different types and vintages are 
spliced together. It is possible, therefore, to 
have several different tsrpes of insulation, 
some having unknown threshold of damage 
charactemtics, all protected by the same 
limiter. It would seem that ^ese cables 
having imknown or different damage char¬ 
acteristics w'ill cause trouble to consumers in 
co-ordinating an effective plan of protection. 

Perhaps the solution to these problems 
lies in obtaining more data on service-aged 
cables of recent vintage and on older types 
of cables using the methods and definitions 
of damage threshold described in Mr. 
Graham’s paper. 


R. J. Wiseman (Okonite Company, Passaic, 
N. J.): I have read the various papers which 
have been presented dealing with the types 
of cables used for secondary networks. I 
have also endeavored to interpret the papers 
in their practical application. As I under¬ 
stand it, we are concerned with the degree 
of damage to a cable when a failure occurs 
and a short-circuit current flows through the 
fault. The order of magnitude of this cur¬ 
rent and its time of duration are most im¬ 
portant because the conductor will heat up 
very rapidly, reaching temperatures which 
greatly exceed the vulcanizing temperature 
of the insulation. Therefore, we auto¬ 
matically are aging the insulation. We all 
know that aging of rubber compounds is an 
accumulative effect and we have a per¬ 
manent change in the physical properties 
of the compound. However, in this case 
we are not concerned with the aging due to 
normal temperatures applied to the cable, 
but with temperature far above these tem¬ 
peratures, even well beyond the vulcanizing 
temperature; that is, in the range that will 
cause the destruction of the rubber com¬ 
pound. Thus, we are accepting the pos- 
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sibility of the insulation being damaged and 
its life greatly shortened. 

The paper reports tests in which destruc¬ 
tive effects of the temperature on the insula¬ 
tion depend upon the type of rubber com¬ 
pound. It is indicated that there is a dif¬ 
ference between so-called oil-base, dry- 
mineral, and butyl compounds so it is pro¬ 
posed to have limiters of two capacities, one 
to operate at 220 C and the other at 260 C, 
the idea being that the insulation thus will 
be prevented from reaching permanent 
damage. This is not true. As stated be¬ 
fore, we have exceeded the vulcanizing 
temperatures and, therefore, are quick¬ 
aging the compound. It is no longer a 
desirable insulation. Furthermore, it is 
difficult to appreciate why two sizes of 
limiters are suggested. The actual currents 
to cause a temperature of 220 C or 260 C to 
occur are very close together. For ex¬ 
ample : If we calculate the current necessary 
to obtain a 220 C and 260 C conductor 
temperature for a single cable in air, assum¬ 
ing a starting temperature of 25 C, we get 
the currents shown in Table I of this 
discussion for a no. 4/0 American Wire 
Gauge (AWG) and 500,000-CM conductor. 

The differences in currents are not great 
between the two temperatures, and in ad¬ 
dition, as the time of duration increases, 
the difference becomes less. It is difficult 
to picture a fault current so closely con¬ 
trolled that it would exceed a value to 
cause the conductor to reach 220 C but not 
260 C; therefore, I cannot see why two 
limiter sizes are desired nor why we differ¬ 
entiate between the various compounds. 
All compounds will have been affected by 
the fault current and the cables should be 
replaced if they are allowed to reach these 
temperatures too frequently. It would seem 
the desirable thing to lower the tempera¬ 
ture at which the limiter will function, say 
to 200 C, and to have one limiter only. I 
do not know if it is possible to so design a 
limiter. 

Table I of this discussion was calculated 
on the basis of a single cable in air. Actu¬ 
ally in service, the cables are installed in 
ducts, and there may be several in a single 
duct as referred to in the papers by Mr. 
Kolks and Mr. Porter. As we do not ex¬ 
pect all of the cables to carry the fault cur¬ 
rent, the assumption of a single cable in air 
to estimate the probable fault current to 
reach the limiting conductor temperature is 
valid. Mr. Porter has shown this very 
nicely in his Figs. 1,2, and 3. He shows the 
temperature-time curve for various cur¬ 
rents. Perhaps the limiters should be de¬ 
signed on the basis of current for a specific 
conductor size. 


Table I 


4/0 500,000 CM 

I (Amps) I (Amps) 


Time (Min) 

220 C 

260 C 

220 C 

260 C 

1. 

. .3,380.. 

.3,670.. 

..6,960. 

.7,300 

5 . 

.1,690., 

.1,680.. 

..3,230. 

.3,380 

10.. 

.1,183.. 

.1,230.. 

..2,390.. 

.2,500 

16. 

.1,000., 

.1,066.. 

..2,040., 

.2,135 

20. 

. 924.. 

. 976,. 

..1,846.. 

.1,930 


. 824.. 

. 872.. 

,.1,636.. 

.1,710 

60 (1 hour).. 

. 734.. 

. 776.. 

,.1,430.. 

.1,405 

120 (2 hours).. 

. 712.. 

. 760.. 

..1,866.. 

.1,430 

Ultimate.. 

. 708., 

. 748.. 

..1,365.. 

.li420 


It is a bit difficult to compare his curves 
with Table I as he gives the curve of tem¬ 
perature rise with time for specific currents, 
whereas the table gives the current that will 
give the specified temperature for a given 
time. However, it appears that for the 
same temperature and time, they are not too 
far apart. 


Discussion of Paper 55>445 

R. C. Graham (Rome Cable Corporation, 
Rome, N. Y.): The authors have presented 
a good practical approach on how actually 
to start using some of the new information 
presented at the Summer General Meeting 
on network cable circuits, particularly as 
to the degree of protection that may be 
expected. 

It is to be hoped that this very forward 
step will initiate others into malring their 
own analysis and subsequent application of 
these useful facts. It is also hoped that this 
win be the start of even further forward 
steps towards more "adequate” network 
systems. For example, the cable itself is 
one of the key elements of the system and it 
might be desirable similarly to analyze the 
degree of protection and proper co-ordinat¬ 
ing procedure for other than the L220 and 
L260 cable designs such as used on various 
systems today. 

From a cable manufacturer’s point of view 
it is readily conceivable that a satisfactory 
lower temperature cable design such as an 
L180 or a higher temperature design such 
as an L300 could be produced. What would 
be the value of such ratings, and is there, 
or will there be, an actual need for such 
ratings? 


1. Matthysse (Burndy Engineering Com¬ 
pany, Inc., Norwalk, (^nn.): I have had 
the pleasure of working with the authors on 
the AIEE Subcommittee on Standardiza¬ 
tion of Limiters so that I can readily appre¬ 
ciate the many possibilities that exist for 
misunderstanding of the function and ap¬ 
plication of limiters. The authors have 
clarified many of these questions regarding 
co-ordination but there is one point they 
made that may need additional clarification. 

They state that there is a band where no 
protection is afforded by the present limiter 
on the secondary cable in common usage, 
which has the cIass-L260 insulation. This 
is illustrated for 4/0 cable in their Fig, 2, 
showing that for fault currents of less than 
about 1,000 amperes, the insulation would 
be damaged before the limiter would clear. 

WMe this is theoretically true, practical 
considerations indicate a different situation. 
Curve B of Fig. 2 is for the condition of all 
three phases equally loaded in the duct. 
Low-current faults seldom involve more 
than one phase at a time, so that the heat is 
generated in the conduit at a much slower 
rate than for a balanced 3-phase fault. 
Consequently, the time to reach the dam¬ 
age point is appreciably longer than shown 
by ^ curve B. Practical experience with 
limiters has shown that they do offer ade¬ 
quate protection even in this low-current 
region. 

On the other hand, for the class-L^^O 
insulation such as oil-base insulations, a 
faster limiter must be used if full protection 
is desired, as the authors have indicated. 


Although it is tempting to use such a faster 
limiter even when the higher temperature 
class-L260 insulation is used, the problems 
of selectivity and co-ordination, which be¬ 
come more critical with the faster limiter, 
can be avoided if the present standard lim¬ 
iter is used. 


T. Niessink (Commonwealth Associates, 
Inc., Jackson, Mich.): One phase of net¬ 
work protection which may be outside the 
scope of the paper involves the degree of 
protection obtained from the relays on the 
station circuit breaker for faults within and 
on the secondary side of the network trans¬ 
former. The characteristic curve for the 
station breaker in the paper shows satis¬ 
factory protection because it is assumed 
"that sufficient short-circuit current is 
available properly to activate the protective 
devices.” It is questionable as to whether 
this is a t 3 q)ical case. 

In a network in which each underground 
primary feeder supplies several network 
transformers, little if any protection is 
provided by the station breaker for faults on 
the secondary side of the network trans¬ 
former. If the relays at the station breaker 
are set to operate for these fault currents the 
relays will not have sufficient load ability 
due to the high impedance of each network 
tr^sformer in comparison to the total 
primary feeder load. The low currents 
(using overcurrent relays) or the high im¬ 
pedance (using impedance-t 3 rpe relays) as¬ 
sociated with a single line-to-ground fault 
on the network transfonner secondary 
aggravate the situation. 

Installation of separately mounted fuses 
in the underground vault and connected 
between the primary feeder and the net¬ 
work transformer would require extra vault 
space and increased primary feeder ex¬ 
posure to faults. Consideration has been 
given to the use of "weak-link” type of 
fuses in the high-voltage side of the network 
transformers but this would introduce 
problems of fuse replacements and may in¬ 
crease the size of the network transformers. 

Another solution would be the use of a 
transfer tripping scheme by which the sta¬ 
tion breaker would be tripped by faults not 
cleared by the secondary protective devices. 
This would require the use of a separate 
control circuit between the station and the 
various network transformers. The cost, 
complexity, and maintenance of this control 
circuit are discouraging. 

Little, if any, literature appears to be 
available on the methods now being u se d 
to solve this problem. Apparently, it is 
assumed that this unprotected zone is a 
calculated risk. The only practical and 
least expensive solution seems to be the use 
of fuses with a possible increase in siz e of 
the network transformer. 


W. T. Peirce and Victor Siegfried (United 
States Steel Corporation, Worcester, Mass.): 
This paper, and its companions give a good 
picture of the value of limiters in protection 
of network systems and their associated 
cable. We wish to commend the thorough¬ 
ness of the project. 

We have had occasion to compute tem¬ 
perature rise of conductors under faulted 
conditions and find some discrepancy in the 
L260 curve at higher values of current. 
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which should be pointed out to those using 
these data, inasmuch as the shorter times 
involve temperatures which could well fuse 
the copper. Obviously, at short times the 
L260 curve, representing a 260 C copper 
temperature, must be optimistic if calcula¬ 
tions based on no radiation give correspond¬ 
ing temperatures above 1,100 C, the ap- 
proxinuite melting point of copper. The 
difficulty of determining such short times 
and of determining damage could explain 
the difference. 

The curves of Fig. 1 of this discussion are 
plotted for 4/0 copper conductors to suggest 
a compromise damage cmve. The top 
curve is L260 from the paper. The middle 
curve is the result of calculations based on no 
radiation for time to reach 260 C copper 
temperature, and show an appreciably lower 
time to reach this condition than does L260. 
At longer times and lower currents, L260 
may be valid, with radiation a substantial 
factor. However, at time values below 
100 seconds it would seem to be more 
desirable to follow the no-radiation calcu¬ 
lations, where radiation should be limited in 
its effect. The proposed damage curve is 
arbitrarily drawn bejrween the two extremes 
to reconcile these two conditions. 

For confirmation of this view, a dotted 
curve is shown for damage on aircraft 
cable. ‘ These data concern wire tjrpes used 
at lower voltages, and lie below the network 
cable curves. Inasnauch as criteria of 
damage may be more conservative on air¬ 
craft, the agreement with our proposed 
damage curve is quite reassuring. 

Refbrbnce 

1. Short-Tihb Cvrrbnt Ratings for Aircraft 
W iBB AND Cablb, B. W. Joiies J. A. Scott. AIEE 
Transactions {Electrical Engineering), vol. 66, Oct. 
1946, pp. 644-8. 


Discussion of Paper 55-473 

O. A. Lentz (Commonwealth Associates, 
Inc., Jackson, Mich.): This paper, together 
with Mr. Xenis’s paper (66-443), indicate 


that the basic function of the limiter is to 
disconnect faulted cable sections before 
associated cable conductors have reached 
temperatures which are destructive to 
the insulation. To accomplish this a limiter 
must successfully interrupt all fault currents 
up to the maximum value obtainable on 
any given system. It seems rather unusual 
that no mention is made in the paper in 
regard to interrupting rating of the lirniters. 

It is realized that arcing and fault resist¬ 
ance may limit the short-circuit currents 
to lower than the calculated values in the 
majority of cases, however, as the paper 
points out, “weld” type of faults may occur 
in which the resistance of the welded fault 
is lower than an equal amount of conductor. 
For this condition the fault current will ap¬ 
proach the theoretical calculated value. 
Tests*'* have indicated that short-circuit 
currents of 60 to 90 per cent of calculated 
bolted fault conditions could be expected on 
low-voltage networks. Since many net¬ 
works will have calculated short-circuit 
currents for bolted fault conditions in the 
range of 100,000 to 160,000 amperes rms at 
either 120/208 or 277/480 volts, it seems 
that any consideration of standards for 
limiters should emphasize to some degree 
their interrupting ability. 

Inspection and maintenance of under¬ 
ground network equipment while energized 
require that the protective devices interrupt 
any and all short-circuit currents without 
any undue stress, to prevent possible in¬ 
jury to personnel or to prevent further ex¬ 
plosions or equipment damage, 

Rbpbrbncbs 

1. Fault Voltagb Drop and Impbdancb at 
Short Circuit Currents in Low Voltage 
Circuits, O. R. Schtirig. AIEE Transactions, 
vol. 00, 1941, pp. 479-86. 

2. Arcing Fault Currents in Low Voltagb 
A-C Circuits, C. P. Wagner L. L. Fountain. 
AIEE Transactions, vol. 67, 1948, pp. 166-72. 


Discussion of Paper 55-432 

P. D. Tuttle (Aluminum Company of Amer¬ 
ica, Massena, N. Y.): This paper should 
provide a firm basis for formulating a quick 
and simple procedure for classifying rubber- 
like insulations for high-temperature duty. 
It would be helpful if the authors men¬ 
tioned the exact designation number of the 
ASTM test metliod they had in mind for 
each of the various properties. Besides 
the convenience, there would be no misun¬ 
derstanding in the minds of those evaluating 
the proposed procedure. 

The reasons for the choice of the no. 8 
AWG stranded conductor are not clear; 
an explanation may completely nullify the 
following remarks. With a stranded con¬ 
ductor, any insulation stripped for test is 
corrugated on one side. The ASTM tests 
require that these corrugations be buffed 
off, a time-consuming and troublesome op¬ 
eration, in order to obtain a tensile test 
specimen or a pile of the insulation for a 
durometertest. 

Since no hardness test is mentioned in 
ASTM Designation D470-52T, I assume 
the method of test for this property is that 
outlined in Designations D314-52T and 
D676-49T. It would seem, where a com¬ 
parison is required, that a 1/2-inch pile of 
insulation is practically mandatory where 


one of the harder rubberlike materials is 
involved. Hence considerable preparation 
would be necessary in removing the cor¬ 
rugations, a consequence of the stranded 
wire, and it seems a solid wire would be an 
advantage from this point of view. 

Neoprene insulation would come under 
the “rubberlike” classffication of insulation 
and it is exceedingly difficult to strip this 
compound cleanly from a plain copper con¬ 
ductor, especially a stranded one. Further¬ 
more, the amalgamation technique of re¬ 
moval of the complete (uncut) insulation 
is not suitable for aluminum or plain copper 
wire and a larger test wire would facilitate 
obtaining good test specimens of the in¬ 
sulation. Finally, it would seem that the 
proposed test should be independent of the 
base metal. 

Since the suggested test procedure is 
concerned with insulation properties or 
standards and is not an acceptance test of 
wire as purchased (where no control is had 
of the wire size available for test), I should 
like to propose, based on the foregoing 
remarks, the selection of a wire size larger 
than no. 8, say at least the no. 6 mentioned 
in D470. This wire should be specified as 
solid and of circular cross section. I feel 
this will not only facilitate the preparation 
of test specimens of the insulation, but will 
also minimize the effect of the choice of base 
wire. 


Discussion of Paper 55-474 

R. J. Wiseman (Okonite Company, Passaic, 
N. J.): This paper is a very good contribu¬ 
tion to the symposium on networks as it 
suggests formulas that may be used to 
estimate the conductor temperature where 
a heavy current is being carried on several 
cables in a duct. Actually, this is not the 
condition that exists when a cable failure oc¬ 
curs. Up to failure, the cable carries its 
normal current, when suddenly a very heavy 
fault current flows, causing an increase in 
temperature of the faulted conductor. In 
view of the indefiniteness of the magnitude 
of the fault current and its time of duration, 
it would seem that we are not too far wrong 
if we assume a single cable as carrying the 
current, and as a dose enough approxima¬ 
tion, we can assume the cable to be in air. 
Actually, in practice, there will be a slightly 
slower temperature rise or a slightly higher 
current to obtain the permissible tem¬ 
perature. This is shown in Figs. 1-3 of 
Mr. Porter’s paper. 

The Okonite Company took part in a 
round-robin study on the effect of high 
temperatures on various types of insulation. 
Measurements were made of conductor, 
surface, and ambient temperatures for 
various currents. From these data, it was 
possible to calculate the insulation thermal 
resistivity and the surface thermal resis¬ 
tivity. To our surprise, we found that for 
for all three insulations, one oil-base and 
two mineral-base compounds, we obtained a 
value of 1,000 thermal ohm-centimeters for 
the insulation rather than the value of 600 
th «‘rD^al Ghms used for normal operation. 
For the neoprene jacket, we obtained a sur¬ 
face thermal resistivity of 300 thermal 
nTims per square centimeter whereas we 
usually have values of 600 to 1,200 thermal 
nbrng per square centimeters, depending on 
the cable diameter. Although the thermal 
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resistance of the insulation is doubled, the 
surface thermal resistance can be a half to a 
third, resulting in a total thermal resistance 
less than that used for normal operation. 
Table II of Mr. Kolks’ paper shows a de¬ 
ceasing value of thermal resistance with 
increasing conductor temperature. This 
decrease in thermal resistance will permit a 
higher current with a slightly higher rate 
of decrease in current with time. 

I would like to suggest that the other 
cable manufacturers who took part in the 
round-robin tests analyze their data to get 
the^ true values of insulation thermal re¬ 
sistivity and neoprene thermal resistivity 
for temperatures in the order of 250 C to 
300 C. It would appear that we cannot use 
those values that are used for normal op¬ 
eration. 


Discussion of Paper 55-441 

G. S. Eager, Jr. (General Cable Corporation, 
Bayonne, N. J.): This paper presents useful 
information on some of the properties of 
secondary network cables. Concerning the 
mechanical moisture absorption, data on 
cables from many suppliers indicate that 
the range of mechanical moisture absorption 
of oil-base compounds is 25 to 90 instead 
of 40 to 90 milligrams per square inch; 
and the range of RH-RW is 8 to 20 instead 
of 14: to 20 milligrams per square inch. 

With reference to electrical moisture 
stability, the author states that "butyl- 
rubber insulations as a class show a better 
range of values than either RH-RW or oil 
base, particularly when measured in water 
at 70 and 80 C, temperatures which may not 
be unusual in an a-c network." Although 
the conductor temperature may normally 
reach this temperature range, it is highly 
unlikely that water surrounding the cables 
would reach this temperature, particularly 
for any length of time. Consequently, tests 
conducted at 70 to 80 C must be considered 
accelerated and not representative of field 
operating conditions. Our tests have indi¬ 
cated that when tested in water at 50 C 
results on some butyl compounds have been 
poorer than what is normally obtained with 
RH-RW. Compounding studies have indi¬ 
cated that in many cases extremely good 
aging properties in butyl are obtained at the 
expense of electrical moisture stability al¬ 
though it is possible, with sufficient knowl¬ 
edge of how to proceed, to obtain reason¬ 
ably good aging and electrical moisture 
stability properties. At least one of the 
RH-RW {JL260') compounds discussed by 
Mr. Rosch has now qualified as RHW in¬ 
sulation (GR-S). This compound is more 
stable in water at 76 C than most butyl com¬ 
pounds and it is questionable whether the 
butyl compound should be given the first 
rating. 

Mr. RosCh mentions briefly, in discussing 
insulations in use in the 1930’s, the desir¬ 
ability of employing rubber insulations 
which have low explosiveness in order to 
minimize the risk of explosions caused by 
gases evolved when the cables are subjected 
to fault conditions. Nothing is said about 
^e newer types discussed more extensively 
in the paper. We feel that this'properly 
is extremdy important and should be taken 
into considera'tion when cables are selected 
for secondary network systems. Results 
of tests conducted by us on insulations of the 
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classes discussed by Mr. Rosch indicate 
that RH-RW insulations evolve the least 
quantity of gas and oil-base insulations the 
most. Butyl insulation evolves a richer, 
more readily exploding gas than that 
evolved from either the RH-RW or oil-base 
insulations. 


A. Bodicky (Union Electric Company of 
Missouri, St. Louis, Mo.): From 1939 to 
1942 we installed about 33 miles of the so- 
called high-temperature moisture-resistant 
natinal-rubber-base insulation, tape, and 
braided cable on our network system. 
Since 1942 we have installed some 22 
of GRS-RH-RW neoprene-jacketed cable 
for our three single-conductor twisted 600,- 
000-circular-mil cable with a 4/0 bare 
neutral. To date we have had 33 failures 
on the natural rubber and only two on the 
GRS t 3 rpe of cable (both due to adjacent 
d-c cable fires) with a resulting failure rate 
of 6.5 failures per 100 mile-years on the 
natural rubber and 1.6 failures per 100 mile- 
years on the GRS neoprene t 3 rpe of cable. 
About 70 per cent of the early failures on the 
natural rubber were due to the high tem¬ 
perature caused by adjacent steam mains. 
In the majority of the cases the natural 
rubber cable was roasted when removed. 

In 1942, an 8-month oven test at 110 C 
during working houi^ also showed the 
superiority of the GRS over the natural- 
rubber insulation. 


R C. Graham (Rome Cable Corporation, 
Rome, N. Y.): In regard to moisture re¬ 
sistance, the author states: "The tests 
most geiierally used include the 'mechani¬ 
cal' mois^e-absorption or gravimetric 
test.” It is assumed that this statement is 
in particular reference to the subject of 
network cables which are clas sified as 
"power" cables. If this is true it should be 
understood that except for butyl insulation 
(Insulated Power Cable Engineers Associa¬ 
tion Appendix 0) the so-called mechanical or 
gravimetric test is not required or recom¬ 
mended for power cables by any industry 
spe^cation such as those of the Ampn Vffn 
Society for Testing Materials or the Engi¬ 
ne's Association. In fact, the only moisture 
resistance test recommended by thes e 
industry groups for power cables in Engi¬ 
neers Association’s Appendix N and the 
Sodety’s D 470 is the BM-60 electrical sta¬ 
bility test. Therefore, we cannot agree that 
most moisture tests indude the mechanical 
or gravimetric method. Moreover, con¬ 
siderable evidence obtained by other in¬ 
vestigators indicates that the mechanical 
test has little actual significance in deter¬ 
mining whether or not a cable is suitable for 
operation in wet locations. 

In the author’s "Discussion,” and again in 
his "Condusions,” reference is made re¬ 
garding the superiority of the L260 over the 
L220 dassifications, and that improve- 
mente may be forthcoming. In this con¬ 
nection it should be emphasized and re¬ 
membered that the AIEE Study Subcom¬ 
mittee on Standardization of Limiters agree 
(Appendix I of Paper 55-444) that this 
classification is no figure of merit or demerit 
but a criterion sought for the purpose of co¬ 
ordination between cables and limiters. 

The author has presented a good historical 
review and discussion of the published litera¬ 


ture which should add to our knowledge of 
the subject. 


C. P. Xenis: In his comments, Mr. Weed 
disagrees with the statement that: "Years 
of experience under operating conditions 
show the insulation is adequately pro¬ 
tected.” The facts are very simple. A 
limiter, by definition, has a current-time 
characteristic selected to protect cable 
insulation on the length between the mul¬ 
tiple point (usually the street intersection) 
and the fault from being damaged by tem¬ 
peratures in excess of 260 C resulting from 
exc^ive overloads due to cable faults. 
This characteristic was adopted in 1937 
and has been publicized in technical papers 
and manufacturers’ catalogues since that 
date. In the preceding group of papers on 
this topic, it is shown that the AIEE Task 
Group working on the subject are recom¬ 
mending essentially this same characteristic. 
All available experience supports the fact 
that the design conditions have been met in 
practice. Mr. Weed’s statement that this 
experience may be true on the systems of 
some companies and not others is basically 
fallacious, because, after all, it takes am¬ 
peres and time to cause a Htni ter or any 
otter type of fuse to blow in accordance 
with its design characteristic. If one 
could conceive of a network system which 
cannot develop a short-circuit current in 
exceK of 1,500 amperes under solid fault 
conditions in the vicinity of the network 
transformers, then, naturally, no limiters 
could be blown and none should be used, 
since under such conditions it would be 
impossible to roast the insulation. It seems 
to me tlmt Mr. Weed confuses two separate 
and distinct items, namely: (o) roasting of 
the msulation between the fault and the 
multiple point and (ftj fusion of cable con¬ 
ductors at the point of the fault, due to an 
arc between phases and to ground. 

If one wanted protection to limit arcing 
at the fault, then fast-acting fuses or circuit 
breakers should be used. This would be a 
simple matter, and has in several instances 
been tried and abandoned due to unneces¬ 
sary ^ load interruptions under operating 
conditions, which defeat the basic objective 
of the network system, namely, service 
reliability. 

In his verbal discussion during the meet¬ 
ing, Mr. Weed discussed a case of main p 
trouble in Boston which resulted in a serious 
explosion. In this case he revealed that 
there were at least two errors in design: 
(c) that fiber conduit was used, which, as 
is well known, will burn under the action of 
the arc and generate a large amount of gases 
in the vicinity of the arc; and (6) that there 
was msuffident neutral cable capacity which 
would cause overheating of the neutral 
under single-phase fault conditions, which 
will bum the insulation on the otter cables 
in the conduit. He indicated that the limi¬ 
ters ffid blow and prevented the cable from 
roasting, clearly showing that had they not 
been there, it would have roasted the insula¬ 
tion between the fault and the multiple 
points at the adjacent street intersections. 
This would have brought the fault to those 
points and in some cases might have caused 
the fault to spread in several directions 
beyond the multiple point. Since the limit¬ 
ers were blown, we must conclude that the 
fault must have caused some welds or solid 
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short circuits which resulted in the develop¬ 
ment of the calculated short-circuit currents, 
caused the blowing of the limiters, and pre¬ 
vented an extremely serious condition. 

Mr. Bodicky's comments are based on 
excellent factual information and give a 
very clear story of performance. Our 
experience in New York City parallels his 
experience closely. 

Mr. Bodicky's comments bring out the 
fact that under arcing faults, as explained 
in the paper, arc impedance and the fluctua¬ 
tion of current result in a major reduction in 
the average value actually carried by the 
cables supplying the fault and consequently 
carried by the limiter. He reports no 
roasted cables. In those cases where he 
had one or more limiters blown, he has ob¬ 
tained the protection provided by them. 
If he had these faults on a network not 
equipped with limiters, he would have 
experienced "roasted" insulation. This is 
the very serious type of condition which 
generates explosive gases over the full length 
of cable, and can cause extensive damage 
and spreading of the fault. 


Closing Remarks 

R. C. Graham: In regard to Dr. Eager’s 
comments, he is correct in that the actual 
tests values as reported in the paper for the 
L260 and L220 ratings compUed with the 
deformation requirement. Although only 
one test was made on thermoplastic insula¬ 
tions, it seems reasonable to assume that 
any sustained overload temperature above 
the softening or melting point of such in¬ 
sulating materials will result in excessive 
deformation. 

The author is indebted to Mr. DeBaene 
•for his kind remarks and agrees that there 
are yet unsolved problems which future 
investigations may clarify. 

In connection with Mr. Weed’s state¬ 
ments, it seems premature to conclude that 
the new L220 limiter can be recommended 
for lead-sheathed network cables. Un¬ 
doubtedly, further testing with the recom¬ 
mended procedure will disclose the proper 
classiflcation for lead-sheathed cables. Af¬ 
ter many exploratory tests a 4-hour test 
period was finally selected by the committee 
•upon the advice of other cable users, to 
•correlate ivith other available data on "in¬ 
duct" tests, and to provide a procedure that 
would permit a reasonable reproducibility 
in results. 


X. F. Porter: In summary, this paper 
describes "roasting" tests made at constant 
current on nonmetallic sheathed cables 
with RR-RW±t^^ of insulation installed in 
concrete duct for the purpose of determining 
the ability of this t 3 rpe of installation to 
withstand abnormally high overload cur¬ 
rents, which may develop under fault con¬ 
ditions. In answer to Mr. Weed’s question, 
■we have no information as to how the time- 
current damage characteristic of leaded 
•cable would compare vnth that of nonleaded 
•cable, but it is pertinent to note that a 
metallic sheathed cable will have a slightly 
"higher heat loss. If Mr. Weed is primarily 
interested in the heating of cable by current 
supplying faults in the arcing stage, data 
•obtained from constant-current tests would 
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appear of very limited value to him. Arcing 
currents are known to be fluctuating in 
nature and vary widely from minimum 
values as low or lower than the normal rat¬ 
ing of the cable to the maximum values of 
the calculated short-circuit current, when 
the molten mass of metal or cable movement 
causes a solid short circuit. Damage to 
cables during street construction with dig¬ 
ging equipment also may cause solid short 
circuits. 


E. L. Leinbach and A. S. Brookes: We 
appreciate the comments and discussions 
presented and take this opportunity to reply 
to some of them. 

The question of “positioning" the time- 
current damage curves of cable coverings is 
obviously subject to many variables, radia¬ 
tion being one of them. Mr. Peirce and 
Mr. Siegfried are certainly theoretically cor¬ 
rect and quite likely are practicably correct 
in the high-current short-time range in those 
published. 

The effect of the suggested correction 
would be to swing the lower end of the 
L260 curve down which would reduce the 
overprotection of the insulation by the 
limiter in that range. It should be pointed 
out that the L260 curve was derived and 
verified by a large number of tests in ducts 
which simulated actual service conditions. 

The majority of these tests were made at 
times 400 seconds to 4 hours at currents 
which produced ■visually the "threshold of 
damage.” 

The operators of light networks containing 
but a few (3-6) primary feeders can well 
appreciate Mr. Niessink’s concern over the 
lack of backup protection given a fault on 
the secondary by the station circuit breaker 
in the event the network protector does not 
function. Since all feeders are adding cur¬ 
rent into the fault, it would mean tripping 
out the entire network for each secondary 
fault of this nature, if protected by some 
scheme invol'ving the station breakers. 
This is hardly the philosophy of network 
operation. Well co-ordinated secondary 
limiters and fuses, together with sufficient 
transfonner capacity, seems to be the only 
presently acceptable method of protection. 

Two completely opposite viewpoints are 
presented by Mr. Matthysse and Mr. Weed. 
One holds that the present limiter does clear 
properly in even the low-current ranges 
while the other feels that a much faster 
limiter is necessary. 

We cannot completely agree with either. 
It is true that phase-to-ground faults gener¬ 
ate less heat, but it is also true that phase- 
to-groimd faults usually bum into 3-phase 
faults quite rapidly and then you have pro¬ 
tection only "if sufficient current is available 
properly to activate the protective de'vices." 
In light networks it is possible to get just 
the wrong combination of fault current and 
time to fall outside the protection band. 

It is just as trae that vault and manhole 
explosions resulting in personal injury and 
property damage are to be avoided if at all 
possible. It must be recognized, however, 
that there is no type of protection presently 
available which will remove an arcing fault 
from the system thereby eliminating the 
cause of explosions and at the same time 
permit the use of time-tried network equip¬ 
ment in a manner which maintains service 
99.99 per cent of the time. It appears that 


good material, good workmanship, and 
maintenance are the best answers to the arc¬ 
ing fault problem. 

The proposed L220 limiter provides for 
oil-base and similar compounds the same 
degree of protection that the L260 pro^vides 
for RH-RW compounds and still permits 
its full use to hold onto the network load. 
Slightly faster limiters could probably be 
tolerated but there is no good reason for 
becoming involved in co-ordination diffi¬ 
culties if arcing faults cannot be separated 
anyway; and it certainly appears that they 
cannot. 

It is our hope, as it is Mr. Graham’s, 
that we have emphasized the need for others 
to make an analysis of the degree of pro¬ 
tection they have on their o-vra systems so 
that they can decide either to live with 
what they have or to do something about it. 
As he further indicates, the Limiter Task 
Group has devdoped existing information 
into a usable form for both utilities and 
manufacturers. There is no reason why new 
types of cable or other equipment cannot be 
worked into existing systems if they prove 
desirable from a use standpoint. 


F. Heller and 1. Matthysse: The inter¬ 
rupting capacity of limiters as pointed 
out by Mr. Lentz, was not discussed in 
the paper. Perhaps the best indication 
of the interrupting ability of limiters 
is their service record over the past 
15 to 20 years. Although many thousands 
of limiters have blown under all varieties of 
fault conditions, we know of no instance of 
failure of the limiter to interrupt the fault 
current successfully. Furthermore, all of 
these interruptions were accomplished with 
no -visible external damage to the limiters. 

On the other hand, laboratory tests at 
220 volts alternating ciurrent have revealed 
that up to 30,000 amperes may be inter¬ 
rupted with no external disturbance other 
than a loud report. Higher currents may 
result in the splitting of the rubber jacket 
and fragmentation of the heat-resisting 
shell. However, it appears that although 
higher currents are accompanied by in¬ 
creased external disturbance, the limiter will 
not fail to interrupt the fault current. In 
addition to the operating experience over 
the past years, many companes have re¬ 
ported the clearing of limiters on fault 
currents which theoretically exceed values 
in excess of 60,000 amperes. Such a 
report is even included by Mr. Bodicky in 
his discussion of paper 66-443 by Mr. 
Xenis. 

In view of the record of performance in 
service, one must conclude that in a 120/ 
208-volt network, cable fault currents 
rarely exceed 30,000 amperes. Although 
the maximum calculated volted fault cur¬ 
rent may well exceed 1,000 amperes, such a 
calculation appled to a fault on a man 
cable would be much less. It appears, 
therefore, that the present limiters have 
adequate interrupting capacity for 120/ 
208-volt network systems. 

Mr. Weed has expressed the desire for a 
limiter to clear arcing-type faults. Limi¬ 
ters do clear arcing-t 3 rpe faults of such 
magnitude and duration as would otherwise 
roast cable insulation remote from the 
fault. However, the arc may persist for a 
considerable period of time before the 
limiter clears the fault, and in time a con- 
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^derable amount of smoke may be evolved 
in the vicinity of the arc. The eventual 
clearing of the limiter prevents insulation 
damage remote from the fault, but it is not 
intended to prevent the damage due to 
fusion by the arc at the fault. 

A limiter may be designed to operate 
faster to reduce the duration of the arcing, 
but^ in doing so, problems of limiter co¬ 
ordination and selectivity will arise. 
Paster limiters may bow needlessly on over¬ 
loads and heavy starting currents, and 
under fault conditions, limiters other tTian 
those in the faulted cables may blow. A 
limiter can be made very little faster before 
such problems become serious. 

iUthough damage in the vicinity of an 
a.rciug fault is serious, the destructiveness 
of a solidly welded fault in a system not 
protected by limiters is of much greater 
magmtude. Such destructiveness may be 
spread out over a wide area causing exten¬ 
sive loss of service and costly damage. 
It is this type of destructiveness that the 
limiter prevents. The fact that some 
limiters associated with an arcing fault are 
blown is a sign that more extensive dam¬ 
age was prevented by limiter action. 

It may be possible to design a device to 
prevent arcing damage. In military ar- 
craft, for example, differential current pro¬ 
tection devices are used which operate only 
when the conductor itself is faulted. Such 
devices use a ssrstem of relays and circuit 
breakers which would be too costly to in¬ 
stall in the ends of every cable in an under¬ 
ground secondary network. It remains a 
challenge to design a device which will 
operate as satisfactorily as a limiter in a 
secondary network and yet eliminate arcing 
damage. 

Mr. Weed questions the ability of the 
standard limiter to give complete protection 
to JF-type insulation. No doubt he 
is referring to the crossing of the insulation 
damage characteristic curve and the limiter 
curve. For currents less than that at the 
intersection of these curves, it appears that 
the insulation would be damaged before 
the limit er blows. However, the curves are 
for balanced 3-phase faults, while faults at 
currents of this magnitude are very greatly 
unbalanced. Such faults are most prob¬ 
ably single phase, and the unfaulted con¬ 
ductors in the conduit act to absorb heat 
and retard the temperature rise of the 
faulted conductor. Experience shows that, 
under these conditions, the limiter does 
offer protection even for these low currents. 
Therefore, to design the limiter to protect 
fully against a balanced 3-phase low- 
current fault appears unjustified. 


W. H. Couch and G. J. Crowdes: We appre¬ 
ciate Mr. Tuttle’s comments with respect 


Table 1 


ASTM 

Designation Title 


D 470-52T ... .Tentative Method of Testing Rubber 
Insulated Wire and Cable 
D4f2-5i7’....Tentative Method of Test for Ten¬ 
sion Testing of Vulcanized Rubber 

D 573-52 .Accelerated Aging of Vulcanized 

Rubber by the Oven Method 
D 676-49T ... .Tentative Method of Test for Inden¬ 
tation of Rubber by Means of a 
Durometer 

D149-44 .Dielectric Strength of Electrical 

Insulating Materials at Com¬ 
mercial Power Frequencies 


to the paper. Table I of this discussion 
gives the exact designation numbers of the 
ASTM test methods used for this evalua¬ 
tion. 

The reason for the size no. 8 stranded con¬ 
ductor stems from a number of considera¬ 
tions. T^ size was originally chosen by 
the committee not only because it was con- 
vement for this particular work, but also 
because it was the size used in some of the 
earlier investigations of secondary network 
protection. 

From our point of view, the size no. 8 is 
convenient to work with, since our dielectric 
strength samples could be made to fit into 
the conditioning oven, whereas a larger size 
would be heavier, bulkier, and much harder 
to handle. We did not feel that sizes 
smaller than no. 8 would be particularly ac¬ 
ceptable or representative of power work nor 
would we feel that solid conductors rep¬ 
resent any great percentage of network 
cable in use. It is possible that further re¬ 
finements of this test for their experience in 
our committee will result in the choice of a 
different size of wire. 

S. J. Rosch: In reply to Dr. Eager, our 
measturements of the mechanical moisture- 
absorption values of the oil-base compounds 
which we have examined, showed a range of 
40 to 90 milligrams per square inch. We are 
happy to note that there are some that 
have values of 25 milli grams per square 
although we have not seen any to date. 
The same commaits apply to the RH-RW 
insulations. 

As regards electrical moisture stability, 
the author can only report on data with 
which he is familiar. The latter shows 
clearly that butyl-rubfoer-insulated cables 
show a greater degree of electrical stability 
in water at elevated temperature of up to 
80 C than the oil-base or RH-RW com¬ 
pounds. Admittedly, the tests used were 
of an accelerated nature but since the same 
conditions were imposed on all of the insula¬ 


tions under test, the results must be con¬ 
sidered as comparable. Undoubtedly there 
are formulations available of butyl, oil-base, 
and RH-RW compositions which may show 
radically different results but on the basis of 
the actual results obtained and reported in 
the paper, the conclusions drawn are in 
order. Dr. Eager cites the case of one 
GR-S type RH-RW compound which was 
recently approved as an RHW insulation to 
prove his point that the latter is more 
stable in water at 75 C than butyl rubber. 
I have data on an approved type of butyl 
RHW which I feel would readily negate the 
comments made by Dr. Eager, but these 
comments will be confined to the data con¬ 
tained in the paper. 

I am in agreement with Dr. Eager’s 
comments on the importance of a low 
explosiveness range as one of the desirable 
properties for a secondary network insula¬ 
tion and confirm the statement that certain 
types of commercially available RH-RW 
compounds evolve the least amount of 
g^s, whereas oil-base rubber compounds 
give off the greatest amount of gas. We 
have not as yet carried on a similar investi¬ 
gation into the gas-evolving properties of 
butyl rubber compounds specially com¬ 
pounded so as to be suitable for the type of 
service conditions encountered in secondaiy 
networks. This phase of the problem will 
undoubtedly form the basis for the com¬ 
mittee’s additional work, should the exis¬ 
tence of the committee be extended. 

Mr. Bodicky’s comments are sincerely 
appreciated since they add an additional 
link in the chain of data which proves tliat 
GR-S compounds designed for short-time 
high-tempemture operation possess greater 
heat stability than do similar compounds 
made of natural rubber. 

As regards Mr. Graham’s comments, in an 
evaluation of a butyl-rubber compound 
from an important industry laboratory one 
of the yardsticks which figures very promi¬ 
nently deals with mechanical moisture ab- 
soiption. Regardless of the merits and 
applicability of this test, there is no denying 
that if a given class of compound shows the 
best results on the electrical stability test in 
wato at elevated temperatures, and also 
exhibits the lowest degree of physical niois- 
ture absorption by the mechanical or gravi¬ 
metric tests, such class of compound may 
well receive the superior rating as to stabil¬ 
ity in moisture. If Mr. Graham will ex¬ 
amine conclusion 4, he will note that the 
reference to superiority does not give the 
connotation he implies. The paper actually 
states that: “Regardless of the superiority 
of tla& L260 insulations over the L220 types 
in ability to withstand higher overload 
temp^tures ..." The truth of this state¬ 
ment is borne out by the data presented in 
the paper. 
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Voltage Dip and Synchronous-Condenser 
Swings Caused by Arc-Furnace Loads 


c. 


CONCORDIA 

FELLOW AIEE 


Synopsis: This paper shows that the 
angular swings produced in a synchronous 
condenser by sudden application of an arc- 
furnace load do not in general increase 
the magnitude of the voltage dip produced. 
In addition, a criterion for stable operation 
of the condenser is given in terms of the 
system, buffer reactor, and arc-furnace 
transformer reactances. 


T his paper gives the results of a study 
made to determine the magnitude of 
the angular swing produced in a S3m- 
chronous condenser by sudden applica¬ 
tion of an arc-fumace load and the effect 
of this swing on the magnitude of the volt¬ 
age dip. 

In some arc-fumace installations ob¬ 
jectionable voltage dips have been re¬ 
duced by the use of a buffer-reactor and 
synchronous-condenser combination as 
shown in Fig. 1. The synchronous con¬ 
denser reduces the magnitude of the volt¬ 
age dip due, e.g., to a secondary short cir¬ 
cuit (i.e., a short circuit at the arc-fur¬ 
nace electrodes) by providing a parallel 
impedance path, so that a substantial 
part of the current is drawn from the 
synchronous condenser rather than from 
the system. To make the condenser more 
effective and economical, a buffer react¬ 
ance is often inserted between the arc- 
furnace transformer bus and the system. 
This causes the system to take an even 
smaller share of the current. Further 
to reduce the reactance of the syn¬ 
chronous condenser a capacitor has some¬ 
times been inserted in series witli the 
condenser. In some cases when series 
capacitors have been used, trouble has 
been experienced because of the gap across 
the capacitor arcing over on secondary 
short circuits just when the capacitor is 
needed to reduce the consequent voltage 
dip. This capacitor arc over has usually 
been explainable on the basis of the nor¬ 
mal transient voltage resulting from the 
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mission and Distribution Committee and approved 
"by the AIEE Committee on Technical Operations 
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short circuit. However, sev/eral questions 
which involve the possibility of con¬ 
denser swinging have been raised in 
connection with some of these cases. 

1. It is desired to know if, in a particular 
application, the condenser swing will 
increase the voltage dip. If it does, not 
so much would be gain^ by increasing the 
buffer reactance as might be calculated 
neglecting the swing. 

2. The fear has existed of possible con¬ 
denser instability if the buffer reactance is in¬ 
creased too much. This was given in one 
case*’® as a reason for modifying an existing 
system by inserting a capacitor in series 
with the synchronous condenser rather than 
simply by increasing the buffer reactance 
slightly. 

3. It has been suggested that the transient 
series-capacitor voltage might itself be 
aggravated by condenser swings, especially 
when the condenser excitation is low. 

4. It has been suggested that some of the 
disturbances observed might have been 
caused by the condenser temporarily going 
out of step. 

To throw some light on these questions, 
a simple system as shown in Fig. 1 was 
set up on a mechanical differential ana¬ 
lyzer and disturbed by the application of 
secondary short circuits. Resistance had 
to be induded in the short circuit to pro¬ 
duce any condenser torque and thus any 
condenser swing. This secondary fault 
resistance was varied over a wide range 
to produce the maximum swing. Two 
conditions of condenser excitation were 
considered: the condenser was assumed 
to be operating initially witli normal no- 
load field excitation and then initially with 
zero field excitation (with unit terminal 
voltage in both cases) for each short cir¬ 
cuit applied. A condenser voltage regu¬ 
lator of average characteristics (see equa¬ 
tions 9, 10, and 11) was assumed to be 
in operation in most cases. However, a 


few cases without a voltage regulator were 
studied. 

Conclusions 

Within the range of system parameters 
studied, the following conclusions may be 
drawn: 

1. The condenser swing did not increase 
the voltage dip appreciably. To the 
contrary, the voltage dip calculated with 
zero secondary resistance (and thus no 
condenser swing) was always greater than 
that produced by any finite value of sec¬ 
ondary resistance, including that value 
which resulted in the maximum condenser 
swing. Since the condenser armature cur¬ 
rent was also practically unaffected by the 
swing, the voltage across a capacitor in 
series with the condenser armature would 
not be affected significantly. 

2. The possibility of condenser instability 
seems remote if the criterion of conclusion 
4 is observed. The buffer reactance was 
increased to a value such that the total 
system reactance viewed from the arc 
furnace and excluding the condenser was 
60 per cent on the arc-fumace kilovolt¬ 
ampere base. Even this high value did 
not show any signs of instability. Thus 
the buffer reactance can very probably 
be considerably increased, if necessary, 
beyond the values which have been used, 
as long as the condenser has sufficient 
capability to maintain voltage in the 
steady state. 

3. In the case*'* in which a series capacitor 
was used because it was desired not to in¬ 
crease the buffer reactance, it seems prob¬ 
able that the buffer reactance could have 
been considerably increased without any 
increase in the probability of instability. 

4. A suggested criterion for stable opera¬ 
tion, as far as disturbances arising at the 
arc furnace are concerned, is that the 
buffer (and system) reactance be kept 
smaller than the effective reactance of the 
arc-furnace transformer and secondary 
leads. This criterion is seen to be inde¬ 
pendent of the condenser reactances. 

Nomenclature 

ea=constant voltage at infinite bus back 
of total system reactance *2 
C(it=direct-axis component of c* 
go=value of condenser terminal voltage 
et before disturbance=1.0 
voltage back of 
Cj'=condenser field flux 

quadrature-axis component of et 
e/=field current-resistance drop 


©I- 


eg 

EQUIVALENT 

SYSTEM 

VOLTAGE 


X2 
■\A.AA^ 


SYSTEM AND 
BUFFER REACTANCE 


FIs. 1. 
furnace, 
chronous 
denser, 


Arc 

syn- 

con- 

and 


buffer reactor 



■V*-AA-r- 


■<D 


CONDENSER SYNCHRONOUS 
IMPEDANCE CONDENSER 

ARC FURNACE 
IMPEDANCE 
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JSi “field applied voltage 
JS/'“ output of voltage regulator, given 
by equation 11 
“exciter field voltage 
£o'=£o''“the value of Ei before the dis¬ 
turbance =1.0 or 0 

“direct-axis component of synchronous- 
condenser armature current 
quadrature-axis component of syn¬ 
chronous-condenser armature current 
If “condenser rotary inertia=862 radians 
r* s=» resistance of arc furnace, or load 
resistance (varied) 

f“tune, radians (1 second=377 radians for 
a 60-cycle-per-second electric power 
system) 

damping torque coefficient=0.2 
per unit 

Tio* condenser open-circuit field time con¬ 
stant ==3,457 radians 

rj* synchronous component of electrical 
torque 

“reactance of system plus buffer reactor 
=0.26 or 0.50 

Xt “reactance of arc-fumace transformer 
and secondary leads, or load react¬ 
ance =0.50 or 0.26 

«c “series capacitor reactance (varied). 
(The series capacitor is placed in 
series with the condenser, so its 
reactance is subtracted from each 
component of condenser reactance. 
Stator transients are not considered) 

“condenser direct-axis synchronous 
reactance = 2.0— 

“condenser direct-axis transient re¬ 
actance “ 0.48 —Xe 


“quadrature-axis reactance of synchro¬ 
nous condenser=1.2—Xe 
2u“ absolute magnitude of driving-point 
impedance viewed from eq 
2 'i 2 “ absolute magnitude of transfer im¬ 
pedance between eq and 
ail “Complement of impedance angle of Zu 
ai 2 “Complement of impedance angle of Zu 
{“condenser angle relative to system, 
radians 

/t “regulator gain =20 


that the magnitude of the load change used 
to calculate the dip is in itself purely a con¬ 
ventionally chosen number. However, it 
is necessary to use transient reactance if 
one is to obtain a realistic economic evalua¬ 
tion of the benefits of synchronous con¬ 
densers and series capacitors. If sub- 
transient reactance were to be used, the 
benefits of both of these devices would be 
magnified so that unduly optimistic results 
would be obtained. 


System Considered 

A 1-line diagram of the system con¬ 
sidered is shown in Fig. 1. The following 
assumptions have been made: 

1. The S3nichronous-condenser amortisseur 
will be neglected except for the inclusion 
of a rather small (constant) damping torque 
coefficient. This assumption should cause 
the angular swings to be somewhat greater 
and less well damped, the voltage dip to 
be, if anything, very slightly greater, and 
the maximum armature current to be some¬ 
what smaller than for an actual machine. 
It is a pessimistic assumption as far as the 
angular swing is concerned, and makes 
very little difference in the voltage dip. 

It is of interest that many people have 
used subtransient rather than transient 
reactance to determine voltage dip. Dips 
calculated from either reactance will corre¬ 
late equally well with acceptable voltage- 
dip performance limits, in view of the fact 


2. Stator circuit transients will be neg¬ 
lected, since their effect on the angular 
swing of machines has usually been found 
to be very small. 

3. The resistance component of the system 
impedance and the synchronous condenser 
stator resistance will be neglected. 

With these three assumptions, the 
necessary performance equations for this 
system may be taken as a special case of 
those given in references 3 and 4. The 
synchronous-condenser torque equation is 


where re=condenser total electrical 
torque. 

The condenser total electrical torque is 

( 2 ) 



In this analysis Ta was assumed to be 
small and constant. The value assumed 
is pessimistic, since the actual damping 
torque coefficient is certainly very much 
greater than 0.2. 

The synchronous component of elec¬ 
trical torque is 

T,=iqeq ( 3 ) 

The quadrature-axis and direct-axis 
components of synchronous-condenser 
armature current are given by the equa¬ 
tions 

. . ^2 

^ sm an + — sin (5 - au) (4) 

^11 

. , Ci 

^ COS ail — — cos (5 - ai 2 ) (5) 

Zu 

The driving-point and transfer imped¬ 
ances are defined by the equations 

^11 = kill, 2 i2“ I 212 I 

2ii = Ru +jXiu Zu “ Ru 4 -jXu 

an=90“-tan-tan"!— 

Ru, 

In the present case 

ri+j(xi+xz) 

fi-rJXt 

The condenser voltage Cq is given by 
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Fig. 3. Voltage dip and condenser swing produced by sudden application of arc-furnace load. See Fig. 1 for circuit 

Case B: xs=0.5, Ki= 0.5, rs=0.5 


(6) for £/'>+4.5, £/'=+4.5 
The condenser field flux is given by the where 


(lOC) , jE /—Ct jE/—1.0 

-=—- 

Xd 2—Xc 


field circuit equation £/'=jEo'—« o) 

Td, 7 e/-Ej-er (7) The magnitude o 

minal voltage is 

The field current-'resistance drop C/ .———- 

is given by * v » 

where 

et^eq' -^ridixd—Xd') ( 8 ) 

The field applied voltage £/ is deter- 
mined by the exciter and voltage regula- eqt=eq'~iaXd' 
tor equations. 

The assumed exciter equation is Initial Conditions 

Te — -=(Ei‘'-Ei) (9) Before the applica 

dt short circuit it is n 


E/=Eo'-/i(e«-«o) (11) e2 et-X2td = 1.0-Xsid 

The magnitude of the condenser ter- e^o'—et+Xd'id‘=1.0+xd'td 


After the short circuit has been applied, 
^ 2 ) the required initial currents may be cal¬ 
culated from equations 4, 6, and 6 in the 
form 


\ . Cflo' 

V 


COS ai2 (18) 


77 ^ ro) Before the apphcataon of the secondary . ego +tdo(xg-Xd ) . c* . 

, “til/ —n/j [vj , ^ .f . . 1 1 / int,— — - - - sman—“smais 

dt short circuit it is necessary to calculate Zn Zu 

where J‘e=exciter field time constant™ the initial values of eg^ and C 2 . These ( 19 ) 

200 radians. values remain constant when the short ^ . 

The exciter field voltage E/ is assumed circuit is applied, and are used to calcu- Other required imtial conditions are 

to be limited by saturation so as to have late the values of id, h, edto=*igaXg (20) 

the following values; immediately following the short circuit, r 2 T') 

^ ^ ^ ^ ^ /■,nA^ Before the short circuit the current in ^Qto-ego taoxa \ ) 

for Ei'<-2, Ei*= —2 (lOA) arc-furnace load is zero so Cg' and ez eto^Vedto^+egto^ (22) 

for—2<E/'<+4.6, £/'=£/' (lOB) may be calculated as follows 

ego=‘ego'+idt(.Xg-Xd') (23) 

1.0r * • Or E/o is unchanged by the short circuit (24) 


VOLTAGE, p.u. 


VOLTAGE, p.u. 


RUN ^33, Ejo'I.O 


RUN ^34, Et«“0 


TIME SCALE FOR VOLTAGE 
0.5 SECONDS 1.0 

FOR ANGLE 


' ANGLE ' 
(DEGREES) 


TIME SCALE FOR VOLTAGE 

0.5 SECONDS 1.0 

I _ _I_ 

FOR ANGLE 0.5 


ANGLE 

(DEGREES) 


Fig. 4. Voltage 
dip and con¬ 
denser swing pro¬ 
duced by sudden 
application of 
arc-furnace load. 
See Fig. 1 for 
circuit 

Case C: Xz™ 
0.25; xs=0.25,. 
r,™0.25 
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Fig. 5 (left) and Fig. 7 (right). Effect of load resistance and initial condenser excitation on voltage dip and condenser swing 


fi/o ~Xa*) 

(25) 

Bio" is given by equation 10 

(2<5) 

Bio '^Bo'—it(eto~eo) 

(27) 

Cases Studied 



Three principal cases were studied: 


Case 

X| 

X| 

Ze 

A. 

....0.26... 

.0.60.. 

.0.15 

B. 

....0.60... 

.0.60.. 


C. 

....0.26... 

.0.26.. 



Cases A and B correspond to a condenser 
having a rating about equal to that of 
the arc furnace. Cases B and C are ex¬ 
treme in that the combined system and 
buffer reactance is 60 per cent on the arc- 
fumace base. In case C the condenser 
rating is about half that of the arc fur¬ 
nace. All values are in per unit on the 
condenser kilovolt-ampere base. 

In addition, the capacitor reactance Xg 


was varied from zero to 30 per cent with 
the system conditions of case A. In the 
present case this is entirely equivalent to 
varying all of the condenser reactances by 
the same amount. 

Results 

For each case studied the condenser 
terminal voltage, rotor angle, and arma¬ 
ture current were plotted by the differen¬ 
tial analyzer. Selected examples show¬ 
ing the terminal voltage and rotor angle 
are shown in Fi^. 2, 3, and 4. Ordi¬ 
narily someother voltagein the power sys¬ 
tem, rather than the condenser terminal 
voltage itself, is of interest. However, 
in the present ^stem the dip in any such 
voltage will be very nearly directly propor¬ 
tional to, although considerably smdler 
than, the dip in condenser terminal volt¬ 
age. Thus the condenser terminal volt¬ 
age dip et shows all the characteristics of 


tlie voltage dip of interest. Moreover, 
an estimate of the latter may be obtained 
simply by reducing the plotted dip in the 
ratio of the reactance between it and the 
infinite bus to the total sys tem and 
buffer reactor reactance Xi. Fig. 3 illus¬ 
trates very nearly the maximum effect 
of condenser swing on tormina! voltage 
observed in all of the cases considered. 

The sirmature current curves were ob¬ 
tained but have not been included in the 
paper. In no case was a large current os¬ 
cillation produced by the swing. That is, 
the current oscillation was primarily 
only in the quadrature-axis component, 
which was never very great in comparison 
with the direct-axis component. Thus 
one would infer that there would be little 
effect of the swing on the voltage across a 
capacitor in series with the condenser 
armature. 

The principal results obtained are stun- 
marized in Figs. 5, 6, and 7, where the 
minimum voltage and m aximum angle 



are plotted as functions of the load resist- 



Fig. 6. Effect of load resistance and initial condenser excitation on voltage dip 

and condenser swing 


Fig. 8. Effect of reducing condenser direct-axis transient 
reactance on voltage dip and condenser swing 
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TRANSFORMER FURNACE 


Fig. 9 (left). Effect of load resistance and initial condenser 
excitation on voltage dip and condenser swing 

Fig. 10 (above). Arc-furnace circuit 

be a conservative equation in all cases. 

Fig. 8 shows the effect of varying the 
series capacitor reactance Xe, or varying 
the condenser transient reactance. As 
would be expected from the foregoing disr 
cussion, there is very little effect on the 
condenser swing. 


ance n. It is seen that in all cases, in 
spite of any oscillations in voltage that 
may be produced by the condenser 
swing, the maximum dip occurs for zero 
load resistance (when there is no swing), 
and is only very slightly greater than the 
initial dip calculated using condenser 
direct-axis transient reactance. Also, the 
angular swings are in all cases moderate 
a.nd there is no sign of instability. 

It is of interest to record approximate 
values of transient power limitfor the three 
cases studied. The transient power limit 
Pmiix' is very nearly the reciprocal of the 
transient transfer impedance Z 12 '. If .re¬ 
sistance is neglected the transient trans¬ 
fer reactance xu is 

*12 — - 

Xi 


Values of xu and Pmnx' for the three 
cases are; 


Case 

Xij' 

Pranx’ 

A .. 

.0.74.5. 

.1.34 

B. 

.1.16 . 

.0.86 

C. 

.0.91 .. 

..1.10 


This maximum power limit may be 
compared to the maximum shock load to 
which the condenser may be subjected. 
To calculate this approximately, first the 
transient driving-point reactance xm 


For the three cases: 


Case 

Ps' 

Po' 

Pc^/I^max^ 

A. 

....0.778.... 

....0.835... 

.0.26 

B. 

....0.715.... 

....0.432... 

.0.50 

C. 

....1.275.... 

....0.550... 

.0.60 


We have derived the values of the ratio 
of the actual shock load to the transient 
power limit in a roundabout way. Ac¬ 
tually, it may be shown that under the 
stated assumptions this ratio is simply 
equal to the ratio of the system and buffer 
reactance Xi to twice the load reactance 
Xi, and does not at all depend upon the 
condenser reactance. 



From a somewhat different point of 
view, the maximum condenser swing to 
be expected can be calculated by consider¬ 
ing that the steady-state load angle be¬ 
tween the infinite bus and the condenser 
terminal voltage is given by the relation 

T, 1 . 

P=— sm 5, 

*2 

The maximum steady-state power is 



Fig. 9 diows the maximum swing and 
initial voltage dip for the same case as 
Fig. 5, but with no voltage regulator. 
The minimum voltage was not plotted in 
Fig. 9 because without a voltage regulator 
it continually drops. Fig. 9 is included 
to show that the maximum swing is not 
appreciably affected by the voltage regula¬ 
tor. 

These results indicate that the con¬ 
denser swing is not very severe. It 
should be remembered, however, that the 
shock load may be applied not once but 
many times. If the application of load 
is synchronized with the condenser natu¬ 
ral frequency, or with a subharmonic 
of it, the condenser can probably be 
thrown out of synchronism. This could 
presumably occur almost regardless of 
the values of the system parameters, but 
is unlikely because of the random nature 
of the load and of the considerable sta¬ 
bility margin realized. 

Appendix I. Single-Phase Short 
Circuits 

All of the calculations reported in this 
paper have been based on a 3-phase short 
circuit. Actually, many of the disturbances 
will be single phase. In these cases there 
will be an equivalent 3-phase power dis¬ 
turbance, which in general will not corre- 


viewed from the load is calculated, where 


Xs3'=X3-\- 


xa'x2 

Xd*+Xi 


For case A, acss' is 0.642; for case B, it is 
0.699; and for case C, 0.392. The load 
resistance ra required to produce the 
maximum shock load P/ is then 
and the maximum shock load itself is ap- 
proximatdy (l/2x3s '). The diock load on 
the condenser Pc' is, also very approxi¬ 
mately, 3p2/(«2+«tf') times the total shock 
load. 


Then the steady-state angle is approxi¬ 
mately 

Xi 

5,^ sin «,=» — 


and the maximum swing is approximately 
(in radians) 



Comparison with the figures shows this to 



Fig. 11. Voltage drop for S-phase load 
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spend exactly to the voltage disturbance in 
the phase most affected. It is therefore of 
interest to compare the magnitude of 
voltage change produced by 3-phase aud 
single-phase currents of low power factor. 

In Fig. 10 the furnace is supplied from a 
delta-connected transformer secondary. 
Thus there can be no ground current and 
thus no purely single-phase load in the wye- 
connected furnace. 

On the basis of equal positive- and 
negative-phase-sequence reactances the fol¬ 
lowing simple comparisons can be made by 
means of voltage diagrams. 

Fig. 11, for a 3-phase load current /, 
shows that the reactive voltage drops are 
in phase with the line-to-neutral voltages. 
Each line drop is Ixi and the resultant 
voltage drop is also, from Fig. 11 


1 


(27x1 cos 30") =»/«! 


(30) 


Fig. 12 shows the voltage diagram for a 
line-to-line load of the same line current 
magnitude I. Now the three line-to-line 
voltage drops are 


* 


1.15/xi 


(31) 






Ixi cos 60 ‘ 




■0.29I«, ) (32) 


Fig. 13 shows the voltage diagram for a 
single-phase current load of the same line 
current through one line, which splits in 
two to return through the other two lines. 
Now the three line-to-line voltage drops 
are 


Aci <!=»0 


(33) 


1.6 

A«a6 = Aeco= “75 cos 30* 

v3 


«0.76l3c, (34) 


This comparison indicates that the line- 
to-line case would have a significant voltage 
drop only in one linfr-to-line voltage. Thus 
a reduced frequency of occurrence must be 
taken into account.in evaluating the rela¬ 
tive severity if it is assumed that the 
phases are loaded at random. The single¬ 
phase case is less severe on all counts. In 
regard to the line-to-line case, it is noted 
that, if transient reactance is used, X]>xi, 
and the relative severity of the line-to-line 
case is further r^uced. For example, if 
*j=»0.8 Xt (for the system as a whole), the 
voltage drop in toms of is reduced in the 
ratio [(jfi+3C2)/2 Xi]==0.9, and 

Afiji=0.9(1.ISJaci) =» 1.047«i (35) 



All of these comparisons are based on 
current, as one cannot compare kilovolt¬ 
amperes unless one specifies how they are 
measured. 
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Functional Life Evaluation of Group-2 
Dry-Type Power Transformers 

H. G. ZAMBELL 

MEMBER AIEE 


T his paper presents the development 
of a functional means of evaluating 
insulation systems for ventilated group-2 
dry-type power transformers. The need 
for this work originated in the AIEE 
Transformer Committee approximately 
10 years ago when it was realized that the 
existing AIEE Standard No. P was con¬ 
servative in the temperature limitation 
imposed on dry-type transformers utiliz- 
ihg dass-.B insulation. Since 1947 the 
Working Group on Life of Materials* has 
been active in the development of the 
proper approach to life evaluation of dry- 
type transformers. The over-all assign¬ 
ment of the Working Group includes the 
study of all types of transformers, both 
dry-type and liquid-filled, but the pro¬ 
gram to date has been limited to ven- 
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tilated dry-type power transformers. Re¬ 
ports®*^ have been written on part of the 
work already performed. 

The Working Group study has been 
aimed at establishing a philosophy of in¬ 
sulation system design based on the fimc- 
tion served by each component of the sys¬ 
tem as distinct from the selection of in¬ 
sulating components based primarily on 
chemical composition. The desired end 
result of the work is the setting of stand¬ 
ard temperature classifications for the 
insulation systems of transformers, and 
the development of model structures and 
associated test codes to be used in select¬ 
ing proper system designs.® In this ap¬ 
proach the chemical composition alone of 
the materials composing the insulation 
structure'is not a limiting criterion, In¬ 


stead the cyclic effects of temperature, 
humidity, and mechanical shock are con¬ 
sidered with 60-cycle dielectric test volt¬ 
age being applied between cycles to indi¬ 
cate the end point of the life of the insula¬ 
tion system under investigation. 

For the group-2 dry-type transfonner 
insulation system the life has been estab- 
lished**® at 4 years’ continuous operation 
at a temperature of 150 degrees centigrade 
(C). In order to accelerate the test pro¬ 
gram of simulated service conditions, con¬ 
siderably higher temperatures^ are used 
and the humidity, mechanical shock, and 
dielectric test voltage applications are 
made severe. To prove a system, the 
life at each of tliree different elevated 
temperatures is obtained and the curve 


Paper 55-452, recommended by the AIBB 
formers Committee and approved by the 'AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Summer General Meeting, 
Swampscott, Mass., June 27-JuIy 1, 1966. Manu¬ 
script submitted March 28, 1966; made available 
for printing April 19, 1966. 
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Fig. 1. Examples of 80 C rise ventilated dry-type transformers 


A—^1-lcva single-phase 60-cycle Navy shipboard transformer 
B—12,500-lcva 3-phase unit substation transformer 
C—5-kva single-phase distribution transformer 
D—750-kva 3-phase load center transformer 


through these points is ^ctrapolated. to de¬ 
termine whether the system has at least 
a 4-year life at a continuous operating 
temperature of 150 C. The validity of 
this approach has been established as a 
result of previous work’^ which has shown 
that insulation aging can be considered a 
chemical rate phenomenon. 

Increasing interest in the functional life 
evaluation of dry-type transformers does 
not detract from the fact that the dry- 
type unit is a reliable piece of electric 
equipment as is evidenced by approxi¬ 
mately 20 years of satisfactory field in¬ 
stallation. Although the dry-type trans¬ 
former is not used as widely as liquid-filled 
apparatus, nor applied in general to sup¬ 
ply as large a load, it has proved to be 
equally capable of long usage under 
reasonably severe conditions. The AUis- 
Chalmers Manufacturing Company alone 
has manufactured over 3,500,000 kva of 
dry-type transformers ranging in size 
from midget single-phase 1-kva Navy 
shipboard units, Fig. 1(A), to giant 3- 
phase 12,500-kva power transformers, 
Fig. 1(B). Between these two extremes 
are the more familiar industrial single¬ 
phase dry-type unit, Fig. 1(C), and the 
typical 3-phase load center installation, 
Fig. 1(D), 

In the early years of dry-type trans¬ 
former design and operation, tempera¬ 
ture standards were established on a 
minimum of laboratory data and field 
experience. The continued satisfactory 
operation of the older units attests to the 
wise decisions made by the designers and 
operators in the application of this rela¬ 
tively new piece of electric equipment. 
The early issues of AIEE vStandard No. / 
specified insulating materials for electric 
apparatus on the basis of their chemical 
composition alone, i.e., whether they were 
organic or inorganic. A system of letter 
classifications, 0, A, B, and C, was estab¬ 
lished for this purpose in the June 1940 
issue of Standard No 1? The June 1947 
issue of this Standard* recognized one seg¬ 
ment of the increasing munber of new 
insulating materials by including the ad¬ 
dition of the temperature standard for 
class-iT insulation. However, no changes 
were specified in any of the other insula¬ 
tion classifications. The February 1954 
revision of AIEE Standard No. i® con¬ 
tains an addition to the dass-F type of 
materials and recognizes the importance 
of the functional evaluation of insulation 
systems as is being investigated in both 
^e transformer and rotating machinery’® 
fields. Appendix I contains the relevant 
eccerpts from each of the last three issues 
of Standard No. 1. It is noteworthy that 
no changes have been made in the last 15 
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years in the temperature limitations im¬ 
posed on the various insulation dasses. 

Although some attempt has been made 
in Standard No. t to differentiate be¬ 
tween regions of higher temperature and 
lower temperature in the transformer it¬ 
self, nevertheless the material class desig¬ 
nations have become associated with 
transformers designed for a specific tem¬ 
perature limit. Consequently, there has 
been a pronounced tendency, e.g., to ex¬ 
pect only dass-jB, -H, or -C materials in an 
80 C average rise transformer even though 
a dass-.4 material in a particular location 
might ftmction better from an over-all 
transformer standpoint than any one of 
the other three higher temperature ma¬ 
terials. In this example the transformer 
has been generally termed a dass-F trans¬ 
former. It has been recognized for some 
time that this method of classifying trans¬ 
formers, which restricts the use of ma¬ 
terials to particular chemical composi¬ 
tions, is inadequate because: 


1. It fails to recognize the numerous new 
materials being developed which are not 
readily classified as organic or inorganic. 

2. It fails to recognize that the class-F 
and -H temperature limitations can be 
raised, based on published standards.” 

3. It fails to take into account that ma¬ 
terials of a lower temperature classification 
may be used satisfactorily in various parts 
of the insulation system of a transformer 
where the temperature. is lower than the 
limiting hottest-spot temperature. 

Since it was realized even in the early 
1940’s that dry-type transformer insula¬ 
tion should be selected on the basis of its 
function in the design, consideration was 
given to a revision of AIEE Standard No. 
t to take this into account. However, 
the Transfonner Committee agreed that 
no change would be made until a co¬ 
operative laboratory investigation could 
be undertaken to determine what specific 
temperature limits should be established 
for dry-type transformers. The first 
standard values had been established as 
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I Ilf Working C^roiip on Life of Ma- 
f * laK. as u co-operative group of labora- 
♦ III H tiKKle up of material suppliers, 
tr.iswfnrrner manufacturers, and trans- 
r users, has been studying dry-type 
liiiiit^former insulation structures in an 
vITmH to establish more realistic tem- 
{•ifialurf standards for dry-type trans- 
b*i luers. In this work the main emphasis 
li;i^ placed on a functional evaluation 
f? Uu* materials composing the insula- 
lion structure. This paper is primarily 
r»*Ui*friR*<l with the present state of this 
WMifc being performed by Allis-Chalmere, 
alfiiMUgh some of the earlier findings are 
ul’.n rcpfirteil as a part of the historical 
review. Some of the procedtuesused and 
Ihf uHSfH'ialed laboratory equipment are 
df sf ril K*f 1 ill a certain amount of detail to 
t ssablf those who plan to adopt the func- 
bMtiai metliod to benefit from the Work- 
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>«■ ing Group’s experience. Papers®*^® by 
other members of the Working Group de- 
’ scribe parallel investigations. 

^ It is not the intent of this paper to treat 
the classification^^ and characteristics^®*^® 
® of insulating materials, nor to evaluate 
the chemical nature of thermal aging or 
the rate of insulation deterioratiorf*^^ as 
defined by existing “degree rules.” 
Neither is it intended as a study of the 
physical properties^*" of materials as af¬ 
fected by humidity and mechanical shock. 
Instead, this paper is primarily concerned 
with the results so far obtained in de¬ 
veloping a test code and a functional 
model which can be used to evaluate dry- 
type transformer insulation systems when 
specific conditions are prescribed. The 
references consider some of the subjects 
not covered by this paper. 

The progress reported in the present ac¬ 
tivity of the Working Group falls into two 
main categories: 

1. The development of a satisfactory test 
model and associated test code. 

2. The evaluation of actual systems of 
insulation. 

These two considerations are so closely 
interwoven in the program that they must 
be considered together throughout the 
work. In addition, the program is not 
only an attempt to determine whether 
temperature limitations can be raised for 
the various insulation classes but is also 
an effort to determine what particular in¬ 
sulation systems may be used under each 
standard temperature designation. As a 
part of the latter consideration, any ma¬ 
terials may be used provided they func¬ 
tion in the system in accordance with the 
requirements of standard test code specifi¬ 
cations. This allows broad considera¬ 
tions of all newer materials which are 
difficult to classify by older methods. 

Some of the results obtained by the 
Working Group have been incorporated 
in the latest National Electrical Manu¬ 
facturers Assodation Standards for 
Transfonners,!^ and are shown in Table I. 
This new Standard is a change to the new 
method of dassifying transformers by 
temperature rather than by the materials 
used in the insulation system. TheAIEE 
Transformer Committee has also ap¬ 
proved this new method of dassification. 

Early Activities of Working Group 

It was recognized early in the activities 
of the Working Group that the life 


FiS- 3 (right). Mandrel In¬ 
sulation aging assembly used 
In early investigations 


evaluation of transformer insulation is a 
3-step process, namely: 

1. Material evaluation. 

2. Functional model transformer investi¬ 
gation. 

3. Transformer application. 

This is a natural breakdown. Insulation 
system design requires first a considera¬ 
tion of the components of the insulation 
structure from a material standpoint, 
after which the particular functions of 
the materials are studied as to how they 
are actually shaped and used in the de¬ 
sign. As a part of the latter investiga¬ 
tion consideration is logically given to 
testing the material in a model in the lab¬ 
oratory before final incorporation in a 
production design. Although the Work¬ 
ing Group’s activities are confined to the 
establishment of the functional model 
concept and the assodated test code, 
this does not mean that the material 
evaluation should be eliminated in con¬ 
sidering the design of an insulation sys¬ 
tem. The material evaluation should al¬ 
ways be present and in one sense consti¬ 
tutes a material screening procedure prior 
to functional model testing. 

The original model considered for the 
evaluation of transformer insulation is 
shown in Fig. 2. This flat plate model 
consisted of bare straps of copper sepa¬ 
rated by layers of varnished glass cloth 
and damped under a spedfied spring pres¬ 
sure between two steel plates. Aging 
was obtained by oven heat. Sixty-cyde 
dielectric breakdown tests and insulation 
resistance tests were performed at the end 
of each humidity cycle which occurred 
after each aging cyde. 

Although a reasonable amount of lab¬ 
oratory work was done with the flat plate 
model, this construction was aband on e d in 
May 1950 because low and erratic di¬ 
electric breakdown values were obtained. 
For example, the majority of the failures 
occurred at the ends, edges, or other 
pressure points in the samples. Further¬ 
more, the use of this construction resulted 
prindpally in a material investigation 
rather than in a functional evaluation. 
The primary consideration was the phenol 
formaldehyde varnish used to impregnate 
the glass doth. The only functional as¬ 
pect was with relation to layer insulation, 
but even here the material was not 
shaped as it would be in a coil. Turn, 
major, and sectional insulations were not 
involved. 
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Fig. 4 (left). 
Functional test 
model for In¬ 
sulation aging 
study 


Fig. 5 (right). 
Functional test 
model for in¬ 
sulation aging 
study, top clamp¬ 
ing plate re¬ 
moved 




The second model considered was the 
mandrel type of model shown in Fig, 3. 
Again, this was not a true functional 
model since it was fundamentally adapted 
to an evaluation of layer insulation only. 
However, in view of other data having 
been reported® with this type of con¬ 
struction, it was decided to perform tests 
on class-J3 materials using this model. 
Actually, the Working Group had been 
doing some testing with the mandrel 
model prior to 1950, 

Considerable testing was performed 
with the mandrel type of model using 50 
per cent of the initial 60-cycle dielectric 
strength (dry) as the criterion of failure. 
Quinterra no. 1 sheet insulation impreg¬ 
nated with a phenol formaldehyde type of 
varnish was aged in ovens. Aging was 
performed at temperatures of 180 C, 200 
C, and 250 C, Although somewhat dif¬ 
ferent results were obtained from the 
various participating laboratories, the 
Working Group was able to recommend 
to the Transformer Committee that the 
class-.B limiting hottest-spot temperature 
of 150 C, which was adopted by the AIEE 
Transformer Committee on October 21, 
1948, should be continued. This recom¬ 
mendation was approved by the Trans¬ 
former Committee on November 19,1952, 
and has been adopted by the National 
Electrical Manufacturers Association,^^ 
but has not been incorporated into AIEE 
Standard No. 1. 

Introduction of Functional Approach 

At the time the mandrel aging work 
was concluded in late 1952 considerable 


thought was given to a model which 
would be much more typical of actual 
transformer construction, and to an aging 
and test procedure more in line with the 
conditions imposed upon a transformer in 
the factory and in service. Examples of 
the early thinking® are: 

1. A model employing individual and 
typical high-voltage (HV) and low-voltage 
(LV) windings, with representative major, 
sectional, layer, and turn insulations and 
with satisfactory mechanical clamping 
means. 

2. A cyclic aging procedure in which the 
model would undergo periods of high 
temperature and periods of reduced tem¬ 
perature while at the same time experienc¬ 
ing percentage temperatxue gradients in 
its windings and insulation typical of those 
existing in transformers carrying load. 

3. A series of environmental conditions 
to which the model should be exposed 
between heat-aging cycles. Consideration 
was given to humidification, mechanical 
shock, and test voltage applications, 

4. The application of operating voltage 
during the heat-aging cycle, and a con¬ 
sideration of dirt accumulating on the 
model. The value of power factor tests 
was also treated. 

The continued discussion of the func¬ 
tional approach lead to the conclusion on 
the part of the Working Group that a 
new model and an appropriate test code 
should be developed. A Subgroup of the 
working Group was appointed to perform 
the necessary work, including laboratory 
testing, to develop the model and the 
methods of aging and testing. 

The first consideration of the Subgroup 
was with respect to the design of the 
model. The major factom were whether 


the model should be of the core-type con¬ 
struction or of the shell-type construc¬ 
tion, and what particular voltage class 
should be used. It was quickly agreed 
that several models could be designed to 
represent the range in dry-type trans¬ 
former design and construction. How¬ 
ever, if die functional method were to be 
kept as sunple as possible, at least in the 
beginning, it would be necessary to limit 
the construction to one particular type 
and for one particular voltage class. 
Consequendy, the model shown in Fig. 4 
was chosen. The construction represents 
eidier one leg of a core-type design, or the 
center leg of a shell-type unit. The elec¬ 
trical spacings were considered the mini¬ 
mum allowable values for apparatus of the 
15-kv class. 

The next consideration of the Subgroup 
was the nature of the heat-aging cycle 
and the effects of humidity and mechani¬ 
cal and dielectric stress. It was agreed 
that the model should not be aged in an 
oven or in a heat-controlled room, but in¬ 
stead should be heated by means of cur¬ 
rents flowing in the two windings and so 
chosen as to duplicate transformer wind¬ 
ing hot-test-spot temperatures and gradi¬ 
ents and insulation temperatures. This, 
of course, is the whole criterion of the 
functional approach. The effect of hu¬ 
midity was considered necessary as a part 
of the over-all aging of the model. Con¬ 
sequently, the model was to be subjected 
to 90-per-cent relative humidity between 
heat-aging periods. 

The method of application of mechani¬ 
cal shock or vibration to the model to 
simulate conditions existing during short- 
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orcuit test, shiproetit, or in actual opera¬ 
tion proved to be extremely difficult to 
estabHsb. There was no incunediate in¬ 
formation available on the severity of an 
applied shock or vibration. It was 


thought that either shock or vibration 
should be one of the conditions imposed 
on the model between heat-aging cycles 
since it seemed reasonable to believe that 
either of these would affect the life of the 
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Fig. 6. Design of functional test model 
for insulation aging study 

A 5/8-inch-didmeter clamping rod 
^ V 2 -inch;;diameter centering washer 
C—1/8-inch LV barrier tube 
D—1/4-inch duct 
E ^Two-layer LV 'winding 
F—3/4-inch duct 
G 1/4-inch HV barrier tube 
H—1/8-inch yoke pad 
J—HV coil support 
K 3/8-inch-thick radial coil spacer 
L 3/16-inch-thick aluminum end plate 
M 3/8-inch-diameter clamping rod 
N—HV winding section 
P—HV terminal 
R—LV terminal 

Weight of model —31 pounds 


model. However, it was decided to post¬ 
pone the actual specification of either 
shock or vibration until a complete study 
could be made. This has since been 
done and reported.” 

The actual criterion of model failure 
was established as 60-cyde dielectric 
failure. Individual test voltages were 
selected to test the major, sectional, layer, 
and turn insulations before humidification 
between heat-aging cycles. All voltages 
were based on the major insulation test 
voltage being 75 per cent of the actual 
factory test voltage for the 15-kv class. 
The reduced test values were selected 
originally because at the time of pg c h 
voltage application the model was more 
representative of a transformer having 
been in service for some period of titno as 
contrasted to a new unit undergoing fac¬ 
tory tests. 

The remaining conditions to which the 
model could be subjected between heat¬ 
aging cycles were eliminated in an effort 
to simplify the procedure. This was es- 
peddly true of the consideration of op¬ 
erating voltage at the time of heat aging. 
The control of the amount and kind of 
dirt which might be applied to the model 
also made this consideration impractical. 
Finally, power-factor testing was ruled 
out not only because of the time-consum¬ 
ing nature of all the tests but primarily 
because it was not at all dear what the 
results would mean with respect to the 
end point of the modd. 

The establishment of the original modd 
and test code was followed by a considera¬ 
tion of the number of modds which should 
be tested and the number of cydes which 
should constitute satisfactory perform¬ 
ance or failure at a given aging tempera¬ 
ture. It was agreed that a miniTnuTn of 30 
modds should be used in evaluating an in¬ 
sulation system if nothing at all is known 
about the strength of the system. Ac- 
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Fig. 7. Component parts of functional test model. (Materials indicated were used in the final test program described in the text) 


ttially, in the work done to the present 
time, no such large number of models has 
been tested of any given design. Testing 
of a reasonable number, probably ten at a 
particular temperature, would be per¬ 
formed after a final test code was ap¬ 
proved. The number of cycles to failure 
was established at between five and ten 
for a given aging temperature and heat- 
cyde duration. This range was picked 
specifically to insure obtaining the effect 
of cycling and to make it convenient to 
compare the performances of different 
systems of insulation. 

After the completion of the first func¬ 
tional model design and the first test code, 
a series of tests was initiated in. July 1953 
to check the model design and the test 
code specifications. This work, which is 
described later in this papd in the sec¬ 
tions entitled “Probing Tests” and “Final 
Tests,” led to the design of the latest 
model construction shown in Figs. 4 
through 7, and to the adoption of the 
latest test code.® The changes which 
were indicated as necessary following the 
probing tests have been incorporated in 
fb** latest test code specifications. In 
particular, it was found that in order to 


obtain failures in the model the dielectric 
test voltages had to be increased to the 
values corresponding to the 100-per-cent 
factory test voltage for 16-kv apparatus, 
and the dielectric tests had to be applied 
to the model in the humidified state. The 
following is a summary of the latest test 
code requirements. 

1. Test cycle procedure 

a. Temperature aging. 

b. Dielectric test, dry, at ambient 
temperature. 

c. Mechanical shock. (The me¬ 
chanical shock test is optional in 
the test code at the present time.) 

d. Humidification. 

e. Dielectric test under humid con¬ 
dition. 

2. Sixty-cycle dielectric test procedure 

a. Major insulation from HV wind¬ 
ing to ground and to LV winding, 
31 kv rms for 1 minute. 

b. HV winding section-to-section in¬ 
sulation, 7 kv rms for 1 minute. 

c. HV winding turn insulation, 0.6 
kv rms for 1 minute. 

d. LV winding layer insulation, 1.2 
kv rms for 1 minute. 

A more complete description of the test 
code is found in the section entitled 
“Functional Test Code.” 


Functional Test Model 

The functional test model used in this 
investigation represented the combined 
thinking of the vSubgroup as being typical 
of a 15-kv class of ventilated dry-type 
power transformers. The model is shown 
in Figs. 4 and 5, the design in Fig. 6, and 
the component parts in Fig. 7. The con¬ 
struction and materials shown, as de¬ 
scribed in this section, were used in the 
final test program described later in this 
paper under “Final Tests.” The models 
used in the probing tests contained differ¬ 
ent materials and modified mechanical de¬ 
tails which are described later in “Probing 
Tests.” A description of the model con¬ 
struction follows. 

The “core” consists of a 5/8-inch-di¬ 
ameter aluminum rod running axially 
through tlie center of the model. Around 
this rod is a 1/8-inch-thick Bakelite XX 
LV-to-ground barrier tube separated from 
the core rod by a 7/16-inch radial air duct, 
the spacing being maintained by two 
pressboard washer spacers. Four 1/4- 
inch-diameter glass polyester rods are 
used to space the LV winding from the 
LV-to-ground barrier tube. 
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The LV winding has two layers, 30 
turns per layer, of no. 10 square wire with 
phenolic-base-vamish treated double-glass 
insulation. The insulation between lay¬ 
ers consists of two thicknesses of 0.031- 
inch Quinglas. Each LV layer is packed 
out Z'fi inches on each end with two 
strips of 1/16-inch-thick Quinorgobord no. 
1100. The LV-HV barrier tube is 1/4 
inch thick and conasts of 1/8-inch thick 
kraft paper with 1/32-inch-thick Quin- 
terra type 5-2 and 0.031-inch Quinglas 
on each side. This tube is positioned by 
four 3/8-inch-dianieter 3/8-inch-loug 
brass spacers supported by each end 
plate. . 

The HV winding consists of three sec¬ 
tions, each section being made up of a 
double-disk coil wound of two parallel 
copper conductors insulated from each 
other. The conductor is a flat strip 
0.050-inch by 0.200-inch wire insulated 
with phenolic-base-vamish treated double 
glass. Porcelain spacers 3/8 inch thick 
are used between sections and between 
individual double-disk coils. The HV 
winding is insulated from each end plate 
by four 4-inch long porcelain spool insu¬ 
lators placed in line with, the coil spacers. 
The leads from each coil of the HV wind¬ 
ing and from each layer of the LV winding 
are brought out to a terminal board on 
one side of the model to facilitate per¬ 
forming the electrical tests. 

The complete assembly is clamped by 
four 3/8-inch-diameter steel clamping 
rods between two lOVs-inch square alumi¬ 
num end plates, each of which has placed 


are incorporated in the revision which is 
being released for trial use.* A brief sum¬ 
mary of the more important provisions 
of the latest test code is outlined now. 

The test code covers the recommended 
procedure to be followed in determining 
the operating temperature limits for dry- 
type power and distribution transformers. 
The primary aging factors are tempera¬ 
ture and time. Since the tests are of an 
accelerated nature, the expected life at 
normal operating temperature is extrap¬ 
olated from the life at test temperatures 
which are liigher than normal to reduce 
the time of the test cycling to a practical 
limit. The life of a transformer is re¬ 
duced when operated continuously at the 
maximum hottest-spot temperature limit. 
On the basis of experimental evidence and 
fleld experience this reduced life is taken 
as 4 years.*'® Each test is carried out 
simultaneously on a group of a number of 
identical samples sufficient to give the 
desired statistical accuracy. The life of a 
sample aged at one temperature is equal 
to the duration of temperature exposure 
during one test cycle multiplied by the 
number of cycles to failure, less 1/2 of 1 
cyde. 

The life of a group of samples aged at 
the same temperature is reported statis¬ 
tically ,_giving the average life of the 
group X, the standard deviation o-, and 
the number of samples in the group N. 
The average life ^d the standard devia¬ 
tion are computed using the logarithm 
of life of individual samples. The word 


“failure” is construed to mean any form 
of dielectric flashover or breakdown of 
insulation which may occur on any of the 
spedfied electrical tests. The type of 
failure is reported. 

Actual transformers are used where 
possible, but the use of models is per¬ 
missible for larger transformers. The 
insulating system of the models must 
duplicate that of an actual transformer as 
closely as possible.' All clearances can 
be no greater than in the actual trans¬ 
former, and all materials used must be 
identical with those used in a transformer. 
The model must be so constructed as to 
allow a dielectric test on the various insu¬ 
lation components such as major insula¬ 
tion to ground, turn, section, and layer 
insulation. 

The test procedme is a repeated test 
cyde consisting of the steps outlined in 
the section “Introduction of Functional 
Approach.” All samples are given 60- 
cycle 1-minute hold dielectric proof tests 
at standard test voltages corresponding 
to the kilovolt class of the components of 
the model before any aging or cycling. 
These proof tests are applied at the same 
test point locations as the dielectric tests 
during the regular cycling procedure. 
Samples not passing the proof test are 
disqualified from further study in the 
evaluation of insulation life. 

Exposure to elevated temperature is 
accomplished by circulating current 
through the windings, holding a constant 
hottest-spot test temperature. The aging 


against it a 1/8-inch-thick Quinorgobord 
yoke pad. The clamping rods are insu¬ 
lated with four 3/16-inch-thick kraft 
paper tubes. The assembly is thoroughly 
treated with a phenolic-base varnish. 

A varnished glass-doth washer, 0.010 
inch thick, is placed below the top coil 
in each HV section. These washers act 
as thermal barriers by reducing the ven¬ 
tilation of the coils and therefore allow 
the proper temperature distribution to 
be reached. This construction was found 
necessary when, in some of the earlier 
tests, it was noted that the temperature 
gradients desired could not be reached. 

The design of the model enables the 
following dielectric tests to be performed: 

1. A major insulation test. 

2. Two HV section-to-section tests. 

3. Three HV tum-to-tum tests. 

4. A LV layer-to-layer test. 

Fimctioual Test Code 

A considerable number of changes have 
been made in the test code since it ap¬ 
peared m I'ts first form. These dianges 



Fig. 8. Temperature aging test area 
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temperature and duration of each tem¬ 
perature aging cycle is so selected as to 
require 5 to 10 cycles to reach the aver¬ 
age time to failure for a group of models. 
The temperature aging test area used in 
this investigation is shown in Fig. 8. 
The temperatmre aging equipment and the 
temperature aging procediue are outlined 
in Appendix II. 

The 60-cycle 1-minute hold dielectric 
test values are either equal to the full 100- 
per-cent standard test values where such 
are available, or, when they are not 
available, correspond to the full level of 
insulation requirement. The tests are 
given in "Introduction of Functional 
Approach” in the order in which they are 
performed on the model. 

A dielectric test between the LV wind¬ 
ing and ground is not included in the test 
code, although it was conadered. One 
reason for this is that there are practical 
difficulties in providing adequate clear¬ 
ances from the LV leads to ground on a 
model as small as the one used. In addi¬ 
tion, the function of the LV insulation in 
a transformer is primarily that of a me¬ 
chanical support. When this requirement 
is satisfied, electrical stresses on the LV 
winding insulation are quite low. There*- 
fore, testing the LV winding insulation 
to ground dielectrically appears as an un¬ 


warranted expenditure of time and effort. 

The mechanical shock test is optional 
since it has not yet been conclusively 
determined what direct effect, if any, 
this has on insulation life during aging. 
A shock test in excess of lOOg accelera¬ 
tion has been tentatively recommended, 
using four shocks in succession per cycle. 
When used, this test is preceded and fol¬ 
lowed by mutual inductance measure¬ 
ments between the HV and LV windings 
to detect any possible physical displace¬ 
ment between them as an indication of 
deterioration of the supporting insulating 
material. This test is intended to simu¬ 
late mechanical shocks which may occur 
during shipment and during short circuit. 
The mechanical ^ock test equipment 
used in this investigation is shown in Fig. 
9. It is described in Appendix III. 

Humidity exposure is of 24 hours’ dura¬ 
tion at approximately 90-per-cent rela¬ 
tive humidity. The test temperature is 
maintained at a constant value within 
the range of 24 to 40 C. The measure¬ 
ment of dissipation factor of the insula¬ 
tion before and after humidification is op¬ 
tional since no satisfactory correlation- 
between dissipation factor and dielectric 
failure has been determined as yet. The 
humidity chamber used in the tests per¬ 
formed is shown in Fig. 10. A descrip¬ 
tion of this equipment and the procedure 
followed is given in Appendix IV; 

Dielectric tests in the humid condition 
must be completed within 1/2 hour after 
removal of the samples from the humidity 
chamber.- All dielectric failures are re¬ 
corded along with the time in test cycles 
to produce this failure. Any sample 
whose insulation fails on any of the di¬ 
electric tests is disqualified from further 
dielectric tests for that particular mode 


of failure. However, this sample may 
continue to be used for determining the 
time to failure of a different insulating 
component. 

The test code described in this section 
was used only in the final tests performed 
as described in the section on "Final 
Tests.” The work performed in the 
probing tests followed somewhat different 
procedures as described in the section on 
"Probing Tests.” 

Functional Tests Perfonned 

Since July 1953 a series of functional 
aging tests has been in progress with the 
following objectives: 

1. To determine whether the test model 
specified to represent the insulation system 
of a 15-kv ckss of dry-type transformer 
was practical. 

2. To verify experimentally the test pro¬ 
cedure as outlined in the test code. 

3. To recommend modifications in the 
model and test procedure if such were 
found necessary or desirable. 

The Allis-Chalmers phase of this work 
was divided into two distinct categories, 
namely probing tests and final tests. 

The probing tests represented the ini¬ 
tial work -with the functional model. 
Therefore the testing was somewhat ran¬ 
dom, although specific questions wore in¬ 
vestigated at each step. The work was 
divided into five separate test runs during 
which variations in model geometry, 
aging tanperature, dielectric test voltage, 
mechanical shock,, and degree of humidi¬ 
fication were studied. These tests are 
described later and are summarized in 
Table II. 

Upon completion of the probing tests in 
November 1964 a final test program was 


ZambeU—Life Evaluation of Group-2 Dry-Type Power Tran^ormers 


October 1955 


963 









Table II. Summary of Probinf Test Procedure and Data 


xfSf Total D«lectric Test Voltages gy Medical Insulating Materials 

pera- Time Aged HVto HV “ „ . _ ^ 

NO.* T Cycles Hours IS L^lr SL TASF ?S 


Failures 


I... 

... 1. 

...260. 

... 6. 

.. .576. 

.. .23.5 

..5.23 

...0.9 

..0.2* 

.. none 

..none 

1.. 

1.. . 

ir.. 

... 2. 
...3. 
... 4. 

...260. 

.. .260. 

...260. 

.. . 6. 
.. 6. 

.. 4. 

.. .576. 
.. .576. 
.. .384. 

.. .23.6 
.. .23.6 
.. .31.0 

..5.23 

..5.25 

..7.0 

...0.9 

..0.9. 

..1.2 

..0.2* 

..0.2* 

..0.8 

.. none 

.. none 
.. »30 

..none 

..none 
.. 1 

II.. 

... 5. 

. .260. 

.. 4. 

. .384. 

.. .31.0. 

..7.0 

..1.2. 

..0.8 

.. «3D. 

.. 1 

II.. 

... 6. 

..260. 

.. 4. 

..384. 

.. .31.0. 

..7.0 

..1.2. 

..0.8 

.. *=i30. 

.. 1 

III. 

... 7. 

..230.. 

.. 7. 

..672. 

..31.0. 

..7.0 

..1.2. 

..0.8 . 

.. s»30. 

.. 1 

III. 

... 8. 

..230.. 

.. 7. 

..672. 

..31.0. 

..7.0 . 

..1.2. 

..0.8 . 

.. «S0. 

.. 1 

III. 

.. 9.. 

..230.. 

.. 7.. 

..672. 

..31.0. 

..7.0 . 

..1.2. 

.0.8 . 

.. as30. 

.. 1 

IV.. 

..10., 

. .210.. 

..10.. 

..960.. 

..31.0. 

..7.0 . 

..1.2. 

.0.8 . 

.. «30. 

.. 1 

IV.. 

..11.. 

. .210.. 

..10.. 

..960.. 

..31.0. 

,7.0 . 

.,1.2. 

.0.8 . 

. «a80. 

. 1 

IV.. 

. .12.. 

..210.. 

.10.. 

..960., 

..31.0. 

.7.0 . 

.1.2,. 

.0.8 . 

. «30. 

. 1 

V... 

.13.. 

.240.. 

. 9.. 

.864.. 

..31.0.. 

.7.0 . 

.1.2.. 

.0.8 ., 

. none.. 

.none 

V... 

.14.. 

.240... 

. 9.. 

,864.. 

.31.0.. 

.7.0 .. 

.1.2.. 

.0.8 .. 

. none.. 

.none 

V.... 

.15.. 

,240... 

. 9.. 

.864.. 

.31.0.. 

.7.0 .. 

,1,2.. 

.0.8 .. 

.>100.. 

. 4 

V.... 

.16... 

.240... 

. 9... 

.884... 

.31.0.. 

7.0 .. 

.1.2.. 

0.8 .! 

.>100.. 

. 4 


none 

none 

none 

HV—LV and ground, 

3rd, wet 

HV turn, 4th, wet 

HV-LV and ground,. .HV turn, 4th, wet 
3rd, wet 

HV turn, 4th, diy 

BakeHte...Bakelite,-Bakelite. .HV-LV and ground, 

2V» 3rd, wet 

HV turn, 4th, dry 
HV turn, 2nd, dry 
HV-LV and ground, 

.ith, wet 

HV-LV and ground,.. HV turn, 7th, dry 
5th, dry 

HV turn, 6th, wet_HV turn, 7th, diy 

HV-LV and ground,. .HV turn, 7th, dry 
4th, wet 

LV layer, 5th, wet... .HV turn, 7th, dry 

HV turn, 6th, wet_HV turn, 10. dry 

HV-LV and ground, 

10th, dry 

HV-LV and ground,. .HV turn, 9th, dry 
6th, wett 

HV—LV and ground, 

7th, dry 

HV-LV and ground,.. LV layer, 4th, wet 
1st, wett 

porcelain.. porcelain, 3.. Bakelite.. HV turn, 1st, wet_HV-LV and 

, ground, 8th, dry 

HV turn, 2nd, wet 

HV turn, 1st, wet..HV-LV and 

ground, 6th, wet 
HV turn, 4th, wet,.. .HV turn, 9th, wet 
HV-LV and ground, 

3rd, wet 

HV-LV and ground, 

3rd, wet 

LV layer, 4th, wet 
HV-LV and ground, 

3rd. dry 


. rdmtiv. humlditr WHa 90 p« mat ftt 28.6 C. ’ “''**** ^ teUtlve humidity wm below the requirrf 90 pm mat. For .11 other tests the 


initiated at three aging temperatures in 
order to obtain a curve of life versus tem¬ 
perature for the model insulation system. 
By this time the probing tests had indi¬ 
cated that the functional model was satis¬ 
factory in most respects and that the test 
code could be used with some changes to 
represent the conditions to which a trans¬ 
former could be subjected in the factory 
and the field. The program of final tests 
is also described later, and the procedure 
and results are summarized in Table III. 

Probing Tests 

Table III gives the probing test pro¬ 
cedure and data. The models were 
tested in groups of three or four models 
each in accordance with the specifications 
of the earlier test codes. Five individual 
tests were performed as outlined. 

Test No. I 

The first models tested, models 1, 2, 
and 3, differed in construction fr om the 
latest model in that the distance from the 


windings to the end plate was oidy 2V8 
inches instead of 4 indies, and Bakelite 
instead of porcelain was used for the HV 
coil spacers and the spacers between the 
HV winding and the end plates. The 
major differences between the test proce¬ 
dure used and the latest test code proce¬ 
dure summarized in the section entitled 
“Introduction of Functional Approach" 
were: 

1. The dielectric tests were performed on 
the models in the dry state, with the excep¬ 
tion of the HV turn test which was per¬ 
formed wet at the proof test voltage of 
200 volts. 

2. The remaining didectric tests were 
performed at voltages correspondin g to 
the 76-per-cent factory test voltage for the 
15-kv class of apparatus. 

3. No mechanical shock was applied. 

4. The required 90-per-cent relative hu¬ 
midity was not reached. The humidity 
chamber described in Appendix IV was 
used in all tests except this first test. 

This test was performed at an aging 
temperature of 260 C with 96 hours of 


aging per cyde. After 6 complete cydes 
or 576 total hours of aging, no didectric 
failures were obtained even though in 
two of the models the HV-to-LV barrier 
tube was burned completely in half as is 
shown in Fig. 11. Since these burned- 
through sections had existed from the end 
of the third aging cyde and no failures 
had occurred, it was evident that the 
major insulation test voltage being used 
was insulfident to cause failure even with 
an air sparing alone. 

Based on these results, and similar ones 
obtained by the other members of the 
Subgroup, the test code was made more 
severe as follows: 

1. The test voltages were increased to 
correspond to the full 100-per-cent factory 
test voltage for 16-kv dass apparatus. 

2. The test voltages were specified to be 
applied to the modd not only in the dry 
state immediatdy following temperature 
aging but also in a wet condition imme¬ 
diatdy after humidification. 

3. A mechanical shock of approximatdy 
30g in the dry state was specified. 
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Table Mi. Summary of Final Test Procedure and Data 


Test 

No. 

Model 

No. 

Aging 

Tem¬ 

perature 

C 

Total 

Time Aged 

Dielectric Test Voltages Kv 

Mechanical Shock 

Insulating Materials 

Failures 


HVto 

LVand 

Ground 

End Spacer 
HV Coil and Length 

Spacer in Inches 

HV-LV 

Barrier 

Times 

e 

No. of 
Tests 

Cycles 

Hours Turn Layer Section 

VI... 

...17... 

...220... 

...4... 

..280l 





kraft paper. 

.. HV-LV and ground 












2nd, dry 

VI... 

...18... 

...220... 

...5... 

..350 






Bakelite. 

. HV-LV and ground. 












3rd, dry 












LV layer, 3rd, wet 

VI... 

...19... 

...220... 

...5... 

..350 






Bakelite. 

. LV layer, 4th, wet 

VI... 

...20... 

...220... 

...5... 

. .350 






Bakelite. 

. HV-LV and ground, 












4th, wet 












HV turn, 5th, dry 

VI... 

...21... 

...220... 

...5... 

. .3.50 






Bakelite. 

. HV-LV and ground. 












5th, wet 

VI... 

.. .22... 

...250... 

...4... 

.. 8(1 






Bakelite. 

. HV turn, 1st, wet 












HV-LV and ground. 












4th, wet 

VI... 

...23... 

...250... 

...4... 

.. 86 




' 


Bakelite. 

.HV-LV and ground, 












4th, wet 

VI... 

...24... 

...250... 

...4... 

.. 86 






Bakelite. 

. HV-LV and ground. 












4th, dry 

VI... 

. ..25... 

...250... 

...4... 

.. 86 






Bakelite. 

. HV-LV and ground. 












3rd, dry 












HV turn, 3rd, dry 

VI... 

. ..2fi... 

...280... 

...4... 

..32 


..31.0.. 

...> 100. 

_4_ 

. porcelain. .. porcelain, 4.. 

.Bakelite. 

, HV-LV and ground, 












2nd, wet 

VI... 

...27... 

...280... 

...4... 

.. 32 






Bakelite. 

. HV-LV and ground. 












3rd, wet 












HV turn, 3rd, dry 

VI... 

...28... 

...280... 

...4... 

.. 32 






Bakelite. 

, HV-LV and ground. 












2nd, wet 

VI... 

...29... 

...280... 

...4... 

.. 32 






Bakelite. 

. HV-rLV and ground, 












3rd, wet 

VII.. 

...30... 

...220... 

...8... 

..768 






laminated'^ 


VII.. 

..;3i... 

...220... 

...8... 

..768 






laminated* 


VII.. 

...32... 

...220... 

...8... 

. .768 






laminated*.. 

. HV turn, 8rd, wet 

VII.. 

...33... 

...220... 

...8... 

..768 






laminated*. . 

. LV layer, 8th, wet 

VII.. 

...34... 

...250... 

...8... 

. .192 






laminated*. . 

. HV turn, 2nd, dry 

VII.. 

. ..35... 

...250... 

...8... 

..192 






laminated* 


VII.. 

...36... 

...250... 

...8... 

..192 






laminated*.. 

. LV layer, 8th, wet 

VII.. 

...37... 

...250... 

...8... 

..192 






laminated* 


VII.. 

...38... 

...280... 

...8... 

.. 64 






laminated*.. 

.HV turn, 5th, dry 

VII.. 

...39... 

...280... 

...8... 

.. 64 






laminated*.. 

. HV turn, 2nd, dry 












HV-LV and ground. 












8th, wet 

VII.. 

...40... 

...280... 

...8... 

.. 64 






laminated* 


VII.. 

...41... 

...280... 

...8... 

.. 64 






laminated*.. 

. HV-LV and ground, 












8th, wet 


♦ This barrier was 1/4 inch thick and consisted of 1/8-inch kraft paper with 1/32-inch Quinterra type 6-2 and 0.031-inch Quinglas on each side. 


Test No. II 

Models 4, 5, and 6 employed the same 
construction as models 1, 2, and 3. The 
only difference between the test pro¬ 
cedure used and the latest test code 
procedure was the single application of a 
shock of approximately 30g instead of 
four applications of a shock in excess of 
lOOg. 

This test was performed at an aging 
temperature of 260 C with 96 hours of 
aging per cycle. A major insulation fail¬ 
ure occurred in each of the three models 
after humidification, following the third 
aging cycle, while HV turn failures oc¬ 
curred 1 cycle later. 'The HV-to-LV 
barrier tube was burned through on all 
models at the end of the third aging 
cyde. 

This test showed that failures could be 
achieved as a result of the revisions made 
in the test code. However, either the 
aging temperature or the duration of 
aging was too severe since the 6-to-lO- 
cycle; criterion was not met. Conse¬ 
quently, a test at 230 C was suggested. 
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Test No. Ill 

Models 7, 8, and 9 employed the same 
construction and followed the same test 
procedure as models 4, 6, and 6 except 
that an aging temperature of 230 C was 
used with 96 hours of aging per cyde. 


Major insulation failures were obtained 
in the three models at the end of 4, 5, 
and 5 cycles; HV turn failures occurred 
at the end of 2, 6, and 7 cydes; and one 
LV layer failure was obtained at the end 
of the 5th cycle. 







































This test showed that a reduction from 
260 C to 230 C in aging temperature re¬ 
sulted in an increase in the number of 
cycles to failure from 3 to approximately 
5. Therefore, an aging temperature of 
210 C was suggested. 

Test No. IV 

Models 10, 11, and 12 differed from 
models 7, 8, and 9 only in that porcelain 
was used instead of Bakelite for the HV 
coil spacers and 3-inch-long porcelain was 
used instead of 2V8-inch-long Bakelite for 
the spacers between the HV winding and 
the end plates. The same test procedure 
was followed as was used with models 7, 
8, and 9 except that the aging tempera¬ 
ture was 210 C with 96 hours of aging per 
cyde. 

Major insulation failures occurred in the 
three models at the end of 7, 8, and 10 
cycles; HV turn failures were obtained 
at , the end of 1, 2, 6, 9, and 10 cydes; 
and one LV failure occurred at the end 
of the 4th cyde. 

This test proved condusivdy that the 
trend indicated in the previous test, 
namdy that a decrease in aging tempera¬ 
ture results in longer model life, was true. 
With these results coupled with the re¬ 
sults of the first two tests no additional 
work was done at the time in dipoking the 
aging temperature and the aging time per 
cyde. Instead, an investigation of the 
effect of mechanical shock was suggested. 

Test No. V 

Modds 13, 14,15, and 16 were identical 
in construction to modds 10, 11, and 12. 
Models 13 and 14 received no mechanical 
shock, whereas models 16 and 16 were 
subjected to four shocks per cyde in 
excess of lOOg. The aging temperature 
was 240 C with 96 hours of aging per cyde. 

Modds 13 and 14 experienced major 
insulation failures after 3 and 5 cydes, 
and HV turn failures after 1, 4, and 9 


cydes; modds 16 and 16 each experienced 
a major insulation failure after 3 cydes, 
while a LV layer failure occurred in 
modd 15 after 4 cydes. 

Obviously, no definite condusion could 
be drawn from the results of this test 
even though the major insulation failures 
in the shodred models occurred earlier 
on the average than those in the un¬ 
shocked models. However, it was dedded 
by the Subgroup at the time (November 
1954) that additional testing would be 
necessary with and without mechanical 
shock to determine the effect of shock 
before it was added to the test code. It 
is noteworthy in this test, though, that 
an increase in the aging temperature to 
240 C resulted in all major insulation 
failures in 5 cydes or less. 

Summary op Probing Tests 

The results of the probing tests indi¬ 
cated the following: 

1. Failures in the model could be achieved 
in the 6-to-lO-cyde range if the proper 
aging temperature and aging time per cycle 
were chosen. 

2. The effect of mechanical shock was 
not determined. 

3. The HV turn didectric test was too 
severe. 

4. Insufficient spacing was specified be¬ 
tween the HV winding and the end plates. 

The last point is not apparent from the 
data in this paper. However, flashovers 
between the HV winding and the end 
plates were observed by all members of the 
Subgroup during some of the tests. When 
actual transformer design spadngs were 
checked it was obvious that the model 
spadng was insuffident. Therefore, the 
3-inch dimension was increased to 4 
inches in the test code. 

The numerous HV turn dielectric fail¬ 
ures led to a check of the voltage distri¬ 
bution across the coils of a 


dry-type power transformer dining im¬ 
pulse test. This led to the conclusion 
that the 800-volt turn test was too severe. 
Consequently, a change was made in the 
test code to 500 volts. 

Upon completion of the probing tests, 
the Working Group dedded that suffident 
testing had been performed to establish 
the model and the test code as satisfactory 
for trial use by industry; At that time, 
AUis-Chahners initiated a series of tests 
to determine the life versus temperature 
characteristic of models aged at three 
temperatures in accordance with the latest 
test code. 

Final Testff 

During the probing tests the activities 
of the Subgroup were primarily concerned 
with the establishment of a functional 
model and a corresponding test code 
which could be used with confidence either 
in studying the proper operating tem¬ 
peratures for ventilated dry-type trans¬ 
formers or in investigating insulation 
systems for these units. Now that the 
model and test code had been shown to be 
representative, it remained to be proved 
that satisfactory and unsatisfactory insu¬ 
lation systems could be picked out by the 
tests. 

The final test procedure and data are 
summarized in Table III. The models 
were tested in two groups of 13 and 12 
models in accordance with tlie specifica¬ 
tions of the latest test code as described 
in “Functional Test Code.” Aging tem¬ 
peratures of 220 C, 250 C, and 280 C were 
used during each of the two tests per¬ 
formed. The aging times per cyde for 
these temperatures were 96 hours, 24 
hours, and 8 hours respectively. These 
times were selected in an effort to achieve 
failures in the 6-to-lO-cyde range, and 


Fig. 12 (left). 
View of model 
eged during Anal 
tests at 280 C 
for 10 cycles^ 
80 hours of aging 


Fig. 13 (right). 
Component of 
model aged dur¬ 
ing Anal tests at 
280 C for 10 
cycles, 80 hours 
of aging 
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were based on the experience obtained 
in the probing tests. Figs. 12 and 13 
show the condition of a model and its 
components during the final tests at 280 C 
for 10 cycles. 

Test No. VI 

This test was designed to determine 
whether model 17, which incorporated a 
kraft-paper HV-to-LV barrier tube, 
treated with a casein glue, could be picked 
out by the test procedure as having an 
unsatisfactory insulation system for a 
group-2 dry-type transformer., This 
model was aged at 220 C for 96 hours per 
aging cyde. In addition, models 18 
through 29, having what was considered a 
satisfactory insulation system, were aged 
in three groups of four models each, as 
outlined in Table III. 

Model 17 was quickly selected by the 
test procedure as unsatisfactory. It ex¬ 
perienced a major insulation failure in the 
dry state after only the second aging cyde. 
The kraft-paper tube was badly burned 
throughout its length, and in the vidnity 
of the winding hottest spots it had 
burned completely through. 

Unexpectedly, models 18 through 29 
also failed early in the cycling procedure. 
All except one of the 12 models failed the 
major insulation test after 2, 3, and 4 
cycles, proving that the insulation system 
was unsatisfactory if the results of the 
probing tests could be taken as proof that 
the latest test code was representative. 
It was easily foimd that the insulation 
system itself was faulty. All 12 of the 
Bakelite HV-to-LV barrier tubes exhib¬ 
ited severe bulging at the inner surface 
of each tube with the result that bridging 
between the inside of the tube and the LV 
winding took place. The cause of the 
bulging was attributed to insuffident 
curing of the tubes by the supplier, with 
the result that the volatile matter still 
remaining in the tubes escaped during the 
early aging cydes and in so doing delam¬ 
inated the inner surfaces of the tubes. 

Although this drcumstance ruined what 
set out to be an investigation expected to 
give a positive result, neverthdess the 
negative result again proved emphatically 
that the test code would pick out an un¬ 
satisfactory insulation system. A ded- 
sion was immediatdy made to perform 
another test, only this time to use an im¬ 
proved barrier tube. 

Test No. VII 

Modds 30 through 41 were aged in three 
groups of four modds eadi, as shown in 
Table III. All modds incorporated HV- 
to-I/V barrier tubes constructed as fol¬ 
lows: 


Table IV. Gilculation of Life of Models Aged at 220 C During Final Tests 


Model 

No. 

Dielectric Test 

Failure, 

Cycles 

Total Time Aged 

Statistical Life to Date 


Hours 

Cycles 

Hours 

Log of Hours 

30..., 

-HV-LV and ground_ 

.,..none. 

....768.... 

,...8.... 

...816... 

...2.91169 


31..., 

_HV-LV and ground.... 

..,.none. 

....768.... 

,...8.... 

...816... 

...2.91169 


32..., 

-HV-LV and ground_ 

... .none. 

....768.,.. 

...8.... 

...816... 

...2.91169 


33..., 

,.. .HV-LVand ground_ 

_none. 

....768..., 

,...8.... 

...816... 

...2.91169 


Averaee. 





9. fill69 


Average statistical life in hours (antilog of average log of hours)..., 



...816 

30... 

...HVturn. 

. •.none. 

...768... 

...8... 

...816... 

...2.91169 


30... 

.. .HV turn. 

...none. 

...768... 

...8... 

...816... 

...2.91169 


30... 

...HVturn. 

...none. 

...768... 

...8... 

...816... 

...2.91169 


31... 

...HVtum. 

...none. 

...768... 

...8... 

...816... 

.. .2.91169 


31... 

.. .HVturn. 

...none. 

...768... 

...8... 

...816... 

...2.91169 


31... 

...HVturn. 

.. .none.. 

...768... 

...8... 

...816... 

...2.91169 


32... 

... HV turn. 

.. .3rd, wet... 

...288... 

...3... 

...240... 

...2.38021 


32... 

...HVtum. 

...none. 

...768... 

...8... 

...816... 

...2.91169 


32... 

...HVtum. 

...none. 

...768... 

...8... 

...816... 

...2.91169 


33... 

...HV turn. 

...none. 

...768... 

...8... 

...816... 

...2.91169 


33... 

...HVtum. 

...none. 

...768... 

...8... 

...816... 

...2.91169 


33... 

...HVtum. 

...none. 

...768... 

...8... 

...816... 

.. .2.91169 


Average. 





...2.86740 


Average statistical life in hours (antilog of average log of hours).... 



...737 

30.... 

.. .LV layer. 

...none. 

....768.... 

...8.... 

...816... 

...2.91169 


31.... 

.. .LV layer. 

_none...... 

....768.... 

...8.... 

...816... 

...2.91169 


32.... 

.. .LV layer. 

....none. 

....768.... 

...8.... 

...816... 

...2.91169 


33.... 

.. .LV layer. 

-8th, wet... 

....768.... 

...8.... 

...720... 

...2.86733 


Average. 





...2.89810 


Average statistical life in hours (antilog of average log of hours).... 



..791. 

Logarithmic average of all average data in hours. 




,,.781 


Table V. Calculation of Life of Models Aged at 250 C During Final Tests 


Model 

No. 

Dielectric Test 

Failure, 

Cycles 

Total Time Aged 

Statistical Life to Date 


Hours 

Cycles 

Hours 

Log of Honrs 

84.... 

... HV-LV and ground... 

... *none. 

....192.,.. 

...8..,. 

...204... 

...2.30963 


35,,.. 

... HV-LV and ground... 

-none. 

....192.... 

...8.... 

...204... 

...2.30963 


36.... 

...HV-LV and ground... 

....none. 

....192.... 

...8.... 

...204... 

...2.30963 


37.,.. 

...HV-LV and ground... 

....none. 

....192.... 

...8.... 

...204... 

...2.30963 


Average. 





...2.30963 


Average statistical life in hours (antilog of average log of hours).... 



..204 

34... 

... HV turn. 

...2nd, dry... 

.... 48... 

...2... 

... 36... 

...1.66630 


34,,. 

... HV turn. 

.. ,non£...... 

....192... 

...8... 

...204... 

...2.30963 


34... 

.. .HV turn. 

,..none. 

...,192... 

...8... 

...204... 

...2.30963 


36... 

.. .HV turn. 

...none. 

....192... 

...8... 

...204... 

...2.30963 


36... 

.. .HV turn. 

...none. 

....192... 

...8... 

...204... 

...2.30963 


35... 

... HV turn. 

...none. 

....192... 

...8... 

...204... 

...2.30963 


36... 

.. .HV turn. 

... none. 

,.,.192... 

...8... 

...204... 

...2.80963 


36... 

.. .HV turn. 

.. .none. 

....192... 

...8... 

...204... 

...2.30963 


36... 

.. .HV txim. 

.,.none. 

. ...192... 

...8... 

...204... 

...2.30963 


37... 

.. .HV turn. 

...none. 

....192... 

...8... 

...204... 

...2.80963 


37... 

.. .HV turn. 

...none. 

....192... 

...8... 

...204... 

...2.30963 


St... 

,. .HV turn. 

.. .none...... 

....192... 

...8... 

...204... 

...2.80963 


Average. 





...2.24685 


Average statistical life in hours (antilog of average log of hours).... 



...177 

34.... 

.. .LV layer. 

... .none. 

....192... 

....8... 

...204... 

...2.30963 


36.... 

... LV layer.... 

....none. 

....192..., 

.,..8..., 

...204... 

...2.30963 


36.... 

... LV layer. 

....none. 

....192... 

....8... 

...204... 

...2.30963 


37.... 

.. .LV layer. 

.... 8th, wet.,. 

....192... 

...,8... 

....180... 

...2.26627 



Average....2,29604 

Average statistical life in hours (antilog of average log of hours).108 


Logarithmic average of all average data in hours. ..192 


One layer, 0.031-inch Quinglas. 

Two layers, 0.015-inch Quinterra. 

Six layers, 0.020-inch calendered kraft 
paper. 

Two layers, 0.016-inch Quinterra. 

One layer, 0.031-mch Quinglas. 

Each layer was coated with an alkyd- 
type varnish. The tubes were finally 
treated with a phenolic-base varnish. 
These tubes, then, were made up of a 
combination of dass-A and dass-J5 ma- 
terids. 


Since tins test was not started until 
the middle of January 1955, it was still 
in progress at the time this paper was sub¬ 
mitted. ' However, as of the middle of 
March 1966, 8 cydes at each of the three 
a,ging temperatures were completed. 
Only two major insulation failures were 
obtained in the 12 modds, these occurring 
after 8 cydes in two of the models aged 
at 280 C. HV turn failures occurred at 
only four test locations out of a possible 
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Tabic VI. Calculation of Life of Models Aged at 280 C During Final Tests 


Dielactric Test 


Total Time Aged Statistical Life to Date 
Failure, ——______ 

Cycles Hours Cycles Hours Log of Hours 


.HV-LV and ground.none.64.. 8 68 i ouoki 

.HV-LV and ground.8th. wet.64 .8. m . 

41.HV-LV and ground.Sth. wet.64.8.. . (JO.I 


Average. 


^^Average^statistical life in hours (autilog of average log of hours) 

..5th, dry...... .40. 6...!! [se!!! AMko 

II... • • .64. 8 . 68.1.88261 

fS...:.i6 .; . ““i 

..f.!?.■»?«■ 


Average. 


.HV turn.none. 

.HV turn.none. 


•8.68.1.83261 

•8.68.1.83261 

•8.68.1.83261 


«„Average rtatistical life in hours (antilog of average log of hours).. 

Average. . 

Average statistical life in hours (antilog of avttage iog of hours)'. ^ 


Logarithmic average of all average data la hours. 


a«H 


280 240 200 160 120 

TEMPERATURE IN DEGREES C 

Fig. 14. Life versus temperature data ob¬ 
tained on final tests 


36 (three for each of 12 models). These 
failures were experienced at the end of 2, 
2, 3, and 5 cycles. Two LV layer fail¬ 
ures, each at the end of 8 cycles, occurred 
out of a possible 12. 

Although sufficient failures were not 
obtained to indicate the end of the test, 
the data for each of the aging tempera¬ 
tures, 220 C, 250 C, and 280 C, are 
treated statistically in Tables IV, V, 
and VI respectively. In these calcula¬ 
tions, the life data for the individual in¬ 
sulation components (major, turn, layer) 
are averaged logarithmically. Where 
failures occurred the total number of 
cycles aged, less 1/2 cycle, is used; where 
no failures occurred the total number of 
cycles aged, plus 1/2 cycle, is used. 

Since the life of each insulation com¬ 
ponent at each aging temperature was 
nearly the same, the over-all logarithmic 
average of the life of the models at each 
ttoperature was calculated. Th^ three 
average values are plotted in Fig. 14 with 
a straight line drawn through them to 
give the life versus temperature charac¬ 
teristic of the insulation system tested. 
Although the test was not finished, extrap¬ 
olation of the curve to the* 150 C operat¬ 
ing temperature for group-2 apparatus 
shows that the system already has a life 
equal to the 4-year criterion established 
in the test code, Actually, the charac- 
tetistic could be made to show a life in 
excess pf.4 years at 150 C if the life of the 
HV section insulation were included in 
each of the averages. It would have been 
propw to do this, but since no HV section 


failures had been experienced in any of 
the testing performed, it was decided not 
to include this component in the over-all 
calculation of life. 

StJMMARY OF Final Tests 

The results of the final tests support the 
conclusion reached at the completion of 
the probing tests, namely that the model 
is representative of tranfonner construc¬ 
tion and the test code is representative of 
transformer factory and field conditions. 
No difiiculty was experienced in picking 
out satisfactoiy and unsatisfactory insu¬ 
lation systems. Also, the work proves 
that a satisfactory insulation system for 
group-2 dry-type power transformers can 
be shown statisticdly to have at least a 4- 
year life at a continuous operating tem¬ 
perature of 150 C when the method of 
test follows the specifications of the test 
code* being issued for trial use. 

One point regarding the final tests is 
worthy of mention. After the spacing 
between the HV winding and end plates 
was increased from 3 inches to 4 incihes 
following the probing tests, no flashovers 
were experienced in the final tests. 

Conclusions 

This paper has presented the develop¬ 
ment of a functional means of evaluating 
insulation systems for ventilated group-2 
dry-type power transformers. The evo¬ 
lution of a representative test model and 
test code has been traced. Experimental 
data have been included to substantiate 


the conclusion that the functional method 
of evaluating dry-type transformer insu¬ 
lation systems is sound enough to be sub¬ 
mitted to the transformer industry for 
trial use. 

The other major purpose of this inves¬ 
tigation, namely, to recommend modifica¬ 
tions in the model and test procedure if 
such were found necessary or desirable, 
can be smmnarized as follows: 

Transformer Model 

No changes appear necessary in the 
latest model construction as a result of 
the work described in this paper. How¬ 
ever, a word of caution is in order. 
Reasonable care should be exercised in 
winding and assembling the HV coils to 
insure against damage to the turn insula¬ 
tion which is under more than normal 
mechanical stress because of the small 
(7®A-in(ih) coil diameter. 

Temperature Aging 

A modification in the aging tempera¬ 
tures and the aging time per cy<de is neces¬ 
sary to insure that sufl6.cient failures in 
the insulation components occur between 
6 and 10 cycles. It appears that test no. 
VII will not have an end point within 10 
cycles even though the life criterion of the 
test code has already been met after 8 
cydes. 

Mechanical Shock 

This work presents no condusive evi¬ 
dence thatmechanical shock affects insula¬ 
tion S 3 rstem life, even after representative 
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aging of the system. No changes in the 
mutual inductance measiurements de¬ 
scribed in Appendix III were experienced 
in any of the testing. If a thorough study 
of the effects of mechanical shock does not 
prove conclusively that the system is af¬ 
fected by shock, this test should be elim¬ 
inated from consideration as a possible 
test code specification in order to keep the 
procedure as simple as possible. 

Humidification 

No changes appear necessary in the 
specification of the applied degree of hu¬ 
midification. Experience has indicated 
that humidity is a necessary factor in the 
test procedure. 

Dielectric Tests 

The application of 100-per-cent factory 
test voltages to aged, completely wet in¬ 
sulation systems constitutes a very severe 
test considerably in excess of the condi¬ 
tions experienced normally in the factory 
or the field. That a system withstands 
these cyclic voltage applications and 
meets the established life criterion attests 
to the soundness of its design. 

However, the HV turn failures ex¬ 
perienced, while not statistically out of 
line, suggest that a study be made of the 
actual severity of the 600-volt test. There 
is reason to believe that a 200-volt test 
may be more representative of the maxi¬ 
mum voltage existing across the turns 
during impulse test. 

The lack of HV section dielectric fail¬ 
ures could be expected since coil-to-coil 
and section-to-section clearances are pri¬ 
marily dictated by transformer cooling 
requirements. The order of dielectric 
tests as specified in the test code (major, 
HV section, HV turn, and LV layer) 
might be improved if it were changed to 
turn, section, layer, and major in order 
to avoid the possibility of the major insu¬ 
lation test affecting the results of the other 
three tests. The latter order was used in 
test no. VII, and while no conclusive re¬ 
sults were obtained, the frequency of HV 
turn failures was reduced. 

Number of Samples Tested 

The numba: of models investigated in 
test no. VII did not satisfy the require¬ 
ments of the test code since only four 
moddls were aged at each test tempera¬ 
ture instead of the specified ten. How- 
ever, if a total of 30 models (ten at each 
of three temperatures) were to be aged, 
the program would have to be a co¬ 
operative one with several laboratories 
assisting in the study in order to mini¬ 
mize the individual effort. Even if this 
were done it is debatable wheiher the re¬ 


sults would differ materially from those 
obtained in this investigation. 

In conclusion, the results of this inves¬ 
tigation support the 150 C temperature 
specification of the National Electrical 
Manufacturers Association Standards for 
Transformers^^ and lead to the recom¬ 
mendation that AIEE Standard No. 1. 
recognize this same temperature for group- 
2 dry-type transformers. 

Appendix I. Excerpts from AIEE 
Standard No. 1 

The 1940 issue of Standard No. 1 con¬ 
tained thfe following descriptions of each 
insulation class: 

"Class-0 insulation consists of cotton, 
silk, paper, and similar organic materials 
when neitW imprecated nor immersed 
in a liquid dielectric. 

‘‘Class-.<4 insulation consists of: (1) 
cotton, silk, paper, and similar organic 
materials when either impregnated or 
immersed in a liquid dielectric; (2) molded 
and laminated materials with cellulose 
filler, phenolic resins and other resins of 
similar properties; (3) films and sheets of 
cellulose acetate and other cellulase deriva¬ 
tives of similar properties; and (4) varnishes 
(enamel) as appli^ to conductors. 

“Class-J3 insulation consists of mica, 
asbestos, fiber glass and similar inorganic 
materials in built-up form with organic 
binding substances. A small proportion 
of class-i4 materials may be used for struc¬ 
tural purposes only. 

"Class-C insulation consists entirely of 
mica, porcelain, glass, quartz and similar 
inorganic materials.” 

The limiting hottest-spot temperatures 
were 90 C for class 0; 105 C for class A; 
130 C for class B; and no limit for class C. 

The June 1947 issue included this de¬ 
scription of class-H insulation: "Class-jH' 
insulation consists of (1) mica, asbestos, 
fiber glass and similar inorganic materials 
in built-up form with binding substances 
composed of silicone compounds, or ma¬ 
terials with equivaloit properties; (2) 
silicone compounds in rubbery or resinous 
forms, or materials with equivalent proper¬ 
ties. A minute proportion of class-A ma¬ 
terials may be h^ only where essential for 
structural purposes during mmiufacture.” 
The hottest spot limiting temperature was 
set at 180 C. 

The February 1954 issue included the 
addition of the word “organic” to the 
varnish description under class A, and in¬ 
corporated the following sentences to the 
class-F description: “Fiber glass or as¬ 
bestos magnet wire insulations are included 
in this temperature class. These may 
include supplementary organic materials, 
such as polyvinylacetal or polyamide 
films.” 

In addition, this revision of the Standard 
contained the following paragraph together 
with a discussion of the evaluation of 
insulation systems: “It is recognized that 
new synthetic insulating mataials are 
continually bdng developed. These new 
materials cannot readily be classified on 
the basis of their chemical compositions. 


Their temperature limits should be 
evaluated by accelerated life tests, either 
as materials, or as components of complete 
insulation systems....” 

Appendix II. Temperature Aging 
Equipment 

The temperature aging test area is shown 
in Fig. 8. At the left of the models is a 
portion of the power supplies and meters 
used. Temperatures were controlled by 
means of thermocouple controllers and 
recorders connected to removable thermo¬ 
couples in the models. The controllers 
maintained the specified hottest-spot tem¬ 
peratures within ±2 C. The HV and LV 
windings were supplied by separate power 
supplies which were adjusted to maintain 
equal HV and LV hottest-spot tempera¬ 
tures even though these temperatures were 
controlled by one thermocouple located in 
the HV winding. All conductors in each 
winding were connected in series. 

Aluminum foil, 0.012 inch thick, was 
wrapped snugly around each model to 
maintain the temperature difference be¬ 
tween the hottest spots of the windings 
and the hottest spot of the high-to-low 
barrier tube at less than 30 C as specified 
by the test code. In addition, the holes 
in the end plates, through which the LV 
leads pass, were closed witii asbestos to 
minimize ventilation. 

Appendix III. Mechanical Shock 
Equipment 

The mechanical shock test equipment is 
shown in Fig. 9. This apparatus enabled 
the model to be dropped from a predeter¬ 
mined height onto a platform to obtain the 
acceleration required. The model was 
dropped upside down from the position in 
which it was aged to insure maximum 
stressing of the insulation subjected to the 
highest temperature. A round 3/8-inch- 
diameter rod was attached to the bottom 
center of the model and guid^ it during 
its fall. A cross pin inserted in the rod 
supported it and the attached model at a 
predetermined height .above the platform. 
When the pin was removed the model 
dropped freely. A stiffening adapter was 
mounted on the end plate to prevent de¬ 
formation of the end plate and to distribute 
the mechanical shock throughout the 
model structure. On the bottom of the 
adapter was mounted a brass pellet which 
was attached to the end plate with caulking 
compound. The drop height was adjust^ 
to give a reduction in leng;th of the pdlet 
which would result in a shock in excess 
of lOOg. A new pellet was used for each 
drop. 

In . order to detect any deformation or 
displacement of the coils from eadh other 
as a result of the shod:, mutual inductance 
measurements were made eax:h cyde 
before and after the shock application. 
As shown in Fig. 15, the two layers of the 
LV coil were connected in series and a 
currrat of 5 amperes was circulated. The 
top and bottom HV coils were connected 
m saies opposition with each other and in 
series with a vacuum-tube voltmeter. Any 
dissjmimetry in the windings was balanced 
out by the adjustment of the coarse. Mu 
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Fig. 15. Mutual inductance measuring circuit 
used in checking effect of mechanical shock 

and the fine, JI4j, mutual inductances* 
This permitted operating the voltmeter on 
a low scale. The mutual inductance be¬ 
fore and after shock was then read di¬ 
rectly. The apparatus was calibrated by 
introducing a controlled amount of dis¬ 
placement of one coil with respect to the 
other and measuring the resulting change 
in mutual inductance between them. 
Capacitors were placed across the power 
supply and across the vacuum-tube volt¬ 
meter to reduce disturbances in the measur¬ 
ing circuit. 


Appendix IV. Humidity 
Chamber 

The humidity chamber is shown in Fig. 
10. It was built from 1/4-inch-thick clear 
plastic and measured 3 feet square by 2 
feet high. It was capable of accommodat¬ 
ing four models at one tune. Water vapor 
was blown by fans into the chamber area 
from below the shelf to provide the 
atmosphere. The amount of water vapor 
was controlled by m'eans of a wet bulb 
contact-making thermometer whose tem¬ 
perature difference between make and 
break was less than 0.01 C. A heat source 
consisting of two 600-watt lamps located 
below the shelf warmed the chamber. The 
temperature was controlled by means of a 
dry bulb thermometer. Ea^ of the two 
fans used to recirculate the air between 
the upper and lower chambers had a ca¬ 
pacity of 50 cubic feet per minute. 

The huimdity was ihaintained at 90 
per cent with a dry bulb teniperature of 
29.5 C and a wet bulb temperature .of' 
28.4 C. These temperatures were raised 
to 40.6 C and 39.6 C respectively during 


me mgn amoient temperatures accom- 
pan 3 dng warm weather. 


Appendix V. Temperature 
Distribution in Model 

The temperature distribution in the 
models undergoing aging was determined 
by means of monitoring models equipped 
with thermocouples. One monitoring 
model was used at each aging temperature. 
The thermocouples m this model were 
placed in the windings and on the barrier 
tubes. These thermocouples were located 
as shown in Fig. 16, which is a partial 
section of the model. 

Thermocouples 3, 6, 7, and 8 were brazed 
to the coil conductors. Thermocouples 1, 
2, 4, 5, and 9 were brazed to a piece of 
1/2 by 1/2 by 0.005-inch copper. Thermo¬ 
couples 1, 2, 4, and 6 were cemented to the 
barri^ tube surfaces with an epoxy-tsrpe 
adhesive. Thermocouple 9, which was 
removable, was placed adjacent to thermo¬ 
couple 7 over the same HV turn. It was 
wedged in place with a piece of silicone 
glass insulation. Thermocouples 6 and 8 
were in the same radial position as thermo¬ 
couple 7. 

All thermocouples were located in ac¬ 
cordance with the specifications of the test 
code. It had been established experi¬ 
mentally that the HV hottest-spot tem¬ 
perature occurred in the third coil from the 
top, one-third of the radial coil width from 
the innermost turn. In the LV winding 
and in the barrier tubes, the hot spot was 
found to occur on the level of the centerline 
between the second and third HV coils from 
the top. 

The temperatxure distribution in the 
models aged during the final tests is shown 
in Table VII for the thermocouple locations 
in Fig. 16. 
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220 . 

260...... 
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.,.197... 

...220 
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...227... 

...250 

,..236... 

...264... 

...280 


... .186.--186.216..... .220.209. 

' • ■ *210.210.246.260.236. 

• • *235.236.276.280.266. 


....218 

...249 

....277 
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Proposed Test Code for Functional 
Temperature Endurance Tests of 
Ventilated Dry-Type Power and 
Distribution Transformers 

AIEE COMMIHEE REPORT 


same temperature, shall be reported 
statistically, giving the average life of the 
group X, the standard deviation <r, and 
the number of samples in the group N. 
The average life and the standard devia¬ 
tion shall be computed using logarithm 
of life of individual samples. 

A failure shall be construed to mean 
any form of dielectric breakdown of in¬ 
sulation or a dielectric flashover, which 
may occi.r on any of the specified electrical 
tests. The type of failure shall be re¬ 
ported. 


F or many years temperature limits 
for electric apparatus have been 
founded upon classification of insulating 
materials by broad general definitions 
based upon chemical composition.^ Re¬ 
cently it has become apparent that this 
method no longer meets the needs of the 
industry and that a new approach is 
needed, based upon functional tests.®”® 
The latest revision of AIEE Standard 
No. P recognizes this need by the follow¬ 
ing statement: “The electrical insulation 
of eqiiipment is made up of many different 
components, selected to withstand the 
widely different electrical, mechanical and 
thermal stresses occurring in different 
parts of the structure. To assure satis¬ 
factory service life, therefore, insulation 
specifications need to be supported by 
service experience or life tests, on the 
complete insulation system. Accelerated 
life tests are increasingly important as a 
means of evaluating the many new syn¬ 
thetic insulating materials that are avail¬ 
able, thus shortening tlie period of service 
experience required before they can be 
used with confidence. It is desirable that 
life tests on materials be supplemented by 
tests on complete insulation system, 
representative of the different types of 
equipment. It is contemplated that, in 
the course of time. Institute Test Codes 
will be developed, giving procedures for 
such accelerated Kfe tests, and other 
methods of evaluating insulating materials 
and systems.” 

Accordingly, this test code is intended 
to establish procedures for evaluating the 
insiilatmg systems of ventilated dry-type 
power and distribution transforaiers. It 
is expected that codes covering other 
classes of transformers will be prepared 
from time to time as the lengthy but 
necessary study and trials are completed. 

During the preparation of this code, 
members of the subgroup built and tested 
more than 50 transformer models in ac¬ 
cordance with the recommended pro¬ 
cedures. The results demonstrated that 
the procedures are workable, even though 
there were a few details on which further 


work will be necessary before final deci¬ 
sions can be made. The code therefore is 
offered for trial use in order to obtain 
wider distribution and to encourage dis¬ 
cussion, criticism, and trial by others. 

The object of this test code is to state a 
recommended procedure for determining 
operating temperature limits for - ven¬ 
tilated dry-t3q)e power and distribution 
transformers to give a reasonable life ex¬ 
pectancy under normal operating condi¬ 
tions. The subjects covered by this test 
code are: basic considerations, specifica¬ 
tions for test samples, and the test pro¬ 
cedure. 

Basic Considerations 

Section 1 

The test covered by this test code is in¬ 
tended to give a direct evaluation of the 
composite insulation system of a dry-type 
transformer, tested as an integral unit. 

Section 2 

It is the intent of this test code to have 
each component of the ccanposite struc¬ 
ture operate and perform during the test 
under conditions which are as nearly as 
possible the same as its actual operating 
conditions in the transformer. Thus, it 
is intended that each of the components 
be evaluated in accordance with its actual 
function. 

Section 3 

The primary aging factors shall be 
temperature and time. 

Section 4 

Each test shall be carried out simul¬ 
taneously on a group of a number of iden¬ 
tical samples sufficient to give the desired 
statistical accuracy. 

Section 5 

The life of a sample, aged at one tem¬ 
perature, shall be equal to the duration 
of temperature exposure during one test 
cyde, multiplied by the number of cydes 
to failure, less one-half of one cyde. The 
life of a group of samples, aged at the 


Section 6 

The life of a transformer is reduced 
when operated continuously at the maxi¬ 
mum hot-spot temperature limit. On 
the basis of experimental evidence and 
fidd experience this reduced life will be 
taken as 4 years. ®’'^ 

Section 7 

Tests specified in this test code are of 
an accderated nature. Hence, extrapola¬ 
tion of the life obtained at the test tem¬ 
perature is required to obtain the tem¬ 
perature limit for normal life expectancy. 
This extrapolation may be carried out by 
one of the three alternate methods. The 
accuracy of this extrapolation is increased 
by tnflifing one of the test temperatures 
approach, as dose as practical, the per¬ 
missible operating temperature. 

Method 1 

This method shall be used when the 
least amount of information is available 
regarding the life of the insulating ma¬ 
terials involved, or the life-temperature 
dependence. At least three groups of 
samples diall be tested at three (or more) 
different temperatures, differing, pref¬ 
erably, by not less than 10 per cent of the 
na xiTnii-m test temperature, and the life 
for each group shall be determined. The 
three points, life versus temperature, shall 

Paper 55-435, recommended by the AIEE Trans¬ 
formers Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Summer General Meeting, 
Swampscott, Mass., June 27—July 1, 1955. Manu¬ 
script submitted March 26, 1965; made available 
for printing April 6,1955. 

Personnel of the Working Group on Life of Ma¬ 
terials: J L. Cantwell, Chairman, C. E. Amtzen, 
F. M. Clark, T. W. Dakin, J. F. Dexter, B. B. Ely, 
W. E. Harrison, Jr., M. H. Langford, M. L. Man¬ 
ning, J. S. Parkinson, W. W. Satterlee, W. M. 
Terry, Jr., P. J. Vogel, T. R. Walters, C. P. Xenis, 
H. G. Zambell, and Paul Narbut. 

Acknowledgment and thanks are extended to those 
who have so freely given their time and knowledge 
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be plotted on suit&ble co-ordinate paper, 
and the plotted curve extrapolated to 
detemine the temperature to give 4 years 
of life. 

As a co-ordinate paper for this plot it 
is advantageous to use a special paper 
■with a logarithmic ordinate scale, to 
represent time (life), and a reciprocal of 
absolute temperature to represent tem¬ 
perature. The plot of life versus aging 
temperature on this paper is likely to be 
a straight line, or nearly so. 

Note: This method of extrapolation 
shall be applied only for failures occur- 
xing in the same part of the insulating 
system. Should failures occur in more 
than one part of the system, data for 
each mode of failure shall be treated sep¬ 
arately from others to determine the 
average life at the test temperature. 
Likewise, the temperature limit shall be de¬ 
termined by extrapolation separately for 
each mode of failure, and the lowest value 
obtained shall be used as representing 
the temperature limit for the complete 
transformer. 

Method 2 

This method of extrapolation assumes a 
certain form of life-temperature depend¬ 
ence, which has been experimentally 
proved to exist for many practical insulat¬ 
ing materials. Hence, compared to 
method 1, method 2 is more restricted. 
Where applicable, however, it permits 
simplification of tests, as it requires only 
two test temperatures. Two groups of 
samples shall be tested at two different 
temperatures differing by not less than 
15 per cent of the maximum test tempera¬ 
ture, and the life for each group deter¬ 
mined. 


, In {tM 

ft-b273 -1-273 

where 

6i — temperature limit, degrees centigrade 
(C), to give life expectancy h, as pro¬ 
vided in section 6 

(s^life obtained at test temperature Oi, in 
same units as ti 

/j=life obtained at test temperature dt, in 
same units as ti 
In = logarithm to the base e 

Note: The note given under method 1 
applies also to method 2. 

Method 3 

^is method is applicable when the 
3’giug' rate factor in the life-temperature 
dependence for the materials involved is 
known. In this case only one group of 
samples need be tested, and their life at 
one temperature determined. 

The preferred equation for extrapola¬ 
tion is 


' — I — 

In —(- 

ti 273-l-dj 

where 

h — rate factor in the life-temperature de¬ 
pendence of the required properties 
for the materials involved 

For phenolic-base resins, varnishes, and 
similar materials, a value of constant &= 
11,600 may be used with good approxima¬ 
tion. Table I is based on this value of h, 
and on /i=4 years (1,460 days), and may 
be used as a guide. 

This method is the most restricted of 
the three methods given. Where ap¬ 
plicable, however, it serves to simplify the 
testing procedure since only one test 
temperature is required. 


insulation, and turn insulation, should be 
an essential duplicate of the transformer 
cons^ction. Specifically, the manner of 
bracing and supporting of the high- and 
low-voltage coils used in the transformer 
shall be duplicated in the model. 

2. All of the insulating clearances such as 
air clearances from the wmdings to grounded 
parts and to other windings, thickness of 
insulating spacers, barriers, and layer insu¬ 
lation shall be no greater than in the 
transformer represented by the model. 
Smaller clearances shall be permissible, 
provided they are suflScient to prevent 
failures due solely to inadequate geometry 
in the model. 

3. The materials used for the various com¬ 
ponents of the structure of the model shall 
be identical with those used in the trans¬ 
former. 

4. The electric components shall be so 
arr^ged as to permit a dielectric test on the 
various^ insulation components, such as 
major insulation to ground, turn, section, 
and layer insulation, where such are present. 

Section 12 

The recommended test model for core- 
form dry-type transformers, representing 
a typical 15-kv-class insulation structure, 
is shown in Fig. 1. Although dimensions 
are specified in this figure, it should be 
recognized that these can be modified to 
represent the regular practices of different 
manufacturers. The high-voltage coil 
of this mode] shall be wound of two paral¬ 
lel conductors to permit dielectric test 
of turn insulation. The leads from each 
pair of twin sections are to be brought out 
separately to permit a section-to-section 
dielectric test. The low-voltage coil 
shall be wound of two layers to permit a 
test of layer insulation. 

Test Procedure 

Section 20 

The test procedure shall consist of sub¬ 
jecting the test samples to A repeated test 
cycle, consisting of the following parts in 
the order given: 

1. Temperature aging period. 

2. Dielectric test, dry, at ambient tera- 
peratiure. 

3. Hxunidification. 

4. Dielectric test under humid condition. 

Prior to the exposure to an elevated 
temperature on the first test cycle, di¬ 
electric screening tests shall be made on 
all samples, as indicated in items 2, 3, 

4 of this section. Sampl^ not pass¬ 
ing this screening test ^all not be in¬ 
cluded in the statistical evaluation of life. 

Section 21 

Exposure to the elevated temperature 
shall be done by means of an electric cur- 


The two points, time versus tempera¬ 
ture, shall be plotted on the special co¬ 
ordinate paper described under method 1, 
and a straight-line extrapolation used to 
determine the temperature to give 4 
years’ life. As an alternate method of 
extrapolation, in place of tlie co-ordinate 
paper described, the following equation 
may be used 

Table I. Operating Temperatures When 
Insulation Consists of Phenolic-Base Resins 


Hottest-Spot Operating 
Temperature Limit, C 

Accumulated Days of Aging, 
(Life of the Samples) 

5 10 


Aging 

Temperature, C 


188. 


.110 

202,..., 

....110. 

.120 

216:.... 

...,120. 

.130 

280..... 

...180. 

.140 

246..... 

....140. 

.150 

268..,.. 

-.. ISO. 

.160. 


20 

40 

80 

.120, 

..130. 

.,140 

.130. 

,.140. 

..150 

.140. 

150. 

..160 

.160. 

,.160. 

..170 

.160. 

.170.. 

. .180 

.170.. 

.180., 

.190 


Specifications for Test Samples 
Section 10 

Test samples must conform to the ] 
lowing reqm'rements: 

1. Whenever possible, actual transform 
shall be used. For small transformers t 
may be the simplest, most direct, and le 
expensive form of samples. 

2. For larger transformers the use of t 
models is permissible. 

Section 11 

If test models of dry-t 3 q)e transfonm 
are used for test purposes, these sh; 
be constructed in accordance with the f( 
lowing principles; 

1. The arrangement of the, different coi 
ponents, such as coils, suppo^g insulatii 
members, spacers, electric barriers, lay 
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rent circulated in the windings of the test 
sample. 

The test temperature shall be main¬ 
tained constant at the hottest spot within 
the sample. The hot-spot temperature 
of each of the windings shall be the same. 
At other points within the sample, devia¬ 
tion from this temperature is permissible, 
although such deviation shall be within 
limits of the temperature distribution in 
the actual transformer. For dry-type 
transformers, such as are represented by 
the model shown in Fig. 1, the tempera¬ 
ture difference between the hot-spot wind¬ 
ing temperature and the hot-spot barrier 
temperature shall not exceed 30 C. 

Any suitable method can be used for 
monitoring of the temperature of the 
samples during the temperature exposure 
The following method is recommended: 

1. One of the group of test samples shall he 
equipped with thermocouples, and shall be 
used for temperature monitoring purposes 
only. The number and location of the 
thermocouples shall be such as to give an 
accurate measurement of the hot-spot 
temperature and give an adequate knowl¬ 
edge of the temperature distribution within 
the sample to satisfy the conditions given 
in the second paragraph of this section. 

For the transformer model. Fig. 1, it was 
established experimentally that the hot-spot 
winding temperature occurs in the third 
section from the top, and one-third of the 
radial section width from the innermtwt 
turn. In the low-voltage winding and in 
the barrier tube, the hot-spot occurs on the 
level of the centerline between the second 
and third sections from the top. 

2. For heating purposes, correspondii^ 
electric elements of all samples (e.g., all of 
the high-voltage windings, and also all of 
the low-voltage windings) shall be connected 
in series, to have the same current circulated 
in the like elements. Also, the physical 
arrangement of the samples with respect to 
each other shall be such as to promote 
equality of temperature rise in all samples. 
Equality of the temperature rise in all the 
samples may be monitored by thermometers 
located in each, or in sevei^ samples, the 
relative position of the thermometers being 
the same for all samples. 


Rg. 1. Functional test model of a typical core-form dry-type transformer, IS-kv class 


A. Two-layer low-voltage winding 

B. 1/4-inch duct 

C. 1 Vs-inch-diameter centering washers (2) 

D. 5/8-inch-diaineter clamping stud 

E. 1/8-inch-thick insulating cylinder 

F. Terminal connections, low voltage C4) 

G. 1 /8-inch-thick metal clamping plates (2) 

H. 1 /8-inch-thick insulation (2) 

J. 3/8-inch-diameter clamping studs C4) 
k. 5/8-inch duct 

L. 1 /4-inch-thick insulating cylinder 

M. 1 /2-inch duct 

N. Insulating washers (2) 

P. Terminal connections, high voltage (12) 

R. 3/8-inch-thick radial spacers (20) 

S. High-voltage coil supports, spaced 90 degrees (8) 


The hot-spot test tanperatuie, once 
established, shall be maintained within 
±2 C. Temperature difference between 
individual test samples shall not exceed 
2 C. A periodic record of the tempera¬ 
ture shall be taken to determine the aver¬ 
age temperature during the temperature 
exposure cyde. 

The aging temperature and duration 
of each temperature cycle shall be so se¬ 
lected as to require 6 to 10 cycles to reach 
the average time to failure for a group of 
samples. When several groups of sam¬ 
ples are tested at different temperatures, 
the duration of test cycles for different 
groups shall be so selected as to require 
approximatdy the same number of cydes 
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Table II. Temperature Exposure Schedule 


Duration of 
Temperature 
Exposure per 

Test Temperature for Operating 
Temperature Limits of Apparatus 
Groups 2 and 3 (Reference 8) 

Cycle, Days 

Group 2 (ISO C) Group 3 (220 C) 

2 (48 hours).. 



4. 

.230 


8. 

.216 


16. 


.276 


to average failure. The heating-up time 
of the test samples at the begiiming of the 
temperature cycle shall not exceed 5 
hours. The temperature aging cycle 
shall commence when the required hot¬ 
spot temperature is established. 

suggested temperature exposure 
schedule is given in Table II. The tem¬ 
perature exposure shall be conducted in 
a room at normal ambient temperature 
in a relatively draft-free area, and the 
specimens shall be covered to exclude dirt. 

Section 22 

Dielectric tests on samples in a dry 
condition shall be made after allowing the 
t^t samples to be cooled off to the am¬ 
bient room temperature. The allowable 
cooling time shall not exceed 4 hours. 

The dielectric tests shah be equal to 
the full 100-per-cent standard test values 
where such are available. For the com¬ 
ponents for which no standard test is 
available, the test voltage shall be speci¬ 
fied consistent with the industry’s current 
practice, and shah correspond to the full 
level of insulation requirements. 

Thus, for the 15-lcv-cIass test model 
showh in Fig. 1, tire kilovolt values for the 
dielectric test shall be as follows: 

Major insulation from high-voltage winding 
to ground and to low-voltage winding, 

31 kv rms for 1 minute. 

High-voltage section to section, 7 kv rms 
for 1 minute. 

High-voltage turn insulation, 0,5 kv rms for 
1 minute. 

Low-voltage winding layer insulation, 1.2-kv 
class, 1.2 kv rms per layer insulation for 
1 mmute. 

Section 24 

Exposure to high humidity shaU be 
made under the fohowing conditions: 

1. Duration of humidity exposure shall be 
24 hours. 

2. For the humidity exposure the test 
samples shall be placed in a suitable enclos¬ 
ure m which humidity of approximately 90 
P^ cmt shaU be maintained. To maintain 
tins humidity, the bottom of the test cham- 
b^ may be covered with a flat tray con- 
temmg a saturated solution of ammonium 
dihydrogen phosphate (NH«.H 2 P 04 ), or 
s^um sulfate, with undissolved excess of 
this salt present. The chamber shall be 


provided with a blower or a fan for internal 
air circulation and shall be lined with an 
effective va,por barrier material (e.g., 
aluminiun foil). Test temperature sbali be 
maintained at a constant value, within the 
range of 26 to 40 C. 

Section 25 

Dielectric tests under humid conditions 
shall be made using the same values of 
test voltages as specified in section 22. 
The test voltages shall be applied to the 
test samples while the latter are in a 
humid condition. If expedient, the sam¬ 
ples may be removed from the humidity 
chamber prior to test. In this case the 
tests shall be completed within 1/2 hour 
after removal from the humidity chamber. 
The order of the tests shall be: 

1. Major insulation. 

2. Section to section. 

3, Turn insulation. 

4, Layer insulation. 

Section 26 

The next heating cycle shall be resumed 
within 4 hours after the samples are re¬ 
moved from the humidity chamber. 

Section 27 

A test model whose insulation has failed 
on any one of the tests is disqualified for 
any further tests for this particular mode 
of failure (e.g., major insulation). How¬ 
ever, it may continue to be used for de¬ 
termining the time to failure of a different 
insulating component. 

Section 28 

The ultimate result of the application 
of this test code is the permissible operat¬ 
ing t^perature limit for tranrformers. 
This is to be determined and reported as 
provided for in sections 6 and 7. 

Appendix 

During its work on the development of 
the test code, the subgroup accumulated a 
considerable amount of wtperience. Also, 
it considered certain aspects of test pro¬ 
cedure not included in the code. A sum¬ 
mary of this information which is thought 
to be useful in the application of the code 
and in its further development is given here. 

The use of the following test methods was 
conMdered and rejected, at least until 
further data and experience warrant their 
reconsideration: 

1. Measurement of power factor of 
msulation under dry and humid conditions 
was considered. As a result of extensive 
measurements made on test models it was 
concluded that the present state of knowl¬ 
edge of the behavior of power factor with 
aging is not sufficient for its use as a criterion 
of faflure of an insulating system. How¬ 
ever, it was felt that accumulation of power- 
factor data is desirable as it may lead to the 


establishment of useful relationships. 

2. Serious consideration was given by 
the subgroup to the use of mechanical shocks 
as a part of testing routine. These were 
intended to simulate short-circuit stresses. 
It was decided, however, that additional 
experience with shock tests is required be¬ 
fore inclusion of these into the test code is 
justified. More recent tests tend to indi¬ 
cate that inclusion of the shock into the test 
routine does affect the life of the insulation, 
as determined by dielectric tests. 

As a result of experience to date, certain 
preferred techniques are suggested. 

1. In regard to the number of test sam¬ 
ples, in the absence of any information on 
the accmucy of the test, the procedure given 
in section 7, method 1, should be followed, 
using at least 10 samples aged at each 
temperature, SO samples total. 

2. The method of applying thermo¬ 
couples IS as follows: 

a. For the measurement of the hot-spot 
temperature it is preferable to braze the 
thermocouple junction to the conductor. 
Small size thermocouple wires should be 
used (e.g., 30 gauge). As an alternate 
niethod, the junction may be brazed to a 
piece of sheet copper (e.g., 1/2 by 1 by 
0.006 inch thick), and this should be thor¬ 
oughly imbedded into the winding at the 
hot-spot location during the winding opera¬ 
tion. 

b. For the measurement of the insulat¬ 
ing barrier temperature the use of a thermo- 
wuple appears to be most convenient. 
Care must be taken to bring it in thorough 
th^al contact with the insulating ma¬ 
terial to reduce any possible error caused by 
heat conduction along the thermocouple 
leads. The accuracy of measurement will 
be improved by the use of small size leads 
(not over 30-gauge wire), brazing the hot 
junction to a thin copper plate, and bonding 
tins temperature detector to the barrier 
material, using a suitable bond (e.g.. Epoxy 
resin adhesive). Thus constnicted, the 
temperature detector may be applied either 
to the inner surface of the barrier or it may 
be imbedded in the barrier material during 
manufacture. 

c. As a check on the equality of the tem¬ 
perature of the several samples on test, 

2-of section 21 of the code suggests the 
use of a thermometer or a thermocouple 
located in several samples in an identical 
position. When testing 16-kv models, 
section 12, it was found that considerable 
care must be exercised in locatmg the 
thermocouple to obtain consistent and 
accurate results. An arrangement shown 
in Fig. 2 is suggested as a step in this direc¬ 
tion. Copper strap A which contains the 
thermocouple, its dimensions, shape, and 
ffie ^act location of the thermocouple 
junction must be carefully duplicated for 
all the thermocouples used in any one test. 

The same applies to the shape and size of 
the glass-fiber tape packing B which wedges 
the assembly between the sections of the 
model. 

3. The second paragraph of section 21 
provides for certain requirements in the 
temperature distribution within the sample. 

It was fotmd in the tests on the 15-kv mod¬ 
els that this requirement is not satisfied if 
the models are heated by electric current. 


974 


Proposed Test Code for FunctioruLl Endurance Tests 


October 1955 













Fig. 2. Suggested arrangement for thermo¬ 
couple 


A. Thin, flexible copper strap 

B. Glass-fiber tape packing 

C. Thermocouple lead 

D. Thermocouple junction 

E. High-voltage barrier cylinder 

in ambient air. Specifically, under these 
conditions the required barrier temperature 
is not attained. 

It was found that enclosing the models 
individually in light aluminum foil enclo¬ 
sures remedies this situation. These alumi¬ 
num enclosures serve a further purpose of 
thermally isolating the several modds from 
each other, thus preventing the models at 
the ends of a row running cooler than those 
in the middle of a row. The preferred 
form of such an enclosure is a bell cover, 
made on a rectangular block form, open at 
the bottom but dosed at the top, and ex¬ 
tending down far enough to cover the flange 
of the bottom end plate. It should be of 
identical size and shape for all samples 


Discussion 

A. M. Lockie (Westinghouse Electric 
Corporation, Sharon, Pa.): In evaluating 
any proposed functional test code, it seems 
essential that the basic philosophy of the 
functional test be kept in mind. The 
word “functional” implies that the results 
of the tests should be significantly related 
to the performance of the tested apparatus 
in actual service. Thus, it appears that 
functional testing, if it is to live up to Its 
name, should have two objectives: 

1. The evaluation of a new structure, to 
determine its rating or to compare its life 
expectany with that of service-proved 
structures. 

2. The procurement of data which will 
permit determining the effect, on the life 
(expectancy of the tested structure, of any 
anticipated loading; in other words, de¬ 
velopment of the basis of a guide for load¬ 
ing the apparatus. 

These objectives are not incompatible, 
in that one series of tests, if properly de- 
designed, will attain both. Indeed, the 
basic concept of functional testing requires 
i;hat this should be the case. 

The importance of the first objective is 
quite generally recognized. There is* how- 
over, evidence that in some cases the second 


Table III. Operating Temperatures When 
Insulation Consisb of Silicone-Type Resins 


Hottest-Spot Operating 
Temperature Limit, C 


Aging 

Temperature, C 


Accumulated Days of Aging 
(Life of Samples) 


10 20 40 80 


278.210_220 

293.210.... 220.... 230 

309.210 _220_230 

325..220. ...230 


under test. It should cover the samples in a 
reasonably identical manner. 

4. For the control of temperature of the 
samples during the heating cycle the use of 
an accurate electronic temperature con¬ 
troller is preferred. A reasonably accurate 
control may be obtained by the use of a 
sensitive thermostat (e.g., a Fenwall thermo¬ 
stat), heated by a coil connected in series 
with the test samples. It is to be under¬ 
stood that such control will not be necessary 
if an accurately controlled voltage is avail¬ 
able as the source of the heating power and 
if the room temperature is maintained con¬ 
stant. 

5. It was found during the tests than an 
accurate control of humidity during the 
humidity exposure is essential. It was 
furthermore found that to control the 
humidity using wet and dry bulb thermom¬ 
eters is quite difficult because, for the 
humidity specified in the code, the tempera¬ 
ture difference between the dry and wet 
bulbs is only about 1 C. For this reason, 
humidity control using a suitable salt solu¬ 
tion in a vapor-tight enclosure is recom¬ 
mended. 


-- —4 - 

may have been obscured by intensive 
concentration on the first. The require¬ 
ments of a test code which will attain both 
objectives are noted as follows: 

1. An aging procedure which incor¬ 
porates, to the maximum practical extent, 
all of the stresses which will be encountered 
in service. 

2. An end-point test closely related to 
the point at which the apparatus should be 
retired from service. 

3. Results which will permit a realistic 
estimate of the effect on the life expectancy 
of any anticipated loading. 

It is encouraging to note that the pro¬ 
posed code for dry-type power and distri¬ 
bution transformers meets these require¬ 
ments quite well in its present form. There 
are some points which may require further 
examination, if the second objective is to 
be fully attained.’ For example, some 
form of mechanical shock to simulate the 
effect of fault currents would seem desir¬ 
able. There is also evidence that some of 
the end-point test voltages were selected to 
ensure the obtaining of failures in a reason¬ 
able time, rather than to indicate unfitness 
for further service. TTie Appendix to the 
code, however, indicates that the working 
group is aware of these points and intends to 
study them further. 

It appears that the working group has 
done an admirable job in developing a code 


Section 7 of the test code gives three 
methods of determining the permissible 
operating temperature of the transformers, 
based on the test data. It is suggested that 
Table I be used when the insulation con¬ 
sists of phenolic-base resins. It was deemed 
desirable to formulate a similar table for 
silicone-type resins. Table III is based on a 
conservative value of & in equation 7(B), 
as indicated by the available aging data for 
silicones. 
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which should lead to the attainment of 
both objectives of functional testing. It 
may well serve as a guide in the develop¬ 
ment of codes for other t 3 rpes of apparatus. 


Graham Lee Moses (Westinghouse Elec¬ 
tric Corporation. East Pittsburgh, Pa.): 
The Committee is to be congratulated on 
an excellent begixming in the creation of a 
test code for functionally evaluating dry- 
type transformers. The approach is real¬ 
istic and rational. The thinking of th^ 
group parallels work now in progress in 
the Insulation Subcommittee and working 
groups of the Rotating Machinery Com¬ 
mittee. The following comments are of¬ 
fered on the basis of our experience con¬ 
cerning points of differences as well as 
similarities. 

An important stand has been taken on 
transformer insulation life as determined 
by these accelerated tests. Section 6 
states: "It is to be realized that the life of 
a transformer is reduced when operated 
continuously at the maximum hot-spot 
temperature limit. On the basis of ex¬ 
perimental evidence and held experience, 
tbitj reduced life will be taken as 4 years.” 
It appears from the subsequent text that 
t bis is a median or mean value. Perhaps it 
would be well to make this clear. Some 
specification of variability or confidence 
limits of the data would be appropriate. 
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The proposed test code offers three 
methods of interpreting and extrapolating 
data. Method 1 conforms quite closely to 
the method used by many investigators 
working with the life of insulation systems 
or electric machinery and approaches a 
preferred standard. 

The description and limitations placed 
on test models in section 11 is handled well 
and makes clear that the models must have 
all of the essential insulation characteristics 
including space, clearances, and creepage 
distances, as well as insulation system and 
components. 

The exposure of the windings to elevated 
temperatoes by self-heating with electric 
current is, of course, desirable but has been 
foimd diflBcult to control in electric ma¬ 
chinery models. We have found it dilficalt 
to reproduce the proper and consistent 
relations between hot-spot temperature 
and temperature of the various other 
components of the insulation system. The 
test code specifies very close control of the 
hot-spot test temperature within ±2 C 
which appears to be a most difficult task! 
Certainly it is one which we are not ready 
to undertake on electric machinery models 
heated by current. 

One of the most difficult and controver- 
s^l problems has been the establishment 
of the end point of life criteria, especially 
where associated with dielectric over- 
\^ltage tests. It is interesting to note that 
the recommendations in the transformer 
test code are to use the full dielectric test 
value for a new winding on the major 
insulation. Thinking on rotating ma- 
chmery overvoltage tests has been quite 
different, as some of the voltages now being 
used are only 20 per cent over the operating 
voltage. 

Another difference between the proposed 
transformer test code and the rotating 
i^chmery test code now under considera¬ 
tion involves humidification. The trans- 
fotmer test code specifies 24 hours’ hum¬ 
idification at 90 per cent relative humidity , 
whereas humidification on rotating machine j 
insulation system is done at 100 per cent « 

relative humidity with free moisture con- i 

densing on the insulation surfaces. f 

In the Appendix it is stated that in¬ 
sulation power factor has been considered s 
as a OTterion of failure of insulation, but ii 
IS n<rt bemg used because the knowledge of t 
Its behainor is not adequate. Our ex- a 
perience in aging insulation systems for A 
rotatmg machinery has confirmed this and n 

leads to the conclusion that the power factor fi 

between ins^tion systems is not significant al 
specially with respect to dielectric strength fa 
Chaises m power factor of a single system di 
may be of mterest, if they can be interpreted te 
m tei^ of physical changes; but the in 
absolute power factor of insulation is of no cr 
great significance, 

o*>serve the great w 
strides that are bemg made in many di- hu 
viaons of the AIEE in working towards of 

functional evaluation. im 

Certainly the contributions of the AIEE 


X. ^Manning (Pennsylvania Trans- 
QT^er Company, Canonsburg, Pa.); Ex- 

Stw dfi——V ® functional 

testmg deahng with group 3 (220 C hottest 


tree spot permissible temperature) silicone- 
mg insulated <^y-type transformers^ indicates 
to that additional background information 
ors ^pout high-temperature materials and ad- 
•tus ditioHal tests on models are desired, 
i a Usage of high-temperature materials is 
becoming more complicated each day 
:ed because of the influx of bonding resins 
^ell haying different curing temperatures In 
ive striving to establish the validity of re- 
ics quirements that must be met by a test code 
•ge It IS important to remember that one must 
nd reijiam practical m evaluating an insulation 
system. If application conditions dictate 
ed that 220 C continuous-temperature in- 
:ic sulatmg materials in a transformer are 
in required, similar materials should be eval- 
a- uated m a test model at aging temperatures 
lit prescribed .by the test code. Of importance 
It in high-temperature materials, heat-cleaned 
re glass fiber base material and high-tem- 
ir perature -withstanding silicone resins and 
le rubbers give better performance. Unless 
le od and sumg are removed from glass 
pers, inefficient bond strength of the resin 
c. to the fibers exists and delamination will 
y occur at high temperatures. This is highly 
Is importmit in an aging program in estab¬ 
lishing failure points of a model. 

' ^Within the last decade, new groups of 
t sihcone imterials have emerged from the 
7 laboratoriM. As with most bonding and 

- mipre^tmg resins, different formulations 

- have been developed. Some resins have 

imermei^tetemperature-withstandingprop- 

erties. Sihcone impregnating resins hav- 
temperatures of approximately 
I5U C have been developed. Class B 
(phenohc resin-bonded glass fiber materials, 
for example) systems have been impreg^ 
mted in this low-cure silicone resin varnish, 
ouch insulation systems have different 
properties from those composed of heat- 
cleaned glass fiber high-temperature silicone 
re^-bonded materials. Hence, aging or 
failure pomts and toxicity differ. 

Only the premium materials have been ' 
considered in all papers presented by the 
author. Aging tests on such an in¬ 
flation system as described in these papers 
help to establish background information 
for group 3 transformers. 

i?°i temperature exposure 

schf ule for group 3 transformers appearing 
m the eighf paragraph of section 21 of the 
test code, it is helpful to outline how the ! 
aging temperatures proposed originated. 
Agmg tests on basic high-quality silicone ^ 
rubber-bonded heat-cleaned glass- 
fiber and asbestos materials indicate that i 
after severe humidity and thermal cycling, t 
failure may be expected near 326 C. These 
data may f found in the literature and by a 
test experience. Also, substantiating data r 
m models indicated that with reduced „ 

seepage distances over those used in 
ransformers, flashover, not puncture,, oc- 

barriel- insulation after 1 
humidification at 350 C aging temperature ® 
of wmfip (325 C temperature of barrier ? 
msulation).! 

, present, additional models having 
m^eased creepage distance to ground are p, 
bemg aged at 360 C to reach failure points w] 
by puncture. A subsequent paper vnll r>e 
outlme results. 

^ Functional testing is gaining momentum an 
in acceptanf. But agam we must em- in 
phasuse the importance of co-operation by co- 
users and manufacturers of transformers. art 


This must be done for success in obtaining 
answers to questions about aging of in¬ 
sulating materials which have been of 
concern to engineers for years. The 
members of the subgroup have kept this in 
mind in preparing the test code. 
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J. L. Cantwell: The discussions are 
appreciated, and their suggestions will be 
given full consideration by the working 
group before publication of the code in 
final form. 

It should be clearly understood that the 
-writer, in discussing the comments, is not 
speaking for the working group but is 
expressing his own opinions. 

Mr. Lockie is to be complimented on his 
clear statement of the two objectives 
which any functional test code should have. 
It is true that the second objective may in 
some cases be obscured by intensive con- 
centration on the first. Nevertheless, it is 
believed that data obtained by the pro- 
cedures of this code could be used for the 
attainment of both objectives. 

Moses calls attention to the points 
o ^ diffwehce and similarity in comparison 
mth the codes being prepared by the 
Rotatmg Machinery Committee. 

The code includes three alternate methods 
or cxtraoolatiofi. T'Iia _ 
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of extrapolation. The intent is to permit a 
.progressive simplification of the tests as 
more and more data are accumulated on a 
p^ticular class of systems. It is hoped 
that the requirements of the code may 
eventuaffy_be reduced to method 3 alone- 
i.e., a system may be considered to have met 
the requirements if it withstands a specified 
number of cycles at one specified elevated 
temperature, based on the desired operating 
tempwature. This, however, will require 
more ^owledge than we have now. 

It is true that the proper control of 
temperatures is perhaps the most difficult 
part of the recommended procedures 
However, self-heating by electric current 
was considered the only suitable method for 
reproducing the substantial temperature 
mfferentials which are characteristic of 
these systems in service. Heating to a 
uniform temperature in an oven would be 
much simpler but could not be considered 
a functional test of such ssrstems. On the 
other hand, o-ven heating is entirely ade¬ 
quate for the “motorette” tests of AIEE 
Standard No. as the rotating-machine 
systems which they represent have rela- 
^vely minor temperature differentials 
Further experience is needed to determine 
whether the proposed tolerances on tem¬ 
perature are realistic. 

Differences in dielectric overvoltage tests 
Md in humidity exposure are to be expected 
in codes for different types of apparatus, 
considermg the fact that the test conditions, 
are supposed to represent as nearly as 
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possible the actual operating conditions, 
but on an accelerated basis. Under usual 
operating conditions, transformers are ex¬ 
pected to withstand considerably more 
severe overvoltages than are rotating ma¬ 
chines. On the other hand, rotating ma¬ 
chines, small motors in particular, may often 
be installed and operated in damp locations 
which would be entirely unsiutable for 
ventilated transformers. These differences 
are, and should be, recognized in the two 
codes. 

The 4-year life is intended to be a mean 
value. I agree that this should be made 
clear and that the inclusion of a specification 
on confidence limits would be desirable. 


It expected that this will be done before 
final publication. 

Mr. Manning’s paper, reference 1 of his 
discussion was omitted from one list of 
references in the code only because the list 
w^ limited to those considered necessary 
to document certain statements at the start 
of the paper and in section 6. The list is in 
no sense a complete bibliography of the 
subject. 

The background information given by Mr. 
Manning on the behavior of various high- 
temperature insulations is interesting. I 
agree that additional information and 
further tests on models are desirable and 
am pleased to learn that Mr. Manning is 


continuing his efforts along those lines. 

This code is the product of a considerable 
expenditure of time and effort by members 
of the working group and their associates. 
It is to be hoped therefore that others will 
study it, criticize it, and above all, use it, 
and also that data obtained by others will 
be made available to the working group so 
that the code may be revised where neces¬ 
sary to increase its usefulness to the in¬ 
dustry. 

Rbpbrencb 

1. Tbst Code for thb Evaluation of Systems 
OF Insulating Materials for Random-Wound 
Electric Machinery. AIEB Standard No. 1C, 
J&B. 1964. 
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Synopsis: The objectives of this paper 
are twofold: first, to show the need for 
functional life-test procedures for dis¬ 
tribution transformers, which will permit 
determination of the relative life expectancy 
of different designs on a given load cycle 
and of one design on various load cycles; 
and second, to propose test and analytical 
procedures which appear to fulfill this need. 

Xrife Expectancy and Functional 
Testing 

S INCE transformers constitute a major 
portion of the capital equipment of 
most utilities, it is desirable that they be 
utilized to the maximum extent consistent 
with adequate service life.^ While the 
cost of losses and restrictions on voltage 
regulation will sometimes limit loading of 
transformers, there are many instances 
where this is not the case. Furthermore, 
in investigating the economics of both 
design and application of transformers it 
is necessary to determine the extent to 
which loading could be increased if these 
limitations were removed. 

Probably the best-known and most 
widely used information concerning the 
relationship of life expectancy and loading 
is that contained in the “Guide for Load¬ 
ing This document has been valuable 
in stimulating more economic utilization 
of transformers, but is limited in useful¬ 
ness in several ways: 

1. The underl^dng aging data are bas^ 
on fhe effect of temperature on the tensile 
strength of cellulose in oil. Consequently 
they have limited significance for structures 
containing other materials. Ftnthermore, 


there is now some evidence that tensile 
strength is not an adequate measure of 
insulation quality in all applications. 

2. It is assumed that a given amount of 
temperature exposure has the same effect 
on the life expectancy of all transformers. 
This makes no allowance for the skill of the 
manufacturer in using materials or in 
designing for minimum stresses in the 
insulation. 

3. The arbitrarily selected end point of 
life [approximately 80 per cent (%) of the 
initial tensile strength] has no correlation 
with the ability of the transformer to con¬ 
tinue in service. 

Thus the present Guide for Loading 
does not provide means for evaluating the 
relative life expectancy of various insula¬ 
tion structures, nor is it easy to interpret 
in terms of the probable actual life in serv¬ 
ice of a given structure. Furthermore, 
both field experience and laboratory tests 
on complete transforiners suggest that 
the indicated life expectancies are unduly 
conservative, at least in respect to dis¬ 
tribution transformers.® These condi¬ 
tions indicate the need for an improved 
method of evaluating life expectancy, 
before attempting to develop such a 
niethod, however, it will be helpful to 
review the factors which determine life. 

Factors Affecting Life Expectancy 

Not all of the factors affecting life ex¬ 
pectancy are known, nor are all of the 
mechanisms of failure clearly understood. 
In general, however, the following will be 
significant: 

1. Materials used. Of predominant im¬ 


portance are the initial thermal, electrical, 
and mechanical properties of the various 
materials. It should be noted, however, 
that the relative importance of these 
properties depends on the function per¬ 
formed by the particular material.* Fur¬ 
thermore, various materials lose their 
initial properties, at different rates, and the 
same material may lose various properties 
at different rates, during the aging process.® 

2. Design stresses. These may be 
thermal, electrical, or mechanical in nature. 
Their rdative importance will be determined 
not only by the nature and amount of 
material used but also by the skill of the 
designer in keeping stresses to a minimum 
commensurate with economical use of the 
materials. 

3. Duty. This includes not only the 
normal load cycle on the apparatus but also 
such environmental factors as ambient 
temperature and exposure to abnormal 
currents and voltages. 

4. Permissible deterioration. Deteriora¬ 
tion to complete destruction of the appara¬ 
tus will seldom be acceptable. The degree 
which can be tolerated will be determined 
largely by safety and service-continuity 
requirements and by the probability of 
incidence of abnormal operating conditions. 

It seems probable that tlje best means 
of evaluating all of these factors is by the 
process which has come to be known as 
functional testing. Essentially, func¬ 
tional testing involves operating complete 
structures or models, under accelerated 
aging conditions which are more or less 
representative of actual service, until fail¬ 
ure occurs on an end-point test which is 
presumed to indicate unfitness for further 
service. This form of testing does per¬ 
mit comparison of the life ecpectancy of 
various structures and inay also permit a 
forecast of the service life expectancy of a 
given structure. ^ ■ _ 

Paper 55-520, recommended by the AIEE Trans¬ 
formers Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Suinmer General Meeting, 
Svampscott, Mass., June 27—July 1, 1955. Manu¬ 
script submitted March 29, 1955; made available 
for printing May 11, 1966. 

A. M. Lockib is with the Westinghouse Electric 
Corporation, Sharon, Pa. 
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Requirements of a Functional.Life- 

Expectancy Test 

The ideal test would consist of expos¬ 
ing a large number of fuU-scale samples of 
the design in question to the expected serv¬ 
ice in the field until failure occurs. This 
procedure would be prohibitively expen¬ 
sive, and so time-consuming that the re¬ 
sults would be of little practical use when 
the tests were finally complete. Conse¬ 
quently, practical considerations dictate 
a certain sacrifice in accuracy by the use 
of a relatively small number of samples 
^d a duty cycle sufficiently severe to 
insure deterioration to a selected level in 
a reasonably short length of time. In 
order to be significant, however, the test 
should evaluate the materials involved as 
they are used in the design in question. 
The duty cyde, although intensified to ac¬ 
celerate deterioration, should otherwise 
reproduce conditions likely to be en¬ 
countered in nonnal service, and bear 
some definite relation to name-plate rat¬ 
ing. The selected end point of deteriora¬ 
tion should indicate the probabiKty that 
tie design could continue in normal serv¬ 
ice but would fail under moderate ab¬ 
normal conditions. Finally, the pro¬ 
cedure should be such that, by varying a 
readily measurable parameter, data may 
be obtained which will make it possible to 
interpret the results obtained by test, in 
terms of load cycles which may be en¬ 
countered in the field. 

The following proposals appear to meet 
^ese requirements reasonably well. It 
is expected that there will be differences of 
opinion regarding details, and the pro¬ 
posals are not made with the intent of for¬ 
mulating a test code. Rather, they are 
presented as a point of departure for dis¬ 
cussion, out of which an acceptable code 
may evolve. 


unnecessary to perform the remaining 
tests. 

1.2 Transformers equipped with in¬ 
tegral protective devices shall be tested 
with these devices as normally installed 
and calibrated, which may limit the mag¬ 
nitude or duration of the test currents or 
voltages. 

2. Aging Cycxe 

2.0 For accelerated aging, the daily 
loading shall be (at 30 degrees centigrade 
ambient) : 

a. 300% of name-plate kilovolt-amperes 
for 1 hour, followed by 

b. 150% of name-plate kilovolt-amperes 
for 6 hours, followed by 

C. no load for 17 hours. 

During the entire cyde, the test units 
shall be exdted at approximately rat ed 
voltage. 

2.1 The loading spedfied in 2.0 ghall 
be repeated for 4 consecutive da 3 rs. On 
the following day, the loading shall be 
300% for 1 hour, followed by 150% for 3 
houm, followed by the end-point test of 
section 1. This 5-day loading shall con¬ 
stitute 1 aging cyde. 

2.2 If the ambient temperature diff ers 
from 30 degrees centigrade by more than 
±2 degrees centigrade, the loading sped¬ 
fied in 2.0 and 2.1 shdll be increased or 
decreased as spedfied in paragraph 32.015 
of reference 2. 

2.3 In transformers with integral 
overload protection, the protective device 
shall be recalibrated or inactivated, if 
necessary, to permit loading as specified 
in 2.0 and 2 . 1 . 

2.4 The aging cyde shall be repeated 
until failure occurs on the end-point test 
of section 1. 


structure. After the accumulation of 
suffident experience with such testing, the 
minimum number of aging cydes which 
must be endured to insure satisfactory life 
expectancy can be determined. 

4. Nature and Number op Test 
Specimens 

4.1 Since it is the purpose of thopo 
tests to evaluate the probable endurance 
of the tested structures in the field, the 
samples shall be complete structures, and 
shall be subjected to normal manufactur¬ 
ing processes in so far as is practical. 

4.2 Because the tests involve com¬ 
plete apparatus, and a major portion of 
each specimen will be destroyed in the 
course of the tests, the number of speci¬ 
mens should be the minimum required to 
give significant results. Specifically, no 
less than four samples of a given structtue 
shall be tested, and the endurance daimed 
for the tested structure shall be that of 
the unit which first fails to withstand the 
end-point tests. 

5. Type Testing 

5.1 When two structures are so 
nearly alike that the difference may 
reasonably be expected to have no signifi¬ 
cant effect on tiidr rdative life expect¬ 
ancy, no useful purpose would be served 
by testing both. Consequently, the tests 
specified in this paper shall be considered 
as "type” tests, in that one set of tests 
shall suffice for a number of designs which 
are, in so far as life expectancy is con¬ 
cerned, duplicates. Specifically, for a 
given^ construction, i.e., coil grouping, 
electric connection, insulation system (in- 
duding freatment, if any) and method of 
coil bradng, it shall not be necessary to 
test any structure if tests have been 


Basic Life-Expectancy Test 

1. End-Point Test 

1.0 A transformer shall be condd 
to have reached the nominal end poii 
its service life when it fails to withs 
the following tests: 

a. Short drcuit at 16 times rated cui 
for 2 seconds. 

b. Impulse test per Table 11.030 
referoice 6. 

c. Dielectric and induced potential 1 
per reference 6, modified to have volt 
reduced to 66% of those specified, as rec 
mended in paragraph 22.140 of refereni 
for periodic field tests. 

1*1 These tests shall be rngde fn 
sequence Ksted in 1.0. Failure to w: 
stand any of these tests shall rendei 


3. Normal Life Expectancy 

3.1 To obtain the maximum benefit 
from su<± tests, it would be desirable to 
set a minimum number of aging cydes 
which a given structure must endure be¬ 
fore faiKng to withstand the end-point 
test of 1.0 in order to be dassified as hav¬ 
ing "normal” Hfe expectancy. Because 
of the meager information presently re¬ 
lating accderated life tests of apparatus 
with actual service life, it is not practical 
to set such a limit at this titnA Never- 
thdess, tests made in accordance with 
tins procedure, on structures which have 
given satisfactory service in the fidd, will 
provide a bench mark for the evaluation 
of new structures. It will then be reason¬ 
able to predict that a new structure whida 
endures an equal or greater number of 
Eging cydes will have at lesist an equal 
life expectancy as the service-proven 


made on a umt of the same construction 
with equal ot greater thermal, electrical, 
and mechanical stresses. 

6.2 A manufacturer of a number of dif¬ 
ferent ratings of the same construction, 
as d,efeed in 5.1, may dect to determine 
a minimum life expectancy for the differ¬ 
ent ratings by building and testing sa-mplA 
transformers of this construction, in which 
the thermal, dectrical, and mechanical 
stresses equal or exceed those in any of 
the different ratings. 

Comments 

This procedure was established to com¬ 
ply, as far as seems practical, with the re¬ 
quirements set forth in the preceding sec¬ 
tion. It is recognized that other load 
cydes than that spedfied may prove to be 
satisfactory. In particular, it may be 
that it is impractical to specify the same 
initial load for distribution transformers 
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of all sizes. These, however, are typical 
of the details which must be agreed upon 
by the appropriate standardizing bodies 
in the event that these principles become 
the basis of a standard procedure. 

The selection of a degree of deteriora¬ 
tion as the end point of useful life is, of 
necessity, somewhat arbitrary. It is 
recognized that a level which would be 
realistic for one application would not 
necessarily be so for another. It might 
be argued that the end point of life on a 
given load cycle should be the point at 
which the tested structure is no longer 
capable of sustaining that cycle. This 
might be logical for an application in 
which the transformer is never subjected 
to short-circuit stresses or to overvoltage 
from lightning or switching. Ordinarily, 
however, a transfonner will be exposed to 
such abnormal conditions on occasion. 
Hence, it seems reasonable to incorporate 
some abnormal currents and voltages in 
the life-expectancy test and to consider 
failure to withstand them as the end point 
of useful hfe. Limitation of such ab¬ 
normal currents and voltages by integral 
protective devices seems logical in that 
those devices presumably will be present 
and effective in the field. 

It should be noted that there is no 
mention of winding temperatures in the 
procedure. Probably the present form of 
temperature rating must be retained un¬ 
til such time as suitable “normal” life 
expectancies, as mentioned in 3.1, are 
established. Subsequently, however, 
manufacturers should be free to select the 
most economical combination of tem¬ 
peratures and materials to insure the 
specified life expectancy, has been sug¬ 
gested by other writers.® 

Aging-Rate Curves 

Tests made on a given structure in ac¬ 
cordance with the procedure just de¬ 
scribed give a measure of its life expect¬ 
ancy on the particular load cycle used in 
those tests. Comparison of the results 
of such tests on two different structures 
will also give some indication as to which 
of the two will have greater life expect¬ 
ancy on other load cycles. They will 
not, however, provide data for computing 
the life expectancy of the tested structure 
on other load cycles. This problem wovild 
be greatly simplified if there were some 
definite relationship between load and 
rate of aging. Unfortunately, such a 
relationship does not exist except for 
steady-state loads. Hence, in comparing 
the aging produced by different load 
cycles, it is necessary to consider the cor¬ 
responding temperature cycles. 



Fig. 1. Aging rates based on reduction in 
tensile strength of manila paper in oil 


This is most conveniently done by 
means of “aging-rate” curves. An exam¬ 
ple of a sample calculation of an aging- 
rate curve is given in Appendix I.. Aging- 
rate curves show, as a function of tem¬ 
perature, the speed with which the insu¬ 
lation reaches the selected end point of its 
life, relative to this speed at some refer¬ 
ence temperature. For example. Fig. 1 
shows that the tensile strength of manila 
paper in oil reaches any selected degree 
of deterioration 200 times as fast at 140 
degrees centigrade as it does at 95 degrees 
centigrade, the reference temperature for 
that curve.® 

Thus, as a preliminary to determining 
the life expectancy of a given insulation 
structure on a particular load cyde, an 
aging-rate curve must be established for 
the structure. Before setting forth a 
procedure for doing this, however, it is in 
order to review the relationship of load, 
temperature, and life. 

Relationship of Temperature and 

Life 

In modem transformers, the most signi¬ 
ficant deterioration resulting from use is 
the progressive impairment of the me¬ 
chanical and electrical properties of the in¬ 
sulation structure. As indicated earlier, 
the factors which affect this impairment 
are numerous, and vary in different strac- 
tures. For a given structme, however, 
certain premises may be stated on which 
the subsequent procedures axe based: 

1. Deterioration of the electrical and 
mechanical properties of insulation is the 
result of irreversible chemical reactions.® 

2. The velocity of these reactions, here 
termed the aging rate, is a function of 
temperature. 

3. In consequence of 1 and 2, the total 


deterioration, here referred to as aging, 
is a function of temperature and time of 
exposure. 

4. Failure occurs when some property of 
some particular part of the structure, here 
called the weakest spot, deteriorates to a 
level such that it can no longer support 
the applied electrical of mechanical stresses. 

Relationship of Temperature and 

Load 

It is customary to base aging calcula¬ 
tions on the temperature of the hottest 
spot. Actually, however, the tempera¬ 
ture which directly affects life expectancy 
is that of the weakest spot, as defined in 
the foregoing. If the insulation structure 
were composed entirely of the same ma¬ 
terial and, further, if the stresses at all 
points were identical, then failure most 
probably would occur at the hottest spot 
in the windings. Since neither of these 
conditions is likely to occur in practice, 
it is quite possible, that failure may occur 
at some other point, whose temperature 
will be diflScult, if not impossible, to meas¬ 
ure or to calculate. In such cases, it will 
be impractical to establish a direct rela¬ 
tionship between the actual temperature 
at the weakest spot and tlie load which 
produces it, and it will be necessary to re¬ 
sort to an indirect relationship. 

The average copper temperature cor¬ 
responding to any load and ambient tem¬ 
perature may be measured or calculated 
much more readily than may the hottest- 
spot temperature, and for that reason 
would be preferable to use as a measure 
of aging rates if its use did not result in 
significant error. Whether or not such 
will be the case in evaluating a given de¬ 
sign will depend on whether the tempera¬ 
ture at the weakest spot is closer to hottest 
spot or to average temperature, and also 
on the magnitude and rapidity of the load 
changes during the loading cycle. Prob¬ 
ably, for the present, hottest-spot tem¬ 
peratures should be used, but the possi¬ 
bility of using average copper tempera¬ 
tures in the future should be given 
serious consideration where experiment 
shows that the weakest spot is remote 
from the hottest spot. 

Determination of Aging Rates 

The following steps outline a procedure 
for obtaining the relative aging rates of 
an insulation structure as a function of the 
equivalent steady-state temperature pro¬ 
ducing the aging. It is applicable re¬ 
gardless of whether hottest-spot or aver¬ 
age temperatures are used, with appro¬ 
priate differences in wording. In order 
to accelerate the aging to a practical ex¬ 
tent, high copper temperatures are re¬ 
quired. For liquid-immersed apparatus, 
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HOTEST SPOT TEMPERATURES IN DEGREES C 


however, it is not practical to maintain 
such temperatures continuously, because 
the resulting liquid temperatures would 
become dangerously high. Consequently, 
it is necessary to resort to cyclic loading, 
as was done in the basic life-expectancy 
test. 


For each point on the curve, test one or 
more samples of the structure to failure, 
following the procedure outlined in the 
basic life-expectancy test except using an 
appropriate value of load for the initial 
hour of the daily load cyde. One of the 
selected values of initial load should be 
that prescribed in the basic life-expect¬ 
ancy test. (It is suggested that a total 
of at least eight samples be used, and that 
of these two be tested at 250% initial 
load, two at 275%, two at 300%, and two 
at 325%.) The copper temperature 
should be measured or computed through¬ 
out at least 1 daily cycle for each different 
initial load. 

Step II 

Select a preliminary aging-rate curve 
which may be expected to be a rough ap¬ 
proximation of the curve to be determined. 
This might be a curve which was pre¬ 
viously estabhshed for a similar structure, 
or one obtained by testing the effect of 
aging on one of the major components of 
the insulating system (as, e.g., the curve 
shown in Fig. 1). If none of these ap¬ 
pears to be appropriate, a preliminary 
cture may be obtained by computing the 
redprocal of the ratio of the measured life 
expectancy, on each load cycle used in 
these tests, to the life expectancy found 
on the basic life-expectancy test cycle. 


These reciprocal ratios are the relative 
aging rates for the various cycles, and 
may, for the preliminary curve, be plotted 
against the corresponding peak tempera¬ 
tures measured during the cyde, pref¬ 
erably on co-ordinate paper of the tvpe 
used in Fig. 1. 

Step III 

For each of the daily load cydes in 
which the winding temperature was meas¬ 
ured, plot a curve of the corresponding 
prdiminary aging rates, as selected in 
step II, as a function of time. 

Step IV 

Obtain the total equivalent aging time 
to failure at each peak temperature from 
the equation 

, AN 
- 


A =area under the curve of aging rates for 
the load cycle producing a particular 
pe^ temperature 

i\r=number of such cycles to failure 

aging rate corresponding to the peak 
temperature 

origin of this equation was given 
in an earlier paper. •> Note that the prod¬ 
uct AN is the total aging to failure. 
When the final aging-rate curve has been 
established, this product should be the 
same for each load cyde used in the tests. 
This criterion is useful in showing the de¬ 
gree of accuracy of the curve-plotting and 
calculations. 


for each different load cyde, to the total 
equivalent time to failure on the basic 
life-test cycle. This will give a new ap¬ 
proximation of the effective aging rate 
for the cyde, and may be plotted against 
the corresponding values of peak tempera¬ 
ture to obtain a new approximation of 
the aging-rate curve for the structure, 
^^ether it is an accurate approximation 
will depend largely on the rdiability of 
the underlying test data and the accuracy 
of the curve-plotting and reading used in 
the computations. It would be desirable 
to repeat steps III, IV, and V, using, in¬ 
stead of the preliminary aging rates, 
those obtained in step V. This will fur- 
nidi data for still another aging-rate 
curve. The closeness with which this 
curve reproduces the preceding approxi¬ 
mation will indicate whether further ap¬ 
proximations are desirable. 

Conversion to Another Reference 
Temperature 

Steps I through V result in a curve such 
that the aging rate is unity at the peak 
temperature on the basic life-expectancy 
cyde. This temperature has no particu- 
1^ significance, and there may be occa¬ 
sions when it is desirable to have an 
8-ging-rate curve based on some other 
reference temperature. This may be ob¬ 
tained by dividing the rates, on the exist¬ 
ing curve, by the rate, on the existing 
curve, corresponding to the new reference 
temperature, as shown in Appendix II. 
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SSilimnnui il 




TIME IN HOURS 


FIs- Hottest-spot temperstures in typical 
transfoirmer on asins-rate tests. Ambient 
temperature 20 degrees centigrade 


Step V 

Compute the reciprocal of the ratio of 
the total equivalent aging time to failure, 
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Fig. 3. Preliminary aging rates corresponding 
to temperatures shown in Fig. 2 
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Comments 

The recconmended cydic loading will 
more severe than steady-state opera¬ 
tion, since it introduces strains due tc 
expansion and contraction, but is, in that 
respect, more representative of operation 
in ^e fidd. The peak temperatures 
existing for short times during the cyclic 
loading may affect the time to failure by 
introducing failure mechanisms which 
would not occur at lower temperatures. 
Any inaccuracy introduced thereby should 
be conservative, however, and is a hazard 
common to all accelerated-aging tests. 

The suggested method of successive ap¬ 
proximation may seem laborious, but no 
alternative technique is apparent. It is 
probable that, in view of the other un¬ 
certainties inherdit in all aging tests and 
calculations, only one approximation of 
tile curve is justifiable. It may be desira¬ 
ble to compute one or two points on the 
second approximation curve, to indicate 
the amount of change which would result 
by further approximation. 

The minimum number of samples sped-^ 

fied may lead to statistically inaccurate 
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Table I. Sample Determination of Aging-Rate Curve 


Initial Load, % of Rating 

3S0 

325 

300 

275 

250 

Peak hottest-spot temperature (Fig. 2*), degrees centigrade. 

246.. 

. 218.. 

.. 194.. 

. 172.. 

161 

Aging cycles to failure (assumed). 

. 2.. 

. 16.. 

.. 80.. 

. 500.. 

. 2,000 

Load cycles to failure “iV. 

10.. 

. 80.. 

.. 400.. 

. 2600.. 

.10,000 

Preliminary aging rates. 

. 40.. 

. 6.. 

1.. 

. 0.16.. 

. 0.04 

Area under preliminary aging-rate curve (Fig. 3*) = A . 

.7.56.. 

.1.31.. 

..0.254.. 

.0.066.. 

.0.0264 

Total aging to failure = A W = equivalent time at 194 degrees. 

.76.6.. 

. 101. 

.. 111.. 

. 162.. 

. 260 

Preliminary rate at peak temperature =» ap. 

. 34.. 

. 6.6.. 

1.. 

.0.175.. 

. 0.032 

Equivalent time at peak temperature=/«= AAl/op. 

.2.22.. 

.18.0. 

.. 111.. 

. 926.. 

. 8,100 

First approximation of aging rate at peak temperature (<« 






on 300% cycle, divided by U on given cycle). 

. 50.. 

. 0.1.. 

1.. 

. 0.12.. 

. 0.014 

New A, from curves of approximation rates, like those of 






Fig. 3. 

.8.92.. 

.1.07.. 

..0.201., 

.0.032.. 

.0.0078 

New AN . 

. 89.. 

. 87.. 

.. 80.. 

78.. 

76 

New Op (from first approximation curve on Fig. 4). 

. 60.. 

. 6.2.. 

.. 0.95.. 

.0.125.. 

. 0.016 

New tf . 

.1.78.. 

.14.1. 

.. 84.. 

. 626.. 

. 4,760 

Second approximation of aging rate. 

.47.2.. 

.5.95. 

1.. 

.0.134.. 

. 0.018 


* In Figs. 2 and 3, curves for 275 and 325% load are omitted for clarity. 


results and render extrapolation of the 
curve beyond the range of the test data 
unreliable. Whether or not additional 
samples are desirable may be judged by 
the spread of points at the same tempera¬ 
ture and the smoothness of the final airve. 

Solution of Loading Problems 

Having determined the basic life-expect¬ 
ancy and the aging-rate curve for a given 
structure, solution of the various loading 
problems becomes quite easy. A few 
examples will serve to indicate the general 
procedures: 

Case I 

To determine the life expectancy on 
any given load cycle: 

1. Plot a curve of the copper temperatures 
developed by the given load cycle as a 
function of time. These temperatures 
may be calculated from the thermal charac¬ 
teristics of the structure in question.^® 
They are preferably obtained by measure¬ 
ments made under load, after repeating 
the load cycle a suflBcient number of times 
so that the temperature variation on 
successive cycles is duplicated, 

2. Plot the aging rates at these tempera¬ 
tures as a function of time. 

3. Determine the area under this aging- 
rate-time curve and divide by the time 
of the load cycle to obtain the equivalent 
(average) aging rate for the cycle. 

4. In similar fashion, determine the 
equivalent aging rate of the basic life- 
expectancy cycle. 

6. Multiply the life expectancy of the 
structure, on the load cycle used in the 
basic life-^pectancy test, by the ratio of 
the equivalent aging rate obtained in 
item 4 to that obtained in item 3. The 
result will be the life expectancy of this 
structure on the new load cycle. 

Case II 

To determine the steady load which 
will produce the same aging as a given 
cycle in the same elapsed time: 

1. Determine the equivalent aging rate 
for the given cyde, as in case I. 
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2. From the aging-rate curve, obtain the 
equivalent steady temperature. 

3. Find the steady load which will produce 
this temperature. 

Case III 

To determine the duration of a specific 
steady load equivalent to a given load 
cycle: 

1. Same as for case II. 

2. From the aging-rate curve, obtain the 
aging rate at the temperature corresponding 
to continuous operation at the specified 
load. 

3. Multiply the duration of the cyclic 
loading by the ratio of the aging rate at 
the cyclic load to the aging rate at the 
continuous load. 

Case IV 

To determine the cumulative aging ef¬ 
fect of a number of different load cycles: 

1. Select a reference continuous loading 
(preferably one resulting in a temperature 
within the range shown in the aging-rate 
curve). 

2. Following the procedure of case III, 
determine the duration of the reference 
loading equivalent to each of the given 
load cycles. 

3. Add the resulting durations to obtain 
the cumulative effect. 

Summary 

Heavier loading of distribution trans¬ 
formers offers substantial operating econ¬ 
omies, but it seems unwise to increase 
loading substantially without a realistic 
appraisal of its probable effect on life 
expectancy. Similarly, the development 
of new insulating systems offers substan¬ 
tial potential economies, but the extent 
of these economies cannot be learned until 
the relative life expectancy of the new 
systems, as incorporated in the complete 
apparatus, is determined. 

These and similar problems appear to 
require a-standard method of rating the 
apparatus in terms of life expectancy, 


and also a means of interpreting this rat¬ 
ing in terms of anticipated load cycles in 
the field. Standardized procedures along 
the line of those suggested here seem to 
offer practical means of attaining both 
objectives. 

Appendix I. Sample 
Calculations of Aginff-Rate Curve 

The following numerical example may 
help to clarify the proposed proc^ure for 
obtaining an aging-rate curve. It is as¬ 
sumed that the transformer tested has the 
thermal characteristics used in the illus¬ 
trative examples of Appendixes I and II of 
reference 2. Since the time constant for 
the hottest-spot rise over top-oil tempera¬ 
ture is not given there, it is assumed here 
to have an average value of 7^/2 minutes 
for the load range involved. It is further 
assumed that tests have been made as 
described in the main text, at 350%, 
325%, 300%, 275%, and 250% of rating, 
developing the hottest-spot temperatures 
shown in Fig. 2, and resulting in failure on 
the proposed end-point test after 2, 16, 
80, 500, and 2,000 aging cycles respectively. 

The calculations and results are sum¬ 
marized in Table I. The “preliminary 
aging rates’’ were obtained by the last 
method mentioned in the text, namely, by 
dividing. the number of cycles to failure, 
with 300% initial load, by the number of 
cycles to failure at each initial load, and 
plotting the resulting ratios as a function 
of the corresponding peak temperatures. 
For example, the rate at 350% initial load 
is 400/10 =40, as is plotted at 246 degrees 
centigrade, in Fig. 4. 

As might be expected, the points dp not 
fall on a straight line. The exact shape 
of the curve drawn through them is not 
extremely important, however, as the 
subsequent operations will rectify errors 
in drawing it. The first approximation 
aging rates fall on a fairly straight line, as 
shown in Fig. 4. The second approxima:- 
tions do not differ greatly from the first. 



TEMPERATURE IN DEGREES CENTIGRADE 
(RECIPROCAL ABSOLUTE TEMPERATURE SCALE) 


PRELIMINARY — 

FIRST APPROXIMATION 

SECOND APPRC»<IMAT 10 N 000 

Fig. 4. Calculated aging rates 
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Fig. 5. Conversion of aging rates fram one 
reference temperature to another 


but indicate a change in the slope of the 
hne which would be significant in extrapola- 
faon. While the latter points are shown on 
^ shown, to avoid 
co^usion. The small change shows that, 
although the total aging on the various 
cycl^ is not quite the same, further ap¬ 
proximation could not be justified in this 
case. 

Tbe assumed number of load cycles to 
failure were not selected at random. They 
were obtained by assuming that the aging- 
rate curve of Fig. 1 is applicable, computing 
the r^tive aging per load cycle corre¬ 
sponding to the temperature cycles of Fig 2 
and selecting the number of cycles to 
failure in inverse proportion to the corn- 
put^ aging per cycle. Thus, an indication 
of the accmacy of the various computations 
m the example will be how well the "second 


approximation" compares with the curve 
of Fig. 1. 

^ Fxtrapolation of the second approxima¬ 
tion line indicates an aging rate of about 
0.00003 at 95 degrees. Hence, to convert 
the computed aging rates to the same 
reference temperature as those of Fig, 1, 
they should be divided by 0.00003, If 
this is done, a close agreement is obtained. 


Appendix II. Conversion of 
Aging Rate Curve from One 
Reference Temperature to Another 


The vahdity of the procedure described 
m the text is readily demonstrated by 
reference to Fig. 5, where 


■4oi.-aging rate at any copper temperature 
T, relative to aging rate at original 
reference temperature Ti 
•^jvr^aging rate at copper temperature 
T, relative to aging rate at new 
reference temperature Ti 
•^ 02 =value of Aqt at temperature Ti 
Lt, Lti, I-j> 2 =life expectancy at T, Ti, and 
Ti respectively 

By definition 



Hence 


■ ^NT _ I^T I^Ti ' 1 

■4 or Lt Lti I-n -^02 
and 
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Discussion 


Herman Halpeiin (Commonwealth Ed 
Company, Chicago, Ill.); The pj 
indicates that considerable thought hi 
on a wide background has been app 
to this problem. I agree with the auth 
principle as to the samples to be tes 
since life-expectancy or aging tests j 
taimng to distribution transformers 
I^rticularly valuable and convincing 
the tests are made on the transfon 
itself, as compared to having tests rpAd? 
pieces of insulation or simple coils, etc. 

It is recognized that tests on insulat 
tapes, samples of oil or coils, or any ot 
component parts are valuable in prelimins 
invKtigations before making changes 
design. Such tests are more efficient a 
l^s costly than the testing of a complel 
piece of apparatus. An outstanding ( 
ample of how one may be misled by te 
on component parts is found in connect! 
With inhibited oil. Such tests taking a h 
we^ or months show that the life of t 
inhibited oil to the end point may be 
times the life of conventional oil. On t 
other hand, when the two kinds of o 
are put into two separate but identic 
transformer which are given aging tea 
over a^ period of a few years, the life 
me end point for the inffibited oil in oi 
transformer may be only three times tl 
ctoesponding Ufe for the convention 
Oil in the other transformer. 


In tests on transformers the life, as Mr. 
Lockie indicates, may be longer at a given 
loading than the tests on tapes in oil would 
indicate. I agree that the American 
Standards Association guide on loading 
transformers seems conservative. 

Obviously, correlating data are needed 
between the results of life-expectancy or 
accelerating aging tests and the life in 
service for given load cycle, and tempera- 
tiire cycle. This takes time, but I tbinir 
that our experience in Chicago over the 
past 30 years with accelerated aging tests 
on various cables has shown that such data 
may be obtained without an excessive 
amount of trouble. 

Referring to the details of Mr. Lockie’s 
test procedure, comments are as follows: 

1. It seems desirable to have the test 
made on more than one transformer of a 
given tpe and design. The author pro¬ 
poses four transformers, which seems 
adequate. 

2. The author’s proposal to have loads 
such as 300 per cent (%) and 360% of 
name-plate rating for the first hour of 
heating with resulting temperature of 
around 200 and 250 degrees centigrade (C) 
do not seem desirable. First, exposure of 
the insulation to temperatures of 200 
degrees or more for a matter of several 
minutes or more may introduce a ging 
phenomena considerably different tlign 
those which apply for the insl 11 j :^ tion at 
service temperatures. Second, it becomes 


quite a problem to evaluate the ban ting 
that occurs during a sharp rise and decline 
in temperature, in view of all the assump¬ 
tions involved. It seems desirable to 
follow Mr. Lockie’s apparent point of 
getting the temperature of the winding 
conductor up to the high value quickly 
According to Fig. 3, the use of an initiai 
load of about 260% of name plate talros 
care of this requirement. 

3. In connection with this load cycle, 
perhaps the final temperature after each 
application of heating current should be 
as high as 140 to 150 C. This would mean 
that after the initial high-load current for 
an hour or so, the final load current should 
^®^so^what over Mr. Lockie’s proposal 

4. To shorten the ovri"-all tune in weeks 
for a test, I would suggest that the load 
cycle consist of 17 hours of heating and 7 
hours of cooling, instead of 7 hours of 
hating and 17 hours of cooling. This 
might result in the application of the current 
starting at, say, four in the afternoon. 

5. As to the frequency of the application 
of end-point tests, I am not sUre whether 
that should be applied every 6 days or 
every 10 days of testing. 

6. During the end-point tests them- 
srives, the proposal to have the short- 
circuit test at 16 times rated current at 
2 seconds seems reasonable, as does the 
dielectric tests at 66% of the factory test 
voltage. 

7. It is not clear why 100% of the 
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impulse test voltage for new transformers 
is proposed in the end-point tests. This 
calls for no reduction in the factory 
test for new transformers in contrast to the 
reductions proposed for the short-circuit 
and dielectric tests. Test data obtained 
by others show that there is a cumulative 
effect of repeated impulse tests which 
amounted to 20% in one case for 200 shots. 
On the other hand, we hope that the 
transformer in service will have about 
the same impulse strength as has been 
demonstrated in factory tests on new 
transformers. For these reasons, an off¬ 
hand suggestion is that the impulse test 
should be 90% of the requirement for new 
transformers. 

8. Various test data have indicated 
that the impulse strength of insulations 
varies considerably with temperature. This 
applies to some extent for 60-cycle dielectric 
strength. The implication of item 2.1 in 
the section “Aging Cycle," is that the end¬ 
point tests could be made immediately 
after the removal of the heating current, 
while the transformer is quite warm. On 
the other hand, this point is not covered 
definitely and so the one tester might make 
the test after the transformers have cooled 
down 2 or 3 hours. The factory tests for 
new transformers have been made while 
the transformer is at room temperature. 
They would be more convincing if they 
were made at elevated temperature, but 
this is not economically feasible in most 
-cases. I would suggest that the test be 
-made at a time of cooling that would 
■correspond to the condition where the 
hottest-spot temperatiure is about 95 C. 

9. I would be much interested in seeing 
further data on the point that average 
insulation temperatures should be given 
more emphasis than hottest-spot tempera¬ 
tures in connection with these tests. 

I hope that Mr. Lockie’s fine paper will 
accelerate the making of life-expectancy 
tests such as those he describes, and it 
would be fine if industry were to agree, on 
the details of such tests. 


3M. P. Beavers (General Electric Company, 
Pittsfield, Mass.): The author presents 
an interesting proposal for evaluating the 
life of a complete transformer. The method 
proposed requires making certain as- 



Fig. 6. Turn insulation test fixture 


sumptions as do all accelerated tests but 
they seem well founded in the light of 
present-day knowledge of insulation de¬ 
terioration. Although, as the author 
recognizes, there may be many different 
opinions concerning the details of such an 
accelerated test, this study adds another 
milestone to the highway of progress in 
understanding and evaluating insulation 
life; the general procedure outlined in this 
paper will be useful no matter what agree¬ 
ment is reached as to the form of the test 
piece or to the order or magnitude of the 
loading cycles. 

The author points out that the ideal 
test would involve a large number of 
complete transformers exposed to the ex¬ 
pected field service until failure occurs. 
“This procedure would,” he points out, 
“be prohibitively expensive and so time- 
consuming that the results would be of 
little practical use when the tests were 
finally complete. Consequently, practical 
considerations dictate a certain sacrifice 
in accuracy by the use of a relatively small 
number of samples and a duty cycle suffi¬ 
ciently severe to insure deterioration to a 
selected level in a reasonably short length 
of time.” 

A glance at the data given in Table I of 
the paper shows that approximately 2 to 
2,000 aging cycles may be required to 
establish an aging rate curve for the trans¬ 
former insulation structure under con¬ 
sideration. Since each aging cycle requires 
1 week, this means 2 to 2,000 weeks or up 
to approximately 40 years. 

It is clearly stated in the paper that the 
number of aging cycles to failure are 
“assumed” values which were based on the 
aging-rate curve of Fig. 1. This establishes 
a fine and consistent set of data for purposes 
of illustrating the procedure for establishing 
an aging-rate curve for a specific insulation 
structure. However, it is very unlikely 
that an actual insulation structure will 
perform in such a well-trained maimer 
as the example given in the table. More 
likely than not, the data will be quite 
variable because of the nonuniformity 
of strains, stresses, varnish impregnation, 
bonding strength of adhesive-coated sur¬ 
faces, etc. Fiuthermore, some of these 
factors are likely to change in charac¬ 
teristics writh time, possibly because of 
such thing s as leaching action of the liquid 
on some of the materials and poor to fair 
compatibility of certain solids and the 
liquid. These and many other variables 
are, no doubt, some of the reasons why the 
American Standards Association loading 
guide assumes a conservative position in 
making recommendations on loading based 
on insulation deterioration alone. 

In the General Electric Company three 
types of tests are used in evaluating insula- • 
tion aging for liquid-filled distribution 
transformers: 1. tests on insulation 

components such as turn and layer insula¬ 
tion, 2. short-time overloads on assembled 
transformers, and 3. long-time full-load 
tests on assembled transformers. 

The first type of test is used to compare 
the characteristics of one type of insulation 
against another. Since the turn and layer 
insulations are exposed directly to the 
hot-spot temperature of the conductor, 
the life of the transformer is very closely 
associated with the life of these two com¬ 
ponents. Therefore, considerable weight 


should be gp^en to the mechanical and 
dielectric strength of these components. 

This test is conducted by two different 
arrangements depending upon the nature 
of the insulation and size of conductor 
employed. When evaluating the turn 
insulation for rectangular wire, one ar¬ 
rangement is to place two strands of wire 
adjacent to each other in a test fixture 
such as is illustrated in Figs. 6 and 7. The 
strands are held together under a pre¬ 
determined and constant pressure which 
allows for expansion of the conductor or 
for change in the dimensions of the turn 
insulation. Current is circulated through 
the strands to produce the desired tem¬ 
perature, which is continuously observed 
by means of a resistance bridge. Tempera¬ 
ture up to 250 C can be obtained. The 
test jig is immersed in oil which can be 
maintained at any temperature from room 
temperature to 100 C. Sixty-cycle or 
impulse voltage is applied between strands. 
The voltage level may be held constant 
during the aging tests to determine the 
life to some percentage of initial strength, 
or it may be increased at any desired rate 
to determine the breakdown after a given 
exposure and while at the test temperature. 

The second arrangement for this test, 
which may be used for evaluating layer 
insulation and turn insulation on either 
round or rectangular wire, is a coil con¬ 
sisting of several concentric layers of 
conductor wound around an insulating 
cylinder. Each layer consists of several 
turns of multiple strands electrically isolated 
from each other, and the layers are sepa¬ 
rated by the layer insulation under con¬ 
sideration. By means of a suitable ar¬ 
rangement of switches, the two strands of 
each coil can be opened or connected in 
series with the currents in each strand 
opposing, thus reducing the inductance of 
the coils so that the a-c and d-c resistances 
determined by the current and voltage 
readings are practically identical. When 
the coil circuit is open the strands may be 
given dielectric tests, such as 60-cycle, 
impulse, insulation resistance, power factor, 
etc., as desired. 

The coil is placed in a tank of oil, thus 



Fig. 7. Schematic diagram of test circuit 
for turn insulation aging investigation 
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simulating a small>scale model of a trans¬ 
former with the desired insulation system. 
By means of a suitable, variable voltage 
source the coil current may be adjusted 
to any constant value or varied with time 
to produce a load-cycle effect. Several 
coils can be placed in series to obtain 
additional data for statistical evaluation 
of the results. 

These model units have the advantage 
of being small in size, inexpensive, readily 
duplicated in construction, and they permit 
a more direct comparison between various 
insulation systems because of the similarity 
of the mechanical structure in all cases. 
Because of the simplicity of this coil and 
tank arrangement, it offers the possibility 
of representing the “model" liquid-filled 
test unit for class-./! insulation evaluation 
studies similar to the studies under con¬ 
sideration in the diy-type transformer 
field. 

The second type of test is used to check 
the over-all performance on a full-scale 
transforms unds ovsload conditions. 
This test is sunilar to the cyclic test sug¬ 
gested by the author e.xcept that overloads 
of successively increasing severity but 
decreasing duration are applied on consecu- 
tive days until failure occurs. During the 
remainder of each 24-hour period, the trans¬ 
forms is left on excitation. By testing 
tranrfonners having insulation systems 
whK* have been proved in actual service 
to pve satisfactory performance, a bench 
msk for accelerated ovsload tests on 
full-scale transformers is established. 

These two types of tests are basically 
short-tune high-temperature accelerated 
a^ng tests which permit studies of the 
rdative merits of various insulations and 

estimating 

insulation life at normal temperature bv 
extrapolation. This procedure unquestion¬ 
ably provides useful information on life 

Dilit> that certain reactions may take 

ShSiH* temperature levels 

do “ot occur at the normal tempera- 

mav ® prediction which 

may be senously m error. 

To reduce to a minimum the possibility 

is used to 

evaluate the endurance ability of the 
m^Ution system under prolonged heating 

conditions 

fiJr * similarly rated traas- 

connected in parallel on both 
high-voltage and low-voltage side 
the units is 

adjusted to produce an unbalanced voltage 
thus fusing a circulating current o 


tions have shown excellent performance 
while others have been rejected on the basis 
of poor compatibility under prolonged 
heating conditions. 

Before any agreement can be reached on 
a test code for evaluating transformer 
life, it is essential that some provision also 
be made to recognize the general aging 
effects on the materials due to prolonged 
heating. It is quite conceivable that a 
transformer having certain varnishes, ad¬ 
hesives, or synthetic materials would give 
a good account of itself under short-time 
high-temperature conditions. However, 
it is also possible that one or more of these 
materials might be slightly incompatible 
with the oil or other liquid in the trans¬ 
former so that, in a matter of months or 
even years, the bonding characteristics or 
the dielectric quality of the components of 
the unit, as well as the liquid itself, may 
be adversely affected by the continuous 
exposure to normal operating temperature. 
Therefore some form of reasonably long¬ 
time^ test would appear necessary in any 
well-integrated life-expectancy evaluation 
program for liquid-filled transformers. 


teadmgs T ^ 

Ot power factor, insulation resistance etc 

“e.’ 

Several Imnrf “ <*eracteristios. 

Adn.toedl“ 

si^etable amounr /rf Provided a con- 
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F* J. Vogel (Allis Chalmers Manufacturing 
Company, Milwaukee, Wis.): It was 
only a question of time before the life 
expectancy of oil-immersed transformers 
would be brought up. Power trans¬ 
formers M weU as distribution transformers 
are n^olved. The various points which 
must be considered have probably for the 
most part been noted. It is natural that 
some of these would be questioned. 

For example, should not the short- 
circuit twt be the same as for new equip- 
ment? Also, I beheve that the dielectric 
and mduced tests should be the same as for 
new equipment. I have seen much old 
equipment returned, and when tested no 
apparent reduction in test strength was ob¬ 
tained. 

Whether the aging tests will lead to the 
end pomte within a reasonable time would 
have to be determined by test. Hence, the 
proposal as made is one for tests to de- 
t^me both the aging cycles and normal 
life expectancy. 

Paptt states that not only the 
hottwt spot but the weakest spot must 
be pven consideration. This is contrary 
described in S 
^dard, which considers only the hottest 

Satterlee* on small 
m^d poww tr^formers are an effort in 
the s^e direction as Mr. Lodde’s. It is 

of actual life problems 

o«>y 

Fefbrbncbs 

FOHKBas. w. ^rahs- 

vol. 71, pt. Ill, Jan. 1952 , pp srfSe 


value to the industry. Transformers luivt 
been rated in terms of terapemture rise 
over ambient and for many years low 
ambient temperatures prevailing at the 
time of winter peak have been consiilered 
a basis for capability ratings fur above 
name plate. Although the rate of me¬ 
chanical and electrical deterioratifm of 
insulation as a function of temperature is 
. re^onably well known, its correlation n’ith 
failure rates has been but partially exploreii. 

The functional test proposed by the 
author recognizes the daily cyclic range of 
temperatures to which transformers are 
exposed in service. It exaggerates the 
daily cyclic variation, but of necessity it 
cannot duplicate seasonal v'ariations. 
There is little need for precise duplication 
of actual duty cycles sinee they must be 
gfreatly exaggerated in functional testing 
to secure results within practical time 
limits. The effect of actual loading on 
loss of life could, in my opinion, be made the 
subject of more study by utility operators. 
Such a procedure has already been outlined.^ 
The change to summer peak loading as 
a result of air conditioning is simiilifying 
the problem^ of establishing and applying 
load capability ratings since the ambient 
temperature at the time of maximum loufl 
IS always known to also be the maximum. 

In Commonwealth Edison Company we 
are conducting field tests on actual installa¬ 
tions to determine the duration of exposure 
of insulation to various temperatures 
throughout the year. It is hoped that our 
results may be correlated with those of 
the author. Although in the long run 
planned economic loading of transformers 
must be based on actual life experience, the 
result of accelerated functional life testing 
will be exceedingly valuable in establishing 
aging rate curves. 

Mr. Lockie suggests that evcmtiiallv 
manufacturers should be free to select 
the most economical combination of tem- 
p^atures and materials to ensure a specified 
life expectancy. Since operating people 
cannot hope to be able to control loading 
^cept mthin broad limits, it is diflicmlt 
to see how such ratings would be u.sed 
Some criterion of transformer life is cer-- 

allowable rise 
WW »ost economical 

loading. For example, size obsole.scence 
wiU dictate highw loadings on small .sizes, 
'-ontmgency loadings on networks and 
^^gency conditions will require evaluation 
of hfe lost under extreme temperatures. 

The author’s efforts to establish a more- 
loading policy are very 
much to be commended, and we look for- 
ward to the results of his testing. For- 
functional life testing to be of the most 
vdue to the industry there must eventually 

tkn^TeS 

Rbfbrengb 
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A. M. Lockie : It is encouraging to have 
^^ssion by representatives of both u.sers 
to transformers. S 

to note that no senous fault is found with 
the principal thesis: that there is S 
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for a test procedure which will furnish 
a basic measure of life expfsctancy and 
establish a guide for loading, and that 
these objectives may be attained by suit¬ 
able cyclic loading tests. 

Differences of opinion regarding the most 
desirable loading cycle were inevitable. 
It is impractical to present, here, all of the 
reasoning which led to the selection of the 
cycles proposed in the paper. Mr. Hal- 
perin's fear that very high peak tempera¬ 
tures may introduce abnormal failure 
mechanisms is shared by Mr. Beavers, and 
the possibility is acknowledged in the 
paper. This is a hazard common to all 
forms of accelerated aging, and we are 
faced with a choice between high tem¬ 
peratures, which may introduce complica¬ 
tions, and long test times, which are 
objectionable. The 250% maximum initial 
load which Mr. Halperin prefers would, 
as indicated in Fig. 3, reduce the peak 
aging rate by a factor of 1/1,000, as com¬ 
pared to 350% load. Even with the 
increased heating time and heavier sus¬ 
tained load which he proposes, the reduced 
initial load would result in substantially 
increased duration of the tests. Further, 
increasing the magnitude of the sustained 
load seems undesirable, since it would result 
in oil temperatures well over 100 C. Per¬ 
haps experience may show that the typical 
aging rate curve for this type of apparatus 
has a greater slope than that of the hypo¬ 
thetical curve in Fig. 3. If such is the case, 
a practical degree of acceleration in aging 
may be possible without attaining tem¬ 
peratures over 200 C. 

The difference of opinion on the end-point 
test, as expressed by Mr. Halperin and Mr. 
Vogel, is most interesting and important. 
Mr. Vogel’s attitude is consistent with the 
provisions of the proposed test code for 
transformers.’^ It implies that the useful 
life of a transformer is over when it fails 
to pass the standard tests required for a 
new unit. It also implies that the reduced- 
level tests, now specified in the American 
Standard Association “Test Code for Dis¬ 
tribution, Power and Regulating Trans¬ 
formers” (see reference 7 of the paper) 
for periodic testing of apparatus in the 
field, are inadequate to detect the end of 
life. The proposals in the paper were 
made after discussion with several trans¬ 


former users, and are based on two as¬ 
sumptions; 

1. That some deterioration below the 
quality level indicated by the tests on new 
equipment should be permissible, since the 
stresses represented by these tests are 
seldom encountered in the field. 

2. That even though such stresses 
may be encountered occasionally the 
probability of these occasions is so small, 
in a large numbo- of transformers, that 
some risk of failure is justifiable. 

In my opinion the selection of the end¬ 
point test levels is one of many features of 
the proposed form of testing which must 
of necessity be somewhat arbitrary. How¬ 
ever, if the testing is to be truly functional, 
it should represent the consensus of trans¬ 
former users as a means of indicating, 
realistically, the end point of useful life. 

As Idx. Beavers quite reasonably points 
out, test periods extending for several years 
are hardly compatible with the objectives 
of accelerated aging tests. The long- 
duration points were included in Table I, 
perhaps unwisely, simply to round out the 
illustration of the operations involved in 
establishing an aging-rate curve. In this 
early stage in functional testing, as Mr. 
Vogel suggests, it is difficult to forecast the 
duration of such tests, and a certain amount 
of exploratory testing will be necessary to 
arrive at loads vvhich will keep the testing 
time within acceptable limits. 

The accuracy of Mr. Beavers’ prophecy 
that test results will be highly variable 
because of the numerous factors he enu¬ 
merates, will be known only after a signi¬ 
ficant amount of testing has been com¬ 
pleted. It would seem, however, that if 
functional testing serves no other purpose 
than to reveal the actual importance of 
these factors, it will be well worth while. 
Some discrepancy in test results is inevit¬ 
able but if, as experience thus far suggests, 
the indicated minimum life expectancy is 
very much in excess of that indicated by 
the existing loading guides, it will be of 
considerable importance to those con¬ 
cerned with economical operation of ap¬ 
paratus. The ultimate value of the pro¬ 
posed procedures will, as Mr. Mitchell 
states, be indicated by the correlation of 
test results with field experience. 


Mr. Beavers’ description of the test 
procedures used by the General Eleptric 
Company is most interesting. Tests on 
insulation samples and partial assemblies, 
such as those he identifies as the first type, 
certainly are valuable in classifying ma¬ 
terials as a guide to designers in their 
application. However, as pointed out in 
the paper and in Mr. Halperin’s discussion, 
such tests have but limited significance 
with regard to the life expectancy of com¬ 
plete apparatus. 

Tests of the second type, are, indeed, 
similar in nature to those proposed in the 
paper, but the variable load cycle Mr. 
Beavers employs makes the establishment 
of an aging-rate curve much more difficult. 
However, the variable cycle would be quite 
satisfactory if, as is implied, the tests are 
intended solely to compare the thermal 
endurance of two structures, and not to 
establish a guide for loading. 

The third type of test is said to be a 
final confirmation of the results of the 
accelerated tests, by operation under 
actual loading conditions. If, by actual 
loading conditions, Mr. Beavers means 
loading as experienced in the field, the pro¬ 
cedure described seems questionable, since 
it does not include the effects of thermal 
expansion as encountered in normal load¬ 
ing, nor does it appear to include the 
effects of short circuits, impulse voltages, 
or power-frequency overvoltages. If a 
check on long-term compatibility of ma¬ 
terials is necessary, it would seem more 
logical to use cyclic loading and end-point 
tests, in the manner described in the paper, 
employing an initial load of such magnitude 
that failure will not occur for the desired 
number of years. 

It is regretted that space does not permit 
analysis of the other thought-provoking 
points brought out in the various discus¬ 
sions. Many of them are highly sig¬ 
nificant, and merit careful consideration 
before the establishment of a standard, 
functional-test procedure. 

Rbpbrbncb 
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A Power Class Rccloser for Higher 
Speed Clearing of Distribution Circuits 

E. J. FIELD D. L. LEATHERBERRY 
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T he desirability of high-speed clearing 
of distribution circuits has long been 
recogiMed. In 1941 Matthews^ focused 
attention on power arc-over damage on 
overhead distribution lines and the sub¬ 
ject has presented itself at intervals since 
then. Havourd^ recently added to the 
knowledge in this field and identified over¬ 
head conductor burndowu as one of the 
rnajor problems confronting the distribu¬ 
tion engineer today. These reports direct 
attention to the need for higher speed 
interrupting devices. To minimize cir¬ 
cuit disturbance when transient faults 
occur, higher speed reclosing after the 
first interruption is also important.* 
Automatic circuit reclosers are becom¬ 
ing almost universally accepted and offer 
what is becoming recognized as the best 
solution to the problem of rapid circuit 
interruption.^ Their primary function to 
protect distribution circuits against tran¬ 
sient faults is aided by high-speed circuit 
clearing ability that is inherently faster 

than conventional circuit breakers. How- 

evCT, even though all reclosers include in 
their normal operating sequence at least 
one first opening operation that is usually 
labeled “instantaneous,” there is room for 
further improvement in order to provide 
even better protection for distribution 
circuits. 

“InstMtaneous” is a relative tenn that 
in practice has not been attained in ideal 

form. Industry standards^ define instan¬ 
taneous in this manner: “Instantaneous is i 
a qualifying term indicating that no delay 
IS purposely introduced in the action of ] 
tte recloser.” The significant phrase 
“no dday is purposely introduced” focuses 
attention on design limitations and a de- c 
lay inherent in accelerating and moving e 
the contact separating structures that v 
result in a finite time lapse from the mo- t: 
ment that the fault is initiated to the n 
moment that circuit interruption is ac- ti 
complished. Under the definition of in- fs 
stantaneous, some reclosers require as ax 
much as 48 cycles to clear the circuit of tt 
low-magnitude fault currents. hi 

In the heavy-duty power class field, a of 
redo^ has been available with circuit in 
de^g speed between the limits of IV, in 
cyd^ f“d 3 cydes, but only up to a mi 
nominal application voltage of 7.2 kv. of 


This operating speed has been improved 
still further and is now made applicable 
up to and induding the 16.5-kv maximum 
design voltage for a 14.4-kv nominal volt¬ 
age drcuit. 


Objectives 

An evaluation of the problem of de¬ 
veloping a power dass redoser capable of 
higher speed dearing of circuits up to 14.4 
kv nominal recognized that the most 
rapid possible accderation of moving con¬ 
tacts was mandatory. The designer es¬ 
tablished certain objectives that induded 
1 cycle total dapsed time from initiation 
of the fault condition to circuit interrup¬ 
tion, interrupting ability covering the en¬ 
tire range from minimum pickup current 
to maximum fault handling ability pre¬ 
scribed by standards for future design,* 
continuous current ratings between the 
limits of 100 and 280 amperes inclusive, 
an increase in low-current sensitivity for 
low-voltage, high-power-factor circuits, 
simplification of structure, and extension 
of the number of interruptions possible 
before requiting servicing. BeUevingthat 
the most benefit could be realized from 
higher speed clearing by following it with 
a faster reclosure, higher speed redosing 
was added to the objectives. It was also 
planed to incotporate a higher basic in¬ 
sulation levd, safely lockout, and im¬ 
proved mechanical features in the tanlc 
and bushing structure. 


Related Problems 


Practical realization of the foregoing 
objectives entailed the devdopment of an 
entirely new type of interrupter that 
would implement rapid contact separa¬ 
tion and permit 1/2-cyde ardng with 
minimum arc energy. The total dapsed 
time of 1 cyde from the initiation of the 
fault introduced a need for extra rapid 
accderation of the moving contact struc¬ 
ture, This accderation and its resulting 
high vdodty leads directly to the problem 
of decderatingthemoving mass andbring- 
mg it to rest at the end of the contactmov- 
ing stroke. These requirements dictate 
maximiun accderating force at the start 
of contact separation, maximum vdocity 


during contact separation, TninimniTi 
driving force at the end of the stroke,, 
mmunum mass of the moving structure, 
and minimum vdocity at the end of the 
contact separating motion. Obviously, 
some of these requirements are in conflict 
-vrith one another. In addition to the de¬ 
sign compromises usually necessary, in¬ 
genious design concepts were required to 
meet the stipulated conditions. 

^ It may be considered that any inter- 
^ rupting device has for a given circuit con- 
^ dition some minimum contact separation 
bdow which circuit interruption cannot 
be accomplished. An ideal concept would 
be an interrupter that in the true sense of 
instantaneous” separates its contacts 
only slightly more than the minimum dis¬ 
tance required for circuit interruption. 
This should yidd 1/2 cycle or, less of arc¬ 
ing with minimiun arc energy, because 
the separation necessary to obtain inter¬ 
ruption has been instantly obtained and 
arc resistance has been held to a mtniTniitn 
by holding the contact separation to a 
minimmn. A practical approach to tfiis 
ideal interrupter introduces numerous re¬ 
lated problems. 

If too gjreat a value is erroneously as¬ 
signed to the magnitude of the minimum 
contact separation, the resulting arc 
energy will appredably exceed the mini¬ 
mum amount possible. The high ac¬ 
celerating force stipulated and a need to 
keep the operating coil voltage drop to a 
minimum are conflicting requirements 
necessitating detailed analysis to obtain 
the most efficient dectromagnetic system. 
Driving energy must approach zero to¬ 
wards the end of the stroke. Finally, the 
kinetic energy possessed by a high-vdoc- 
ity moving system poses a problem in 
the selection of materials and proportion¬ 
ing of components to withstand decdera- 
tion. 

Approach to the Problem 

Of the two basic types of automatic re¬ 
closers, one utilizes a series pilot coil or 
rday and a separate operating coil nor- 
maUy not en^gized. The other type has 
one coil serving the dual function of rday 
and operating coil and may separate the 
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main contacts either by electromagnetic 
force or by tripping a latch and allowing a 
power spring to operate. The pilot coil 
type adapts itself to the most rapid sepa¬ 
ration of contacts, hence it was selected 
for the new recloser. 

While it was not definitely known that 
a single contact interrupter was capable 
of handling the wide range of voltages and 
currents contemplated, it was believed 
that a single contact construction should 
be adopted. The reasons were that such 
construction lends itself to minimum 
moving mass and should theoretically 
deliver minimum arc energy. The com¬ 
pact construction that should be inherent 
with a single contact offers less drag when 
moved in a liquid medium and therefore 
results in appreciably less hydraulic fric¬ 
tion. A single contact has tire further 
advantage of economical maintenance be¬ 
cause only one contact requires replace¬ 
ment. Single contact interrupters pre¬ 
viously employed^in reclosers were limited 
either in magnitude of normal frequency 
recovery voltage that they could interrupt 
or in the magnitude of the maximum fault 
current that they could handle. It was 
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believed, however, that a new approach to 
this problem could result in an interrupter 
with more than adequate fault current 
handling ability and higher normal fre¬ 
quency recovery voltage capability. 

Design Concepts 

Interrupter Unit 

Knowing that a fraction of a gram of 
insulating oil is converted into gas and 
carbon by each kilowatt-second of arc 
energy, an estimate of the arc energy 
generated for the maximiun severity of 
fault condition anticipated leads to a con¬ 
clusion that only a few cubic centimeters 
of oil will be involved in a given interrup¬ 
tion. Theoretically then, only these few 
cubic centimeters of oil will be required 
in the apparatus if all of it can be effec¬ 
tively employed. This thought stimu¬ 
lated a study for a simple and practical 
means of introducing a small volume of 
oil to the arc and resulted in the develop¬ 
ment of what is termed an “oil column 
interrupter.’’ 

Basically, the oil column interrupter is 
a coliunn of oil bounded by the inside 
walls of a hollow moving contact. The 
complete structure is illustrated in Fig. 1. 
In operation, the contact moves off of the 
stationary column of oil, progressively ex¬ 
posing cool clean oil to the area of the 
moving contact on which the resulting 
arc terminates. In conjunction with an 
interrupting pressure chamber and radial 
vents for rapid and effective diffusion of 


Fis. 1 (left). 
Section view of 
interrupter and 
electromagnetic 
structure 
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Fig. 3 (right). 
Relationship be¬ 
tween maximum 
moving contact 
velocity and fault 
cuifent magni¬ 
tude 
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Fig. 2. Oscillogram revealing contact 
of early model 


the arc products, the oil column was found 
to provide a highly effective single con¬ 
tact interrupter. Tests proved it to be 
more than capable of handling the fault 
currents and recovery voltages encoun¬ 
tered in any application being considered. 

Electromagnetic Structure 

Early testing disclosed that, at currents 
approaching maximum rated fault capac¬ 
ity, effective circuit interruption was 
usually accompanied by spectacular evi¬ 
dences of the energy involved with the 
high-velocity moving contact structure. 
Oscillograms like the one in Fig. 2 dis¬ 
closed that the high velocity caused the 
moving contact to approach the end of its 
stroke almost simultaneously with the 
occurrence of the first current zero. Con¬ 
sequently, tlie electromagnetic system 
remained energized, continuing the ac¬ 
celeration of the moving mass almost to 
the end of the stroke. A terrific impact 
was the natural result. Persistence of 
the driving force throughout the contact 
separating stroke and the kinetic energy 
inherent in a rapidly moving mass were 
damaging. Analysis of each oscillogram 
from a series of tests permitted determin¬ 
ing the maximum velocity attained by the 
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ARMATURE DISPLACEMENT IN INCHES 

Fis. 4. Electromagnetic force displacement 
curves showing the conventional characteristic 
and the special characteristic resulting from 
a design study 


moving contact for each of a wide range 
of currents. 

A plot of these points resulted in the 
curv'e of Fig, 3. The velocity attained at 
high current values was ample e\ddence 
that the amount of energy at the end of 
the stroke must be reduced but without 
seriously affecting the initial acceleration. 
Three avenues of approach were: reduc¬ 
tion of the mass, reduction of the electro¬ 
magnetic force during the last portion of 
the stroke, and refinement of the existing 
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Rs. 5. Basic components for an oil column 
interrupter 


decelerating dashpot in order to make it 
more effective. 

The original electromagnetic system 
was conventional in that it consisted of an 
armature moving within a solenoid wind¬ 
ing encased in magnetic material that pro¬ 
vided a complete magnetic circuit. A 
force displacement analysis disclosed a 
characteristic identified as curve 1 in 
Fig. 4. The shape of this curve includes 
a magnetic force moving towards infinity 
at the end of the stroke, which, of course, 
^■ggrs-vates the condition observed in 
tests. The electromagnetic sys tem was 
redesigned to operate strictly on leakage 
flux, discarding the return magnetic path. 

^ Proper proportioning of the armature per- 
. mitted a sharp cutoff in magnetic force 
at a designated point. The location of 
t this cutoff point could be predetermined 
and set at any desired point of contact 
separation. It was also found possible to 
establish a secondary plateau or residual 
force following the cutoff point that 
. would assure travel to latch when fault 
currents of low magnitude operated the 
recloser. 

The newly developed magnetic force 
displacement curve is shown as curve 2, 
Fig. 4. This new characteristic provides 
an even greater initial accelerating force 
for the same number of ampere turns 
while cancelling almost cwnpletely the 
magnetic force otherwise existing for the 
last part of the stroke. A secondary 
benefit accruing from the unique magnetic 
system is that the increased efficiency 
p^its fewer coil turns for the same 
minmum operating current. Since the 
voltap developed across the operating 
coil is proportional to the number of 
turns, the maximum current for a given 
induced voltage was increased. This 
permits increasing the interrupting capac¬ 
ity rating of the lower continuous cur¬ 
rent rated redosers, i.e., those with the 
most turns required for minimum pickup 
operation. The described magnetic struc¬ 
ture represented a major forward step in 
coping with the problem of energy in the 
moving contact structure. 

Equalization 

Figs. 1 and 5 disclose that the new in¬ 
terrupter included an essentially dosed 
chamber within which the main contacts ! 
were parted. Appredable pressure was i 
devdoped witon the interrupting diam- 1 
her during circuit interruption. In ac- = 
cord with natural laws governing trans- » 
nussion of hydraulic pressure, an ac- “ 
cderating force was imposed upon the 
cross-sectional area of the moving contact 
acting to accderate the contacts towards c 
an open position. At fault currents ap¬ 


proaching luaxiinmn rated capacity, the 
pressure-generated accelerating force at¬ 
tained a very significant magnitude and 
augmented the electromagnetic force also 
acting to accelerate the moving contact 
towards an open position. These two 
co-operating forces, in conjunction with 
an impulse shock of appreciable magni¬ 
tude that accompanied a 1/2-cycle inter¬ 
ruption, complicated tlie problem of pro¬ 
portioning the mechanical design of the 
redoser to practical dimensions. Realiz¬ 
ing that some means of compensating for 
or cancelling out the hydraulic accelerat¬ 
ing force must be found, the structure 
schematically illustrated in Fig. o was 
devised. 

With further reference to Fig. 5, sec¬ 
tion B represents the interrupting cham¬ 
ber that houses statiouaiy contacts G 
and the main moving contact //. Out¬ 
side of the intemipting chamber, the 
conducting member C that fonns an ex¬ 
tension of the moving contact is enlarged 
to fonn a secondary chamber within 
which a plunger E is inserted. Plunger E 
is stationary, being attached to the main 
framing member F by means of a con¬ 
necting rod. Lateral ports D admit fresh 
oil to recharge the conductor cavity fol¬ 
lowing reclosure of the main contacts. 

In essence, the oil column still exists 
but has been modified for the purpo.se of 
obtaining thrust compensation. With 
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FiS. 6. (A) Decelerating dashpot. (B) 
Decelerating characteristic 
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Fig. 7. Oscillograms comparing 250-ampere 
fault interruption on 2,500-volt and '(5,000- 
volt circuits 




Fig. 8. Oscillograms comparing 4,300- 
ampere fault' interruption on 2,500-volt and 
1 5,000-volt circuits 


reference to the internal bore of the mo'v- 
ing contact and contact extension, there 
is a diaanetral discontinuity which results 
in a surface that is designated as a pres¬ 
sure shelf. Any hydraulic pressme de¬ 
veloped "within the interrupting chamber 
will be transmitted by the medium of the 
insulating fluid through the ca-vity and 
will act vertically downward upon the 
pressure shelf. This downward force will 
be in opposition to the upward force act¬ 
ing upon the end of the moving contact, 
and by proper proportioning of dimensions 
can be made to cancel the upward force. 

October 1955 


Different operating conditions may re¬ 
quire either a net upward force or a net 
downward force. In the latter case, the 
scheme described offers a neat solution 
because both the upward electromagnetic 
force and the cancelling downward hy¬ 
draulic force increase with increasing 
fault current. 

Hydraulic Decblerator 

The two previous sections have de¬ 
scribed a novel means of reducing the mag¬ 
nitude of both the kinetic energy of the 
moving system and the dri-ving force dur¬ 
ing the latter part of the opening stroke. 
There must, of course, be some residual 
energy, otherwise the moving contact can 
not be depended upon to reach a latch 
open position. 

The remaining problan is that of de¬ 
celerating the moving contact and bring¬ 
ing it to rest in the latched position. The 
two means that have been introduced to 
minimize the energy existing towards the 
end of the stroke bring this problem of de¬ 
celeration within the bounds of a simple 
hydraulic dashpot. 

To obtain optimum benefit from a de¬ 
celerating dashpot, the problem was ap¬ 
proached on an analytic basis, utilizing 
dimensional constants that were dictated 
by space considerations. Previous tests 
had established the mo-ving contact ve¬ 
locity that must be dealt with. Analysis 
of the travel record on a large number of 
oscillograms permitted plotting of the 
cur\^e, already referred to and sho-wn in 
Fig. 3. From the kno-wn constants and 
an asstuned peak hydraulic pressure the 
remaining variables were calculated. Fig. 
6(A) shows in simplified form the physi¬ 
cal stmcture of the decelerating dashpot, 
also 'visible in Fig. 1. It is simply a shal¬ 
low cavity with tapered walls into which 
a piston (the flange on the bottom end of 
the armature) must enter at the end of the 
stroke. It was necessary to establish the 
radial clearance between piston and 
cavity wall at each point of the taper, the 
clearance being such 'that the assigned 
peak pressure would not be exceeded and 
deceleration would be fairly uniform dur¬ 
ing passage of the piston into the cavity. 
The annular space between the piston 
and the cavity wall was considered as an 
orifice and the problem solved on the 
basis of ascertaining the theoretical area 
that this orifice should have at each point 
of piston displacement, measuring from 
the entry point. The area was then con¬ 
verted to terras of radial clearance. 

Fig. 6(B) shows graphically both the 
total theoretical area and the radial clear¬ 
ance plotted as abscissa against an ordi¬ 
nate scale representing piston displace- 




Fig. 9. One-cycle circuit interruption on 
15,000-volt circuit for 2,000 amperes and 
3,140 amperes 



Fig. 10. 6,640 amperes interrupted on 
15,000 volts at 4V2-P«if”Cent power factor 
and maximum possible rate of rise of recovery 
voltage 

raent from the point of entry. It is to be 
noted that some inherent port area always 
exists as necessitated by clearance be¬ 
tween mo-ving and stationary parts and 
by tlie necessary conventional slot in the 
iron armature. The craves show that as 
a result of the inherent area the clear-’ 
ance between piston and cavity wall 
reached a theoretical value of zero about 
1/10 inch prior to the end of the stroke. 
Since practical reasons dictate some 
radial clearance m this region, it is im¬ 
possible to obtain the theoretical port 
area for this last 1/10 inch of travel. 

Redosing Time 

The operating sequence of the new re¬ 
closer is one instantaneous opening fol¬ 
lowed by two time-delay openings and 
then lockout. Extended experience -with 
a large number of installations demon¬ 
strates the value of this sequence. For 
special applications, an adjustment per¬ 
mits either one or three time-delay trips 
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Fig. 11. Oscillogram showing normal interrupting and reclosing sequence to lockout^ 4,000 

amperes and 13,800 volts 


following the first instantaneous. The 
latter accommodates a practice recom¬ 
mended by some authors.® The designer 
planned that the first redose, following 
the instantaneous trip, be as fast as prac¬ 
tical. The minimum open interval is 
governed by the time required to assure 
deionization at the fault inclusive of any 
secondary ardng that may result from 
single-phase switching. Wallace® has ad¬ 
vanced reasons for a redosing interval as 
short as 10 C 3 rdes for a light-duty inter¬ 
rupter. The device being discussed here 
must handle 100,000 kva of fault energy 
as detennined on a 3-phase basis. In 
consideration of the known factors and 
applying conservative judgment of the 
unknown factors, a 15 to 20-cyde redose 
time was chosen for the new heavy-duty 
recloser. Twenty cydes represents a 
redose speed five times faster than simi¬ 
lar equipment heretofore available. All 
redosures following the first quick redose 
have a fixed interval of 6 seconds. 

Testing 

After having devdoped a new type of 
interrupter and working out the solutions 
described in the foregoing for coping with 
the acceleration and velocity of the mov¬ 
ing contact structure of a high-speed in¬ 
terrupter, it was necessary to verify per¬ 
formance effectiveness for the operating 
•conditions antidpated in service. For 
this purpose, hundreds of tests were con¬ 
ducted under a wide variety of conditions. 
Tests were conducted at several different 
normal frequency recovery voltages rang¬ 
ing from 2,600 volts to 16,000 volts indu- 

sive. Fault currents induded a wide range 


of power factors ( 4 V 2 per cent to 100 per 
cent) and varied in magnitude from 175 
per cent of the continuous current-carry¬ 
ing rating of the apparatus to 20 per cent 
in excess of the maximum rated fault 
handling capadty. In addition to verify¬ 
ing interrupting ability and observing 
interrupting speed for these widdy varied 
conditions, tests were conducted to de¬ 
termine the ability of the apparatus to 
quickly re-energize the drcuit and still 
be capable of an immediate second in¬ 
terruption in the event that the fault 
was a persistent one. 

An interesting fact disclosed by test 
oscillograms is that for the interrupter 
devised the interrupting time appears 
insensitive to service voltage changes be¬ 
tween the limits of 2,500 volts and 15,000 
volts. Since tlie apparatus is intended 
for application between the limits of 2.1 
kv and 16.6 kv, tests above the latter 
value were not conducted and the upper 
limit of the insensitivity to voltage change 
has not been established. For example, 
Fig. 7 shows two oscillograms at essen¬ 
tially the same low-magnitude fault cur¬ 
rent for two different voltages, namely 
2,600 volts and 16,000 volts. Similarly, 
the two oscillograms in Fig. 8 show inter¬ 
ruption of 4,300 amperes of fault current 
on 2,600- and 15,000-volt circuits. This 
characteristic may be attributed to the 
extremely high speed of contact separa¬ 
tion. 

Fig; 9 shows oscillograms of 2,000 am¬ 
peres and 3,140 amperes interrupted on a 
15-kv circuit and illustrates tht the first 
instantaneous trip accomplishes l-cyde 
interruption at these magnitudes. Fig. 
10, showing 6,600 amperes, is one of the 



Fig. 13. Exterior view of type MB-2 recloser 
incorporating the higher speed interrupter and 
20-cycle first reclose 



Fig. 14. The unit bushing, lid, and mechanism 
assembly 
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Fig. 12 (left). 
Oscillogram of 
two successive 
interruptions sep¬ 
arated by 11 
cycles 
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Fig. 15 (left). 
Recloser<fuse co¬ 
ordination band 
utilizing the new 
instan t a n e o u s 
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Fig. 16 (right). 
Comparison of 
new instantane¬ 
ous curve with 
other known "in¬ 
stantaneous** or 
"fast** recloser 
time curves 
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oscillograms taken from a series of tests 
conducted on a 16,000-volt test circuit 
having 4V2-per-cent power factor. These 
tests establish that the 1-cycle interrupt¬ 
ing ability extend^ at least to a value 20 
per cent in excess of the rated interrupting 
capacity at this voltage. Rated capac¬ 
ity is 4,000 amperes rms S3rmmetrical 
or 6,600 amperes rms as 3 mimetrical cur¬ 
rent, based upon a circuit reactance to re¬ 
sistance ratio equal to 8. For the tests 
illustrated by Fig. 10, maximum severity 
was imposed upon the interrupter by ad¬ 
justing synchronous switching for sym¬ 
metrical current to obtain the absolute 
maximum rate of rise of recovery voltage. 

Fig. 11 illustrates an interruption se¬ 
quence to lockout under typical service 
conditions utilizing the standard operat¬ 
ing sequence on a 13,800-volt circuit ex¬ 
periencing 4,000 amperes of fault current. 

In order to test die ability of the new 
design to handle two successive interrup¬ 
tions separated by as little as 15 cycles of 
time, tests at reclosing intervals as short 
as 7 cycles were conducted. The oscillo¬ 
gram of Fig. 12 demonstrates ll-cyde re- 
closing performance on aT6,000-volt cir¬ 
cuit with 3,140 amperes of fault current. 
Since practical reasons precluded an ex¬ 
haustive study of 10-cycle reclosing, it 
was decided to have the quick reclose fall 
within a range of 16 to 20 cycles. This 
decision allows a comfortable safety 
margin and, as pointed out in a foregoing 


section, introduces a new and significant 
performance level to the user. 

Summary 

Special design considerations must be 
taken into account to provide unusually 
high contact acceleration and to cope 
with the moving structure velocity in¬ 
herent in a 1-cycle interrupter. An ex¬ 
ternal view and a view of the internal 
mechanism of a recloser incorporating 
these considerations are shown in Figs. 13 
and 14 respectively. 

The new design provides a full power 
class recloser for distribution circuits that 
offers both higher speed circuit interrup¬ 
tion and higher speed reclosing. It pro¬ 
vides these speed advantages together 
with continuous current-carrying capacity 
up to 280 amperes and with the maximum 
interrupting capability suggested for 
future design by industry standards. 

The higher speed interrupting ability 
increases the ratio between time-delay 
opening and the first "instantaneous” 
opening to as high as 100 to 1 compared 
with older values of 20 to 1. Fig. 15 dis¬ 
closes the wide band available for good re- 
doser-fuse co-ordination. The instan¬ 
taneous time curve is believed to represent 
the fastest circuit interruption available 
in other than a fuse and is shown in com¬ 
parison with other fast or instantaneous 
recloser curves in Fig. 16. It is a close 
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approach to the ideal concept of a true 
instantaneous circuit interrupter. 

A higher speed first reclose following 
higher speed circuit interruption offers 
optimum protection for distribution cir¬ 
cuits. Twenty-cycle first redosure of the 
new design is comparable to high-speed 
redosing of transmission-type circuit 
breakers and is adopted for the first time 
in a power dass recloser. 

Comprehensive tests at a wide variety 
of voltages, power factors, fault current 
magnitudes, and reclosing times have es¬ 
tablished that a conservative margin 
exists between maximum performance 
ability and operating requirements for the 
rated values of this apparatus. 
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William J. Weinfort (Line Material Com¬ 
pany, South Milwaukee, Wis.): The de¬ 
velopment of the redoser as described 4n 
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this paper must have been very gratifying 
to the authors and their associates. The 
approach to the problem and the methods 
used in the solutions comes very near the 
ideal classical approach. 

It is obvious that a great deal of attention 
was given the numerous factors that 
influence the performance of a high-speed 
interrupter. The nice balance of these 
factors to achieve a special result is basic in 
the design of this type of equipment. One 
of the difficulties in the development of such 
a design is the transition from static anal¬ 
ysis to the dynamic. Data to sub¬ 
stantiate dynamic analysis are difficult to 
obtain and this necessitates numerous tests 
as the design progr^ses. These considera¬ 
tions are especially true in the develop¬ 
ment of a high-speed device. 

There is no doubt that "high-speed" 
interruption is sometimes desirable to 
prevent conductor burn-down. However, 
in the matter of fuse co-ordination this may 
be said: At low fault current values the 
advantage of high-speed interruption must 
be discounted. The slope of fuse time- 
current curves is so much greater than the 
slope of instantaneous curves of the high¬ 
speed recloser that actually the area un¬ 
covered for broader co-ordination is not 
usable. Actually, there has been a re¬ 
closer available for several years having an 
instantaneous time-current characteristic 
comparable, at high current values, in 
speed of interruption to the authors’ 
design. It also has a nominal voltage 
rating of 14.4 kv, heavy-duty class. 

The efficacy of using higher speed re¬ 
dosing may be open to some consideration. 
Experience based on a large volume of 
recorded data indicates that there may be 
1/3 the fuse blowing on co-ordinated fused 
branch lines when a more conventional 
interval of reclosing with two fast and two 
time-delayed interruptions is used. The 
cumulative heating effect on fuses must be 
more carefully considered with fast re¬ 
closing since it becomes a more important 
factor. 

The authors are to be complimented on 
the excellent presentation. They have 
^ploited an area of performance for re¬ 
closers that has merit as well as short- 
commgs. 


1. Lower investment in substation equip¬ 
ment. 

2. Lower operating costs due to reduced 
number of service calls. 

3. Lower maintenance cost. 

4. Extremely fast dearing of temporary 
faults and considerable lessening of con¬ 
ductor burn-downs. 

We feel that the designers have done an 
excellent job on the operating sequence of 
the recloser in having one instantaneous 
opening and redosing followed by two 
time-delay openings and then lock-out. 
Our experience with substation recloser 
operations has demonstrated the value of 
this sequence. 

Operation counters employed in con¬ 
junction with redosers must be reliable and 
accurate to permit stud 3 ring the operating 
records of the redosers against the blowing 
of sectionalizing fuses for possible improve¬ 
ment in circuit protection. This feature, 
mechanical in nature, has not been given 
the attention it should have had and un¬ 
satisfactory operating records have re¬ 
sulted. We assume the designers have 
considered this problem in the design of 
the redoser. 

The fine record which has been estab¬ 
lished by redosers of the 15-kv class im¬ 
mediately sets up a challenge to the de¬ 
signers to develop, a single-pole recloser 
which can be used at higher voltages. 

The growth of load and load density in 
the suburban and rural areas requires 
larger capacity substations for which it may 
be necessary to use power redosers of 
ampere ratings and interrupting capacities 
higher than available at present. On the 
Consumers Power Company System, these 
sub^ations are generally served at 46 kv. 
To insure better service, it would be de¬ 
sirable to operate the 46-kv lines closed in 
loop ^operation. WTiere the current rating 
and interrupting ability of a circuit breaker 
IS not required or the cost is not justified, it 
is believed the use of a single-pole redoser 
of proper ampere and voltage rating could 
be the answer to this need. 


G. D. Stevens and A. C. Pagerlund (Con- 
^mers Power Company, Jackson, Mich.): 
The authors are to be complimented on a 
very good presentation and a very thorough 
Malysis of the problems inherent in the 
design of a power class redoser. 

Consumers Power Company recognized 
power class redosers as early as 
1940 and, at present, there are 1,500 
smgle-pole units installed on substation 
a operating from 

volts up to and including 14,400 volts 
4^/« on circuits operating at 

4,^/8,320 volts wye grounded. Ampere 
ratings of th^ redosers are 100, 140, 200, 
and ^ amperes, depending upon the 
capacity of the substation transformer 

banks and the number of circuits. 

The 8 years of experience with circuit 
reclos»s has proved them to be a reliable 
and economical device for circuit protec¬ 
tion with greatly improved service con- 
tmuity As a re^t of their use, the fol- 
lowmg benefits have been obtained 


K. L. Niebauer (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): The 
authors have described an interesting 
approach to the problem of high-speed 
circuit interruption. They are using ex- 
treinely high contact speeds for inter¬ 
rupting the circuit with a minimum fault 
current time. In general practice contact 
speeds are maintained at reasonably low 
values while the interrupter design is used 
to effect interruption of the circuit with 
short arcing time. 

The high-speed contacts introduce some 
problems that I do not feel were sufficiently 
explained in the paper. In F^. 8 the con¬ 
tact separation was initiated after approx¬ 
imately 3/4 cycle of symmetrical fault 
current and the contacts reached the full 
open position just after the second current 
zero. I feel that the story would be more 
complete if an oscillogram of a totally 
asymmetrical fault current were shown. 

I cannot entirely agree that the ssrmmetrical 
current interruption is the most difficult 
to handle. It has been my experience that 
the energy released in the interrupter is of 
major importance, especially where high¬ 
speed contact separation is involved. The 


exceptionally high speed of the contact 
separation should build up the dielectric 
strength between the parting contacts at a 
greater rate than the rate of rise, of the 
recovery voltage. The arc energy breaks 
down the oil into a gas and this creation of 
a gas bubble can develop extremely high 
prepares when very much energy is ex¬ 
perienced. With an asymmetrical fault 
current interruption it is conceivable that 
arcing could endure for more than a 1/4 
cycle of current. This is shown in Fig. 
12 where the second operation had arcing 
for approximately a half-cycle. If this 
arcing had been during an offset half-cycle 
at a current approachmg the maY imnm 
rating of the recloser the energy released in 
the interrupter would have been approx¬ 
imately four times as much as the energy 
released during the symmetrical fault cur¬ 
rent operation as shown in the published 
oscillograms. The energy developed will 
vary approximately as the square of the 
^cing time. Therefore, if the arcing time 
is doubled the energy will be increased four 
times. 

Another feature that may be disclosed 
by asymmetrical current operations is 
whether or not all interruptions are effected 
pi^or to completion of contact travel. It 
would appear that the contact speed is such 
that at high fault currents an opening could 
occur at or immediately after a current zero 
and arcing would occur for a full half-cycle. 
This is twice the time required for total 
contact travel. Therefore, arcing will con¬ 
tinue after the contact is fully open. In 
this case interruption will have to occur 
with no new oil coming in contact with the 
arc, It would be interesting for the au¬ 
thors to discuss the result of such an op¬ 
eration. 

The authors did not mention the re¬ 
closer’s ability to interrupt load current 
and transformer magnetizing current when 
used as a manual sectionalizing device. 
With the apparent leng^th of the contact 
stroke it is assumed that the redoser 
operates quite satisfactorily in these cases. 
Redosers are frequently used for line 
®®^^^o^^kzmg and must possess the ability 
to interrupt load currents, as well as low- 
power-factor energizing currents. 


E. J. Field: In discounting the advantage 
of high-speed interruption at low-magnitude 
fault currents, Mr. Weinfurt seems to say, 
in effect, that low-magnitude fault cur¬ 
rents are good for a system. In contrast, 
we consider that the ultimate objective is 
to have ciruit interruption and reclosure so 
rapid that both are accomplished in zero 
time, which is the same as having no faults 
at all. It is doubtful that any one would 
dispute the advantage of a truly faultless 
system. 

Curve 3 of Fig. 16 is the' published 
fault” curve of the only redoser 'we know 
to be "available for several years.” It is 
clearly slower than the subject of this 
paper, particularly in the range of currents 
representing the bulk of all fault currents. 

It should be noted that the extra fast 
redosme reported in this paper applies 
only to the first reclose following the in¬ 
stantaneous trip. This combination b^t 
^ves the recloser’s primary function which 
is to clear the circuit of transient faults 
with minimum disturbance. Subsequent 
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reclosures are 5 seconds nominal for the 
purpose both of neutralizing an otherwise 
cumulative heating effect on fuses and for 
permitting an adequate open interval to 
clear semipermanent faults. This operat¬ 
ing sequence is the conventional one used 
on the majority of all single-phase power 
class reclosers presently in service. 

The comments of Mr. Stevens and Mr. 
Fagerlund are predicated upon their ob¬ 
servations of what is believed to be the 
largest known general application of power 
class reclosers. This broad application 
with its multiple benefits results directly 
from application of reclosers as feeder 
breakers on a multiplicity of small sub¬ 
stations, an idea worked out in detail and 
pioneered on the Consumers Power Com¬ 
pany System. The comment on operation 
counters focuses attention on the ever¬ 
present need for supplementing sound and 
basic engineering concepts with careful 
attention to the detail design of co-operat¬ 
ing components. 

The theoretical concepts relating to 
current offset and arc energy expressed by 


Mr. Niebauer establish his familiarity in 
this field. Therefore he will probably 
recognize that the theoretical conditions 
he prescribes will not be encountered by 
the recloser because a totally assmimetrical 
fault current will not occur under even the 
worst conditions prescribed by industry 
standards for this equipment. Fiurther- 
more, the subject of this paper possesses an 
inherent characteristic that compensates 
for severe asymmetry. This is the fact 
that contact separation cannot start until 
after voltage appears across the coils. 
Coil voltage, in turn, cannot develop until 
after the first current zero, which obviously 
is at the termination of the severe offset 
current wave. Therefore the extension of 
the time base normally introduced by an 
asymmetrical loop does not occur during 
separation of the contacts. This coil 
voltage and contact travel relationship 
may be verified by reference to Figs. 2, 
7, 8, 9, and 12. 

From Fig. 3 and a knowledge of the con¬ 
tact separation it may be determined that 
contact velocity is appreciably less than 


Mr. Niebauer’s surmise of total contact 
travel in 1/4 cycle. It must also be noted 
that Fig. 3 defines the contact ^eed prior 
to the adoption of measures discussed in 
the paper that reduced the travel speed of 
the final product. Another point men¬ 
tioned but not enlarged upon in the paper 
is that some prototype tests did permit a 
current zero after the end of contact travel. 
Interruption was obtained in all such in¬ 
stances. This is because the contribution 
of the coil column to interruption, con¬ 
sidered as a percentage of all contributing 
factors, is greatest at low fault currents 
(slow speed) and short contact separation. 
However this discussion is only of academic 
interest because the design adopted is 
timed to obtain interruption prior to the 
end of contact travel. The oil column is 
particularly effective for interrupting load 
current and magnetizing current. The 
assumption concerning this point is en¬ 
tirely correct. 

We appreciate the interest shown and 
the challenging discussions presented, and 
thank the discussers for their participation. 


axioms: 1 . there is no one certain method 
of forecasting, and 2 . no individual is 
completely clairvoyant. 

The first of these statements leads to 
the conclusion that in making a forecast 
every available approach should be 
brought to bear on the problem. Tenta¬ 
tive answers should be arrived at by as 
many means as may be feasible. The 
final forecast should be undergirded by 
reasonable forecasts for as many related 
elements as can be isolated and sepa¬ 
rately studied. A forecast of peak kilo¬ 
watts must be intelligently related to a 
forecast of total output; a forecast of out¬ 
put must be reasonably related to fore¬ 
casts of sales. Sales forecasts must be 
broken down into forecasts of logically 
attainable residential, ccmmerdal, and 
industrial consumption, and so on. These 
again must be related to population 
trends, territorial changes, and other fac¬ 
tors. If all of the parts which make up 
any whole can be analyzed and prognos¬ 
ticated separately, an integration of them, 
in which the parts together constitute 
one, or perhaps several, closed circles, is 
likely to be more accurate than a direct 
estimate of the whole. 

It is possible to forecast peak demands 
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Purpose 

W ITH EVERY addition to the plant 
of an electric utility system there is 
presupposed, either consciously or un¬ 
consciously, some estimate of future 
loads, even if it be no more than a forecast 
that the enterprise will continue in busi¬ 
ness. If the addition is the result of 
careful study and planning, such study 
and plan must necessarily be based on a 
specific forecast of future requirements. 
In spite of the great importance of these 
forecasts, very little discussion of them 
has taken place in the industry and there 
appear to be great differences in the 
methods employed, ranging from the 
simplest extrapolations of past loads, to 
numerous rather complex techniques 
aimed at improved results. The purpose 
of this paper is to present a summary of 
the procedure used by one company in 
determining the future loads on the 
basis of which its plant facilities are de¬ 
signed. 


The paper will deal with load forecasts 
)oking from 6 months to as much as 10 
ears or even more into the future, 
'hese are the forecasts required by system 
lantiing engineers in making studies of 
Itemative methods of system expansion. 


They are also the forecasts which deter 
mined whether or not the facilities neces¬ 
sary to carry loads are available today. 
However, the current load forecasts 
required for purposes of day-to-day system 
operation and heavily dependent on tem¬ 
peratures or weather conditions, will not 
be considered. 

Summary 

The method described consists of fore¬ 
casting sales by classes of service for a 
time interval of either a year or a month, 
10 years in the future, A secular trend 
is then drawn from present data to the 
forecast condition 10 years hence. Next, 
an estimate is made of expected devia¬ 
tions from trend, especially in the near- 
term years. By summing up the esti¬ 
mates of sales and adding losses and cer¬ 
tain other adjustments, a forecast of total 
output is made. Expected peak de¬ 
mands, which are the ultimate objective 
of forecasts used in system planning, are 
obtained by a process of correlating 
peaks with consumption and system 
output. 

Two Fundamentals 

Anyone who has studied economic or 
stock market or business forecasting wdll 
undoubtedly accept the following as 
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by merely extrapolating the past history 
of peaks. However, system peak is the 
aggregate of the peak contributions of the 
several classes of service plus associated 
losses. Hence, an ideal approach would 
be to estimate peak by summation of 
contributions but this would involve the 
forecasting and integration of pIass de¬ 
mands and losses. Most utilities do not 
at present have enough information to 
follow such a procedure completely, but 
they can approach it by reasoning and 
speculating about class sales, in kilowatt- 
hours (kw-hr), quantities related to the 
parts rather than to the whole j then, 
having forecast these parts, integrating 
th^ by various methods to produce an 
estimate of the whole. This is a helpful 
procedure since there may be differing 
trends in the contributions of the various 
claves of service to the combined peak 
which such a study may disclose. A 
case in point is sales to a local transporta¬ 
tion company, once important in estab¬ 
lishing peak demands, now negligible. 
In another instance, a very important 
change in month of occurrence of annual 
peak is forecast on the basis of studies of 
class loads. 

A corollary of this proposition would 
state that mathematical methods of 
extrapolating known data are tools which 
may be an aid to judgment but must not 
be substituted for it. A perfect mathe¬ 
matical lit for past data may be very help¬ 
ful for a short-range view of the future but 
may lead to absurd results if applied for 
the long range. Application of mathe¬ 
matical procedures therefore, either to the 
components of the data or to the whole, 
is only one of the possible ways of evaluat- 
itig the future and should be employed 
with caution and appreciation of its 
limitations. 

The second axiom suggests that group 
effort may be superior to individusd per¬ 
formance. Hence there may be advan¬ 
tage in having forecasts handled by a 
forecasting committee. On such a com¬ 
mittee numerous points of view can be 
brought to bear. There should be repre¬ 
sentatives from the operating departments 
closest to the phenomenon of growing, 
lifting loads and who are on the firing 
line when shortages of capacity occur; 
there should be representatives from the 
sales departments who sense the public 
pulse and know the sales promotion plans 
and problems; and finally there should 
be representatives from financing or 
management groups whose business acu- 
mm is invaluable and whose acceptance 
of the forecasts is essential. In setting up 
such a committee, however, it is im¬ 
portant that the individuals be named as 


committee members in their own right 
and not as departmental representatives. 
As individuals they will submit their own 
ideas, argue and discuss results, and com¬ 
promise findings to arrive at a committee 
viewpoint. Only by accident would tins 
be an average of the viewpoints of the 
various departments. Frequently two 
individuals from the same department 
will hold drastically differing views. 
Experience since 1923, covering both the 
departmental and the individual-member 
approaches, has shown tiiat the former 
leads to averaging of departmental fore¬ 
casts and post mortem comparisons, while 
thelatterpromotes free discussion in which 
many conflicting views are reconciled 
through exchanges of opinion and sharing 
of results of research. 

Basic Statistics 

The basic statistics upon which any 
forecast of the future must rest are the 
historical records of the past. These 
must in some maimer be extrapolated and 
modified in the light of what is known or 
expected as to the future. Fortunately 
most utilities, unlike an enterprise start¬ 
ing out in a new industry or with a new 
product, have reasonably adequate rec¬ 
ords of the past, i.e., records of past 
sales, past outputs, past system peak 
demands, and other pertinent material. 

Since the system peak, in which plan- 
n^ are primarily interested, usually has a 
fairly definite seasonal pattern, it is clear 
that in so far as use is a determinant of 


peak, sales for the month or months when 
the peak may be expected to occur are of 
greater interest than sales for other 
months or for the year as a whole. For 
the purpose of this paper, it is assumed 
that a December annual peak is the his¬ 
torical experience; forecasts of December 
sales are, therefore, of particular interest. 
(In many areas the seasonal pattern ap¬ 
pears likely to change in the near future, 
because of increasing summer air-condi¬ 
tioning load.) 

There are, however, important benefits 
to be obtained from using annual sales 
and also from using sales for all months 
of the year. Forecasts of annual sales, 
based on past annual data, tend to elim¬ 
inate accidental variations such as may 
occur for 1 month, if only 1 month in 
each year (as December) is the basis for 
the forecast. For near-term forecasts, 
monthly sales corrected for seasonal varia¬ 
tion and meter-reading intervals may be 
used. This provides 12 points per year 
as a springboard from which to forecast 
the trend, rather than only one point per 
year, and thus tends to average out un¬ 
avoidable accidental variations. 

In most forecasting, it is advantageous 
to be able to use, interchangeably, data 
for the full year, data for 1 month in 
which the peak is likely to occur and data 
for each of the 12 months of the year 
taken individually. Seasonal factors and 
ratios should be computed so that statis¬ 
tics for any 1 month can readily be com¬ 
pared with statistics for any other month 
or for the full year. For some purposes 
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Fij. 2. Residential customer forecast 


December figures appear preferable, for 
others annual information seems better 
and in still others complete monthly 
statistics are preferable. 

Remote-Point Philosophy 

Most humans, when thinking of the 
future in terms of a projection of the his¬ 
torical past, are greatly influenced by the 
iimnediate present. It follows that the 
first step in every forecast may well be to 
consider, without undue concern for 
today, what a remote tomorrow may 
bring. “Remote” may mean 6 or 10 or 
20 years hence; for the purpose of this 
paper, it is a period 10 years in the future. 

Now, in the spring of 1955, with all 
1954 data available, the question is, what 
will industrial or residential sales be in 
1964? Clearly, in answering this ques¬ 
tion the important factor is not what the 
sales were in the last 2 or 3 months of 
1954, or in all of 1954, but what has been 
bappening to the sales for the last 10 or 
20 years and, very important, what new 
influences are likely to appear in the next 
10 years. In this speculation, many fac¬ 
tors can be weighed and perhaps eval¬ 
uated in hypothetical terms. There is 
opportunity for thorough discussion and 
for reconciliation of views. Some com¬ 
promises, of course, are inevitable, as 
group agreement is evolved on what 1964 
may logically have in store for electric 
utilities. 

The Secular Trend 

One of the dictionary definitions of 
“secular” is “existing or continuing 
through ages or centuries.” When one 
attempts to establish the secular trend for 
a mass of data in a time series, one may 
be confident enough of the centuries (or 
years) in the central portions of the curve, 
but one can never teU whether or not the 
line is correctly drawn when it approadies 
the ends of the time scale; hence, the use 
of a remote-point forecast. It fixes the 
10-year-off spot on the secular trend 
curve, i.e., on a smooth curve fitted to the 
historical data and extended into the 
future. It is recognized, of course, that 
for any particular year the actual statis¬ 
tics may, and probably wiU, depart from 
such a trend line, since this line theoret¬ 
ically represents conditions as likely to 
be exceeded as not. However, for the 
far future it is not possible to estimate 
such deviations and the secular trend is 
the logical objective toward which system 
development should be projected. 

The trend line may be straight, or it 
may be a suitable curve; mathematical 


definition of it is usually feasible if wanted. 
If it is mathematically defined, fitting it 
to the historical data may also be mathe¬ 
matical, usually by the method of least 
squares, and it may then be mathemati¬ 
cally extrapolated. Such a procedure is 
often employed as one, but only one, of 
the tools used in establishing the remote- 
point forecast. 

Alternatively, however, the trend may 
be both fitted and prognosticated through 
the remote point by judgment and ob¬ 
servation only and no mathematical 
equations for it ever established. The 
great advantage of the nonmathematical 
procedure lies in the opportunity it offers 
for the application of judgment as to the 
future. It is the preferred practice in 
most unstable situations. 

Forecast of Residential Sales 

Use op Population Foiuscasts 

Population, of course, is one of the 
statistics most readily available for the 
long past and, by comparison with other 
quantities dealt with in this paper, it is 
one of the most accurately fcarecastable 
into the future. Any study depends 
heavily on the work of population ex¬ 
perts. By analyzing and reconciling the 
conflicting views of such students of the 
subject and modifjdng their results to 
apply specifically to the utility’s terri¬ 
tory, a forecast of future population in the 


area served is derived; see Fig. 1. 

The population per residential customer 
may be calculated from the company’s 
records and forecast into the future, 
nothing that it is likely to approach 
a value related to size of household. 
An estimate of the number of resi¬ 
dential customers can then be obtained 
by division and checked by a direct ex- 
tention of available historical data; see 
Fig. 2. By forecasting consumption per 
customer, an estimate of total residential 
sales is obtainable; see Fig. 3. 

Use of semilog paper in studying such 
statistics is often helpful, since on such 
paper a straight line represents a com¬ 
pound percentage increase. The results 
plotted in Fig. 3 may be checked as to 
reasonableness by this method. This is 
done in Fig. 4, which shows that the pres¬ 
ent forecast of 1964 residential use pre¬ 
dicts a decreasing percentage increase, on 
the average, over the 10-year period. 

Consumption Per Customer 

Such a decreasing rate of growth ap¬ 
pears acceptable after examination of the 
forecast of number of customers; related 
to population and not now subject to 
logarithmic increase, and after analysis of 
expected futtue use per customer; see 
curve A, Fig. 3. This latter is the most 
important element in the forecast of resi¬ 
dential sales. One method of studying it 
has been called a “synthetic approach.” 
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The forecaster is concerned with expected 
increasing use of various appKances or 
devices, usually the most recent introduc¬ 
tions. Among the more important such 
items today are television sets, ranges, 
water heaters, and the numerous “weather 
makers” for drying, humidifying, heating, 
or cooling. It is necessary to study the 
probable increased “saturation” of the 
temtoiy with these devices and the ex¬ 
pected average use of each. There may, 
statistically, be more than 100 per cent 
(%) saturation of some appliances as 
there is today with radio sets, most homes 
having more than one. 

Table I shows the results of a recent 
discussion of conflicting views on this 
problem. It is considered that this is an 
area in which load research can be most 
profitable if increased accuracy in resi¬ 
dential forecasts becomes impcMtant, for 
at present much of the basic information 
required for this tabulation is of a low 
order of accuracy. 

Reconciliations 

It will be noted that Table I is set up 
on an annual-use basis, whereas the curves 
^ Figs. 2, 3, and 4 are for the month of 
December of eanh year only. Several 
steps at the bottom of Table I reconcile 
the two, utilizing a ratio of December to 
annual forecast from a graph in Fig. 3, 

In practice, most of the information is 


forecast both ways and in many cases each 
component and each total is forecast in¬ 
dependently. All of these elements must 
then be reconciled so that the same esti¬ 
mate IS obtained by any appropriate 
combination of steps. It is surprising 
how frequently this procedure will dis¬ 
close incompatible prognostications and 
r^lt in important shifting of preliminary 
views. 


All of the initial effort and discussion is 
devoted to the establishment of a reasona¬ 
ble expectation for residential sales at a 
tme 10 years hence; 1964 in the details 
given. The intermediate years are 
bridged. This future point itself is con¬ 
sidered to be only tentative until all of. 
the work of any forecast is completed. 
Thus full freedom is allowed for the in¬ 
troduction of new information or opinion 
at any time. For instance, it may be 
that studies of commercial or industrial 
sales will bring to light some reason for 
reconsideration of previously accepted 
parts of the forecast. 

Secular Trend and Deviations 

With the remote point relatively fixed 
(usually after establishing also the corre¬ 
sponding remote points for ccanmercial 
and industrial sales) the next step is to 
construct a trend line from the present to 
the forecast future. Residential sales al¬ 
most never deviate importantly from a 
smooth growth; the charts show such 
deviations only during the years of the 
Great Depression and the period of war 
ci^aihnent. There is currently some 
slight indication of a postwar, abnor¬ 
mally accelerated growth, attributable 
perhaps to television. These are the 
influences to be considered in the con¬ 
struction of a trend line. Usually they 
do not present important difficulties in 
the case of residential sales. In long- 
range forecasting it is always assumed 
that for any period more than a year or 
two in the future residential sales will be 
on the secular trend. Deviations are 
likely to be insignificant and are almost 
certainly unpredictable. 
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Table I. Synthetic Forecast of Residential Sales Per Customer 




1954 



1964 


Appliance 

Average 
Ew-Hr 
per Unit 

Satu¬ 

ration, 

% 

Average 

Ew-Hr 

per 

Customer 

Average 
Ew-Hr 
per Unit 

Satu¬ 

ration, 

% 

Average 

Ew-Hr 

per 

Customer 

Television 

220... 

... 100 .. 

... 220_ 

300*... 

... 100 .. 

... 300 


200... 

.. . 0 .. 

0_ 

20b ... 

... 25 .. 

50 

Range. 

.. 1,200... 

... 4 .. 

48_ 

.. 1,200 ... 

... 10 .. 

... 120 


.. sieoo... 

... 1.1.. 

40_ 

.. sieoo ... 

... 4 .. 

... 144 

Dryer. 

'660... 

... 0.6.. 

4_ 

.. 600 ... 

... 1 .. 

6 


..10,000... 

... 0 .. 

0.... 

..10,000 ... 

... 0.6.. 

60 


'680... 

... 6 .. 

41_ 

.. 760 ... 

... 10 .. 

75 


400... 

... 6 .. 

24_ 

400 ... 

... 60' .. 

... 200 


260... 

... 6 .. 

16_ 

260 ... 

... 10 .. 

25 

Furnace fans. 

265... 

.. . 10 .. 

... 26.... 

.. 360 ... 

...26 .. 

... 87 


All other.1,307. 

Annual total per customer, kw-hr. 1,726. 

J..ess more than proportionate room cooler growth, 

kw-hr. 0. 


Annual total per customer excluding more than 
proportionate room-cooler growth, kw-hr...;.... 

Average number of customers. 

Annual sales excluding more than proportionate 

room-cooler growth, millions of kw-hr. 

Ratio: annual sales to December sales, excluding 
more than proportionate room-cooler growth.... 

December sales, millions of kw-hr. 

Total annual sales, millions of kw-hr. 


1,726 . 2,694 

1,119,000...l,300,000t 


* Indudes color TV. 

t 200 - 24f2,857 -200)/(1.726 -24 X24) -163. 

t Obtained from a chart similar to Fig. 2 except based on average number of customers throughout the 
year. 

§ From Fig. 3i this ratio would be 10.3 if room-cooler adjustment were not made. 


Forecast of Commercial Sales 

The forecasting of commercial sales is 
very similar to that of residential sales. 
The work is done both with December 
data and with annual figures; also some¬ 
times with monthly sales. These last 
are particularly useful when forecasting 
is for only a year or two in advance. 

The relationship of commercial sales to 
population is weighed and expected new 
uses for electricity in commercial estab- 


purposes is very helpful in studies of near- 
term commercial sales deviations from 
trend. The sales department maintains 
completerecords of expected new demands 
of large commercial customers. Each 
month the ones which are cut in are de¬ 
ducted and any new ones added. This 
may provide a basis for explaining erratic 
variations and it establi^es a known 
pool or backlog of applications for power. 
The size of this backlog depends on the 


current relationship between cut-ins and 
new applications. Hence, an examina¬ 
tion of this record is a helpful indication 
of near-term commercial expectations. 
Such information, plus a careful con¬ 
sideration of business conditions, applied 
to the recent past and the probable future, 
constitutes the best available guide in 
locating the secular trend of commercial 
sales, and any expected variations from 
that trend. 

Forecast of Industrial Sales 

In most utility areas, the industrial 
sales forecast is the key to the accuracy of 
any prognostication of loads. Industrial 
sales are almost certain to constitute a 
high percentage of total sales and they 
are very variable. When business is 
good, sales are up. When business is 
poor, industrial sales may go to a very 
low point. If a new aluminum plant or 
blast furnace locates in the territory, a 
very substantial increase in industrial 
sales occurs; if such a plant moves away 
the loss may be a high percentage of total 
industrial sales. Such factors are almost 
completely unpredictable, and require 
special treatment. They exert a major 
influence on the accuracy of the over-all 
forecast. Hence, a very large part of the 
time in making any estimate is devoted to 
examination of industrial prospects. 

Various Approaches Used 

Among the various methods of making 
estimates of industrial sales for a remote 
future year, based on studies of the com¬ 
ponents or factors which -will produce 
those sales, may be listed tlie following: 


lishments are studied. Of course, summer 
air-conditioning is one of the most impor¬ 
tant of such uses. Both built-up forecasts 
and direct projections are employed, one 
is checked against the othCT and results 
are discussed at length in committee 
meetings. The final forecast for the 10- 
year-off point is also checked by relating 
it to the corresponding residential sales 
estimate on the theory that there should 
be a reasonable correlation between the 
two; see Fig. 6. 

In determining a trend Hne for commer¬ 
cial sales, the deviations experienced are 
wider than is the case with residential 
sales. Evidently commercial sales are 
somewhat influenced by fluctuations in 
business conditions; much more so than 
residential sales. This adds to the diffi¬ 
culty of locating a satisfactory secular 
trend. 

A procedure for recording applications 
for large blocks of power for commercial 
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Fig. 6. Index of total manufactures 


Table II. Index of Manufactures 

Calculated From Value Added by Manufac¬ 
tures (U. S. Census of Manufactures) Com¬ 
pared with FRB Index of Toal Manufactures 


(1935-39 » 100) 

Rejura- 

sentatlre 

Years 

Computed 
from Census of 
Manufactures 

F.R.B. 

Index 

1919. 


79i 

1926. 


90 

1929. 


110 

1936. 


87 

1939. 


109 

1947..... 


194 

1949. 


.... 183 


1. To forecast the growth in industry and 
the gro\\^ in use of electricity, per unit of 
growth in industry, 

2- To forecast the growth in number of 
industrial workers and the growth in 
consumption of electricity per worker. 

3. To forecast the monthly hours use by 
industry of its noncoincident billed demand 
for elecWdty and the growth in that 
noncoincident billed demand. 

4. To separate industrial sales into differ¬ 
ent components depending on size of 
customer’s business or on nature of use, 
and study separately the growth or decline 
of each of these elements in the local 
industrial economy, examining the rela¬ 
tionship of each to the total industrial 
use. 

It is proposed to discuss briefly each 
of these four approaches to a long-range 
industrial forecast. As will be recog¬ 
nized, they are applicable to such sales as 
a dass, but not necessarily useful to fore¬ 
cast the future of any one customer. 
Any single user representing an important 
percentage of total industrial sales should 
be separately examined. 

Growth in Industry and Growth in 
Use 

The United States has shown a con¬ 
tinuous industrial growth for a great 
many years. Hence it is reasonable, as 
one method of forecasting industrial 
sales, to attempt to relate these sales to 
the long-time trend of industrial develop¬ 
ment. Fig. 6 gives an index of total 
manufactures from 1899 to the present, 
prepared from the Federal Reserve Board 
(FRB) Index of Total Manufactures^ 
and from a National Bureau of Economic 
Research Index of Manufacturing Pro¬ 
duction,* adjusted and corrdated. A 
trend line is drawn through this chart and 
extended to 1964. This is indicative of 
the units of production that may be ex¬ 
pected in that year. The information is 
plotted on semilog paper because a com¬ 
pound percentage increase for at least 10 
years into the future appears justified by 
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the very long period of historical growth 
to which a percentage increase seems to 
apply. 

Of course this information is based on 
the United States as a whole. Before 
using it for any particular territory, a 
detailed study is necessary to ascertain 
that that area has varied in its manufac¬ 
turing output approximately as has the 
nation. If the territory is highly diversi¬ 
fied, this is likely to be true. Such a 


check can be made through studies of the 
value added by manufactures, taken from 
the Census of Manufactures® and avail¬ 
able by counties. The actual steps in 
one sudi correlation were the following. 

1. Assume that the dollar value of pro¬ 
duction in the particular territory (Public 
Service Electric and Gas Company) in¬ 
creases as that of the state (New Jersey) 
^ce: 1. the value added by manufactures 
in 24 cities (Public Service Electric and 
Gas Company territory) was nearly a 
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constant 70% of that of New Jersey for 
the period 1899 to 1919, and 2. the value 
added by manufactures in 11 counties 
(Public Service Electric and Gas Company 
territory) was nearly a constant 90% of 
that of New Jersey for the period 1919 to 
1947. 

2. Assume that the dollar value of pro¬ 
duction in the state increases as that of 
the United States from the period 1899 to 
1947, since the value added by manu¬ 
factures in New Jersey was nearly a con¬ 
stant 6.6% of that of the United States for 
the same^ period. 

3. Correct the value added by manufac¬ 
tures for the United States to a constant 
dollar base using the Consumers’ Price 
Index^ issued by the U. S. Bureau of Labor 
Statistics and transform into an index. 
This compares well with the FRB Index as 
shown in Table II. (The recent shift in 
the base of the FRB Index does not, pre¬ 
sumably, invalidate this correlation.) 

By dividing the utility’s industrial 
sales by the index of production shown in 
Fig. 6, a quantity “kilowatt-hours sold 
per unit of production’’ is obtained. This 
is plotted in Fig. 7, curve B. Obviously, 
if this curve and the index are both ex¬ 
tended to 1964, their product will give 
an industrial sales forecast for that year; 
see procedure 1 in the following forecast. 

Annual Industrial Sales for 1964 as 
Forecast by Five Procedures 

Procedure 1. Growth in Manufactures and 
Safes Per Unit 

1. Index of total manufactures, Fig. 6,180 

2. Industrial sales per unit of production, 
Fig. 7, 37,000,000 kw-hr 

3. Total industrial sales, item IX item 2, 
6,670,000,000 kw-hr 

Procedure 2. Growth in Manufactures and 
Total Power Per Unit 

1. Index of total manufactures. Fig. 6,180 

2. Total industrial power per unit of 
production, Fig. 7, 46,000,000 kw-hr 

3. Per cent of power electrified. Fig. 7, 
98 

4. Per cent of electric power purchased, 
Fig. 7, 82 

5. Total industrial sales, item IXitem 2 X 
item 3Xitdm 4, 6,670,000,000 kw-hr 

Procedure 3. Growth in Workers and 
Sales Per Worker 

1. Number of manufacturing workers. 
Fig. 8, 860,000 

2. Industrial sales per worker. Fig. 8, 
7,750 kw-hr 

3. Total industrial sales, item IXitem 2, 
6,670,000,000 kw-hr 

Procedure 4. Hours Use of Billed Demand 

1. Noncoincident billed demand. Fig. 9, 
1,590 megawatt (mw) 

2. Hours’ use per month. Fig. 9, 360 


3. Total industrial sales, item IX item 2 X 
12, 6,670,000,000 kw-hr 

Procedure 5., Large Customer Component 

1. Number of customers with demand of 
500 kw or more. Fig. 10, 670 

2. Average sales to these customers. Fig. 
10, 8,460,000 kw-hr 

3. Per cent of total industrial sales. Fig. 
10. 85 

4. Total industrial sales, item IXitem 2-1- 
item 3, 6,670,000,000 kw-hr 

Note: The ratio of annual to December 
industrial sales since 1950 has been 11.78, 
11.65, 11.25, 11.32 and 11.55. This 
ratio is forecast as 11.5 for 1964. Hence 
December industrial sales are forecast as 
6,670,000,000/11.5 = 580,000,000 kw-hr. 

A corollary of this method is helpful. 
The industrial sales of a utility in its terri¬ 
tory today probably represent practically 
all of the purchased industrial power. 


But this is not the total industrial power 
produced and it is a relatively recent 
development. Over the long term, power 
has been of at least three kinds, steam, 
hydraulic, and electric, and any of the 
three may have been either purchased or 
owner-produced. Is it possible to relate 
industrial sales of electricity to census 
data on total power produced in the area, 
of all kinds, over a long period of years, 
and what would be the rdationdiip be¬ 
tween this total power and the index of 
production (total manufactures) already 
discussed and forecast? 

To refer again to New Jersey, statistics 
obtained from the U. S. Census of Manu¬ 
factures® show that in the period 1899- 
1939 the percentage of total industrial 
power supplied by electricity increased 
from 5% to 91%; See Fig. 7, curve C. 
From U. S. Census,® Federal Power Ccon- 
mission® and Edison Electric Institute* 
data it is found that electric power pur- 
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chased from utilities in New Jersey, ex¬ 
pressed as a percentage of total industrial 
power supplied by electricity, increased 
fr^ 12% in 1909 to 71% in 1949; see 
Fig. 7, curve D. If the per cent of indus¬ 
trial power electrified is nOipltipHed by the 
per cent of electric power purchased, the 
result will be the per cent of all industrial 
power purchased as electricity. If in¬ 
dustrial sales in the utilities’ territoiy are 
divided by the per cent of all industrial 
power purchased, the result will be the 
total power used in the territory, electric 
and otherwise, purchased or owner¬ 
generated. Dividing this by the index of 
production already discussed. Fig. 6, re¬ 
sults in the quantity, total power used 
in the territory per point of index, or per 
unit of manufacturing production. 

This quantity is also plotted in Fig. 7, 
curve d. It shows currently only a very 
moderate rate of growth, most logically 
forecast as a straight line. Forecasting 
this factor and the various percentages 
discussed, all of which must be asymptotic 
to something less than 100%, provides 
another method of indicating total indus¬ 
trial consumption at a titnp lo years 
hence. This method may be described as 
"units of production times, total power per 
unit times per cent of total power sold 
by utihties.” It provides another set 
of figures to check the reasonablene^ of 
forepasts obtained by other methods and 
is shown in the foregoing forecast as pro- 
c^ure 2. 

Growth op Number op Workers and 
Consumption Per Worker 

U. S. Department of Labor^ 
statistics it is possible to ascertain the 
number of manufacturing workers by 


counties. This information can be ad¬ 
justed to a given utility territory and 
forecast directly, or a probably better 
estimate may be obtained by a study of 
the age and sex pattern of the population 
and a projection of' those elements or fac¬ 
tors which will establish the number of 
workers in the future. Fig. 8 shows a 
forecast of manufacturing workers and a 
related estimate of industrial sales per 
worker. This is included as procedure 3 
in the foregoing forecast. It is also feasi¬ 
ble to study the number of hours worked 
per week, i.e., the average work week, and 
from this, and the number of workers, to 
forecast man-hours, and industrial sales 
per man-hour. 

Hours’ Use op Billed Demand 

A totally different approach to the 
problem of forecasting industrial sales 
may be had by extending into ttie future 
the ratio, monthly industrial kilowatt- 
hour sales divided by the sum of the non¬ 
coincident demands billed to all industrial 
customers. This ratio is called "hours’ 
use of billed demand,’’ since it gives the 
average hours’ use of the aggregate of all 
industrial customer demands in any 
month. It is very sensitive to industrial 
conditions at any particular time is and 
often used as a form of business index. 

If normal industrial conditions are as¬ 
sumed, as is customary for a remote future 
date, then a smooth line through the aver¬ 
age of available data for this ratio is an 
inter^ting and fairly firm forecasting 
agent. Multiplied by a forecast of total 
noncoinddent billed demand, which is 
relatively unaffected by business booms 
and depressions, a direct forecast of indus¬ 
trial sales IS obtained. The hours’ use 
ratio and the noncoinddent billed Himinnd 
are drown in Fig. 9 and in procedure 4 of 
the foregoing forecast. 


Components OP Industrial Sales 
Many companies dassify industrial 
sales into different codes. It is often 
possible to determine whether an industry 
is growing, static, or declining in the terri¬ 
tory and for the various codes or 
emplo 3 nnent records can be obtained and 
forecast. Consumption of electridty 
be correlated with such information and 
forecast on an industry-by-industry basis. 
In the 1920’s the electric trolley system 
was an important element in the sales of 
mmy companies. The use of power for 
this purpose, however, has steadily de- 
cUned in most areas until now it is negli¬ 
gible. By a study based on industrial 
classifications, this fact could probably 
have been divined and allowance made 
for it in the forecasts, long before it oc¬ 
curred. At present in New Jersey the 
pharmaceutical and chemical industries 
are very strong and growing rapidly. On 
the other hand, the leather business and 
jewelry manufacturing, which were once 
large, are declining. In the textile in¬ 
dustry there is a definite trend toward 
new plants in the South and the aban¬ 
donment of older mills in the North. 

Some 76% of the industrial sales of 
Public Service Electric and Gas Company 
are to customers with maximum-billed 
demands of 500 kw or more. These cus¬ 
tomers constitute only about 6.2% of the 
total number of industrial users and it has 
been found helpful to study their sales 
and demands separately on the hypothesis 
that they are representative of the entire 
industrial group. Since they are rela¬ 
tively few in number (about 400 in 1954), 
it is possible through sales contacts to 
bring to bear in such studies some direct 
knowledge of their individual prospects. 

It is found that the number of customers 
in a category of this size is increasing, 
that their consumption per customer is 
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gaining, their aggregate demand is rising, 
and other similarly interesting growth 
factors are evident. Forecasts of their 
remote future and of their relationship 
to the total industrial classification are 
regularly made; see Fig. 10 and pro¬ 
cedure 5 of the foregoing forecast. If 
desired, some of the methods already de¬ 
scribed may be applied to this nu¬ 
merically small group. 

Summary of Industrial Forecasts 

Five procedures for arriving at a re- 
mote-future forecast of industrial sales 
are summarized and reconciled in the fore¬ 
going forecast, and the final result is 
plotted in Figs. 11 (arithmetic) and 12 
(semilog). While these procedures are 
not all entirely independent of each other, 
the various components, extended into 
the future, do produce a reasonably con¬ 
vincing body of data undergirding the 
final forecast. Wide error appears un¬ 
likely, assuming that there will be no 
major war or depression in the 10-year 
period. While such extraordinary dis¬ 
turbances may occur, to presume one or 
the other and establish its timing and 
magnitude as a basis on which to plan the 
development of a utility system would 
be to speculate with the welfare of the 
community. A thoroughgoing reorienta¬ 
tion of all prognostications becomes a 
necessity if extraordinary changes in basic 
assum'ptions occur. 

Establishing the Frend 

The virtue of having studied fimt the 
long-range future is apparent when one 
undertakes to establish a secular trend for 
industrial sales. By definition the re¬ 
mote point is a point expected to lie on 
the long-term trend. Also by definition, 
the secular trend is expected approxi¬ 
mately to bisect the fluctuations of the ac¬ 
tual data, i.e., plotted on arithmetic 
paper the areas above and below the line 
should be approximately equal given a 
long enough time period. Thus much of 
the difficulty of locating this line is elim¬ 
inated. It may be fitted to the known 
data mathematically and extended arbi¬ 
trarily to the remote point, or the entire 
process may be one of visual judgment 
only. Incidentally, it is, of course, pos¬ 
sible that the location of the remote 
point itself may be influenced by mathe¬ 
matical extensions. 

The forecast of a remote point also 
provides a bench mark or guide which is 
helpful in the current-term location of the 
secular trend. Factual data for this 
period too are unknown; it is not possible 
now to state whether the future will show 
that present industrial consumption is 


substantially above, only a little above, 
or perhaps below its secular trend. But 
acceptance of the distant point limits 
the present location possibilities. 

An interesting example of this dilemma 
occurred a few years ago when most busi¬ 
ness indexes recorded conditions as far 
above normal. Such indexes are, in sim¬ 


plest terms, merely ratios of actual condi¬ 
tions either to a secular trend (if the index 
exdudes growth) or to an average of con¬ 
ditions for certain chosen years, if the 
index indudes growth as does the FRB 
Index of Manufactures;^ see Fig. 6. Re¬ 
cently, these indexes have been recalcu¬ 
lated on various revised assumptions of 
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trend line or base period and what they 
portrayed as indicating boom timpg when 
being experienced, are now confidently 
shown to have been only a little above 
normal. 

Comment on Trending 

Throughout this discussion smooth, 
continuous trend lines and extrapolations 
have been assumed. This is not a uni¬ 
versally accepted premise. The theory of 
mutations, whereby discontinuous trends 
are postulated, has definite appeal for 
certain situations. For instance, indus¬ 
trial growth seems to have been along one 
trend curve from the 1920 business bottom 
to the 1930 business top, along fluother 
from the 1932 bottom to the 1945 top, 
and along a third from 1946 to date; see 
Fig. 12. Bach shows a a somewhat lower 
percentage rate of increase than the pre¬ 
ceding one. If it were possible to fore¬ 
cast the future timing, extent and direc¬ 
tion of such discontinuities, regardless 
of origin, this approach would be ex¬ 
tremely useful. Lacking that ability, most 
forecasters prefer continuous trend lines 
as shown on the charts in this paper. 

Mathematical determinations of trend 
lines are of interest. They may be made 
by several methods and, of course, once 
the equation, is established they may be 
extended for any distance into the future. 
However, since there is no assurance that 
the forces which influenced past growth 
will continue unabated and that no new 
factors will be introduced, these mathe¬ 
matical prognostications must be recog¬ 
nized for what they are: tools, not brains. 

The commonest of these procedures is 
the method of least squares as described 
in any book on statistics.® If a straight 
line is assumed to fit the data, this method 
will establish the equation of the most 
appropriate line. If one of the variables 
is given in logarithmic terms, the curve 
best fitting the history will be a straight 
line when plotted on semilog paper. This 
is the compound interest curve 

Y^ab^ 


is very frequently employed in such 
studies. However, in a recent publica¬ 
tion by the National Industrial Confer¬ 
ence B card, ® while applied to many indus¬ 
tries, this Gompertz equation was dis¬ 
carded for the electric utility industry be¬ 
cause it “did not seem to answer the pur¬ 
pose particularly well.” This study ii W 
what its author called a logarithmic parab¬ 
ola of the form 

<m: expressed in logarithms 
log y=>a-\-hx+cx* 

fitted to the logarithms of the data. 

In Fig. 12 a trend line fitted by visual 
judgment and extending through the fore¬ 
cast of 1964 industrial sales, is compared 
with points on a logarithmic parabola 
fitted to the historical data (years 1920- 
41 and 1946—50 only) by the method of 
least squares and extrapolated mathe¬ 
matically. It is difficult to justify pref¬ 
erence for one over the other. This, 
however, merely demonstrates that the 
“logarithmic parabola” happens to be a 
good mathematical reflection of judgment. 
It does not prove that either is correct. 

Index op Industrial Sales 

When the trend has been drawn, an 
index of industrial sales can be readily 
computed by determining the percentage 
deviation from the trend of each point on 
the curve of actual sales. Such an index, 
based on the nonmathematical trend 
line of Fig. 12, is given in Fig. 13. This 
index wiU be found to agree very well with 
standard, trend-corrected indexes of busi¬ 
ness conditions such as that of the 
Cleveland Trust Company. The im¬ 
mediate future may therefore be gauged 
in terms of such an index. 

It is customary to forecast it for a few 
years. Thereafter, accepting the prem¬ 
ise that no individual or group can 
reasonably expect to forecast distant 


booms or depressions, an index of 100 may 
be assumed. Fig. 13 shows the range 
through which this index has moved in 
the past and affords a basis for estimating 
quantitative variations. Before arriv¬ 
ing at this forecast, careful study should, 
of coturse, be made of the views expressed 
by government and private economists, 
business men and others. A weighing of 
these and a study of the current economic 
situation is necessary. This is inevitably 
a nonmathematical process. It is a mat¬ 
ter of research, and of appraisal of the 
economic scene, and is one of the most 
important elements in the near-term por¬ 
tion of any forecast. Once established, 
it is a simple matter to interpret such an 
index in terms of industrial s^es. 

A word of caution is perhaps pertinent 
at this point. In efforts to crystallize a 
near-term estimate considerable reliance 
is sometimes placed on detailed surveys of 
the plans of industrial customers. Such 
information may appear very complete 
and comprehensive and may be carefully 
tabulated and analyzed. Experience has 
demonstrated, however, that most indus¬ 
trial customers are overoptimistic. It 
costs them nothing to indicate an expect¬ 
ancy of large loads and it may insure, 
they think, that there will be plenty of 
power. Consequently, they are likely to 
overestimate heavily. 

The Very Large Customer 
There is a place, however, for a few 
carefully evaluated individual appraisals. 
With the tremendous increase in the use 
of electric energy for certain industrial 
processes, as in the chemical or metal¬ 
lurgical fields, it is not uncommon for a 
utility to include among its customers a 
very few whose requirements constitute 
such a large proportion of the total indus¬ 
trial sales that changes in their individual 
programs may seriously distort any fore¬ 
cast. These changes, of course, may at 
times be contrary to prevailing business 
trends. 

Such a new customer, just coming on. 


which, expressed logarithmically, becomes 
log F=log a+x log b 

Such a trend line assumes a continuous, 
ccanpound rate of growth, clearly im¬ 
possible if carried far into the future. 

If scone other form of curve is assumed, 
the same method may be employed to de- 
temiine the constants which will produce 
the best fit when inserted in the equation 
for that curve. For example, other so- 
called growth curves may be used. The 
Gcanpertz equation, which gives the usual 
S-curve of growth in the form 
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may cause the statistics to record a major 
business upturn even though excluding 
this new load the index of industrial sales 
may be in a depressed period. If in¬ 
cluded for several years in either, a mathe¬ 
matical or visual determination of trend, 
this increment of sales may cause an 
unjustified forecast of accelerated growth. 

Clearly there is a point in size beyond 
which individual customers cannot merely 
be added into the existing industrial 
group and forgotten. They must, in¬ 
stead, be treated as a separate sales class 
(such as residential or commercial), their 
future studied carefully, forecast individ¬ 
ually, and added to all other forecasts 
to obtain an estimate of total sales. The 
index of industrial sales, Fig. 13, and other 
statistical components of the forecast 
must be calculated exclusive of these dis¬ 
turbances to group trends. Such treat¬ 
ment has been found necessary for a cus¬ 
tomer forecast to represent about 5% 
of total industrial sales. 

Forecast of System Peak 

Losses and Adjustments 

With the major classes of sales, resi¬ 
dential, commercial, industrial, and per¬ 
haps one or two large individual cus¬ 
tomers forecast into the future, remote 
points established, trends determined, 
and the intermediate values agreed upon, 
total output is obtained by adding certain 
minor items such as street lighting, 
company-use, and auxiliary requirements 
in generating stations, and a reasonable 
allowance for losses. 

With losses there are also included ad¬ 
justments which correct for calendar 
variations and for changes in meter¬ 
reading schedules. This is not an im¬ 
portant factor if annual kilowatt-hours 
are under study. However, when the 
forecaster is concerned with December 
sales or with any other single month, it 
may be important, since, with continuous 
nieter-reading schedules, it takes account 
of the fact that sales reported for any 
month cover consumption which oc¬ 
curred through part of that month and 
part of the preceding month, whereas 
output is for the calendar month only. 

On an annual basis, total losses ex¬ 
pressed as a percentage of total energy ac¬ 
counted for, have decreased substantially. 
Thirty years ago they often ran over 20%; 
currenlly, figures as low as 10% are not 
uncommon. After all adjustments and 
additions, the final estimate of output 
may again be checked for reasonableness 
by a direct projection of output data 
which goes back for many years. 


Only a forecast of load factor is now 
required to arrive at an estimate of the 
system peak. Forecasting load factor, 
however, is not easy- This ratio has 
wide and frequent variations, some un¬ 
doubtedly due to variation in business 
conditions, others to. accidental factors 
infiuencing the peak. Several approaches 
to this step seem justified. 

Forecast of Peak by Use of Load 

Factor 

Two different load factors are plotted 
in Fig. 14. Both are for the month of 
December. One shows the relation^p 
between peak and total monthly output 
corrected for calendar variation, the other 
between peak and total sales. Railway 
loads have been excluded in the second 
curve because of a rapidly declining trend, 
entirely contrary to the trend of all other 
components. This so-called sales load 
factor is lower because of the effect of 
losses and adjustments. There is some 
correlation between these load factors 
and the business cycle. The highest load 
factors tend to acccanpany great business 
activity; conversely the lowest load fac¬ 
tors often are associated with low busi¬ 
ness conditions. However, the correla¬ 
tion at best is poor. In any forecasting 
of load factor, some weight may be given 
to expected business conditions in the 
near term, but on a qualitative rather 
than a mathematically quantitative basis. 

Forecast op Peak Based on Class 

Contributions 

Since the peak whidi occurs in any 
month niust be related in some way to the 
sales of Idlowatt-hours to different classes 
of customers in that month, one may as¬ 
sume that in any given year, system 
peak P can be represented as 

Pi =» ft +d-Ri +fiCi +/Ix 

and for some other year 


Pt==k-\-dRi-^eCi-{-fIi 

where 

P=monthly peak 
R=a monthly residential sales 
C= monthly commercial sales 
I=monthly industrial sales, all for the same 
month 

jb=an addition constant to be obtained from 
solution 

d, e, /=multiplication constants to be 
obtained from solution 

With the use of data for P, P, C, and J 
for an adequate number of years (at least 
10), values for the constants k, d, e, andf 
which statistically most nearly fit the 
conditions can be determined by the 
method of least squares; see, for instance, 
reference 9. As a test of the data used 
in such a computation, coefficients of 
correlation or determination ^ould be 
computed. The historical data, the equa¬ 
tion obtained, and the future data to 
which they may be applied must all be 
logical and consistent. For example, 
months in which unusual contributions 
to peak occurred should be eliminated, 
the coefficients of the equation should be 
reasonable, and none should be negative. 
If helpful, other terms may be introduced, 
such as one reflecting some change related 
to passage of time or one to provide 
specifically for losses or for street lighting. 
The problem, of course, is to discover an 
equation with a set of constants which 
will most accurately determine system 
peak for any month in terms of various 
known or forecast components of kilowatt- 
hours for the same month. 

Two such equations which have proved 
useful for forecasting December peak in 
terms of December sales are 

P = 110 -1-2.408P-1-3.200C-1-2.157I, (1) 

and 

P *»98.5 -6.249r-l-2.659P-f3.140C-l- 

2.626J, (2) 
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... Equation 1. 
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... Equation 1. 
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Sampling... 

... Equation 1. 
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Sampling... 

.. Equation 1. 
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Sampling..., 
.. Equation 1.. 
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Sampling.... 
.. Equation 1.. 


Sampling.... 
..Equation 1.. 

2 .. 

Sampling.... 

. Equation 1.. 

2 .. 

Sampling.... 

. Equation 1.., 

2 ... 

Sampling 


Residential Commercial Industrial “Constant" 


...132... 
...141... 
...263... 
...225... 
-.240... 
..329... 

..242... 

..258... 
..339... 
..274... 
..292... 
..373... 
..307.... 

..326_ 

..461_ 

..347.... 

..368.... 

..460_ 

.382.... 

.406.... 

.613_ 

.413.... 

.439_ 

.556_ 

.467_ 

.496. 

(not yet 


.171. 

.168. 

.186. 

.278. 

.273. 

.230. 

.299. 

.294.. 

.274.. 

.324.. 

.318.. 

.266.. 

.356.. 

.348.. 

.269.. 

.394.. 

.386.. 

.340.. 

.426.. 

.418.. 

.398... 

. .461... 

.452... 

.421... 

.519... 

.509. .. 

available) 


-262.... 

...307.... 

. ...230_ 

...496.... 
...680.... 
...430.... 

...610_ 

...697.... 

...487_ 

...612_ 

...600.... 

...463.... 

...626_ 

...731_ 

...579. 

...636. 

...748. 

...572. 

..722. 

..846. 

..609. 

..689. 

..807. 

..676. 

..737. 

..862. 


Company 
Use and 
Street 
Lighting 


Transport 


....29. 

....29. 

....35. 

. ...18 . 

. ...18 . 

. ...22. 

. ... 6 . 

.... 6 . 

... 7. 

... 5. 

... 6 . 

... 6 . 

... 4. 

... 4. 

... 4. 

... 4. 

... 4. 

... 4. 

... 2. 

... 2. 

... 2. 

... 2. 

... 2. 

,.. 2. 

.. 2. 

.. 2. 


Summation 

Indicated 

Peak 


... 704.... 

... 701 
... 748 

...1,126. 

...1,126 

...1,106 

...1,167. 

...1,164 

...1,167 

...1^25 . 

..1,219 

..1,198 

..1,401. 

..1,407 

..1,426 

..1,490. 

..1,494 
..1,498 

..1,642. 

. .1,660 
..1,645 

..1,675. 

..1,682 

..1,696 

..1,836. 

.1,846 


.1,122 


.1,168 


- 1,211 


-1,417 


...1,612 


...1,860 


where P is in megawatts and all sales 
figures in millions of kw-hr adjusted for 
average December meter-reading in¬ 
terval, with the addition in equation 2 of 
a factor T representing time, i.e., the 
number of elapsed years since 1931 when 
the series on which the equation is based 
began. 

Applying December sales data in these 
equations gives excellent approximations 
of system peaks less certain known con¬ 
tributions. Over the past 24 years, ex¬ 
cluding the 3 war years, the maximum 
error in any forecast peak, assuming the 
sales estimates to be correct, would have 
been less than 3%, and the average error 
less than 1%. 

Unfortunately, for a variety of reasons, 
some obscure, it has not so far been 
found feasible to determine the actual 
contributions to peak of various classes of 
sales by use of such equations. By 
sampKpg processes, it is possible to make 
fairly rigorous determinations of dp-mgridg 
of various classes of service for 24 hours 
during heavy-load days. These curves 
when added together with appropriate 
losses included, must, of course, produce 
the load curve for the total system. If 
adjusted to peak-day conditions, they 
must add up to the system peak. 

Table III shows a comparison of peak 
contributions actuaUy obtained by studies 
of load samples and of the “peak contri¬ 
butions” obtained by equations 1 and 2. 
Although both processes' add up very 
closely to the total ^stem peak, only the 
sampling processes can be used to deter- 
nune the actual contributions of classes. 
This is because only the sampling process 


provides curves of loads versus time, 
which can be added up to give ^stem de¬ 
mands at various times of the day. 
These are the curves which must be used 
to study the effects of war-time, or year- 
round daylight saving or additional 
second-shift operation cff industry, or 
other changing conditions. It is posrible 


also to use such data, augmented by 
simultaneous day and evening readings of 
demands of all industrial and many large 
comm^dal customers (all of those having 
recording demand meters) to arrive at 
rough estimates of the peak contribution 
of each customer class, per million kw-hr 
of sales. This approach has been em- 


Aetual 
December 
Peak Mw 


Eatimates 
Made 10 
Months in 
Advance Mw 


Estimates Estimates 

Adv!!! ^2 Months in Months in 
^vance Mw Advance Mv Advance Mw 


*A peak of 1230 Mw occurred in this year on November 29 

followed by business recession, with full recovery by 1948 One veer l!* ^ ^ 

recovery was already on way In Februarv 1050 L One /ear later it was clear that 

n.. ^ ..d’ln 
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ployed in some national forecasting but 
must be discounted because of unpredict¬ 
able variations which occur from year to 
year. 

A final forecast of December 1964, peak 
is shown in the following forecast, which is 
based on the December sales estimates 
developed in this paper for that year. 
It includes also certain miscellaneous, 
relatively noncontroversial estimates, the 
most important being 152,000,000 kw-hr 
for losses and adjustments, and 90,000,000 
kw-hr for station auxiliary use. If the 
sales forecasts are correct, these other 
estimates are unlikely to be seriously in 
error. Four different forecasts of peak 
result from the 2-load factor approaches 
and equations 1 and 2. The final prog¬ 
nostication is shown as an average of 
these, rounded to the nearest 100,000 
kw. 

Forecast of December Peak, 1964 

Fstixnate of residential sales, December 
1964, Fig 3, 360,000,000 kw-hr 

^Estimate of commercial sales, December 
1964, Fig. 5. 295,000,000 

Estimate of industrial sales, December 
1964; see “Annual Industrial Sales for 
1964 as Forecast by Five Procedures,” 
680,000,000 

Total sales, 1,235,000,000 

Estimate of street lighting, company use, 
auxiliaries, and losses and adjustments for 
December 1964, 263,000,000 

Estimate of gross output, 1,498,000,000 
kw-hr 

Estimated peak, based on sales load factor 
forecast of 53 

1,235,000,000-H 14,000,000 (street light- 
ing) X0.986 (meter reading adjustment) 
24X31X0.63 

=3,120,000 kw 

Estimated peak, based on output load factor 
forecast of 64 

1,498,000,000^ 

— - - -X0.991 (calendar adjustment) 

24X31X0.64 

=3,120,000 kw 


Discussion 

J. W. Reinhard (Department of Water and 
Power, Los Angeles, Calif.): The author 
is to be congratulated on his comprehensive 
paper. The methods and the information 
used to develop the estimates in New Jersey 
are similar for the most part to those used 
in Los Angeles, and this is reassuring to us 
in our efforts to predict the future. 

In addition to kilowatt-hours* we de¬ 
velop kilowatt demands for load ctessifica- 
tions that assist in recommending size and 
location of future substations, and these 
^ jotnands when adjusted for diversity factors 


Estimated peak, based dii equation 1 

P = 110-1-30/30.88 (2.408X360-I-3.200X 
295-1-2.157 X580) =3,080,000 kw 

Estimated peak, based on equation 2 

P -1-98.5 -5.249( 1964 -1931) -1-30/30.88 
(2.569 X360-1-3.140 X296-1-2.526X 

580) =3,140,000 kw 

Forecast peak, 3,100,000 kw 
In the last two equations the factor 30/30.88 
adjusts all sales forecasts from a historical 
average meter-reading interval of 30.88 
dajrs to a convenient interval of 30 days, 
since these equations were developed on 
the basis of adjusting reported sales to their 
equivalent on a 30-day meter-reading 
interval. 

This forecast assumes that peak loads 
will continue to occur in December. With 
50% saturation of room coolers contribut¬ 
ing to residential sales in summer as esti¬ 
mated, the summer peaks will be approxi¬ 
mately equal to the winter peaks by 
1964. Long before this date, the valley 
in the annual load curve, so important for 
maintenance work, is expected to be no 
more. 

Results 

The most important forecasts are those 
made from 1 to 3 or 4 years ahead. To 
the extent that these are correct, warning 
is given of probable needs for additions to 
plant. In Fig. 15 actual loads are com¬ 
pared with estimates made 10,22, 34, and 
46 months in advance. The information 
starts with 1945, when present methods 
were partially applied for the first time. 
Two failures are apparent. One of these 
occurred in 1946 when the widely heralded 
post-war industrial dump did not ma¬ 
terialize. The other reflects inability to 
foresee the Korean episode and to 
evaluate the effect of the subsequent 
rearming program; estimates for 1950 
and beyond, made before June of that 
year, were low, and the first estimate pre¬ 
pared after June 1950, was high. These 
results emphasize the tmwisdom of fore¬ 


and line losses indicate the required gener¬ 
ation. The poww system of Los Angeles 
has for the past 30 years made use of a land 
use survey to develop kilowatt demands for 
long-range planning of electrical load re¬ 
quirements. It is believed that this long- 
range planning has reduced early obsoles¬ 
cence of equipment and has contributed to 
the development over the years of the most 
efficient electrical system. I believe it 
worth while to mention that the cmrves 
developed for population and electrical re¬ 
quirements for the service area of the Public 
Semce Electric and Gas Company could 
not readily be used for other parts of the 
country unless the character of area de¬ 


casting major depressions and the im¬ 
practicability of forecasting military ac¬ 
tion, but they also exhibit a reasonably 
satisfactory score except for such occur¬ 
rences. 


Conclusions 

Two conclusions can be drawn from 
this discussion of load forecasting meth¬ 
ods: 

1. There is every reason to expect very 
substantial increases in demands for electric 
service in the coming 10-year period. Con¬ 
servative forecasts, buttressed by various 
combinations of extrapolated historical 
statistics, justify this conclusion. 

2. In nearer-term forecasts, from 1 to 4 
years ahead, acceptable accuracy is also 
attainable, but 1. it is not wise to attempt 
to forecast a depression (the one attempt 
was a failure), and 2. the results of a shift 
to a war economy, which may occur at 
any time, are not likely to be foreseen. 
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velopment was iden.ti<^l. Even though the 
premise for developing the information is 
the same, in the interpretation of results 
the general character of the area must be 
considered. 

The paper contains many fundamental 
concepts of value to the planning engineer. 
I agree that industrial customers are overly 
optimistic in planning loads, many of which 
never materialize. Also, nonferrous metal 
plants and other large individual loads can¬ 
not readily be forecast but must be con¬ 
sidered as individual special case. 

The growth of air-conditioning loads 
throughout the country may present ^- 
ditional problems because of the probability 
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that this load will have a very low diversity 
as compared with other major electrical 
appliances. It is possible during high- 
temperature weather for nearly all units to 
be on at the same time. In many areas 
home air conditioning in the next few years 
may become as commonly used as television 
IS today, thereby creating a summer system 
peak where a winter peak exists today. 


Table IV. Estimated Average Error, Per Cent 



For 

For 

For 
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B, M. Carothers (Union Electric Company 
of Mi^^i, St. Louis, Mo.): The problem 
of load forecasting is receiving much atten- 
tiori. It is unique in that no really forma¬ 
lized or rigorous solution will ever be pos¬ 
sible. Treato^t of possibilities, and es¬ 
pecially limitations of the mathematics is 
qmte pertinent. It would be easy to lose 
sight of the limited significance to be at- 
teched to agreement of historical data or 
future forecast with any mathematical 
curve. This is well demonstrated by ex¬ 
tensions^ of limited segments only, of past 
curves, in which the resulting wide discrep¬ 
ancies may be noted. 

An eluent of discouragement arises in 
considering the subject matter. History 
has shown that military action and economic 
readjustments have a marked effect on 
loads. Even though forecast of time and 
imgnitude of such events is not possible, 
they ^e almost certain to develop. On 
recognizing this condition any forecast of 
^tended duration has a highly questionable 
degree of accuracy. 

The concept of an envelope forecast has 
appeal. With one curve produced by 
optinustic personnel or with the use of 
optimistic factors, and another on the pes- 
simstic side, tte included area hfl-«8 consider¬ 
able probability of circumscribing loads to 
be experienced. Planning based on such a 
forecast could then be made sufficiently 
flexible in times of construction to make 
some allowance for the vagaries of fate. 

Is such an approach utiUzed by the author? 

Short-term forecasts are quite important 
and tne considerable confidence is placed 
in th«r accuracy. Certainly, long term 
extensions are important if for no other 
reason than their use in checking against 
imiaediate planning. 


meht of industry or commerce to or away 
from a local area. Beyond this, the trends 
of the various indexes, such as horsepower 
worker or rate of residential construc¬ 
tion, ^y be so closely related to the level 
of national economic activity that it is diffi¬ 
cult to escape the conclusion that the real 
job is one of forecasting such economic ac¬ 
tivity, and in terms of the total system load. 

Some people think that extensive analyses 
of components and the applications of 
various indexes and equations give a com¬ 
forting feeling of activity and provide an 
excellent basis for discussion without actu¬ 
ally contributing substantially to the ac¬ 
curacy of the over-all estimate. Others 
take^ the position that because of the eco¬ 
nomic importance of load estimates, almost 
any degree of refinement is useful and justi¬ 
fiable. In our company, we take the middle 
groimd. Although we recognize the con¬ 
venience and necessity of dealing with load 
components, we do so to a lesser degree of 
analysis than is suggested in the paper. 
Because of this and other differences in 
method, it may be of interest to compare 
resmts. Fortunately, data are available for 
such a comparison on the basis of Fig. 15, 
which shows estimates over a period oif 10 
years, varying from a forecasting time of 10 
months to 46 months in advance of actual 
loads. 

Omitting in both cases the 1945 estimate 
of postwar conditions with which we both 
had bad luck in certain respects, the com- 
panson m tei^ of average error is shown in 
Table IV. The general level of error is the 
same in both series and both show the ex- 
perted trend of greater error for the longer 
wtimating periods, and to about the same 
degree. It would be interesting if aimiigr 
tota on estimating errors could be collected 
from other companies. 


much the actual trend deviates from the 
estimated trend, along with the extent to 
which the standard deviation of the actual 
loads from such actual trend differs from 
that estimated. This is in contrast with 
comparisons as shown by Fig. 15, where it 
IS understood that the estimates are for 
oads treated as though they are expected to 
occur as c^ainties, even though subject to 
future revisions. Failures are scored when 
the actual loads deviate materially from 
those estimated and, presumably, success is 
scored when the comparisons are relatively 
close. This seems to be classing bad luck 
as failure and good luck as success. 

In connection with the approach sug¬ 
gested here, it is desired to suggest that a 
curve similar to that in Fig. 12 but for the 
total of the load treated in the paper, to¬ 
gether with its trend line and its Corre¬ 
sponding percentage standard deviation 
would be most interesting. Further, a 
discussion is desired of the basis for what ap¬ 
pears to be the belief of the author that 
correlations of various load components to 
various indexes and projections thereof are 
preferable to projections of the loads them¬ 
selves in the first place, without their being 
correlated with prognostications by others 
of the future behavior of such indexes. 

Ebvbrbncbs 

1. ELBmMira OP Systbm Capacity Rbquirb- 

of Transitions, 
vol. 70, pt. II, 1961, pp. 1163-86. 

^ I^WBK Bnbroy Productiom, C. W. 

Z ^ ^"8. 1964, 


K. M. Smith (Commonwealth Edison Com¬ 
pany, ^i<mgo, HI.); This highly readable 
paper is of interest because it contributes 
somethmg of value from experience. We 
subscnbe in theory and practice to the 
statement about forecasting committees 
and their composition, and the following 
comments are offered from the point of 
view of a member of such a committee. 

Because the job of forecasting breaks 
do^m into a process of applying judgment 
to the ^tension of known facts, it is agreed 
^t this judgment can be better applied to 
the development of a series of load compo¬ 
rts than to the system total. However 
the degree to which an analysis of these 
0^0^^."^“ justifiably be earned is 
debatable. It is certainly necessary to note 
pmap^ divergent trends such as that of 
r 1^1 tr^portation requirement men- 
obviously important to 
estimate the degree to which a company or 
conmumty will share in total itional 
business by identifying any major move- 


t"’ Watchom (Pennsylvania Power and 
Light Company, Philadelphia, Pa.): The 
paper is most stimulating and a valuable 
contribution to the literature. It provides 
a basis for discussion for determining the 
capacity to be provided at some future time, 
rather than the preparation of an estimate 
as to what the load itself may actually be at 
tha,t time, The load itself is secondary and 
^lly only a means to an end rather tha n 
the end itself. Actually, as stated in the 
paper, future loads are subject to many 
uncertainties, preventing close comparisons 
between estimated and actual loads. Such 
imcertainties, though within fairly definite 
limits, are similar to those related to the 
amoimt of capacity that may actually be 
ava^ble at a specified future time because 
of the effect of forced outages. 

Thus, as with the problem of availability 
of capacity, the question of loads for which 
cap^ty is to be provided is likewise a 
probabihty problem^.* in which successful 
estimates of future loads depends on how 


F. M. Kenney and V. E. Hffl (Duquesne 
Light Company, Pittsburgh, Pa.): The 
paper represents a thorough and sincere 
attempt to place forecasting on as sound a 
basis as possible. It appears to represent 
many m^ hours of investigation and analy¬ 
sis, and it would be interesting to know how 
many individuals devote all or part of their 
time to this activity. Do the committee 
members of the author's company devote a 
large proportion of their time to the sub¬ 
ject of forecasting? 

In view of the large amounts in funds at 
stake in providing for additional generation 
^d system expansion, certainly probable 
future loads should be determined as ac¬ 
curately as possible to prevent funds being 
spent ahead of time unjustifiably. 

It would be interesting to know what the 
fitted compound percentage growth for 
the author s company has been over the 
yems and how close die forecast estimate of 
3,100,000 kw for 1964 would come to a pro¬ 
jection of past growth. 

To refer to the make-up of the forecasting 
committee, is not the planning section or 
department represented, or does such a 
group come under the operating depart¬ 
ments? We particularly liked the comment 
tlmt the individuals on the forecasting com¬ 
mittee act as committee members in their 
own right and not as departmental repre¬ 
sentatives. 

In reference to the procedure used for 
forecasting the residential sales, we use very 
much the same methods. However, the 
author shows a decreasing percentage in 
future years while we are still adhering to a 
constant percentage increase. We wonder 
if part of the difference might not be be- 
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cause the author’s company is an electric 
and gas company, and therefore might not 
be promoting the use of some electric 
appUances, notably ranges, dryers and water 
heaters, as strongly as an all-electric com¬ 
pany. We were in a similar position some 
years ago but are now completely separated 
from the gas company, and we hope that a 
wider use of the three appliances named will 
keep our residential consumption up. 

Referring to the synthetic approach for 
forecasting residential sales per customer as 
illustrated on Table I, this procedure, 
though commonly used, seems open to 
question. The attempts to evaluate rather 
accurately the consumption of nine so- 
called large-use appliances totaling about 
400 kw-hrs and then lumping the remainder 
of the consumption of 1,300 kw-hrs in one 
figure is somewhat inconsistent. Further¬ 
more, appliance saturation figures are 
subject to inaccurate interpretation, and we 
wonder if the use of 100% saturation for 
television sets, per residential customer, is 
strictly correct in a procedure attempting to 
synthesize the total consumption of the 
average residential customer. One com¬ 
mon method is to divide the estimated 
number of television sets by the number of 
residential customers but, for example, there 
are many sets in a given apartment building 
which has only one meter and, in this case 
at least, the apartment building unit is not 
even considered a residential customer. 
This criticism is of the procedure and not of 
the author, who agrees that the basic in¬ 
formation is “of a low order of accuracy.” 

Since the total residential load has been 
increasing rather uniformly, would not 
simple projection of this growth be about as 
accurate as an attempt to break it down to 
increases from growth in population, in¬ 
creased usage per customer, etc? 

The comment pertaining to the forecast 
of industrial sales, to the effect that this is 
the key to the accuracy of any prognostica¬ 
tion, is certainly true for the Duquesne 
Light Company. Accurate forecasting for 
the residential and commercial load is lost 
in the variations experienfced in the indus¬ 
trial sales, depending upon business con¬ 
ditions and upon addition (or loss) of large 
loads. In many cases, it is not possible 
to rely on the customer’s estimate of his 
future requirements and we certainly agree 
that most customers tend to be over- 
optimistic. Errors of this sort, for a few 
large customers, can jeopardize the whole 
forecast. 

In the section “Establishing the Trend,” 
the author gives the impression that recent 
revisions of business activity indexes to a 
1947-49 average base resulted from a false 
measure of general business given on the 
old base. He specifically mentions the 
FRB Index of Manufactures, which ap¬ 
parently is the Index of Industrial Produc¬ 
tion. The only adjustment made in this 
index is that of a seasonal nature and it has 
not been expressed as a percentage of a 
secular trend. The index, accordingly, 
compared today’s business with that of the 
former base, which was 1939, and it natu¬ 
rally registered approximately 100 points 
more than it does on the new base, 1947-49. 
If this index is treated further to a secular 
trend adjustment, the resulting index is 
very little different on the new or the old 
base. 

With reference to the section “Index of 


Industrial Sales,” wherein the author states 
that an index of industrial sales agrees well 
with standard trend corrected indexes, we 
also have developed an industrial kilo¬ 
watt-hour sales index which we find agrees 
fairly well with FRB and the University 
of Pittsburgh (local) industrial activity 
indexes. 

The analysis of industrial sales for 1964, 
as described in the section “Annual In¬ 
dustrial Sales for 1964 as Forecast by Five 
Procedures,” is somewhat perplexing. It is 
not understood how five methods give 
exactly the same forecast of industrial sales, 
even assuming, as the author points out, 
that there is some overlapping of the use of 
the same statistics among the different 
methods. 

In reference to Fig. 15, the method of 
showing forecasts for various periods of time 
in advance and their connection with the 
date of making this forecast is most inter¬ 
esting and unique. The author and his 
company are to be commended for having 
the courage to present these data, which 
certainly enhance the value of the paper. 


R. G. Hooke: The comments and discus¬ 
sion are much appreciated. It is interesting 
to note that in Los Angeles, the forecasters 
have developed a basis for estimating future 
peak demand for various components of the 
load and methods of combining these to 
produce area requirements. This is a deli¬ 
cate procedure, presumably based on a sam¬ 
pling of customer demands. Of course, 
land-use surveys and forecasts are a valuable 
basic element in any estimate of future 
developments. Los Angeles is to be con¬ 
gratulated on the thoroughness with which 
it has made such surveys at, it is under¬ 
stood, regular 5-year intervals. 

Mr. Carothers asks the frequently raised 
question concerning a band, or envelope 
forecast. In many situations this seems to 
be an acceptable procedure. The top or the 
bottom of the band may be used, depending 
on one’s judgment, or perhaps on what one 
wishes to prove. Any expenditure for sys¬ 
tem expansion must be based on a load fore¬ 
cast. Differences of opinion on this fore¬ 
cast may be eliminated by agreement to 
accept an estimate which, in the judgment 
of a forecasting committee, is as likely to be 
exceeded as not. Allowance for uncer¬ 
tainties may then be made by providing 
adequate reserve over and above the fore¬ 
cast. The concept of an envelope is an¬ 
other means to the same end. 

It is to be regretted that Mr. Smith did 
not contribute more information in his 
discussion, which shows the excellent record 
of the Commonwealth Edison Company’s 
forecasting committee. Many estimators 
would be interested in a detailed exposition 
of the methods used to achieve the results 
shown in Table IV comparing errors in fore¬ 
casting on a percentage basis. Such analy¬ 
ses are frequently made to compare errors in 
forecasting various load areas, or parts of 
the system, with each other and with the 
total system. Almost invariably it is 
found that the errors are related to two 
factors: the magnitude of the load being 
forecast and the amount of industrial load 
in the area. The larger the load, and the 
lower the proportion of industrial use it 
contains, the less the percentage error 
in the forecast. After all, the forecast 


is in effect an estimate of a difference be¬ 
tween recent load and the load in some fu¬ 
ture year. The larger the load is, the larger 
the numerical error of the forecast is likely 
to be, but the percentage error will almost 
certainly decrease with size. This is to be 
expected because unanticipated or acci¬ 
dental occurrences are likely to cause much 
more important deviations, proportionately, 
in small loads than in large ones. The vital 
influence of the industrial component of the 
load has been discussed in the paper. 

As Mr. Smith says, the basic problem is 
one of forecasting the national economy. 
But why in terms of the total system load? 

It seems clear that the effect of a business 
change on residential sales will be quite dif¬ 
ferent from its effect on industrial sales, and 
this is important in forecasting peak loads. 
As to the desirable extent of breakdowns of 
past data into various pertinent compo¬ 
nents, there may be some question about the 
“comforting feeling” Mir. Smith alludes to. 
Occasionally, study of components pro¬ 
duces discomfort for an individual whose 
ideas of the whole cannot be reconciled with 
his views of the parts. Also, study of com¬ 
ponents seems to be a very fruitful method of 
arousing discussion and effective group 
thinking in a forecasting committee; it is a 
major tool with which to examine noncon¬ 
forming views. 

Mr. Watchom, recognizing that forecast¬ 
ing is an inexact science, offers the suggestion 
that new facilities should be installed on the 
basis of the probability of there being in¬ 
adequate capacity to meet the demand. 
One element in the study of this probability 
would apparently be the probable deviation 
of the load from a forecast mathematical 
trend line. Another element, of course, 
would be the probability of various com¬ 
binations of facility outages. This is a 
more sophisticated view of the problem than 
is usual. However, if all of the outage 
rates of system elements were adequately 
known and if computer time were available, 
it would still remain necessary to forecast 
the trend line of the load. The extension 
of this trend line should not be merely a 
mathematical process. Various rational 
methods of making, checking, and re¬ 
checking this forecast should be employed. 
How the need for addition of facilities is 
established, once this forecast is accepted, is 
another problem. Use of the percentage 
standard deviation of the load estimate from 
actual and of the probability of facility out¬ 
ages, both as determined by past experience, 
is entirely proper if one wishes to approach 
the final objective by Mr. Watchom’s pr«> 
cedure. However, it is laborious, and is 
considwed by some a less justified use of 
timp than is the study of the components, 
such as population changes or trends of 
industrial indicators, to which the forecast 
must be related and which some discussers 
seem to disparage. ■ 

In reply to Mr. Kenney and Mr. Hill, 
the members of the Load Development 
Committee of Public Service Electric and 
Gas Company spend only a very insignifi¬ 
cant part of their time on load forecasting; 
on the average, probably not more than half 
a day each month. There are other in¬ 
dividuals, however, who spend all their time 
on various analyses of loads, and some of 
this is directly related to load forecasting. 
It is estimated very roughly that for the 
Company as a whole there is about the 
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equivalent of the full time of one and one- 
half men devoted to the forecasting of 
futm-e loads. 

There is no compound percentage rate of 
growth which fits either the past or the 
forecast future trend lines of the company’s 
loads. A growth of 5.7% compounded an- 
nu^y from 1926 will arrive at the load 
which was experienced in 1964 but will not 
produce a trend line which fits the points of 
the intervening years. Similarly, a com¬ 
pound growth of 6.8% from 1954 will pro¬ 
duce the current forecast for 1969 but a 
compound growth of 4.8% from 1964 will 
produce the most recent forecast for 1975. 
The rate to produce the forecast of 3,100,000 
kw given in the paper for 1964 can, of 
course, be calculated. 

System planning work is located in the 
Operating Department and is represented 
by two members including the cligirmati of 
the Load Development Committee. 

A decreasing percentage growth in future 
years must be a characteristic of any sales 
in any company, if the forecast is extended 


far enough into the future.^ It is quite 
possible that this is an earlier characteristic 
of a company promoting the sale of both 
electricity and gas. 

A number of questions are raised con¬ 
cerning the forecast of residential sales per 
customer illustrated in Table I. As pointed 
out, the information available on which to 
base this type of analysis is sparing at best. 
However, it offers a useful basis for dis¬ 
cussion, and it is surprising how often 
v^ous individuals working independently 
will arrive at comparable forecast totals 
even though the several elements may differ 
substantially. The per-cent saturation as 
used in this table nmy be defined as the 
number of appliance units, television sets, or 
room coolers, etc., in the ^rvice area divided 
by the number of residential meters. 
Clearly it may be in excess of 100%. 

The FRB Index of Manufacture men¬ 
tioned in the paper is not the Index of 
Industrial Production. The two differ in 
that the latter includes certain mintrig and 
other enterprises, not pertinent to New 


Jersey’s economy. This index was formerly 
based on the average 1936-39 as 100%; 
recently it was changed to 1947-49 as 100%.' 
Neither the old nor the new index has been 
corrected for trend. Whether or not such 
correction would appear to change the level 
of business activity would depend on how 
the trend line was established; either re¬ 
sult is possible. But the change from the 
old to the new 100% base did eliminate the 
false evidence of a major business boom. 

As to the five methods of arriving at a 
forecast, they have been adjusted to pro¬ 
duce the same answer. The important ques¬ 
tion is whether or not such adjustments can 
be made without resulting in unacceptable 
forecasts of some of the components. This 
is the point of the whole process of basing a 
forecast on a multiplicity of methods as in¬ 
dependent of each other as possible. 
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An Approach to the Definition of 
Excitation System Response 
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S THE electric power industry has 
grown in scope and complexity since 
its inception, so have the excitation sys¬ 
tems usM for a-c machine terminal volt¬ 
age control. Available today are a num¬ 
ber of different methods by which any 
deviation in the terminal voltage of a S 3 m- 
chronous machine may be detected and 
corrected. These vary from the conven¬ 
tional rotating exciter with a direct-acting 
rheostatic regulator to the rectifier-type 
exciter with an electronic regulator. Be¬ 
cause of the diversity of these systems, it 
is becoming increasingly desirable that 
the over-all excitation system perform¬ 
ance be defined in some consistent man- 
Presently available definitions cover 
the transient performance of certain ro¬ 
tating exciters alone but provide no means 
of taking into account the behavior of the 
other components of the excitation sys¬ 
tem. Nor, under present definitions, is 
it possible to estimate how much the 
transient behavior of an a-c machine may 
be improved by use of a given voltage- 
regulated excitation system as compared 
to a. manually regulated system. Thus it 
appears that a definition of excitation sys¬ 
tem transient performance should be for¬ 
mulated which will take into account the 
effects of all elements of the exdtation 


system regardless of their type or individ¬ 
ual characteristics and which will be of 
assistance in evaluating the a-c marbinA 
performance under transient conditions. 

It is the purpose of this paper to bring 
to the attention of the industry the need 
for such a definition, the requirements 
which it should meet, and the funda¬ 
mental problems involved in formulating 
it, and to present a suggested definition. 

The Excitation Syst^n 

As defined by the proposed revision to 
the American Standards Association 
(ASA) Standard C-42,^ the excitation 
system is “the source of field current for 
the excitation of a principal electric ma¬ 
chine, including means for its control.” 
Thus an excitation system may consist of 
no more than an exciter and a means for 
the operator to adjust the exciter ter¬ 
minal voltage manually. In the ma¬ 
jority of modern installations, however, a 
regulator is used to perform this adjust¬ 
ment and so make the excitation system 
automatically regulated. 

Fig. 1 shows the functional operation 
of the automatically regulated excitation 
system. As indicated, measuring equip¬ 
ment at the a-c marine terminals re¬ 


ceives intelligence as to the voltage and 
current conditions there and delivers a 
signal proportional to the quantity regu¬ 
lated. This signal is received by the 
error detection device which determines 
if the regulated quantity is at the desired 
level and, if not, a signal is transmitted to 
the power amplifier indicating the degree 
and direction of error. The power am¬ 
plifier which supplies the excitation re¬ 
quired by the synchronous madiine re¬ 
ceives power from a supply, which may 
be the shaft in the case of a rotating PYc i ter 
or an auxiliary a-c bus in the case of a 
rectifier-type exciter. Regardless of the 
type, the exciter behaves as an am plifipt- 
since it varies its output in response to 
the error signal arid so attempts to change 
the excitation in the direction to reduce 
the error signal to zero. To prevent ex¬ 
cessive overshooting of the voltage during 
transients or instability of the pYritation 
system, a means of damping is also usually 
provided, which modifies the error .■gigngl 
as some function of the power am plifipy 
output voltage. 

The purpose of the preceding review of 
automatically regulated excitation sys¬ 
tems has been to emphasize the fact that 
such a system is inherently a closed regu¬ 
lating loop. The behavior of this loop, 
composed of the measuring equipment, 
the error detection device, the power am¬ 
plifier, and the a-c machine, is dependent 
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on the characteristics of every one of these 
components and cannot be defined with¬ 
out considering all of them. 

Functions, of Excitation Systems 

To appraise the need for a definition of 
excitation system response correctly it is 
not otily necessary to understand the com¬ 
position of the system but also to con¬ 
sider its functions. To this end, it is 
submitted that automatically regulated 
excitation systems are applied in order to 
accomplish one or more of the following 
basic functions: 

1. To maintain the voltage at the a-c 
machine tenninals or at some other point 
in the power system at a relatively constant 
value with only slow or gradual load 
changes for long periods of time without 
attention from an operator. 

2. To restore the voltage quickly at the 
regulated point following a sudden dis¬ 
turbance within the power system. 

3. To permit stable operation of the a-c 
machine at low values of excitation near, 
or in, what is known as the dynamic 
stability zone. 

Essentially, items 1 and 2 are concerned 
with steady-state and transient condi¬ 
tions respectively. Under the latter, the 
disturbance creating the transient could 
be a system fault, loss of field on a neigh¬ 
boring a-c machine, sudden application of 
a heavy load, or load rejection by the a-c 
machine. These power system disturb¬ 
ances and the minimizing effect provided 
by the excitation systems are briefly dis¬ 
cussed in the following paragraphs. 

Automatically regulated excitation sys¬ 
tems have long been recognized as being 
of assistance in increasing the transient 
stability limit of a-c machines. Thus, 
the use of automatically regulated excita¬ 
tion systems make possible carrying a 
heavier load on the a-c machine without 
increasing the danger of transient insta¬ 
bility. However, it is pertinent to note 
here that with modem high-speed relays 
and circuit breakers which limit faults to 
short duration, the gain in the transient 
stability limit obtained by a high-speed 
excitation ^stem as compared to that 
with a slower one is relatively 'slight.®'* 
On the other hand, for less severe faults 
which may be deared more slowly the 
speed with which the exdtation system 
attempts to restore voltage becomes more 
critical. 

Although the loss of exdtation to an 
a-c machine may occur but rardy, a 
serious condition may result when one ma¬ 
chine does lose its fidd and is not tripped 
off immediately. A heavy reactive load 
is then thrown on the remaining ihachmes 
of the power system causing lower volt- 


Fig. 1. Functional diagram of 
an automatically regulated excita¬ 
tion system 
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ages and the possibility that system in¬ 
stability may result. The action of the 
excitation systems of the remaining ma¬ 
chines in attempting to restore the voltage 
may then be the dedding factor in pre¬ 
venting a major system outage as a result 
of instability. 

The sudden application, removal, or 
variation of a heavy load on a machine 
also results in a voltage disturbance at 
the machine terminals, the magnitude and 
duration of which are functions of the 
rapidity with which the exdtation system 
can respond to the disturbance for a given 
a-c machine. The voltage drop resulting 
from the sudden application of loads has 
been studied in the past based on the use 
of rotating exdters with direct-acting 
rheostatic and indirect-acting exdter- 
rheostatic voltage regulators. Excdlent 
data are available from this study which 
show the effect of varying the excitation 
system and a-c machine constants.^** 

Another type of disturbance, load re¬ 
jection, is important in hydrogenerator 
applications where the runaway of the 
machine following loss of load may cause 
severe overvoltages. In these applica¬ 
tions, the exdtation system is relied on to 
reduce the exdtation quiddy and so limit 
the magnitude and dmration of the over¬ 
voltage. 

While features are frequently incor¬ 
porated in the exdtation system controls 
to obtain spedal charactaistics such as 
the desired division of reactive load be¬ 
tween parallel machines, these are con¬ 
sidered to be of secondary importance as 
compared with the functions discussed in 
the foregoing material. 

Evaluation of Excitation System 
Performance 

Inasmuch as it is possible to spedfy the 
major functional requirements of the auto¬ 
matically controlled exdtation system, it 
is only logical that some consistent 
method should be available by which the 
ability of a given exdtation system to 
meet these requirements can be measured 
and expressed quantitatively. 

With regard to the first objective- of 
maintaining relatively constant voltage 
at the regulated point under normal op¬ 
erating conditions with only slow changes 
in the real and reactive load on the ma¬ 
chine, there now exist proposed definitions 
undergoing final consideration by ASA for 
acceptance as American Standards which 


ERROR DETECTION 
DEVICE 


appear entirely satisfactory as definitive 
of the exdtation system performance. 
These are as follows: 

"Band of Regulated Voltage" “Band 
of regulated voltage is the band or zone, 
expressed in per cent of the rated value 
of the regulated voltage, within which the 
excitation system will hold the regulated 
voltage of an electric machine during 
steady or gradually changing conditions 
over a spedfied range of load.’’ 

"Nominal Band of Regulated Voltage." 
"Nominal band of regulated voltage is the 
band of regulated voltage for a load range 
between any load requiring no load field 
voltage and any load requiring rated load 
field voltage. Any compensating means 
used to produce a deliberate change in 
regulated voltage shall be inoperative 
when determining the nominal band of 
regulated voltage.’’ 

Certainly a purchaser’s spedfication of 
a nominal band of regulated voltage of x 
per cent will indicate dearly to the vendor 
of the excitation ^stem what is expected 
of it. Equally so will the vendor’s 
guarantee of such poiormance signify to 
the purchaser what he may expect of the 
equipment. 

With regard to the other major func¬ 
tional requirements of exdtation systems 
designated as items 2 and 3 in the pre¬ 
ceding section, the industry does not at 
present have any such helpful definitions. 
To correct this with respect to item 2, 
the ability of an exdtation system in re¬ 
sponding to transient disturbances in the 
power ^stem, it is hoped that suitable 
definitions of exdtation system response 
and exdtation system response ratio may 
be formulated and accepted. Further 
definitions will be required to express the 
ability of the excitation system with re¬ 
gard to item 3, maintenance of stable 
operation of the a-c machine in the dy¬ 
namic stability zone, but these are out¬ 
side the scope of this paper and are not 
considered here. 

Need for D^nition of Excitation 
System Response 

To darify further the need for defini¬ 
tions of over-all excitation system per¬ 
formance, it is pertinent to review those 
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avaSable for exciter behavior. Under the 
proposed ASA revision of C42,^ the fol¬ 
lowing definition is available: 

‘ 'Main Exciter Response Ratio. ’ ’ ‘ ‘The 
main exciter response ratio is the nu¬ 
merical value obtained when the response 
in volts per second, is divided by the rated- 
load field voltage; which response, if 
maintained constant, would develop, in 
one-half second, the same excitation volt¬ 
age-time area as obtained by an actual 
exciter. Note: the response is deter¬ 
mined with no load on the exciter, with 
the exciter voltage initially equal to the 
rated load field voltage, and then sud¬ 
denly establishing circuit conditions which 
would be used to obtain nominal exciter 
ceiling voltage. For a rotating exciter, 
response should be determined at rated 
speed. This definition does not apply to 
main exciters having one or more series 
fields, except a light differential series field 
or to electronic exciters.” 

This definition is in essence the same as 
the present ASA definition^ for “nominal 
exciter response” which it will replace if 
accepted. The latter is in common use in 
the industry, and, for example, the AIEE- 
American Society of Mechanical Engi¬ 
neers Standard Specification and Data for 
Generators* requires that the nominal 
exciter response be not less than 0.5 in 
equipments which are built to these speci¬ 
fications. 

The definition of exciter response ratio 
is useful in that it does permit quantita¬ 
tive specification and evaluation of the 
exciter performance under the prescribed 
test. However, knowledge of this quan¬ 
tity does not give an accurate picture of 
what may be expected of the over-all ex¬ 
citation system of which the exciter is 
only a part. Long-time delays in the 
voltage regulator could conceivably re¬ 
duce the effectiveness of an exciter with a 
high response ratio to less than that 
achieved by an exciter with a lower re¬ 
sponse ratio assisted by a short-time-delay 
regulator. 

Furthermore, the definition of exciter 
response ratio is inapplicable to many de¬ 
vices used to furnish excitation as noted 
in the definition itself. Or, in some cases, 
it may be possible to so interpret the defi¬ 
nition as to permit making a response 
ratio test of a rotating exciter with field 
connections or sources of energy quite dif¬ 
ferent from those which will exist when 
the excitation system is complete. These 
thoughts can only lead to the conclusion 
that definitions concerning the over-all 
transient response of excitation systems 
should be available that would apply re¬ 
gardless of the type of components in the 
system. 


Requirements of an Excitation 
System Response Definition 

Ideally, a definition for excitation sys¬ 
tem response should meet the following 
requirements: 

1. It should be applicable to any automatic 
voltage-regulated excitation system re- 
g^dless of the type or design of the in¬ 
dividual components thereof. 

2. It should pomit a quantitative de¬ 
termination of the defined characteristic 
by test in the shop and in the field. 

3. The defined characteristic in its quanti¬ 
tative form should be useful either directly 
or with mathematical manipulation in 
determining the degree with which the 
system fulfills its functional requirement of 
restoring the regulated voltage quickly 
following a sudden power system dis¬ 
turbance. 

4. The defined characteristic should be 
such that knowledge of certain tnf^flstira bl e 
characteristics of each of the components 
comprising the system would permit cal¬ 
culating the defined system characteristic 
through a uniform procedure acceptable to 
the industry. 

Of these ideal requirements, the first 
two are self-explanatory, but discussion 
of the last two is in order. To illustrate 
the third requirement, assume an excita¬ 
tion system to have a response (or re¬ 
sponse ratio) of x. Certainly, it would be 
extremely desirable in, say, a transient 
stability problem, if one could conclude 
that the transient stability of the a-c ma¬ 
chine using this excitation system would 
be X, or some function of x, times as great 
as with the same machine imder constant 
excitation, all other conditions being the 
same. In view of the many factors en¬ 
tering the stability problem, this ideal 
may be beyond realization. However, as 
attempts are made to formulate the defi¬ 
nition, every effort should be made to 
come up with one of recognizable signifi¬ 
cance in estimating the transient perform¬ 
ance of the a-c machine to which the 
excitation system is applied. 

The fourth ideal requirement is neces¬ 
sary for two reasons. First, a definition 
meeting the first and third requirements 
may not be compatible with the second, 
i.e., shop or field test to determine the de¬ 
fined characteristic may be impractical. 

In this case, an accepted procedure for the 
calculation of the quantity is required. 
Second, the components of an excitation 
system may be obtained individually from 
more than one manufacturer. A factory 
co-ordinated installation is then impossi¬ 
ble, and a method of calculation is re¬ 
quired to predict the over-all system be¬ 
havior. 

In any event, the requirements of an 
excitation system response definition as 


given here are ideals. The extent to which 
any definition may fulfill them remains 
to be determined. 

Problems in Formulating the 
Definition 

Having set down the ideal requirements 
of the definition, the practical problems 
involved in meeting them must be inves¬ 
tigated. First, of all, as pointed out in 
the initial discussion of the automatically 
regulated excitation system, the a-c ma¬ 
chine is a component within the dosed 
control loop. As the exdtation system 
endeavors to raise or lower the terminal 
voltage of the a-c machine, the flux link¬ 
ages of the field must be changed. Due 
to the relatively long-time constant of the 
field, these flux linkages can change but 
slowly and so the a-c machine introduces 
the major time delay in the regulating 
loop. This delay cannot be ignored in 
detennining the transient performance of 
the over-all exdtation system. From 
this, it is conduded that the test to deter¬ 
mine the exdtation system response must 
be one in which the machine itself is 
included. 

Two or more difficulties arise from this 
condusion. For one, this virtually pre¬ 
dudes making the test in the manufac¬ 
turer’s shop since it is only very rarely 
that an a-c machine is set up for test com¬ 
plete with the excitation system which it 
will have upon ultimate installation in the 
field. A possible solution to this problem 
is to substitute for the a-c machine a simu¬ 
lator circuit. Such a drcuit might be a 
low power device which would produce an 
alternating voltage output proportional 
to the exciter terminal voltage (or a sat- 
Tuation characteristic might be added as 
well) under steady-state conditions and 
which would introduce a time dday in 
response to transient conditions of the 
same magnitude as that of the actual a-c 
machine. Such a circuit has been de- 
vdoped and used by the company with 
which the author is associated prindpally 
in testing the stability of various exdta¬ 
tion ^sterns. This device has proved 
very successful, but being designed for 
rotating exdteirs without series fields, it 
does not draw a significant load from the 
exdter. Therefore, it is not suitable for 
use with rotating exdters with series fields 
or with electronic exdters. The obvious 
solution to this is the use of a simulator 
capable of drawing a load current equal to 
the exdter rating. Unfortunately, exdt¬ 
ers for large modem machines have rat¬ 
ings passing the 1,000-kw mark, and simi¬ 
lar ratings for the simulator might well 
render it completely impractical. 
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A second problem caused by the pres¬ 
ence of the a-c machine in the closed reg¬ 
ulating loop of the excitation system is 
the fact that the time delay introduced by 
the a-c madiine is a function of the im¬ 
pedance of the power system to which the 
machine is connected. With the a-c ma¬ 
chine open-drcuited (or operating into a 
system of infinite impedance), the delay 
introduced in the regulating loop by the 
machine has a time constant equal to the 
direct-axis transient open-circuit time 
constant Taa of the machine. Under the 
condition of a 3-phase fault at the ma¬ 
chine terminals (operation into a system 
of zero impedance), the delay has a time 
constant equal to the direct-axis transient 
short-circuit time constant T^!. These 
two time constants define the upper and 
lower limits respectively, but, depending 
on the power system impedance as meas¬ 
ured from the machine terminals, the time 
constant may have any intermediate 
value. In many machines this time con¬ 
stant may thus vary from 8 seconds down 
to 1 second. It becomes apparent from 
this (fconsideration that the excitation sys¬ 
tem response definition must specify a 
“standard” impedance for the power sys¬ 
tem into which the a-c machine is assumed 
to be operating for purposes of the test. 

Either of the two limiting values of 
power system impedance (infinite or zero) 
appear as possible values to use for the 
test. However, with the infinite value, 
the time constant is then a maximum, 
and while the excitation system is most 
difi&cult to stabilize tmder this condition, 
the delay introduced by the machine is 
far from the value which is effective under 
actual transient conditions when the ma¬ 
chine is coimected to a power system. 
Favoring the use of the open-circuit condi¬ 
tion for the excitation system response is 
the fact that a field test is quite practical. 

Objections can be raised against the 
use of zero system impedance as obtained 
by a 3-phase fault at the machine ter¬ 
minals for the test as well. For one 
thing, the effective machine time constant 
is then unrealistically low since 3-phase 
faults at the terminals of an a-c machine 
rarely occur in practice. In addition, 
zero terminal voltage results in negligible 
saturation of the a-c machine, and ac¬ 
count could not be taken of the saturation 
effects which may be of significance under 
more practical transient conditions. 
Another objection lies in the fact that the 
3-phase faifit condition results in a fixed 
zero voltage input to the measuring equip¬ 
ment in the regulating loop. A constant 
error signal is then delivered by the error 
detection device. Thus a response test, 
either actual or calculated, conducted by 
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Fig. 2. Circuit to be used in making proposed 
measurement of excitation system response 


applying a 3-phase fault to the machine 
terminals in effect opens the regulating 
loop and teUs Kttle of the behavior of the 
loop under more normal conditions. 

From the foregoing, use of a spedfied 
power system impedance appears neces¬ 
sary. Such an impedance should result 
in a value of time delay in the machine 
typical of that under common operating 
conditions. This requirement, an out¬ 
growth of the ideal requirement stated in 
the preceding section that the exdtation 
system response definition be significant 
in terms of the transient performance to 
be expected, may well cause field testing 
as well as shop testing to become im¬ 
practical. The ideal requirement that 
the excitation system response be calcu¬ 
lable by an accepted procedure then be¬ 
comes a very realistic necessity. 

Many more problems remain in for¬ 
mulating the definition in addition to 
those discussed here. Rather than dwell 
on them in detail, a suggested definition 
of excitation system response is provided 
in the remaining portion of the paper. 

Suggested Excitation System 
Response Definition 

Based on the foregoing discussion, the 
following suggested definition is sub¬ 
mitted: 

Excitation System Response. The exci¬ 
tation system response is the rate of in¬ 
crease or decrease of the direct-axis tran¬ 
sient internal voltage of the assodated a-c 
machine connected through a spedfied 
constant reactance to a power system of 
zero internal impedance when the voltage 
of that power system is suddenly raised 
or lowered. The response may be ex¬ 
pressed in volts per second or by a value 
obtained by dividing the volts per second 
by some designated voltage. 

Fig. 2 shows the iudicated circuit ar¬ 
rangement under which the rate of change 
of internal voltage is to be determined. 
The transient condition under which the 
response is determined is initiated by a 
sudden change in the voltage of the 
power system bus to simulate a transient 
condition of some type in the power 
system.* 

This definition, of coiuse, fails to fulfill 
all of the ideal requirements previously 


listed. Practical shop or field testing be¬ 
comes ruled out. However, it is sub¬ 
mitted that the rate of change of the 
direct-axis transient internal voltage eg! 
is of fundamental importance in deter¬ 
mining how the transient performance of 
an a-c machine is affected by its excita¬ 
tion system. Selection of a proper value 
for the reactance between the machine 
and the “infinite” bus permits obtaining a 
time delay within the a-c machine of a 
magnitude comparable to that effective 
under realistic operating conditions. 
Modem calculating techniques permit 
calculation of response under this defini¬ 
tion providing the characteristics of the 
components of the excitation system are 
adequately defined. 

Based on such a definition of excitation 
system response, it should then become 
practical to define a specific procedrure re¬ 
sulting in a quantity to be known as the 
excitation system response ratio. The 
various conditions which must be speci¬ 
fied for this include the initial real and 
reactive load on the a-c machine, the 
initial value of the a-c madiine terminal 
voltage, the value of the reactance, and 
the magnitude and direction of the sudden 
change in the system voltage. 


Conclusions 

. The need for a definition describing the 
transient response of the complete exdta¬ 
tion system has been discussed and ampli¬ 
fied. Because of the presence of the a-c 
machine within the dosed regulating loop 
of the exdtation system, it is evident that 
the exdtation system response definition 
must take into accoimt the a-c madiine. 
Ideally, the exdtation system response 
definition should result in a quantity of 
real significance in estimating the tran¬ 
sient performance of the madiine with 
which the exdtation system is used. 
Unfortunatdy, the importance of this 
requirement may render actual testing of 
the response impractical and necessitate 
the adoption of a spedfied mathematical 
approach in obtaining the response. A 
proposed definition of exdtation system 
response has been offered. 
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Discussion 


S. M. Denton and J. V. Baptist (Bureau of 
Reclamation, Denver, Colo.): Mr. Bliss 
has done an excellent job in outlining the 
growth, background, and present require¬ 
ments of excitation systems. His ideal 
requirements for excitation system response 
form a sound basis upon which to explore a 
system whereby a realistic approach to 
actual procedures may be established. 

Mr. Bliss has apparently approached 
this problem from the manufacturer’s 
viewpoint on the assumption that the de¬ 
signer can build into a given electric power 
system a complete generating unit includ¬ 
ing the a-c machine and all elements of 
the d-c excitation system. It is, of course, 
tme that an automatically related ex¬ 
citation system is a part of a closed-loop 
system, and that all parts of the loop must 
be considered in evaluating the perform¬ 
ance characteristics. However, we question 
whether this fact necessarily establishes 
that the definition of excitation system 
response must include part or all of the 
characteristics of the principal electric 
machine to which the excitation system is 
-applied.. Further, his proposed definition 
does not include all of the main 
P^ of the loop, but rather includes only 
that part of the loop which would be useful 
in certain types of problems. Mr. Bliss 
points out that one of the difficulties arising 
from &e inclusion of the a-c machine in 
the defimtion of excitation system response 
IS the preclusion of making tests in the 
manufacturer’s shop. Similarly, Mr. Bliss 
states ttat adequate factory tests cannot 
be made on a portion of the excitation 
system loop omitting the a-c machine 
because the test procedure could not be set 
•up to cover the various conditions of ex- 
citetion requirements for rotating exciters 
with senes fields or with electronic exciters. 
Wejcan see that factory tests simulating 
exact operalmg conditions would be diffi- 
cult, but believe that a method can be de¬ 
veloped for measuring a typical speed of 
response for a portion of the closed control 
toop wffi^ does not include the a-c machine. 
With this known performance and other 
m^me and system information available 
calculations could then be made to cover 
any p^cular operating condition require¬ 
ment designated. 

_ After the generator characteristics have 
hem sdected for the particular system to 
whi^ It wU be connected, there is little 
tmt can be done to chmige the time con¬ 
stants of the principal a-c machine. Hav- 
^ selects the main machine character¬ 
istic, the purchaser will then select ah 

-oltag^regulating slJt^ i 

^t to meet the requirements. While these i 

**’®^twelated, the final selection of , 


both portions can be modified to obtain 
the best over-all approach. The purchaser 
will specify certain performance require¬ 
ments and will wish to be able to test for 
these requirements, either at the factory or 
after installation. It then becomes ex¬ 
ceedingly important that a test for excita¬ 
tion system response requirements be 
established for that portion of the system 
external to the principal a-c machine. 

If the characteristics of each component 
of the entire loop were known and mathe¬ 
matically expressed, it should be theo¬ 
retically possible to calculate the response 
at any point in the loop to a given change in 
any other part of the loop. Practically, 
thm, the choice of the portion of the loop 
to be included in the defimtion of excitation 
system response should be determined by 
the compromise which best fits the ideal 
requirements. 

Therefore, we suggest for consideration 
that the point in the loop chosen to be the 
end point for definition of excitation system 
response be the open-circuit voltage of the 
exciter armature or equivalent device. This 
could be expressed on a volts per second 
basts, but it appears that a better basis 
would be an expression of the voltage rise 
as the time constant of the idealized ex¬ 
ponential voltage rise curve. This quantity 
could be readily measured in the shop or 
field by open-circuit test methods. Addi¬ 
tional constants and data would, of course, 
be required to calculate the actual response 
at the exciter output terminals under 
loaded conditions. 


R L. D^deno and K. R. McClymont 
(Hydro-Electric Power Commission of On- 
tano, Toronto, Ont., Canada): Mr. Bliss 
IS to be commended for his original approach 
to a definition of excitation system response. 
We suggest that one other basic function of 
an automatically regulated excitation sys¬ 
tem, not mentioned by the autlior, is: 
to permit stable operation of an a-c ma¬ 
chine when supplying a capacitive load 
such as a long transmission line open-cir¬ 
cuited at the receiving end. 

The effect of excitation system response 
on transient stability limits is evaluated in 
reference 3 of the paper by assuming that: 
1. the exciter voltage increases at a rate 
given by the ASA d^nition of nominal 
exciter response,^ and 2. this response be¬ 
comes effective at O.OS second after fault 
mitiation. On this basis it is concluded, in 
reference 3 of the paper, that normal rates 
of exciter response from 0.5 to 1.0 per unit 
are adequate in general for generators from 
a stability standpoint. 

Tests we have made on several modem 
excitation systems for large hydraulic 
gmerators indicate that in general the over- 
all rwponse of modem excitation systems 
will be slightly less, and in some cases very 
much less, than that which would be ob¬ 
tained by the assumptions given in the dis¬ 
cussion. 

There are, of course, exceptions to the 
gmeral rule that rates of exciter response 
from 0.6 to 1.0 per unit are adequate. 
Ontano Hydro is making a study to de¬ 
termine the effect of excitation system 
response on a 960-megavolt-ampere hy¬ 
draulic station consisting of 1,660-megavolt- 
a^pwe units. It appears frmn the results 
obtamed thus far that the system is tran- 


I siently stable for exciter responses in the 
: order of 1.6 per unit, but unstable for the 

usually specified response of 1.0. While we 
have not yet obtained final figures on the 
increased transient limits resulting from this 
faster response, it appears that the figure 
will be significant in this instance, s ince the 
transient stability of this system is critical. 

High speed of response is also generally 
desirable on large synchronous-synchronous 
frequency changers serving as ties between 
large systems. 

It is our belief that the speed of excitation 
system response considered adequate will 
be based in gmeral upon the contribution, 
of the excitation system to transient sta¬ 
bility, and it is most important that a 
definition of excitation system response 
should define a quantity which can be used 
in transient stability studies. 

We agree with the author that the a-c 
machine must be considered in determining 
toe behavior of toe excitation system it 
is our belief that toe major reason for the 
inclusion of the a-c machine in the regulat¬ 
ing loop is because its characteristics will 
influmce the stabilizing signals which are 
required for a given regulating system. 

Adjustments to the stabilizing circuits 
of an excitation system are usually made 
with the generator on open-circuit, and it 
would not normally be necessary for^the 
manufacturer to know the system' im¬ 
pedance in order for him to determine tiie 
required stabilizing adjustments. 

Thus, while we agree that the a-c ma¬ 
chine requires consideration, we do not be¬ 
lieve that it follows that it is necessary to 
use toe rate of change of direct-axis transient 
internal voltage as toe criterion of excita¬ 
tion systjem response. Several disad¬ 
vantages of this choice are mentioned in the 
paper. On toe other hand, the choice of 
toe rate of change of exciter voltage as the 
criterion has the following advantages. 

1. It is almost entirely unaffected by the 
system to which the generator is connected. 

2. It can be measured. 

3. A great deal of literature exists evaluat¬ 
ing the effect of rate of change of exciter 
voltage on transient stability problems. 

4. Knowing toe rate of change exciter 
voltage, standard methods exist for evaluat¬ 
ing performance for any connection. 

The author has stressed both toe de¬ 
sirability and toe difficulty of shop testing 
an excitation system. J[n this respect, it 
would appear that toe probleiri is -«rfTnitar to 
many other engineering problems. For 
example, a manufacturer is required to 
guarantee toe thermal rating of his gen¬ 
erators, although he cannot ordinarily de- 
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termine the thermal rating by shop test; 
nonetheless, his prediction of the thermal 
rating will usually be very close to the actual 
thermal rating as determined by field test. 

A definition of excitation system response 
must be carefully selected in order to arrive 
at a definition of maximum usefulness which 
will encourage continuing improvements in 
excitation systems. 

l^FBRBNCBS 

1. See reference 1 of the paper, definitions, 10,95, 
■440 And 10.95, 450. 

R. W. Ferguson (Westinghouse Electric 
Corporation, East Pittsburgh, Pa,): Mr. 
Bliss has clearly outlined the difficulties en¬ 
countered in selecting a suitable basis for 
defining excitation system response and has, 
quite properly, emphasized the need for a 
“system” rather than a “component” 
approach to the problem. The suggested 
definition includes all the components of the 
system by using as a basis a theoretical test 
consisting of measuring the change in the 
direct axis transient internal voltage (called 
ei in this discussion) of a machine con¬ 
nected to an infinite bus through an ex¬ 
ternal reactance {Xe) when the infinite bus 
voltage is suddenly changed. 

In order to illustrate the relationship be¬ 
tween the conventional definition of exciter 
response, ratio and the proposed definition, 
a study was made using an analogue of the 
system shown in Fig. 2 of the paper. The 
specific conditions used for the study were as 
follows: 

1. Initial generator loading—rated power 
at 0.85 power factor. 

2. Initial terminal voltage—1.0 per unit. 

3. External reactance {Xe) —0.30 per unit 
based on the 0.5 pound per square inch 
gauge hydrogen pressure rating of generator, 

4. Change in infinite bus voltage, ««— 
lowered 10 per cent. 

These four conditions define the neces¬ 
sary parameters to specify completely the 
test in the propo^d de^ition. Using a 
3,600-rpm turbine-generator with tjrpical 
constants and a magnetic amplifier regu¬ 
lator and excitation system, the curves 
shown in Fig. 3 were obtained for exciter 
response ratios of 0.5, 1.0, 1.5, and 2.0, 
While a plot of ei versus time would give a 
more correct indication of the relatively 
small effect of increasing the exciter re¬ 
sponse ratio, the curves of Fig. 3 were 
plotted in terms of per cent increase in 
ei in order to show clearly the variation in 
the shape of the curve caused by changing 
response ratio. 

These studies show a definite correlation 
between change in ei and response ratio of 
the exciter. It should be noted that for a 
response ratio of 0.6 actually decreases a 
fraction of a per cent before starting to in¬ 
crease above the initial value at 0.4 second. 
The maximum increase in ei in 1 second 
was only approximately 8 per cent for the 
response ratio of 2. The diminishing 
effect of exciter response ratio illustrated by 
the curves is due to the ability of the higher 
response ratio exciters rapidly to restore 
the terminal voltage to rated' conditions. 
The ultimate change in ei for the specific 
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U1 EXCITER RESPONSE RATIO 

Fig. 4. Relationship between proposed 
definition of excitation system response ratio 
and exciter response ratio (T=time interval 
in seconds used as a basis for proposed 
definition) 


test was approximately 10.5 per cent. 
This value reflects the change in infinite 
system bus voltage and the readjustment 
of the internal angle of the machine to 
allow rated output of the generator under 
the new condition. 

The correlation of the proposed definition 
of excitation system response witli exciter 
response ratio requires the precise formula¬ 
tion of a definition of excitation system 
response ratio. For the purposes of this 
discussion a definition analogous to the 
present definition of exciter response ratio 
was used. The excitation system response 
ratio was defined as the slope of a line in per 
unit per second having the same area over 
an interval of time (T) as the actual curve 
of ea for the test previously described over 
the same interval of time. One per unit 
was set equal to the initial value of ei. 

Since the rate of change of ei is much 
slower than the change in exciter voltage 
it is reasonable to consider the use of a 
longer time interval than the 0.6-second 
interval used in the definition of exciter 
response ratio. For the specific definition 
us^ in this discussion the values of ex¬ 
citation system response ratio using time 
intervals ( T) of 0.6 and 1.0 second are shown 
as a function of exciter response ratio in 
Fig. 4, Since the two quantities have 
similar definitions the same scale has been 
used for both quantities to emphasize the 
difference between system response as meas¬ 
ured by the variation of ei and exciter 
response. These curves also serve to 
justify the usual assumption of constant 
voltage behind transient reactance (system 
response = 0) in transient stability studies. 

In order to evaluate the effect of a varia¬ 
tion of ei similar to that shown in Fig. 3 
on transient stability, a calculation of the 
transient stability power limit for the 
system shown in Fig. 2 of the paper was 
made using the following assumptions: 

1. Unity power factor initial loading with 
rated generator terminal voltage. 

2. Three-phase vault at terminals of the 
generator for 6 cycles. 

3. Xe before fault, 0.3 per unit; after fault, 
0.6 per unit. 

Based on these assumptions the tran¬ 
sient stability power limit was calculated 
for a constant voltage behind transient 
reactance (corresponding roughly to an 
exciter response of 0.5) and for a voltage 
behind transient reactance increasing line¬ 
arly with time at the rate of 0.1 per imit per 
second (slightly in excess of the system 
response for an exciter response ratio of 
2.0). The higher system response in¬ 
creased the transient stability power limit 
less than 2 per cent. This again confirms 


the relatively minor effect of excitation 
system response on the transient stability 
limit for typical turbine-generators. The 
higher external reactances and slightly 
different machine constants found in hydro¬ 
electric systems would result in a somewhat 
greater increase in transient stability limit 
as system response is increased. 

The studies reported in this discussion 
show that there is a definite correlation 
between the proposed definition of excita¬ 
tion system response and the presently 
defined exciter response. Furthermore, by 
indicating the effect of the excitation system 
on the direct axis voltage behind transient 
reactance, the proposed definition is par¬ 
ticularly useful in evaluating the per¬ 
formance of the synchronous machine during 
a system transient disturbance. 


T. J. Bliss: I wish to thank each of those 
who presented discussions for their thought- 
provoking contributions. Mr. Ferguson’s 
data are of particular, help in demonstrating 
tlie behavior of the direct axis transient 
internal voltage under the proposed defini¬ 
tion of excitation system response. His ' 
further demonstration of the point that 
the excitation system has a relatively minor 
effect on the transient stability of typical 
turbine-generators is well taken. In this 
connection, it is interesting to. note the 
rather different conclusions arrived at by 
Mr. Dandeno and Mr. McClymont from 
tests on a hydroelectric system involving 
rather long transmission circuits. 

All of the discussers have suggested tliat 
the definition be formulated about the be¬ 
havior of the exciter tdminal voltage; 
the former discussers suggest it be under 
load and the latter, under no load. In 
either case, calculations must be carried 
out involving the a-c machine time con¬ 
stants and saturation characteristics to 
determine the behavior of either the internal 
or terminal voltage of the a-c machine. 

These latter quantities are of the ones of 
most direct significance in any t 3 q)e of 
power system transient calculation. Ad¬ 
mittedly, with different system conditions 
the external impedance will be different 
than the value used in the response test 
as will be the voltage change of ffie infinite 
bus. However, if test definitions are 
formulated about the exciter terminal 
voltage, the same holds true, i.e., some 
particular error signal must be designated 
as the standard signal to be given the 
voltage regulator to make the exciter 
voltage change and this error signal would 
not be the same in most practical cases. 
For these reasons, it is doubtful if any test 
can be formulated whi^ is of direct use in 
solving a power system transient problem for 
conditions other than those under which 
the test is made or calculated. Thus calcu¬ 
lations involving the behavior within the 
regulating loop will continue to be necessary 
in solving problems involving power system 
transients where the refinement of includ¬ 
ing excitation system behavior is needed. 

The need for definition of over-all excita¬ 
tion system response remains, however, and 
it appears that the quantity about which 
the definition should be written is that 
whi^ the excitation system controls— 
the direct axis transient internal voltage. 
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IN RECENT years the a-c resistance of 
■ pipe-cable systems has been the sub¬ 
ject of a number of studies.^-* Based on 
a comprehensive study of actual pipe- 
cable ^sterns, an AIEE Committee Re¬ 
port* presented working equations for the 
evaluation of loss components in pipe- 
cable systems with segmental conductors. 
The committee report estabhshed a ra¬ 
tion^ approach, generally accepted by 
the industry, for evaluating the a-c re¬ 
sistance of segmental cables in steel pipe, 
thereby facilitating the determination of 
ampacity (current-carrying capability) 
of such systems. 

A comparable study of the a-c resist¬ 
ance of power cables with conventional 
strand conductors is lacking. Published 
reports on the a-c resistance of 3-con¬ 
ductor and single-conductor cables of this 
type are limited. Salter, Shanklin, and 
Wiseman^ investigated the a-c resistance 
of 3-conductor lead-covered cables from 
350,000-circular-mil (CM) to 760,000- 
CM size. Brieger* reported on the a-c re¬ 
sistance of network mains cables of 4/0 
and 600,000-CM size, including leaded, 
and nonleaded types. 

Based on reference 4, the Insulated 
Power Cable Engineers Association 
(IPCEA)® has published tabulations of 
a-c/d-c resistance ratio values for power 
cables with copper conductors for cer¬ 
tain specified conditions of installation. 
The IPCEA values were established in 
connection with standard ampacity tables 
and in general are suitably conservative 
for the purpose intended. The tables do 
not, however, cover all of the conditions 
of installation which may be found in the 
general application of utility and indus¬ 
trial powa* cable qrstems. For example, 
the case of three single-conductor lead- 
sheathed cables installed in one duct and 

Pap» 5S-468, recommended by the AIEB Insulated 
Cra^ctors Committee and approved by the 
Committee on Technical Operations for 
^entetion at tte AIEB Summer General Meet- 
ins. 8 wamps<^tt, Mass., June 27-Tuly 1 , 1955 ^ 

ManusCTipt submitted March 28, ”*1956; made ^ 

available for printing May 4, 1966. ^ 
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Operated with sheaths short-circuited 
is not covered above the 250,000-CM 
size. 

In utility studies of comparative plans 
Md requirements, cases arise in which 
it is desired to evaluate, e.g., the difference 
m a-c resistance—and ampacity—between 
one size of three single-conductor lead- 
covered cables per duct, with dieaths 
short-circuited, and a smaller size of 
cables operated with sheaths open-cir¬ 
cuited (jacketed cables). 

In Table I are shown comparative 
values of a-c/d-c resistance ratios as 
listed in reference 6 and as calculated for 
various installations of 5-kv rubber or 16- 
kv paper-insulated 500,000-CM cables 
uang equations given in the paper. It 
will be noted that, for the conditions of 
installation stated, the values quoted by 
IPCEA are reasonably satisfactory for 
average ampacity calculations. 

It is frequently desirable, in making 
comprehensive evaluations, to determine 
not only the total a-c resistance or losses, 
but also the disposition of these losses 
among conductor, sheath, and metallic 
conduit, where present. A need exists 
for a comprehensive study of losses in 
power cable systems, similar to those 
made for pipe-cable systems,*’® which will 
present working equations for the deter- 
raination of a-c resistance components for 
various conditions of cable construction 
und cable installation. Increasing in¬ 
terest in the use of alumintan conductor 
and/or aluminum sheath also points to 
the need for the development of such 


working equations adaptable to various 
construction materials. 

Purpose and Scope 

This paper presents an analysis of the 
60-cycle a-c resistance of power cables 
with conventional strand copper or alumi¬ 
num conductors, together with appro¬ 
priate equations, either theoretical or em¬ 
pirical, which will permit calculation of 
component a-c losses for specific condi¬ 
tions of construction and/or installation. 
The effect of combinations of the follow¬ 
ing variables is included: 

Construction: 3-conductor and 1-cOnductor. 
Type of conductor: noncompact and com¬ 
pact. 

Conductor material: copper and aluminum. 
Sheath: lead or aluminum (open-circuited 
or short-circuited) and nonmetallic. 

Conduit: nonmetallic (or in air) and 
magnetic. 

With limited exception, the equations 
presented in the paper are not original 
with the authors but are based, generally, 
on already well-known expressions from 
the references cited. The equations for 
conductor loss are developed from pub¬ 
lished test data for leaded and nonleaded 
conventional strand power cables with 
copper conductors, applying accepted 
equations for sheath losses and solving 
for unknown constants in terms of best 
fit. The published data for single-con¬ 
ductor cable systems are limited. In the 
absence of published data for cables with 
aluminiun conductors and/or aluminum 
sheaths, it is assumed that comparable 
effects are obtained as with conventional 
constructions. It is realized that the 
results indicated for these constructions 
may require modification in the light of 
test data which may become available. 

It is hoped that additional test data for 
power cable systems will be forthcoming 
in the near future. In the meantime, it is 
the purpose of this paper to gather to¬ 
gether expressions wlfich, in so far as can 
presently be determined, are applicable 
for the common types of power cable 
systems. 


Table I. A-C/D-C Resistance Ratios for 500,000-CM Cables With Copper Conductors 


T^e of 
Gable 


Type of Stranding Type of Sbeath 


Type of Duct or 
Conduit 


A-C/D-C Resistance Ratio* 
Calculated Reference 6 


.compact sector.lead.nonmetallic 1 06 

3-conductor --- compact sector . lead . maimAt.-.. ” 1 " 1 o' ’' 

.standard concentric.nonmetallic!!!!! !non^etaliic ’ ‘ ’ 105 ’ ’ 

.concentric.nonmetallic.magneS.'.V ’ ’ 1 li'' ’ 

l.»nductor|.standard concentric.lead..nonmet^c. 1 10 ‘' 

.standard concentric.... .lead.!ma^eS!!.l’24 ' ’ 

1-Surtor.concentric.nonmetaUic.nonmetallic...!l!o3!!! 

I conduc tor.standard concentnc.nonmetallic.magnetic.1.10... 


...1.13 
. ..1.13 
. ..1.06t 
. ..1.13 
t applicable § 
b applicable $ 

...i.oet 

..1.13 


A at 76 degrees centigrade, 

t IPCEA value, 1.13X0.94-<1.06. 


t Three per duct, sheaths short-circuited. 

S IFCBA Table not applicable above 260,1 
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List of Symbols 


factor in sheath proximity equation, 
1/(1+0.00767 

factor in sheath proximity equation, 
1/(1+0.0303 Rs^) 
c«mean sheath radius, inches 
CJ*= conductor area, circular inches 
(= thousand CM per 1,000) 
conductor diameter, inches 
spacing between adjacent conductors, 
inches (equations 12, 23-26) 
conductor transverse resistance factor 
applying to conductor proximity loss 
JC=conductor transverse resistance factor 
applying to conductor total loss 
inside diameter of pipe, inches 
i?fto=inean a-c resistance of conductors, 
per phase, microhms per foot 
J?do=d-c resistance of conductors, per 
phase, microhms per foot 
J?*=d-c resistance of metallic sheath, 
microhms per foot 

A2?=incremental resistance due to extra 
a-c losses with conductor in magnetic 
conduit, microhms per foot 
Ai?'=incremental resistance due to extra 
a-c losses with conductor in non- 
metallic duct, microhms per foot 
ARc = conductor increment of resistance due 
to skin and proximity effects, 
microhms per foot 

ARp =a incremental resistance due to pipe 
loss, microhms per foot 
Ai?s == incremental resistance due to total 
sheath loss, microhms per foot 
Ai?*c=incremental resistance due to sheath 
circulating current loss, microhms 
per foot 

ARgp = incremental resistance due to sheath 
proximity effect (eddy-cmrent) loss, 
microhms per foot 

distance between conductor center and 
cable center of 3-conductor cables, 
inches 

5"=spacing between adjacent conductors, 
inches 

5'== geometric mean spacing between con¬ 
ductors, inches 

JK", “reactance of cable sheath, microhms 
per foot 

argument for Bessel function, used in 
determining conductor loss 
Fi“ conductor proximity effect 
Fo = conductor skin effect 
Fc, Fi “ratio of incremental resistance to 
d-c resistance of conductor 
et^d/S 

H “ permeability 

p“pipe resistivity, microhm-centimeters 

Component Losses 

In general, the component losses which 
exist in power cable systems tinder specific 
conditions are treated along the lines pre¬ 
sented in reference 3. The component 
losses which contribute to the total a-c 
resistance are evaluated in terms of incre¬ 
mental resistances which add to the 
conductor d-c resistance to make up the 
total a-c resistance. The conductor d-c 
resistance is taken at the operating tem¬ 
perature. Equations given for resistance 
increments are converted to a-c/d-c ratios 
by dividing through by Rdo. 

October 1955 


The loss categories considered are as 
follows: 

1. Extra conductor loss (or resistance 
component): loss due to conductor skin 
and proximity effects. Designated by 
ARc in nonmetallic duct and by ARe in 
iron conduit. 

2. Sheath loss: loss due to circulating 
currents and/or eddy currents in metallic 
sheaths. Designated by ARse and ARgp 
respectively. 

3. Iron loss: loss due mainly to eddy 
currents and to a lesser extent due to hys¬ 
teresis effect in the iron. Designated by 
ARp, 

A discussion of the nature of skin and 
proximity effect in cable conductors is 
given in references 1,2, and 3 and in many 
standard references. 

The loss due to circulating currents in 
single-conductor cables with short-cir¬ 
cuited metallic sheaths is similar in nature 
to the shield-assembly loss of pipe-type 
cables.®*® Hojyever, as the resistance of 
lead or aluminum sheaths is ordinarily 
appreciably lower than the resistance of 
pipe-cable shield assemblies, the magni¬ 
tude of this component is appreciably 
greater in the case of single-conductor 
metallic-sheathed power cables of similar 
conductor size. 

In the case of single-conductor cables 
with open-drcuited metallic sheaths 
(closely spaced) or 3-conductor cables 
with metallic sheaths, proximity effects 
(eddy-current losses) must be considered 
in the larger size cables. This effect is 
similar to the shield-assembly proximity 
loss in pipe cables.® For pipe-cable sys¬ 
tems, the shield-assembly proximity ef¬ 
fect generally can be neglected. How¬ 
ever, for the type of power cables treated 
here, the sheath proximity effect is signifi¬ 
cant in magnitude. 

The loss in iron conduit is similar to the 
pipe loss in pipe-cable systems and may 
be calculated using the equations given in 
reference 3, slightly modified on the basis 
of test results whidi indicate that losses in 
iron conduit are somewhat less than losses 
in steel pipe. 

Extra Conductor Loss 

In studying proximity effect in conduc¬ 
tors, ArnoldJ reports that except for very 
large conductor sizes at dose spadngs the 
conductor proximity effect is practically 
the same for flat spacing as for triangular 
spacing. That is, for the more common 
sizes of power cables, up to 1,000,000 CM 
the conductor proximity effect depends 
essentially only on the actual spacing be¬ 
tween adjacent conductors and not on 
the conductor arrangement. This treat¬ 
ment differs from that used in reference 3, 


Table II. Values of K and x 

Cable Construction K z 


3-conductor, standard con¬ 
centric.1.00.6.8 / "n/ 2 ?do 

3-conductor, compact round. .1.26.6.1/ y/ Rdo 

3-conductor, compact sector ..1.20.6.2/ •%/ 2?do 

1 -conductor, standard con- _ 

centric.1.17.6. S/V Rdo 

1-conductor, compact round ..1.35.5.8/ "y/Rdo 

1 -conductor, compact seg- _ 

mental.2.5***...; .4.3 /■%/Rdo 

* From reference 3, for comparison. 

where for the larger pipe-cable sizes the 
extra conductor loss was calculated, for 
cable in the cradled arrangement, on the 
basis of the geometric mean spacing. 
Experimental evidence appears to sub¬ 
stantiate Arnold’s treatment, and this 
treatment has been followed. 

Arnold has developed equations for 
conductor proximity effect in both single¬ 
phase® and 3-phase* operation. It is 
noted that the proximity effect is depend¬ 
ent on a factor k, the “transverse resist¬ 
ance ratio factor,” whidi is affected by 
many construction factors, such as im¬ 
pregnation, tightness of conductor strand¬ 
ing, degree of oxidation of conductor 
strands, etc. Reference 3 gives cogent 
reasons why, for practical purposes, it is 
desirable to combine conductor skin and 
proximity effects. This may be evaluated 
in terms of a single argument 

»“6.80/V^^ . 

In equation 1, iC is kept in the denomina¬ 
tor rather than in the numerator to dif¬ 
ferentiate from Arnold’s k which applies 
only to conductor proximity effect. On 
the basis of test data, the value of K for 
compact segmental cables is reported in 
reference 3 to have a value of 2.6. Simi¬ 
larly, for various types of nonsegmental 
cable, where test data are available, cor¬ 
responding values of x and K have been 
determined by obtaining the best fit be¬ 
tween total measured and total calculated 
resistance values using the equations de¬ 
veloped herein. The derived values of K 
are given in Table II. 

It is shown in reference 3 that the extra 
conductor loss for compact segmental 
cables may be calculated using the simpli¬ 
fied expression 

ARc' “ (l/Vilc -0.13) (1 +4a*) 

microhms per foot (21 

This expression may be written as 

ARc'=a;®l?do[(3c/79.6)-0.00701(1+ 

4a®) microhms per foot (3) 

where 

x—Q.SO/y/KRde 
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Iaoic III. tquations for Conductor Loss 

Extra Conductor Resistance In Air. 
ARe*f Microlinis per Foot 


Equation 

Wo. 


3-conductor, standard concentric /o nr /. /—_ 

3-conductor, compact rounT . o 

3-conductor, compact sectol:::::;::. 

1-conductor, standard concentric f3 1 “/^^ n ‘ ‘ 

1-conductor, compact round. . 

i-conductor, compact segmental... ./i /W'd^ n +^«*)• 

....../ V Wdfl—0.13)(1-{-4a»)... 


Equation 3 appears appKcable for values 
of a; to about 2.25. If the values of a: 
from Table II are substituted in equation 
3, the resulting equations for conductor 
loss are given in Table III. In the ab¬ 
sence of test data on aluminum conduc¬ 
tors which would allow determination of 
the proper value of K, it is assumed that 
the same value of K can be used as for the 
corresponding type of copper conductor. 
The expressions given in Table III are ap¬ 
plicable for cables in air or in nonmetallic 
ducts. 

E^a Conductor Loss for Installation 
in Magnetic Conduit 

Studies reported in reference 3 indicated 
^at in steel pipe the extra conductor loss 
is increased over the corresponding value 
in air by a multiplying factor Kt> which 
may be taken as 1.7 for single-conductor 
cables in triangular formation and 2.0 
for cradled formation. Accordingly, it 
appears rfeasonable to employ the multi¬ 
plying factor of 1.7 in equations 4, 6, and 
6 for 3-conductor cables in magnetic con- 
dmt ^d a multiplying factor of 2.0 in 
equations 7, 8, and 9 for single-conductor 
cables in magnetic conduit. It is as- 
^ed ttat these multiplying factors may 

be applied for iron conduit as well as steel ’ 
pipe. 


AJSac'as mjcrohms per foot ( 11 ) 

"W^ere the three single-conductor cables 
are installed in the same duct, it is as¬ 
sumed that the cradled configuration is 
representative so that in calculating X, 
we may take 


me average has a value of about 0.50, 
the second term in equation 15 has a value 
of approximately 1/I6th of the first term 
and therefore may be neglected without 
seriously affecting the answer. A simple 
and sufficiently accurate expression for 
the sheath proximity effect of 3-conduc¬ 
tor lead-covered cables can be written as 

ARgp' =s 106/i?s microhms per foot ( 16 ) 

Although no test data are available for 
3-conductor cables in steel pipe or iron 
conduit, it is arbitrarily assumed that a 
multiplying factor of 1.7 may be used with 
equations 14. 15, and 16 to determine the 
sheath pro^ty loss for 3-conduc¬ 
tor cables in iron pipe. 


9'=.! —TTT;- Cables 


For lead-sheathed cables up to 1,000- 
000 CM, the mean value of Z, is 21.8 for 
the cradled configuration. Substituting 
this value in equation 11, the following 
simplified expression was obtained 

^Rte (cradled) =475/1?, microhms per foot 

(13) 

In reference 3 the sheath circulating 
current loss in magnetic pipe is found to 
be about 2.0 times the value in air. A 
multiplying factor of 2.0 appears to be 
consistent with the data of reference 5 for 
lead-sheathed cables and is ass um ed to 
hold for the power cable tystems treated 
in this paper. 


Sheath Loss 

Sheath Circulating Current Loss 

For single-conductor metaUic-sheathed 
cables operated with sheaths short- 
^cuited, the extra resistance component 
due to sheath circulating current loss may 
be c^culated using the conventional 
equation 

microhms per foot ( 10 ) 

where 

“52.9 logio S'/c microhms per foot 

For lead-sheathed cables, where the 
^ r ^ is appreciably larger than the 
vafoe of X„ equation 10 can be simplified 
further, as is customary, to the form 


Sheath PROxoMiry Effect (Eddy- 
Current Loss) 

Eddy-ciOTent loss in cable sheaths has 
been studied by a number of investiga¬ 
tors, 13 For comparable cases, essen¬ 
tially similar expressions are given : 

A, Three-Conductor Cables 

Equations for sheath proximity effect 
of 3-conductor cables given in references 
10 and 11 may be developed in the form 

^R»p'^^R,[A(,s/c) ^-i-B(s/c)*] 

microhms per foot ( 14 ) 

where 

^ =l/(l-|-0.00767ie,») 

5 = l/(l-f.o.0303i?,3) 

^ For lead-sheathed cables of relatively 
high resistance, equation 14 can be simpli¬ 
fied to the form 


. „ , 396 ,. yy 

“ 2 j^ (Vc)*+—(j/c)< microhms 

per foot (IS) 

Equation 15 is frequently given in the 
form of the first term only. As s/c on 
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The sheath proximity effect of single- 
0 - conductor metaUic-sheathed cable varies 
jr widely with cable arrangement.i®~i3 In 
ig considering the instaUation of three single- 

ig conductor cables per duct, the foUowing 
general equations are of interest: 

Equilateral triangle (applicable for 
tnplex Cables) 

j ^■^»'“-^[3 (c/5)»^-|-5/4(c/ 5)<B] 
j microhms per foot ( 17 ) 

I Flat 

: outer cables £iRB 9 ^=Ri[B/ 2 {,c/S)*A -f 

I 3/2(c/ 3)<F] microhms per foot ( 18 ) 

middle cables AR^p ' = J?,[6(c/5) *A + 

2(c/ S) microhms per foot (19) 

It is indicated in reference 14 that for 
the condition of rectangular spacing the 
proximity loss of both outei: and middle 
cables is intermediate between the corre¬ 
sponding value for equilateral triangular 
arrangement and that for flat spacing. 
With three cables instaUed in one duct, ac¬ 
tual arrangement is random. It will be 
noted that the average proximity loss is 
essentiaUy the same for aU three cable ar¬ 
rangements, and it would appear applica¬ 
ble to use equation 17 as a reasonable ap- 
proximation of the average proximity loss 
for the case of three single-conductor 
cables per duct. 

For single-conductor power cables with 
lead sheaths, equation 17 can be simpU- 
fied, in terms of average loss, to the form 

microhms 
per foot (20) 

As in the case of 3-conductor cables, the 
second term can be neglected without 
serious error. For the usual case of 
single-conductor cables, the average value 
of c/s is 0.47, and the second term there¬ 
fore is about 1/I8th of the fimt term. A 
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single, applicable expression can be taken 
in the form 

420 

ARsp' — :^^c/S)^ microhms per foot (21) 

Rs 

or, approximately 

'=90/i?, microhms per foot (22) 

Comparison of equations 22 and 13 
indicates that the ratio of sheath eddy- 
current losses to sheath circulating cur¬ 
rent losses is about 90/475, or approxi¬ 
mately 20 per cent, so that the sheath 
eddy-current loss, while relatively smaller, 
nevertheless is not always negligible. 

For cables with short-circuited sheaths, 
especially in the case of aluminum sheaths, 
the total sheath loss probably is less than 
the sum of values obtained using the equa¬ 
tions given for circulating current loss 
component and eddy-current loss com¬ 
ponent as the local sheath current would 
tend to be reduced somewhat by the reac¬ 
tion effect of the circulating current. 
Use of the equations as given tends then 
to produce a conservative re^lt. The 
degpree of “shielding effect” produced by 
the circulating current is not determinable 
from existing test data. For lead- 
sheathed cables of moderate size, the 
•effect probably is light, but for larger size 
cables with aluminum sheaths this factor 
needs further investigation, especially 
for the case of installation in magnetic 
conduit. 

For cables in iron conduit or steel pipe 
present test data indicate a multiplying 
factor of 2.0 to be used with the equations 
for sheath loss in air or in nonmetalHc 
duct. 

Iron Loss 

Rational equations for the calculation 
of the eddy-current and hysteresis losses 
in steel pipe are given in reference 3. Al¬ 
though no comprehensive measmrements 
were made for iron conduit, data given in 
reference 1 indicate lower losses in iron 
conduit than in steel pipe. In a discus¬ 
sion of reference 3 by Morris, it is shown 
that the pipe loss is inversely proportional 
to the square root of the product of re¬ 
sistivity and permeability. Bata from 
various sources give the values shown in 


Table IV. Values for Resistivity and 
Permeability 



Resistivity p, 

Perme- 



Microhm- 

ability p 


Material 

Centimeters 

(H=l) 

l/Vpi* 

Iron conduit.. 

.13.2. 

...600..... 

,.:o.oii 2 

Steel pipe. 

... 14.6_ 

...375.... 

...0.0136 


Table V. Summary of Working Equation 


Incremental Resistance Component, 
SCcrohms per Foot 


Multiplier 

Equation in Magnetic 
No. Conduit 


Conductor Loss: 


Sheath Circulating Current Loss: 


Sheath Proximity Loss: 


2- conductor, ead-covered.A Rxp ' 

Iron Loss: 

8 -conductor, steel pipe. ARp = 

3- conductor, iron pipe.AjRp = 

1 -conductor, steel pipe.AJip = 

1 -conductor, iron pipe. .ARp=‘ 

Total A-C Reaistanco in Nonmetallic Duct: 
Rtt/Rit = l-fyc' -b.where 


AEe'=t3.96/-v'Ede-0.325](l-H4a*). 

.. 4 _ 

_1.7 

ARe'- [2.82/\/Edo-0.260](l+4oi*). 

.. 5.... 

_1.7 

,AEe'- [S.Ol/VEdc-0.271 ](H-4«*). 

.. 6_ 

.1.7 

ARe'~ [3.12/-v/^o-0.2781(1-H4a»). 

.. 7.... 

....2.0 

ARe'- t2.62/\/^-0.241](H-4a*). 

.. 8_ 

....2.0 

.ARc'=[l /VEdc-0.1301(1-|-4as). 

.. 9.... 

_2.0 

,ARw'>=X**R«/(R«*-fXs*). 

. .10_ 

_2.0 

A2i4e'=»475/R«. 

..13.... 

_2.0 




( s / c ) (i+o.0808E«»)!1 

.. 14. 

.1.7 

.AEsp' = 106/E,. 

..16. 

.1.7 





...17_ 

.2.0 

^ Vl-f-0.0308E,»/J " 



. A 90/Es. ..... 

..22. 

.2.0 


.0.88D-0.115p. 25 

.O.71D-O.O02p.26 

.0.34D-f0.176p.2.8 

.0.27D+0.140p.24 


ye' = AJRc V Edo 


Table IV for the resistivity and perme¬ 
ability of iron conduit and sted pipe. It 
is indicated, therefore, that the losses in 
iron pipe are lower than the losses in 
steel pipe in the ratio of 0.0112/0.0135=® 
0.8(±). If the assumption is made that 
losses in iron conduit are 80 per cent of the 
losses calculated by the equations for pipe 
loss given in reference 3, satisfactory 
agreement is obtained between total 
measured and calculated values. 

Single-Conductor Cables 

Three single-conductor cables in pipe or 
conduit are assumed to be in the cradled 
arrangement so that the iron loss may be 
calculated by the following equations 
For steel pipe 

ARp =0.341?-|-0.175p microhms per foot 

(23) 

For iron conduit 

Ai2p=0.27jD-|-0.140/> microhms per foot 


Bata for pipe losses given in references 
2 and 3 were obtained with three single¬ 
conductor metaUic-dieathed cables in 
pipe. Similar data for 3-conductor me- 
talKc-sheathed cables in iron conduit or 
pipe are not available. It is assumed, 
however, that the equation given in refer¬ 
ence 3 for segmental cables in dose trian¬ 
gular arrangement will give results that 
are conservative. On this basis, the fol¬ 


lowing equations are taken as applic¬ 
able: 

For steel pipe 

ARp =0.8QD—0.115p microhms per foot 


For iron conduit 

Ai?®=0.712?—0.092^ microhms per foot 

(26) 

Summary of Recommended Working 
Equations 

A smnmary of the working equations 
which appear applicable for calculating 
the incrdnental resistance components of 
various types of power cable systems is 
given in Table V. These, equations pro¬ 
duce reasonably correct total a-c resist¬ 
ance values for conventional strand power 
cable systems with copper conductors and 
with nonmetallic or lead sheaths. In the 
absence of published data for power cables 
employing aluminum as a conductor or 
sheath material, the appropriate equa¬ 
tions listed in Table V can be used. 
These are subject to such modification as 
future published test data may indicate 
to be desirable. 

The values of a-c resistance calculated 
using the equations listed in Table V 
apply for the temperature of Rde used. 
These are converted to the corresponding 
values of a-c/d-c resistance ratio by divid- 
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Table VI. Calculated A-C/D-C Resistance Ratios for Power Cables Operation at 60 Cycles, 75 Degrees Centigrade 


Type of Sheath 


Lead 



ing through by the appropriate value of 
Rio. 

Representative Values of Calculated 
A-C/D-C Resistance l^tio for 

Power Cable Systems 

Representative values of 
a-c/d c resistance ratio, based on the 
working equations given in Table V, are 
shown in Table VI for a number of types 
of power cable qrstems ranging in con¬ 
ductor size from 250,000 CM to 1,000,000 
CM. The values are calculated for an 
operating temperature of 76 degrees centi¬ 
grade. Values for conductor size below 
250,000 CM can be extrapolated with 
sufficient accuracy. The 1,000,000-CM 
conductor size generally represents the 
upper limit for 3-phase power cable sys¬ 


tems installed in one duct or conduit. 

The values of a-c/d-c resistance ratio 
shown in Table VI are affected, of course, 
by dimensional variations. For the cases 
calculated, the cable build-up is in general 
accordance with Association of Edison 
Illtminating Companies-IPCEA specifi¬ 
cations. For the systems with aluminum 
sheaths and polyethylene protective jack¬ 
ets, thickness of the sheath and cover¬ 
ing is based on Table II of reference 14. 

Discussion of Loss Components and 
Calculated A-C/D-C Resistance 
Ratios 

The relative magnitude of the com¬ 
ponent losses in typical constructions of 


conventional strand power cable systems 
and also typical systems employing alu¬ 
minum as a conductor and/or sheath ma¬ 
terial are shown in Figs. 1 through 4 for 
the condition of installation in non- 
metallic duct and in Figs. 5 through} for 
the condition of installation in iron 
conduit. 

Conductor Losses 

In a discussion of reference 1, E. E. 
Hutc^ngs gives a relatively simple ex¬ 
pression for the proximity loss of three 
conductors in close triangular formation 
in air, namely 

F:»1.6aSro ( 27 ) 



- 20 
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MCM 


,-Total added 

/^LOSS 
' SHEATH 
CIRCULATING 
CURRENT LOSS 
ADDED 
—CONDUCTOR 
LOSS 

‘-SHEAtH 
D PROXIMITY 
LOSS 


V\ 


Fig. 1 (IcfO and Fig. 2 
(right). Olculafedlosses 
of IS-kv lead-sheathed 
and aluminum-sheathed 
cables with copper con¬ 
ductors in nonmetallic 
duct or in air 

Fig. 1 for single-con¬ 
ductor cables 

Fig, 2 for 3-conductor 
cables 
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In the notation of this paper 
Fi-Fc'-F, (28) 

Subtracting out standard values of Fo 
from the total conductor loss ratio 7e', 
obtained using the equations given in 
Table V, the resultant values of conduc¬ 
tor “proximity effect" were studied in 
relation to equation 27, The study indi¬ 
cated a constant, in equation 27, of ap¬ 
proximately 2.3 for both 3-conductor cable 
systems, data from reference 4 (impreg¬ 
nated strands) and 1-conductor cable 
systems, data from reference 5 (dry 
strands). 

Analysis of these resultant conductor 
proximity ^ects, using Arnold’s 3-phase 
proximity loss equation,® indicated a value 
of k of approximately 0.73 ± for both the 
3-conductor and single-conductor cable 
systems studied. The results for the 3- 
conductor cables are reasonably consist¬ 
ent with Arnold’s indicated value of 0.75 


indicates a value of k for dry strand cables 
of 0.45 to 0.55. The available test data 
of reference 5 are not consistent with 
Arnold. Inconsistencies such as this 
have been noted previously. See, e.g., 
reference 3, Table II. 

Obviously much work remains to be 
done on the subject of conductor losses 
in power cable systems. Relations with 
aluminum conductors may well be quite 
different than with copper conductors. 
Within the Hmits of present published 
data for copper conductor cables, the 
values of total conductor loss calculated 
for the systems listed in Table VI, indi¬ 
cate that, for cables with conductors 
dosely spaced in air or in nonmetallic 
duct, the following simple relations may 
be used: 

For l-conductor noncompact conduc¬ 
tors and for 3-conductor compact-sector 
conductors 


F«'=2.0 Fo (29) 

For l-conductor compact conductors 

Fc' = 1.4Fd (30) 

Values of Fo can be found in standard 
references. Simple approximations for 
copper and aluminum conductors, appli¬ 
cable for conductor sizes up to 1,000,000 
CM at 75 degrees centigrade, are as fol¬ 
lows: 

For copper 

Fo =0.064(0)* (31) 

For aluminum 

Fo =0.0245(0)* (32) 

Equations 29 through 32 can be used as 
an approximation of the total conductor 
loss without serious effect on the total 
a-c/d-c resistance ratios shown in Table 
VI. 



Fig. 5 (left) «nd Fig. 6 
(right). Calculated losses 
of 15-ky lead-sheathed 
and aluminum-sheathed 
cable with copper con¬ 
ductors in iron conduit 

Fig. 5 for single-con¬ 
ductor cables 

Fig. 6 for 3-conductor 
cables 


TOTAL 



MCM 
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TOTAL ADDED 
LOSS 


SHEATH 

CIRCULATING 

CURRENT 



TOTAL ADDED 
LOSS 



SHEATH 

CIRCULATING 

CURRENT 

LOSS 


ADDED 
CONDUCTOR 
LOSS 


/PIPE LOSS 
SHEATH 
PROXIMITY 
LOSS 


Fig. 7 (left) and Fig. 8 
(righ0. Calculated losses 
of 15-lcv lead-sheathed 
and aluminum-sheathed 
cables with aluminum 
conductors in iron con¬ 
duit 

Fig. 7 for single-con¬ 
ductor cables 

Fig. 8 for 3-conductor 
cables 


ALUMINUM I SHEATH 


400 600 

MCM 


LEAD 










SHEATH 

-PROXIMITY 

LOSS 


_ ADDED 

^CONDUCTOR 
^ ^_ LOSS 

I — ^PIPE LOSS 

800 1000 


I /ADDED 

-^'^LOSS 

ADDED 

-/-CONDUCTOR 

_ / LOSS 

^^\SHEATH 

_ ^PROXIMITY 

____ LOSS 

~80 6 lOO ^P'PE LOSS 


Sheath Losses 

of a-c/d-c resistance ratio 
listed in Table VI are calculated, for 
single-conductor cable systems, on the 
ba^ of short-circuited cable sheaths, 
which is the usual condition of installa¬ 
tion in utility and industrial power cable 
systems. In the larger conductor sizes, 
with lead-covered cables, the sheath dr- 
culat^g current loss becomes appreciable. 
If it is assumed that the total sheath loss 
is co^ctly given by the sum of the cir¬ 
culating current component and the 
proximity (eddy-current) component, the 
total sheath loss for single-conductor lead- 
covered cables is approximately twice the 
sheath loss of the same sized 3-conductor 
cable, in nonmetallic duct as indicated in 
Figs. 1 through 4, and somewhat more 
than twice as large in iron conduit as 
indicated in Figs. 5 through 8. 

The sheath (proximity) loss of 3-con¬ 
ductor lead-covered cables is not negligi¬ 
ble in the larger conductor sizes. For 
cables in nonmetallic duct or in air, the 
proximity loss, in the larger sizes, is of the 
order of 40 to 50 per cent of the total loss 
as mdica.ted in Figs. 2 and 4. The order 
of magnitude in iron pipe is indicated in 
Figs. 6 and 8. 

The use of aluminum as a sheath ma- 
tend inherently involves appreciably 
higher sheath losses inasmuch as the elec¬ 
trical condudvity of aluminum is more 
than seven times that of lead. The ef¬ 
fect, for all practical purposes, is a four¬ 
fold to fivefold increase in sheath losses, 
Jpendmg on the thickness of sheath used 
tte higher figure applying to nonjacketed 
types. The; increase, in regard to per 
cent, IS about the same for single-con- i 


ductor and 3-conductor cables. These ef¬ 
fects are illustrated in Figs. 1 through 
8 . 

Iron Loss 

For the cable systems calculated, the ef¬ 
fect of variations in cable dimensions 
served to change the iron loss only slightly 
with rdatively negligible effect on the 
total a-c/d-c resistance ratio. For pur¬ 
poses of rough approximation, the follow¬ 
ing expressions give the value of iron loss, 
in the cases calculated, with less than 1- 
per-cent effect on the total loss ratio. 

Copper conductors; 1-conductor cables 

F,»C//12 (33) 

Copper conductors: 3-conductor cables 

Yp = CJ/2S ( 3 ^) 

Alumintun conductors: l-conductor 

cables 

Yp’=CI/2Q ( 33 ) 

Aluminum conductors: 3-conductor 

cables 

Yp^CI/bO 


Total A-C/D-C Ratios 

As previously indicated, the a-c/d-c 
resistances ratios listed in Table VI in¬ 
volve three major premises for which 
substantiating data are not available, 
namely: 

1. That for calculating conductor losses 
the same K factors apply equally for 
copper and aluminum conductors. 

2. That for obtaining values in iron 
conduit the same multiplying factors apply. 


for conductor loss, for either copper or 
dummum conductor and, for sheath loss, 
for either lead or aluminum sheath. 

3. That all calculated losses are directly 
additive. 

Considerable further research is necessary 
to indicate proper treatment with regard 
to these points. 

The usual equations given for sheath 
proximity loss are by no means rigid. As¬ 
sumptions are made in the development 
of these equations as to unifonnily of 
cun^t density in* the conductor cross 
section and the effect of sheath thickness. 
When the proximity effect in the conduc¬ 
tors is large, the equations possibly over¬ 
estimate the sheath loss as the resultant 
external magnetic field is reduced by the 
crowding of the currents towards each 
other. Arnold® has introduced empirical 
correction factors for lead-sheathed cables 
but test data on aluminum-sheathed 
cables are required to allow accurate 
evaluation for this type of construction. 
The values shown in Table VI for metalKc 
sheathed cables should, then, be on the 
conservative side. 

Conclusions 

In the absence of comprehensive studies 
of the a-c resistance of conventional 
strand power cable systelns, empirical or 
semiempirical treatments are available 
for calculating component losses which 
appear to produce reasonable total loss 
values for single-conductor and 3-con¬ 
ductor cables when installed in non¬ 
metallic duct or in iron conduit. Applica¬ 
ble equations are summarized in Table V. 

It is assumed that these equations apply 
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ductor material and/or as a sheath ma¬ 
terial although it is recognized that fur¬ 
ther experimental data may indicate the 
need for modification. 

Based on the procedure given, values of 
a-c/d-c resistance ratio for a number of 
typical power cable systems are listed in 
Table VI. A few general remarks are 
made with respect to these ratios: 

1. The extra a-c resistance component of 
lead-covered power cables installed in 
nonmetallic duct approximately equals the 
value for similar-type nonmetallic sheathed 
cables installed in iron conduit. This is 
consistent with the treatment in reference 6. 

2. The extra a-c resistance component of 
aluminum conductor cables is approximately 
half the value for the similar size of copper 
conductor cables of similar type and cover¬ 
ing. 

3. For cables with aluminum sheaths, of 
the thickness assumed, the extra a-c re¬ 
sistance component is from 2 to 2V2 times 
the value for the same size and type of 
lead-covered cable. 

No attempt is made to discuss the 
economics of application of aluminum 
as a sheath material. For duct installa¬ 
tions, in the larger cable sizes, the indi¬ 
cated sheath losses are appreciably higher, 


as already stated, even for 3-conductor 
cables. Considerably more research is 
needed not only to establish accurate 
values for aluminum-sheathed cables but 
also to check the validity of procedures 
such as are given in Table V. In the 
meantime a consistent procedure is given 
which permits comparative evaluations of 
a-c resistance of various constructions. 
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OF Unarmoured- Single-Conductor Cables 
PROM THE Standpoint op the Power Losses, 
Line Constants and Interference with Com¬ 
munication Circuits, E. B. Wedmore, P. D. 
Morgan, S. Whitehead. Ibid., pp. 359-434. 

13. Sheath Currents, Sheath Losses, Induced 
Sheath Voltages and Apparent Conductor 
Impedances op Metal Sheathed Cables Carry¬ 
ing Alternating Current, K. W. Miller. Thesis,. 
University of Illinois, Urbana, Ill., 1929. 

14. Aluminum Sheathed Power Cable, W. A. 
Del Mar, E. J. Merrell. AIEE Transactions, 
vol. 74, pt III, June 1955, pp. 292-304. 

15. Eddy-Currents in Thin Circular Cylin¬ 
ders, P. W. Carter. Proceedings, Philosophical! 
Society, Cambridge, England, vol. 23, 1927, pp- 
901-06. 




Discussion 

George S. Haralampu (New England Power 
Service Company, Boston, Mass.): The 
authors are to be congratulated for the work 
they have done in compiling into one paper 
working equations for the calculation of the 
a-c resistance of 3-conductor and single¬ 
conductor cables. The little test data 
that are known support these equations, and 
if some day extensive test data are made 
available the equations may need a slight 
modification as the authors have stated. 

It is satisfying to see that the Rm/Rao 
ratios, tabulated in Table V of the paper, 
agree fairly well with ratios obtained using 
the equations listed in the following. Al¬ 
though the authors have not mentioned the 
extra losses due to the shielding and binding 
tapes, the increase in the cable resistance due 
to these losses whra three conductors are in a 
single conduit is of such a magnitude that 
they could very well be neglected. 

The Reo/Rdo ratio will vary for the same 
size conductor for different thicknesses of 
sheath (which will affect the sheath losses) 
and for different thicknesses of insulation 
(which will affect proximity effect and 
sheath losses). Since this is not shown in 
Table V of the paper, I assume the values 
given are average values. The working 
equations listed in Table IV take this varia¬ 
tion into consideration. 

The following is a tabulation of equations 
derived from the references listed and which 
are different from those used by the authors, 
to obtain the a-c resistance of 3-conductor 
round or noncompact sector copper cables 
in a nometallic duct. 


Skin Effect 
.Y=0.02768 


V 


d. 

Rdc 


The ratio R'/Rie can be obtained from 
Table VII of this discussion. 


AR, 




ohms/1,000 feet 


Proximity Effect 
For noncorapact sector conductors: 

2-s/.ff+4.6(C-|-0.005) 


S = 


inche.s 


2.155 

For compact sector conductors: 

^ 1.85v'if+4.44(C-f0.005) . ^ 

5=--niches 

2.155 


ARp =/p(i?dc) ohms/1.000 feet 
Sheath Losses 

For round or sectored conductors: 
2.1655-f-2f . 


r<«- 


• inches 


ro'^Ti+t' inches 
K' 


rsn- 


(.ro+rtXro-ri) 6.28 


ohms/1,000 feet 


Si => {d +2C) inches 

_ 8,370 (5l)2X10-« , „ nnni:„. 

A 2 ?, 7 , =-::——t;— ohras/1,000 feet 

rshiro+Tir 

Shielding Tape Loss 
p'XlO-8 


Table 


r«=: 

VII 


ohms/1,000 feet 


X 

R 7 IU 0 

X 

(Reference 1) 

R7Rde X 

R'/Rdo 

X 

R7Rde 

0.0... 

...1.00000. 

_1.2... 

...1.01071.. 

.2.4. 

.1.15207. 

.3.6. 

,1.62879 

0.1... 

...1.00000. 

_1.3... 

...1.01470.. 

.2.5. 

.1.17588. 

.3.7. 

..1.56587 

0.2. 

...1.00001. 

_1.4... 

...1.01969.. 

.2.6. 

.1.20066. 

.3.8. 

..1.60314 

0.8... 

...1.00004. 

_1.6... 

...1.02582.. 

.2.7. 

.1.22763. 

..3.9. 

..1.64501 


1 nnni si . 


1 

2 8 

1.25620. 

.4.0. 

..1.67787 

0 A 

1 nnnsF. 

1 7 , 

1 04206. 

__.2.0. 

.1.28644. 

.4.1. 

..1.71616 

0.6... 

...1.00067. 

....1.8... 

1.05240.. 

.3.0. 

..1.81809. 

. .4.2. 

..1.76233 

0.7. .. 

...1.00124. 

....1.9... 

...1.06440.. 

.8.1. 

..1.35102. 

. .4.3. 

..1.78933 

0 A 

1 n0212 

2 0 

1 07816.. 

.3.2. 

. .1.38604. 

..4.4. 

..1.82614 

0 9 

1 00840 

2 1. 

1 09375. 

.3.3. 

. .1.41999...... 

..4.5. 

..1.86275- 

1.0... 

...1.00519. 

....2.2... 

...1.11126.. 

.3.4..... 

. .1.46570 



1.1... 

...1.00758. 

....2.3... 

...1.13069. 

.3.5. 

..1.49202 
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f 2 ? 

Jfw =0.0529 — logioohms/1,000 


Since r*' is approximately equal to rt 
then, for tangent triangular spacing, 

•S’=2ro' or 2r<' 

and the mutu^ reactance equation becomes 
=0.0629 ^ logio 

cycles, 

0.0529 log 2=0.0169 ohms/1,000 feet 


Table VIII 


Rao/Rde 




ohms/1,000 feet 


Since is very small, the foregoing 
equation simplifies to 

.p Xm* 254.0 X10-« 

“ --ohms/1,000 feet 

Metallic Binding Tape 

The method for finding the increase in 
resistance due to binding tape loss is the 
same as outlined for the sheath losses, ex¬ 
cept for the change in the resistivity con¬ 
stants and radii. 


(ro'—ri') = thickness of binding tape (0.004 
inch may be used if actual thiglm«>s s 
is not known) 

8,370C5'0*X10-« 

" °hms/l,000 feet 

• resistance of a 3-conductor cable 

IS, therefore; 

J2«.='i2do+Ai?,,+Ai2,-|-Ai?,A-fAi2, (if any) 
-l-ARi, (if any) ohms/1,000 feet 

In Table VIII the I^/R^ ratios obtained 
■mth the method are compared with the 
ratios listed in Table V. 

Nomenclature 

AR„=increase in resistance due to slriri 
effect in ohms per 1,000 feet 
Ai?p« increase in resistance due to proxim¬ 
ity effect in ohms per 1,000 feet 
A1 ?,a= increase in resistance due to sheath 
losses in ohms per 1,000 feet 
Ai?,=increase in resistance due to shield 
losses in ohms per 1,000 feet 
Ai?j=increase in resistance due to binding 
losses in ohms per 1,000 feet 
•Rao=a-c resistance of cable in ohms per 
phase per 1,000 feet 

■Rde=d-c resistance of cable in ohms per 
phase per 1,000 feet 
R. “I?do")“Ai?j^ 

r»»=sheaA resistance in ohms petr 1,000 feet 
r,-shielding-tape resistance in ohms per 
1,000 feet 

binding-tape resistance in ohms per 

. 1.000 feet ^ 

To *puteide radius of sheath in inches 
Ti=inside radius of sheath in inches 
n» =ou^de radius of shield in inches 
radius of shield in inches 
r® =ou^de radius of binding tape in inches 
H mside radius of binding tape in mches 
= mean radius of shielding tape in innliAp 


Burrell and 

Size ]M[GSd liforrla Paper 


Discusser’s 

Equations 


250.1.02.1.010-1.033* 

500.1.06.1.06 -1.081* 

- .113.1.13 -1.14 * 

1.000. 1.22. 1.22 

*/l'l** variations of the Roo/Bde are due to different 
sheath thickness and different insulation thickness 
used for the same size coaductors. 


C conductor insulation thickness in inches 
diameter of conductor in inches 
/= frequency 

Sp =proximity effect factor 

geometric mean radius of conductor 
in inches 

.S’=area of conductor in CMX10~* 

“resistivity constant for binding tape or 
sheath 

=0.067 for copper 
=0.200 for lead 
=0.167 for steel 

5=phase to phase spacing of conductors in 
inches 

5i»= distance between conductor center and 
sheath center for 3-conductor cables 
made up of round conductors. For 
sector conductors, d (diameter of 
conductor) should be 82-86 per cent 
of diameter of a round conductor 
having the same area (84 per cent is 
used as a compromise) 

/—thickness of belt or of binding tape for 
H type, in inches (use 2/=0.026 
inches for conductor with binding 
tape where actual measurement is not 
known. This includes the paper in- 
tercolated with the tape) 

“thickness of sheath in inches 
/"“thickness of shield in inches (use 0.004 
inch if actual measurement is not 
known) 

JT “ a parameter 

X»,=mutual reactance between conductor 
and shield in ohms/1,000 feet 
M=permeability of the conductor 
“1.0 for copper 

P resistivity of shield in ohms per circu- 
lar-mil-foot 

“50 ohms per circular-mil-foot for copper 
Eeperences 

1. Anaconda General Catalog, sect. 16, p. 18. 

Analysis op A.C. Powbr Systbus, 
Edith Clarke. John Wiley and Sons, Inc. 

48-85 ■’ I’P- 

3. Westinghouse Transmission and Distribution 
Reference (4th edition), chapter on cables. 

4. Thb Eppect op Grounding Metallic Shibld- 

Insulated Power Cables, 

S-’ S' World, New Vork, 

N. Y., Sept. 30-Nov. 25, 1944. 

6 . General Cable Catalog, sect. 20, pp. 7-13. 


L. Meyerhoff (General Cable Corporation, 
Bayonne, N. J.): The authors are to be 
commended on their thorough analysis of 
existing Iom data and their extension of these 
results rationally to practical cases for which 
data are lacking. Unfortunately, in some 
cases It is necessary to extrapolate far be¬ 
yond the scope of the original data with 
consequent uncertainty as to the applica¬ 


bility of the equations developed. This is 

. recognized by the authors, blit some elabora¬ 

tion may be in order. 

In connection with sheath circulating cur¬ 
rent loss, it is stated that for certain cases on 
which data are available the sheath cir- 
culatmg current loss with the cables in iron 
* pipe is 2.0 times the value in air. The 
^ authors also point out that for lead -sheathed 
cables other data point to the validity of 
the same multiplying factor. They then 
go on to assume that the factor may be 
used for other systems treated in the paper. 
Vl^ere the sheath resistance is not greatly 
diff^ent from those for which data are 
available the factor of 2.0 is likely to be 
sufficiently accurate. However, where the 
sheath resistance is of much lower order, as, 
for example, in the case of aluminum fibp gth, 
the factor of 2.0 may be quite out of line. 
The same comment applies to the factors of 
1.7 and 2.0 relating to sheath proximity 
effect. 

The limitations of the proposed equations, 
as here pointed out, are recognized by the 
authors in their statement that: “It is 
assumed that these equations apply 
when ^ aluminum is used as a conductor 
material and/or a sheath material although 
it is recognized that further experimental 
data may indicate the need for modifica¬ 
tion.” It is this discusser’s opinion that 
further data may indicate very substantial 
modification for the case of aluminum 
sheath and that actual incremental losses 
with aluminum sheath may turn out to be 
materially lower than indicated in some 
of the curves given in the paper. In the 
absence of actual data, however, the curves 
given are probably quite conservative and 
are not likely to lead to too high estimates 
of current-carrying capacity. 

R. J. Wiseman (Okonite Company, Passaic, 
N. J.): The paper by Burrell and Morris is 
very timely. As the authors state, there is 
lacking a considerable amount of informa¬ 
tion on the subject. The paper by Salter, 
Shanklin, and Wiseman in 1934 (see refer¬ 
ence 4 of the paper) might be considered the 
pioneer in the United States in obtaining 
proper data for 3-conductor lead-sheathed 
cables. This paper came about because of 
observations made by W. H. Cole of the 
Boston Edison Company in the early 1920’s 
when he made some power loss tests a ufl 
found that the losses were much higher than 
calculated values. This resulted in an 
elaborate investigation by several cable 
manufacturers and Electrical Testing Labor¬ 
atories which was reported in the afore¬ 
mentioned paper. Later, IPCEA, while 
interested in the current-carrying capacity 
of cables in conduit, had Electrical Testing 
Laboratories conduct an elaborate study 
of the subject, having unshielded cables, ' 
resulting in two papers, one dealing with 
the a-c resistance (reference 1 of the paper 
under discussion) and the other the reac¬ 
tances of cables in conduit. ^ Unfortunately 
the number of various types of cables was 
very meager so we need additional data. 
Under these conditions, all we can do is to 
use the data available. This is what the 
authors have done, but in addition, they 
have broadened out to cover the various 
cable designs that may be encountered. 

I am very glad that this paper has been 
prepared as it summarizes the various 


Burrell, Morris-r-A-C Resistance of Conventional Power Cables 


October 1955 





formulas for computing the efEective a-c 
resistance for single- and 3-cohductor 
cables, having lead and aluminum sheaths 
drawn into ducts and also in conduit. 
However, we must keep in mind that the 
formulas are empirical in nature, and in 
time, might have to be modified after fiuther 
test data have become available. 

It may be of interest to report that about 
a year ago we had occasion to test a 3- 
conductor, 500,000-CM 11-kv cable having 
an aluminum sheath. After making an a-c 
resistance test, the aluminum sheath was 
removed and replaced by a lead sheath 
and retested. The a-c resistance ratio for 
both sheaths was calculated, using the stand¬ 
ard formula. We also just computed the 
ratio, using the formulas in the paper. 
The following table shows the results for 
each case for a conductor temperature of 
82.8 C: 



Actual 

Calculated by 

Burrell- 


by Test 

Standard Morris 

Aluminum sheath.. 

..1.194.. 

...1.196.. 

..1.209 

Lead sheath. 

..1.091., 

,...1.071.. 

..1.068 


We consider the comparison good between 
the actual value by test and both calculated 
values, and as it is much easier to use the 
Burrell-Morris method, it is our intention 
to do so. 

Reference: 

1. Rbactancb ov Larob Cables in Stbbl Pipe 
OR Conduit, William A. Del Mar. AIEB Trans¬ 
actions, vol. 67, pt. II, 1048, pp. 1400-lS. 


R. W. Burrell and M. Morris: We appre¬ 
ciate the comments made by the several dis¬ 
cussers and are gratified that no serious 
disagreement is indicated in connection with 
the simplified method presented for the 
calculation of the a-c resistance of 3-con¬ 
ductor and single-conductor power cables 
when operating in air or in nonmetallic 
ducts. 

We agree with Mr. Haralampu that the 
effect of the extra losses due to the shielding 
and binding tapes can readily be neglected 
for conventional designs and we therefore 
purposely omitted detailed formulas for 
inclusion of these effects. If it is desired to 
check the magnitude of these extra losses, 
equation 13, while overestimating the value 
of this component, nevertheless indicates 
that for the usual range of shield and binder 
tape resistance values, the infiuence is 
negligible. The formulas given by Mr. 
Haralampu should be helpful to those per¬ 
sons who wish to explore these losses in 
further detail. 

It is true, as Mr. Haralampu states, that 
the over-all a-c/d-c resistance ratios will 
vary, for the same size conductor, for differ¬ 
ent insulation and sheath thicknesses. 
While not shown for 3-conduetor cables in 
Table V, the effect of these variations is 
shown for single-conductor cable systems 
with lead sheaths. All of the values listed 
in Table V are calculated on the basis of 
appropriate Association of Edison Illumi¬ 
nating Companies or IPCEA standard in¬ 
sulation and sheath thicknesses except for 
the aluminum-sheathed, jacketed t3T)e 
cables which are in accordance with the 
sheaHi and jacket dimensions quoted in 
reference 14 of the paper. 


Mr. Haralampu follows the conventional 
practice of calculating the conductor skin 
effect and proximity effect separately. 
Our views on this procedure are already 
given in the paper. The formula he lists 
for skin effect is standard. The formula 
quoted for proximity effect is essentially 
the same as equation 27 referred to in the 
paper. Our comments regarding this equa¬ 
tion are already given in the paper. 

In his Table VIII, Mr. Haralampu shows 
the effect of insulation thickness and sheath 
thickness in producing a limited range of 
variation in values of Rm/RdB- The effect 
of these variations in calculating current- 
carrying capability of power cable circuits 
generally would be negligible. 

Mr. Meyerhoff is justified in warning us 
that the "in pipe" multiplying factors found 
suitable for segmental cables may not apply 
directly for sheath losses in aluminum- 
sheathed cables. Mr. Meyerhoff indicates 
his belief that for aluminum-sheathed 
cables the demagnetizing effect of the rela¬ 
tively large sheath currents may serve to 
reduce materially the incremental losses 
quoted by us. It is to be hoped that clari¬ 
fication of this point by test data will be 
forthcoming in lie near future. 

Dr. Wiseman’s comments are appreciated, 
particularly with respect to the test data re¬ 
ported on aluminum-sheathed cable. It is 
important that more data of this type be 
published in the near future in order that the 
validity of procedures applicable to the 
calculation of impedances and "ampacities” 
of power cables constructed with conven¬ 
tional materials be verified, or proper mo^- 
fications indicated, for use with cables with 
aluminum conductors and/or sheaths. 


Freezing Oil-Type Pipe Cables 

EDWIN J. MERRELL 

MEMBER AIEE 


E arly oil-t 3 rpe pipe cable installations 
usually were equipped throughout 
with semistop joints for maintenance pur¬ 
poses, the understanding being that freez¬ 
ing: ■with dry ice (frozen carbon dioxide) 
could be employed at intermediate points. 
Tlie need for ttie complex semistop joint 
as compared to the simpler normal joint 
became less and less apparent, as time in 
service built a comparatively enviable 
record of rdiability for this class of cable. 
Xhis has been particularly true in most 
parts of the United States where ample 
supplies of dry ice for freezing are readily 
available. Therrfore, the recent growth 
in. the number of pipe cable installations 
has witnessed a very marked reduction in 
the application of semistop joints on all 
designs of pipe cable, and in turn an in¬ 
creasing reUance upon the freezing tech¬ 
nique as a primary tool in maintenance 
and rerouting work.^ 


Several experimental freeze runs were 
made in this connection on pipe cable at 
the Phelps Dodge Habirdiaw Laboratory. 
In this paper various aspects of the tech¬ 
nique are covered, as well as studies of the 
critical length of the freeze in relation to 
pipe diameter and to rate of flow of pipe 
oil, freeze strength, the effect of feeding a 
purge of dry gas adjacent to the drained 
side of a freeze, the time to attain a freeze 
with dry ice and acetone or the non- 
inflammable methylene chloride, and with 
dry ice alone, and the effect upon the 
cable dielectric of freezing and thawing 
under high static head pressure, both in 

Paper 55-446, recommended by the AIBE In¬ 
sulated Conductors Committee and approved 
by the AIBB Committee on Technical Operations 
for presentation at the AIBB Summer General 
Meeting, Swampscott, Mass., June 27-July 1, 
1955. Manuscript submitted March 20, 1655; 
made available for printing April 13, 1065. 

Bowm J. Mbrrell is with the Phelps Dodge 
Copper Products Corporation, Yonkers, N. Y. 


the case of unsheathed cable and with 
the polyethylene-sheathed compression 
cable. 

Test Criteria 

The first criterion is that the freeze pro¬ 
cedure must not have a deleterious effect 
on system components. 

A single pipe oil, namely Suniso no. 6, 
was employed on all test runs. It is 
characterized by a cold-set temperature 
of —25 degrees centigrade (C) and ahard- 
freeze temperature of —60 C. At — 26 C 
it possesses a firm grease-like consistencgr, 
becoming progressively firmer at lower 
temperatures until converting to a hard, 
rosin-like material at —60 C. On warm¬ 
ing, the plastic state develops again at 
about — 46 C. 

Based upon these characteristic tem¬ 
peratures, system oil has been taken to be 
in a condition of soft freeze between —26 
and —49 C, and in a hard freeze at — 60 C 
and below. This is a more or less pessi¬ 
mistic interpretation, since the usual pipe 
cable impregnants are more viscous than 
Suniso no. 6 and are characterized by a 
hard-freeze temperature of a different 
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Fig. 1. 


Freeze setup including pipe, eccumuletors, and portable 
pumping plant 



Fig. 2. Insulated freezing chamber consisting of two insulated 4.foot 
units side by side 


order, approximately -40 C. Therefore, 
the holding properties of a hard freeze 
may be achieved on new cable under 
static conditions with the conductor at 
—40 to 46 C, and the pipe oil at —50 C. 
However, a degree of mixing in the case 
of cable designs with taped moisture 
seals is inevitable, so that the effective 
system freeze temperature for these types 
after service may not be significantly dif¬ 
ferent from that of the pipe oil, particu¬ 
larly under dynamic conditions. 


A related criterion is that a hard freeze 
has been deemed accomplished when it 
can withstand a hydrostatic bead of 100 
pounds per square inch (psi) gauge (250 
feet of oil). It has been considered secure 
upon withstanding 300 psi gauge for 24 
hours. 

Two conditions of pipe oil flow have 
been assumed for study: static or zero 
flow, and a flow of 0.1 gallon per minute 
to represent d 3 mamic conditions. Thus, 
the latter flow rate is typical of the oil 


demand of a line 1 day after having been 
shut down while under full load. In 
other words, this flow rate can exist in 
the manhole lengths adjacent to the 
pumping plant, whereas at the opposite 
end of the same line the flow is virtually 
2 ero. Likewise, it will be essentially 
zero on a short line or an unloaded li ne . 
It can of course be somewhat greater than 
0.1 gallon per minute for very long, lines 
and larger pipe sizes. A fairly accurate 
determination of typical rates of pipe oil 


T.bl,l. Su...«yofP,p,Cbl.F,..ri.,D... „„ 3.Co„d«to, H.O. Obi. I„ 6.|„cb Pip. 


Hours to Attain 
End Point fl) 
4-Foot 8 -Foot 

Freeze Freeze 


Freeze 

Material 


End Point 


Dy¬ 
namic 
Static ( 2 ) 


Dy 
namic 

Static ( 2 ) Static 


Approximate Pipe 
Temperature In C 1 Foot 
Outside Freeze at Time of 
Attaining End Point 
4-Foot 8 -Foot 

^eeze Freeze 


Dy¬ 

namic 

( 2 ) 


Dy- 
luunic 
Static ( 2 ) 


Gallons of Liquid Heat-Transfer 
__Medium 


Amount of Material Consumed 


Dry ice and 
acetone or 
methylene 
chloride 


/ Soft freeze in 
' pipe oil ( 4 ). 
I Soft freeze in 
conductor 

oil (4). 

[ Hard freeze in 
pipe oil ( 6 ) 

, ( 8 ). 

Hard freeze in 
conductor 
oil (o). 


SO-Pound Blocks of Dry Ice ( 3 ) 
4-Foot Freeze 8 .Foot Freeze 4-Foot Freeze 8 -Foot Freeze 


Dry ice alone 


.22 

( 8 ) 

/ Soft freeze in 

pipe oil. 5 

Hard freeze in 
conductor 

oil. 22 

( 8 ) 


. ? 
(7) 

. ? . 
(7) 

. ? . 
(7) 


3. 


6 .... 10 ....- 


5., 


2.. . S. 

4.. . 4. 


- 10 ... ? 

(7) 

19... ? . 
(7) 


13. 


initial 6 . 
Makeup less 
than 3 per 
24 hours 


Initial 12. 
Makeup less 
than 3 per 
24 hours 


...12....29. 


-.10 . 


-U...-2^ 


7... 17 


5... 12 


( 1 ) 


None 


None 


'Pt'evA _ 


Initial 7. Make* 
up 8 per 24 
hours on static 
and 12 on 
dynamic 


Initial 7. Make¬ 
up 6 per 24 
hours on static 
and 7 on 
dynamic 


Initial 14. Make¬ 
up 16 per 24 
hours on static 
and 24 on 
dynamic 


Initial 14. Make¬ 
up 10 per 24 
hours on static 
and 14 on 
dynamic 


TJhis is a 


(^) Msyftem with polyethylene-sheathed indefinitely. 

( 8 ) ^rabitnts oyj+10 ^ directly after the pipe oil has attained a hard freeze 

^ited^‘----tatta.sahardstaticfreezeaccoM^^^ 
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Table II. 4-Foot Static Freeze With Dry Ice and Acetone 

6-Inch Pipe/ Suniso No. 6/ Three 1-Conductor 2/000/000-CM 315-Mil Wall/ H.O. Cable/1/16 by 3/16 Skid WireS/ Conductors Tied in Close 

Triansle • . 


Pipe Oil Pressure, Psi Temperature, C, Thermocouples Soldered Into Top Conductor 


Time, 


- 













Hoars 

High Side 

Low Side 

_7'* 

-5' -2' 

-1' 

C/Lt 

1' 

2' 

3' 

4' 

S' 

8' 

18' 

28' 

0__ 

. 25. 

.25. 

. 16.. 

.. 16.... 16.. 

.. 16.. 

.. 16.. 

. 16.. 

. 16.. 

. 15.. 

.. 15.. 

.. 15.. 

.15., 

..14.. 

. .14 

1. 

. 25. 

.25. 

. 16.. 

.. 16.... 11.. 

.. 9.. 

.. 8.. 

9.. 

. 11.. 

. 14.. 

.. 15.. 

,. 15.. 

.15.. 

. .13., 

. .14 

2. 

. 25. 

.25. 

. 14.. 

.. 12_-10.. 

..-15.. 

..-16.. 

.-14.. 

.- 6.. 

4.. 

9.. 

., 13,. 

.16.. 

..15.. 

. .15 

3. 

. 25. 

.20. 

. 13.. 

.. 11_-21.. 

.. -27.. 

..-28.. 

. -24.. 

. 15.. 

.-4.. 

5.. 

.. 11.. 

.16.. 

, .16.. 

. .16 

5. 

. 25. 

.10. 

. 9.. 

- 9_-32.. 

.. -38.. 

..-39.. 

.-35.. 

.-25.. 

.-13.. 

..- 3.. 

.. 6.. 

.18.. 

. .18.. 

. .19 

8. 

. 25. 

.0. 

. 3.. 

..-14_-40.. 

.. -44.. 

..-45.. 

. -42.. 

.-32.. 

. -20. 

..- 8.. 

.. 3.. 

.17.. 

..19.. 

. .19 

10. 

. 25. 

.0. 

. 0.. 

..-16_-42.. 

..-47.. 

.. -47.. 

. -43.. 

.-35.. 

. -24. 

..-13.. 

..- 3.. 

.14.. 

..18.. 

. .19 

22...... 

. 25. 

. 0. 

.-10.. 

..-22_-45.. 

..-49.. 

.. -49.. 

. -46.. 

. -40-. .• 

. -30. 

.. -19. 

..-12.. 

. 7.. 

,.11.. 

..11 

29. 

.100. 

. 0. 

.- 8.. 

..-22_-45.. 

..-49.. 

,.-49.. 

. -46.. 

.-39.. 

. -28. 

.. -18. 

..- 8.. 

.11. . 

..15.. 

..15 

47. 

.200. 

.0. 

.-12.. 

..-24_-46.. 

.. -50.. 

..-50.. 

. -48.. 

.-41.. 

.-32.. 

.. -22. 

..-14.. 

. 3.. 

..10,. 

. .11 

71. 


.0. 

.- 9.. 

..-22....-45.. 

.. -48.. 

..-48.. 

.-46.. 

.-39.. 

. -29. 

.. -19. 

..-10.. 

. 9.. 

. .15.. 

. .16 

97. 

.300. 

.0. 

.- 3.. 

..-17_-42.. 

.. -47.. 

..-47.. 

. -43.. 

.-36.. 

. -25. 

., -15. 

..- 3.. 

.13.. 

..18.. 

. .18 


Bottom 

Conductors 


Oil Triangle West East Temperature, C, on Skids of Top Conductor 




14 

14 

15 
18 
20 
20 
10 
10 

16 
11 
16 


18't 28, 


0 

1 

2 

3 

5 

8 

10 

22 

20 

47 

71 

97 


Id 

Ifl . 

. 16... 

. 22. 

. 23... 

. 19... 

17.,, 

17. 

— fl7 

in. 

.-63... 

.-65. 

.-66... 

.-43... 

8. .. 

16. 

— «7 

21 . 

.-64... 

.-65. 

.-66... 

.-48... 

- 2... 

12. 

— AA 

22 . 

.-64... 

.-65. 

.-65... 

.-50... 

- 7... 

10. 

.— AA 

29 . 

.-64... 

.-65. 


.-62... 

-14.., 

4. 

66 

21 . 

.-65... 

.-66. 


.-63... 

-20... 

- 2. 

AA 

21 . 

.;,..-65... 

.-66. 

.-66... 

.-64... 

-24.., 

- 6. 

— AA 

1A . 

.-65.,. 

.-65. 


.-64... 

-29... 

-16. 

-66. 

.21. 


.-66. 

.-66... 

.-54... 

-26... 

-11. 

-66. 

.18. 


.-66.._ 

.-66... 

.-55... 

-30... 

-16. 

AA 

20. 

. .-65... 

.-66. 

.-66... 

. -64... 

-27. . . 

-12, 

-65. 

.22. 


.-65. 


.-52... 

-23. ,. 

- 6. 


17.. 

,.17,. 

,.14,. 

..14 

16.. 

. .17. . 

..13., 

. .16 

15.. 

..17.. 

..13.. 

..17 

16.. 

..23.. 

..17.. 

.23 

13.. 

. .19.. 

..16.. 

.,20 

10.. 

. ,19.. 

..16.. 

..21 

6.. 

..16.. 

..13.. 

..16 

0.. 

.,12.. 

.. 7.. 

..12 

4.. 

..17.. 

..13.. 

,,17 

4.. 

..10.. 

..8.. 

..12 

3.. 

..16.. 

..14.. 

..17 

6.. 

,.17.. 

..18.. 

..20 


* ' stands for feet. 

1* C/L>'Stands for centerline, 
t Affected by freeze on thermocouple manifold. 


flow may be made by means of the tech¬ 
niques described in another paper.* 

Test Setup 

The tests were made on 80-foot lengths 
of bare 6-inch and 8-inch steel pipe set 
in air with two 4-foot-long insulated freez¬ 
ing troughs in the middle. ■ Hydrostatic 
Head was supplied by an accumulator or 
by a single ladder portable pumping plant, 
and the latter was used on dynamic runs 
to circulate pipe oil at a constant rate, 
monitored by a flowmeter. For some of 
the tests, the setup was outdoors. Fig. 
1 and 2 show the indoor arrangement. 

The freeze troughs were set side by side. 
They were fabricated from sheet sted and 
cleared the pipe by 4 inche^ on each side, 
making it possible to charge the dry ice 
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in large pieces, which helps to conserve it. 
Insulation consisted of a sandwich of 1 
inch of Johns Manville Aircell with a layer 
of 6-mil aluminum foil inside and out¬ 
side. This insulation ako was wrapped 
around the pipe for 3 feet at either end 
of the troughs. It was quite dfective, 
virtually completely preventing external 
condensation on the troughs. 

Four cable constructions were em¬ 
ployed in the series of tests: three 1- 
conductor 2,000,000-circular-mil (CM) 
compact copper segmental H.O. (taped 
moisture seal) cables with 316-mil wall; 
the same cable core in the extruded 
polyethylene-sheathed compression cable 
construction; three 1-conductor 600,000- 
CM compact copper H.O. cables with 
660-mil wall; and three 1-conductor 
2,000,000-GM compact copper H.O. 

Merrell—Freezing Oil- Type Pipe Cables 


cables with 605-mil wall. The cables were 
tied in dose triangle formation for all runs. 

Detailed locations of the thermocouples 
employed on the various runs are given 
in the tables. Briefly, thermocouples 
were soldered to the top conductor of the 
group, to the skid wires, in the triangular 
oil space surrounded by the three cables, 
along the pipe, and htmg in the freeze 
trough and in the ambient air. Thermo¬ 
couples, coimected to points inside the 
pipe, were brought out through a mani¬ 
fold equipped with a freeze chamber which 
afforded a simple but effective seal. 

To ascertain any possible supplemen¬ 
tary support which the frictional grip of 
cable in the pipe might afford a freeze, a 
1,000-pound dynamometer was secured to 
the cables at one end of the test setup 
through an adjustable linkage with a low- 
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Tabic III. 4-Foot Dynamic Freeze With Dry Ice and Acetone 

Test Setup Same as In Table II 




friction 0-ring seal. The “at-rest” load¬ 
ing on the dynamometer was adjusted to 
40 pounds. 

Method of Test 

Tests were run on an around-the-clock 
basis until steady state resulted. Directly 
following the initial check of all thenno- 
couples under ambient conditions, the 
troughs were filled with cracked dry ice. 
Thereafter, measurements were made at 
hourly intervals, and the troughs charged 
with additional dry ice and liquid heat- 
transfer medium as necessary. Two 
liquid heat-transfer mediums were utilized 
separately, acetone and methylene chlo¬ 
ride, and runs also were made with dry ice 
alone. Pr^sure was applied at one end 
of the pipeline, so that progress of a freeze 
also was indicated by a fall in the reading 
of the gauge on the low side. 

0% tiie dynamic runs, the portable 
puii^ing plant sustained a supply of pipe 
oil at 100 psi gauge, and the flow was 
controlled at 0.1 gallon per minute (6 
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gallons per hour) by manual operation of 
a needle valve on the down side. This 
valve would be just cracked at the start 
of a dynamic run; then, as the run pro¬ 
ceeded, the valve was opened gradually to 
sustain a uniform flow at the desired 0.1 
gallon per minute. 

Test Results 

An illustrative summary of test results 
on several 6-inch pipe runs is given in 
Table I. End point results obtained 
with only dry ice, i.e., without a liquid 
heat-transfer medium, are included for 
comparison with runs employing acetone 
together with dry ice. The summarized 
data have been adjusted to compensate 
for the various ambient temperatures 
under which the different runs were made. 
Fig. 3 is a bar graph showing the state 
of progress on four typical dry ice and 
^tone freezes with cable in 6-inch pipe 
versus time at three pertinent locations: 
the steel pipe, the brass dcid wires on the 
top conductor of the group in triangular 
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formation, and in the copper strand of 
this top conductor. 

Tables II through V are abbreviated 
records of typical runs with dry ice and 
acetone. Virtually identical results were 
obtained with the noninflammablemethyl- 
ene chloride as the liquid heat-transfer 
medium. 

Table VI is the record of the break¬ 
down of a freeze on the 2,000,000-CM 
H.O. cable under 300 psi gauge hydro¬ 
static head. It starts as the steady state 
of an 8-foot freeze, mth one 4-foot trough 
being dissipated at a time. The tem¬ 
perature pattern follows the procedure, 
and it is to be noted that once a hard 
freeze has been accomplished it is not 
lost easily. Thus, the remaining 4-foot 
freeze retained equilibrium until within 
2 to 3 hours of breakthrough; the break¬ 
through occurred in the pipe oil, not in 
the insulation or at the conductor, as evi¬ 
denced by the temperature record during 
the last 3 hours. Very little diy ice re¬ 
mained in the trough at this time, but the 
acetone level had been kept up, providing 
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Table IV. 8-Foot Static Freeze With Dry lee and Acetone 
Test Setup Same as in Table II 


Pipe Oil Pressure, Psi 


Temperature, C, on Thermocouples Soldered Into Top Conductor 


High Side 


-S'* -3' C/Lt 


.25. 

. 28.. 

.. 28. 

.. 28.. 

.. 28. 

.. 27.. 

. 27. 

.. 27. 

.. 26. 

. . 27. 

.. 28.. 

..29. . 

..20.. 

..29 

.24. 

. 23.. 

.. 16. 

.. 16.. 

. 16. 

.. 16.. 

. 16. 

.. 20. 

.. 24. 

. . 26. 

.. 27.. 

..30.. 

. .30.. 

. .30 

.18. 

. 10.. 

..- 6. 

..-11.. 

.-11. 

..- 8.. 

.- 3. 

.. 6. 

.. 13. 

. . 17. 

., 23.. 

..29. . 

. .29.. 

..30 

. 0. 

.- 1.. 

.. -23. 

..-29.. 

. -28. 

..-25.. 

. -20. 

..-12. 

.. 6. 

. . 15. 

.. 21.. 

..28. . 

..28.. 

..29 

.0. 

.-17.. 

.. -40. 

.. -47.. 

.-46. 

..-43.. 

. -36. 

.. -24. 

.. - 9. 

1. 

.. 10.. 

..21. . 

..26.. 

..25 

.0. 

.-22.. 

..-44. 

.. -52.. 

.-60. 

..-46.. 

.-41. 

.. -29. 

.. -16. 

. . - 3. 

.. 7.. 

..19. . 

..23.. 

..24 

.0. 

.-32.. 

..-51. 

.. -68.. 

.-67. 

.. -64.. 

. -48. 

.. -39. 

.. -26. 

..-13. 

.. 0.. 

..18.. 

. .21.. 

..25 

.0. 

.-34.. 

..-52. 

.. -68.. 

.-87. 

.. -64.. 

. -49. 

.. -40. 

.. -28. 

..-16. 

..- 5.. 

..13.. 

. .19. 

..21 

.0. 

.-33.. 

.. -61. 

.. -67.. 

.-67. 

.. -54.. 

. -49. 

.. -39. 

.. -28. 

..-14. 

..- 2.. 

..17.. 

. .21.. 

..22 

.0. 

.-30.. 

.. -60. 

.. -57.. 

..-66. 

...-52.. 

. -47. 

...—38. 

.. -25. 

..-12. 

..- 1.. 

..17.. 

. .22. 

..*23 


Oil Triangle 


Bottom Conductors 

West Bast 
C/L C/L 


Temperature, C, on Skids of Top Conductor 


0. 

.. 27. 

.. 26... 

. 26. 

.. 27.... 

1. 

.. -11. 

..- 6... 

. 21. 

..-15.... 

2. 

..-31. 

.. -28... 

. 10. 

..-37.... 

3. 

.. -46. 

..-35... 

3. 

..-49.... 

5. 

. . -66. 

.. -46... 

.-10. 

.. -55.... 

6. 

.. -67. 

.. -48... 

. -14. 

.. -60.... 

23. 

..-61. 

.. -53... 

. -24. 

.. -60.... 

34. 

. . -61. 

.. -63... 

. -26. 

.. -60.... 

45. 

.. -61. 

..-53... 

. -26. 

..-61.... 

54. 

.. -59. 

..-61... 

.-23. 

..-69.... 



Trough 


Ambient 

0. 


... 26.. 


_26.... 

I. 


... -06.. 


_25_ 

2. 


... -63.. 


_22_ 

3. 


.. . -65.. 


_22_ 

5. 


... -66.. 


_21_ 

6. 


... -66.. 


_21_ 

23. 


... -66.. 


_29_ 

84. 


... -66.. 


,...19,... 

45, 


... -66.. 


_26_ 

54. 


...-04.. 


....22.... 


28.. 26. 

7.- 9. 

-20.-29. 

-35.-46. 

-60.-47. 

-64.-61. 

-69.-66. 

-69.-66. 

-89.-60. 

-67.-56. 


Temperature, C, on Top of Pipe 


C/L 

1' 

3' 

4' 


5' 


6' 


7' 

10' 

20't 

30' 

28. 

.;. 27. 

. 27... 

27.. 


28. 


28. 


29.. 

..36. 

..33.. 

. .34 

-63. 

,.. -64. 

.-64... 

-42.. 


17. 


22. 


20.. 

..33. 

..32.. 

. .33 

-62. 

,..-66. 

.-65... 

-46.. 


10. 


21.. 


23.. 

. .25. 

..24.. 

. .26 

-66. 

,.. -65. 

.-66... 

-50.. 


3. 


17.. 


21., 

..24. 

..23.. 

. .26 

-66. 

...-65. 

.-66... 

-52. 


-11. 


7. 


16.. 

..21, 

.,22.. 

. .22 

-66. 

...-66. 

.-66... 

-53.. 


-16. 


4.. 


12.. 

..20. 

..21.. 

. .21 

-66. 

...-66. 

.-66... 

-66.. 


-24. 


- 3.. 


12.. 

..25. 

..19.. 

. .26 

-66. 

...-65. 

.-65... 

-66.. 


-27. 


-10. 


6.. 

..17. 

.,18.. 

. .20 

-66. 

...-65. 

.-65... 

-66.. 


-24. 


- 6.. 


10.. 

. .24. 

..18., 

. .23 

-64. 

...-66. 


-62.. 


-23. 


- 6.. 


9.. 

. .21. 

..19.. 

. .22 


Pootnotes are the same as for Table II. 
















































































































































Tabic V. 8-Foot Dynamic Freeze With Dry Ice and Acetone 

Test Setup Same as in Table II 




a relatively uniform heat-transfer path 
in turn uniform wann-up. And the 
insulating effect of the first trough, which 
Aough empty had been left in place with 
Its cover, is evident in the temperature 
pattern. 

Table VII is illustrative of the dif¬ 
ferences between freezes with and without 
liquid heat-t^sfer medium, both as to 
attainment time and distribution of tem- 
p»ature. These data were obtained on 
8-inch pipe, as were the data given in 
Tables VIII and IX. The latter two 
tabl^ summarize typical static and dy- 
nanuc runs made on 8-inch pipe with dry 
ice and acetone. 

The dynamometer reading remained 
steady on the 40-pound at-iest reading 
throughout aU runs, showing that no 

significant a^alforces were at work on the 

cables. This indication was confinned 
'^^^^ssection of the cables after each 
of tBPvmous groups of runs, Thorough 

part-by-part inspection failed to reveal 

any evidence of damage to dielectric or 


polyethyl^e sheath, no broken or to 
tapes, no displacement, etc. 

The time to accomplish a state of ha 
freeze with the 600,000-CM conduct 
cable was not significantly less for pra 
tical purposes than for the 2,000,000-C] 
construction. This was particularly tn 
of the dynamic runs. On the static test 
hard freeze at the conductor followe 
more closely the attainment of hai 
freeze in the pipe oil, so, as indicated i 
the section on “Test Criteria,” the dat 
given in Table I are on the conservativ 
side. 

run w'as made to simulate th 
typical field condition where the freeze i 
employed to block oil on one side, the othe 
side being gassed. Test procedure in 
eluded feeding nitrogen into the pipe a 
a point 1 foot away from a 4-foot freeze 
The rate of feed was 25 cubic feet pei 
hour, i.e., one tank eadi 8-hour shift, 
Flow was uniform and continuous, being 
controlled with a pressure regulator. 
The only significant temperature changes 
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were rises of 8 to 10 C on the skid wires 
and the pipe at the foot of the gas feed. 
The temperatures in the body of the freeze 
were normal and unchanged throughout 
the test duration of 100 hours. 

Discussion of Test Results 

^alysis of the data shows that the 
critical length of a pipe cable freeze trough 
is primarily a function of the area within 
the pipe diameter, and that the time to 
attain a freeze is controlled directly by 
this area and inversely by the trough 
length. The following approximate equa¬ 
tions are illustrative of this analysis, 
lengths and diameters being in inoltps 
mid times in hours, the freeze being ac¬ 
complished with dry ice and acetone 

Length of a static ft'eeze Z* fl) 

Length of a d 3 mamic freeze La =» 1.7D^ (2) 
Time to attain a static freeze Ts = 1,200 
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Table VI. Converting an 8-Foot Static Freeze With Dry Ice and Acetone to a 4-Foot Freeze, Then Melting Latter Under 300 Psi Hydrostatic 

Head 

Test Setup Same as in Table II 


Pipe Oil Pressure, Psi Temperature, C, oa Thermocouples Soldered Into Top Conductor 

Time, - --—-— - 


Hours 

High Side 

Low Side 


-S'* 

-3' 

C/Lt 

1' 

2' 

3' 

4' 

S' 

6' ‘ 

7' 

10' 

20' 

30' 

0 . 

.300. 

. 0.... 


.-36. 

.. -53. . 

. . -b9. 

..-58.. 

. -68.. 

..-60.. 

. -41.. 

.-28.. 

.. -16. 

..- 5.. 

..14.. 

..21.. 

..22 

8 . 

.300. 

. 0.... 


.-26. 

. . -42.. 

..-65. 

..-56.. 

. -54.. 

..-49.. 

. -40. . 

. -25. 

..-12. 

.. 0.. 

. .20.. 

..25.. 

..27 

24 . 

.300. 

...... 0.... 


.-11. 

.. -28.. 

. .-48. 

..-50.. 

.-50.. 

.. -46.. 

. -38.. 

. -26.. 

..-14.. 

..- 3.. 

. .16. . 

..23.. 

. .24 

48 . 

.300. 

. 0.... 


.- 1. 

.. -17. . 

..-42. 

.. -47.. 

. -47.. 

. . -44.. 

.-36.. 

. -24.. 

..-12.. 

2.. 

..17.. 

..24.. 

..24 

56 . 

.300. 

. 0.... 


. 6. 

..-13.. 

..-40. 

.. -45.. 

. -46. 

.. -48.. 

. -33. . 

.-20.. 

..- 7. 

.. 6.. 

..23.. 

..28.. 

..30 

72 . 

..300. 

. 0.... 


. 2. 

. . -16.. 

. .-41. 

..-45.. 

.-46.. 

.. -42.. 

. -84.. 

. -23. 

..-11.. 

.. 0.. 

..18.. 

..24.. 

. .25 

75 . 

.300. 

. 0.... 


. 8. 

.. -15.. 

..-41. 

.. -46.. 

. -46. 

. .-42.. 

. -85. . 

. -22. 

..- 9. 

.. 3.. 

,.19.. 

..25.. 

..26 

78 . 

.300. 

. 0.... 


. 5. 

. . -14.. 

..-40. 

..-46.. 

. -46. 

..-42.. 

. -34.. 

. -21. 

..-8. 

.. 6.. 

..23.. 

. .28.. 

..30 

79 . 

.300. 

. 2.... 


. 7. 

..-12.. 

. .-38. 

.. -42.. 

. -42.. 

..-39.. 

. -30.. 

. -19. 

..-6. 

7.. 

..23.. 

..29.. 

. .31 

79Vii. 

.300. 

.50.... 


..... 7. 

.. -12.. 

..-86. 

..-41.. 

. -41.. 

.. -37.. 

. -30.. 

. -18. 

..-6. 

.. 7.. 

..24.. 

..29.. 

..31 


Bottom 

Conductors 

Oil Triangle - Temperature, C, on Skids of Top Conductor 



C/L 

3' 

S' 

west 

C/L 

East- 

C/L 

C/L 


1' 

3' 


5' 


7' 

10' 


30' 

0 .... 

-63. 

..-55.... 

-26. 

..-62... 

. -62. 

.-62. 


-60... 

.-61... 


.. . -29.. 


1.. 

..16.. 


..22 

8 .... 

-59. 

.. -64.... 

-24. 

..-67... 

. -68. 

..........57. 


-69... 

.-62... 


.. . -26.. 


.-6.. 

. .21.. 


..28 

24 .... 

-64. 

..-51.... 

-24. 

..-61... 

. -62. 

.-61. 


-64... 

.-68... 


.. . -26.. 


2.. 

..17.. 


..23 

48 .... 

-49. 

..-60.... 

-22. 

.. -40... 

. -48. 

.-46. 


-61... 

.-61... 


...-24.. 


3., 

..17.. 


..24 

56 .... 

-48. 

..-49.... 

-19. 

.. -45... 

. -46. 

.-45. 


-60... 

.....-67... 


... -21.. 


. 10.. 

.,26.. 


..30 

73 .... 

-47. 

.. -49_ 

-21. 

..-46... 

. -47. 

..-43. 


-60... 

.-67... 


.. . -23.. 


. 6.. 

. .19.. 


..25 

75 .... 

-48. 

..-49.... 

-20. 

.. -45,.. 

. -47.'.. 

.-44. 


-60,.. 

.-62... 


...-22.. 


. 7.. 

..21.. 


. .26 

78 .... 

-46. 

..-47.... 

-19. 

.. -43... 

. -46. 

..-48. 


-60... 

.-44... 


.,.-21.. 


. 10.. 

.,25.. 


.,31 

79 .... 

-40. 

.. -42.,.. 

-17. 

.. -88... 

. -40... 

.-89. 


-46,,. 

.-86... 


... -20.. 


. 11., 

. .25.. 


..81 

79 Vs.... 

-38. 

.. -40.... 

-16. 

..-36... 

. -38. 

.-38, 


-43... 

.-36... 


...-19.. 


. 12.. 

..26,. 


..32 










Temperature, C, 

on Top of Pipe 








Trough 


Ambient 


C/L 


1' 

3' 

4' 

5' 

6' 

7' 

10' 

20't 

30' 

0 .... 


... -67... 


...23_ 


.-67. 


-67.. 

.-67... 

-55. 

... -26.. 

..- 7.. 

8.. 

..22.. 

..20.. 

..24 

8 .... 


... -68... 


...82.... 


.-66. 


-68... 

.-68... 

-54. 

...-22.. 

0.. 

.. 14.. 

. .26. 

,.26.. 

..29 

24 .... 


... -66... 


.. .26_ 


.-64, 


-66... 

.-66... 

-63. 

.'..-23.. 

.. - 6.. 

.. 10.. 

..28.. 

..21.. 

..26 

48 .... 


... -66... 


...26,,.. 


...-69. 


— 66... 

.-65... 

-61, 

.., -22.. 

.. - 4.. 

.. 10.. 

..23.. 

..23.. 

..26 

56 .... 


... -66... 


...37.... 


.-64. 


-66... 

.-66...- 

-61. 

...-17.. 

., 6.. 

.. 17.. 

..29,, 

..28.. 

..31 

73 .... 


... —65... 


.. ,27_ 


.-62. 


—64... 

.-66... 

-61, 

... -20.. 

.. - 2.. 

.. 18.. 

. .26. 

..23., 

..27 

76 .... 


.. . -66... 


..,30.... 


.-63. 


-66,. 

.-66... 

-62. 

... -19.. 

.. 2.. 

.. 18., 

..26.. 

..24.. 

. .28 

78 .... 


... -67... 


.. .36_ 


.-48. 


-67... 

.-67... 

-43. 

... -17.. 

6.. 

.. 17.. 

..SO, 

,.28.. 

..32 

79 .... 


.. .-68... 


...35.... 


.-40. 


-49.. 

.-48... 

-35. 

.,.-13.. 

.. 8.. 

.. 18.. 

..30,'. 

..28,. 

..28 

79Vs.... 


,..-69... 


...37.... 


.-36. 


-37... 

.-36... 

-29. 

...-10.. 

.. 9.. 

,. 19.. 

. .31. 

..29.. 

..34 


Footnotes are the same as for Table II. 


Time to attain a dynamic freeze r<j=2,000 



where 


Table VII. Comparison of Conductor Temperatures in 8-Foot Static Freezes With and Without 

Liquid Heat-Transfer Medium 


over-all diameter of pipe, inches 
id = length of freeze trough necessary to 
attain a hard freeze in reasonable 
time under dynamic conditions 1 
day after a pipe cable is removed 
from service under load and with a 
25 C ambient, inches 

Z.a= length of freeze trough necessary to 
assure a hard freeze under static 
conditions and with a 25 C ambieiit, 
inches 

Td^tiihe to attain a freeze under dynamic, 
conditions with a 25 C ambient, 
hours 

J’s=»time to attain a freeze under static 
conditions with a 25 C ambient, 
hours 

Equations 1 through 4 are based upon 
the need to attain — 60 C at the conductor 
to assure a hard freeze. This tempera¬ 
ture is determined by the characteristic 
hard freezing temperature of 3uniso no. 6. 
On the other hand, the extruded poly- 


8-lnch Pipe, Suniso No. 6, Three 1 -Conductor 2,000,000-CM 505-Mil Wall, H.O. Cable 
1/16 by 3/16 Skid Wires, Conductors Tied in Close Triangle 


Temperature, C, 6a Thermocouples Soldered Into Top Conductor 
Time, " — ■ - . . —— - ^- 


Hours 

C/Lt 

I'* 

2' 

3' 

4' 

5' 

7' 

10' 

Trough 

Ambient 

0. 

... 21. 

.. 21... 

. 21. 

With Dry Ice and Acetone 
.. 21.... 21.... 21. 

21. 

..21... 

... 22... 

....22 

2. 

... 3. 

.. 3... 

. 3. 

4. 

.. 9.... 

14.... 

18. 

..21... 

...-66... 

...21 

4.... , 

,.. -24. 

.. -24,.. 

.-23. 

..-19. 

..-11.... 

- 2_ 

11. 

..19... 

... -66... 

....23 

6. 

...-87. 

.. -87... 

.-34. 

..-29. 

..-19.... 

- 8.... 

4, 

..16... 

...-66... 

....18 

8. 

.,. -47. 

. .-47... 

.-44. 

..-39. 

.. -28.... 

-TO.... 

0. 

.. 9... 

...-66... 

...21 

10. 

...-51, 

..-51... 

.-49. 

.. -43. 

..-33.... 

-20.... 

- 2. 

..10... 

...-65... 

....19 

16. 

...-66. 

.. -56... 

.-63. 

.. -48, 

..-38.... 

-26.... 

- 8. 

.. 9... 

...-66... 

..,.20 

20..... 

...-60. 

..-56... 

.-64. 

..-49. 

..-40,... 

-28.... 

-10. 

.. 8... 

...-65... 

....18 

24. 

...-66. 

.. -66... 

.-64. 

.. -49. 

.. -40.... 

-29.... 

-10. 

.. 7... 

...-65... 

....20 





With Dry Ice Only 





0...... 

... 25. 

.. 25... 

. 26. 

.. 25. 

.. 26.,.. 

26.... 

25. 

...26... 

... 25.. 

....25 

2.:... 

... 12. 

.. 11... 

. 12. 

.. 13. 

.. 16.... 

19.... 

22. 

...24... 

...-64.. 

.. ..18 

4..... 

...-3. 

.. - 2... 

.- 1. 

.. 1. 

6.... 

11.... 

17. 

, ..21... 

... -66.. 

....19 

6. 

...-16, 

..-14... 

. -12. 

..- 8. 

- 1_ 

7.... 

15. 

...23... 

... -66.. 

....23 

8_ 

.;.-25. 

.. -26... 

.-22. 

..-16. 

..- 8.... 

1.... 

13. 

...21... 

... -66.. 

....24 

10_ 

.,.-32, 

..-31... 

.-28. 

..-23. 

.. -12_ 

- 4_ 

12, 

...19... 

...-66,. 

.... 24 

16..... 

...-41. 

.. -39... 

.-30. 

.. -29. 

..-18.... 

- 7.... 

8. 

...17... 

..-65., 

....22 

20. 

...-44. 

..-44... 

.-40. 

..-34. 

..-24.... 

-13.... 

5. 

.. .16., . 

...-66.. 

....24 

24. 

,..-46. 

.. -46,.. 

.-43. 

.. -37. 

..-26.... 

-14_ 

5. 

. ..16.. . 

... -65,. 

....24 


Footnotes are the sanie as for Table II. 
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Table VIII. 8-Foot Static Fieexe With Dry Ice and Acetone 

Test Setup Same as in Table VII 



Bottom Conductors 




ethylene sheath of the compression cable 
prevents migration of pipe oil into the 
cable dielectric, and since the usual pipe- 
type cable impregnants axe characterized 
by a freeze temperature of about — 40 C, 
hard freezing of this design of pipe cable 
may be obtained more readily, particu¬ 
larly under dynamic conditions. 


under static conditiors, and about double 
this amount under dynamic conditions. 
These figures include allowance for loss in 
storage; this loss is greatly dependent 
upon ambient, conditions of storage, etc. 

Design of Freeze Trough 


other liquid heat-transfer medium witli 
the diy ice refrigerant. While a freeze 
may be attained without a liquid medium, 
it is actually easier to service the com¬ 
bination type of freeze which is also more 
efficient. Therefore, the combination 
freeze is to be preferred over a dry or 



4. Sheet 
freezing 
trough 
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Table IX. 8-Foot Dynamic Freeze With Dry Ice and Acetone 

Test Setup Same as in Table VII 


Time, 

Hours 

Pipe Oil Pressure, Psi 

Oil Flow 
Gallons 
per Hour 



Temperature, C, on Thermocouples Soldered Into Top Conductor 



High Side Low Side 

—S'* 

-3' 

C/Lt 

1' 

2' 

3^ 

4' 

S' 

V 

10' 

IS' 


0... 

.100. 


.100_ 

.. .6. 

. 20... 

20. 

.. 20.. 

. 20. 

... 20.. 

.. 20.. 

. 20... 

. 20. 

.... 20.. 

. .20.. 

.20 


2... 

.100. 


.100.... 

.. .6. 

9... 

7. 

.. 0.. 

1. 

... 3.. 

.. 8.. 

. 18... 

. 17. 

.... 19.. 

..21.. 

.21 


4... 

.100. 


.100.... 

.. .6. 

.- 6... 

-14. 

.. -20.. 

. -18. 

.. . -12.. 

..- 5.. 

8... 

. 10. 

.... 18.. 

. .20.. 

.22 


6... 

.100. 


.100.... 

.. .6. 

.-IS... 

-25. 

.. -30.. 

. -28. 

... -23.. 

.. -13.. 

.- 8... 

6 . 

.... 16.. 

. .18.. 

.28 


8... 

. 100. 


.100.... 

.. .6 . 

.-20... 

-.33. 

..-38.. 

. -35. 

.. . -30.. 

. . -19.. 

. - 6 ... 

3 . 

.... 15.. 

. .17.. 

.24 


10... 

.100. 


.100.... 

.. .6 . 

.-24... 

-38. 

.. -48.. 

. -40. 

...-33.. 

..-23.. 

. - 10... 

3 . 

.... 16.. 

. .17.. 

.24 


16... 

. 100. 


.100.... 

.. .6 . 

.-25... 

-42. 

..-40.. 

. -44. 

...-37.. 

..-26.. 

. -14... 

0 . 

.... 13.. 

. .14.. 

.21 


20... 

. 100. 


.100.... 

.. .6 . 

.-30... 

— 44. 

.. -49.. 

. -46. 

...-40.. 

..-30.. 

. -17... 

4 . 

.... 12.. 

. .14.. 

.20 


24... 

. 100. 


. 100. ... 

.. .6 . 

.-30... 

-44. 

.. -51.. 

. -47. 

... -41.. 

..-31.. 

.-18... 

5 . 

.... 12.. 

. .12. . 

.18 


30... 

. 100. 


.100.... 

.. .0. 

.-30... 

-46. 

..-SO.. 

. -47. 

...-41.. 

..-31.. 

.-18... 

4. 

.... 13.. 

. .13.. 

.22 





Bottom Conductors 














Oil Triangle 

West 

East 





Temperature, C, on Shids of Top Conductor 





C/L 

5' 

C/L 

C/L 



C/L 

B 


y 




10' 



0... 

20 

20 

20 

20 



.. 20... 

. 20. 


.. 20. .. 




..20 



2. .. 

-20. 

- 6 . 

— 2.1 

-24. . 



.. - 2... 

. - 4. 


..- 3... 




. .21 



4... 

. -38. .. . 

-18. 

.... -43 

....-43... 



.. -23... 

.-26. 


..-21... 




. .20 



6. .. 

— 40 

— 24 

— 40 

. — 4fl . 



.. -35.. 

. -36. 


..-33... 




. .20 



R 

— AO 

‘37 


59. 



— 41... 

. —41. 


.. -39... 




. .19 



■ 10. 

— 53 

-.20 

— 54 

— 54 



.. —46.. 

. —46. 


.. -43... 




. .19 



16... 

— .1.3 

— 31 

— .14 

— .14 . . 



.. -49... 

. -60. 


. . -46... 




. .16 



20. . 

— 55 

— R5 

— 57 

— .17., , 



. —52.. 

. -53. 


..-50... 




. .16 



24lL^ 

— 50 

— 5lf> 

— 5fi 

— 55 , 



.. -52... 

. -53. 


..-60... 




,.14 



30... 

. -so!!!! 

-30! 


... -so... 



.. -52... 

. -58. 


..-50... 




.,16 




Temperature, C, on Top of Pipe 



Trough 

Ambient 

C/L 

1' 

3' 

4' 

S' 

6' 

7' 

10' 

20' 

30' 

0. 

. 20. 

.20. 

. 20.. 

. 20. 

. 20.. 

. 20.. 

.. 20.. 

. .20... 

. 19.. 

..19. 

..,.19,. 

..18 

2. 

— 6B 

2.3. 

.-62,. 

. -62. 

.-63.. 

. -26. 

.. 11.. 

..18... 

, 22., 

. .22. 

_22.. 

. .22 

4. 

__ . -65. 

.24. 

.-62.. 

. -82. 


.-SO.. 

7., 

. .16... 

. 20.. 

. .28. 

....28.. 

..23 

6... . 

— 6S... 

25. 

.-64.. 

. -64. 

.-64.. 

. -34., 

6.. 

..15... 

. 20.. 

.22. 

_28.. 

. .24 

8. 

.-65. 

.22. 

.-64.. 

. -84. 

.-64.. 

. -36.. 

5.. 

. .14... 

. 19.. 

. .22. 

....28,. 

..23 

10. 

.-66. 

.21. 

.-64.. 

. -04. 

.-04.. 

.-37., 

.. 4,. 

. .15,., 

. 19.. 

. .22. 

_28, 

. .23 

16. 

.-66. 

.18. 

.-63,. 

. -64. 

.-04,. 

.-38. 

.. 0.. 

..10... 

. 16.. 

. .19. 

.,..20.. 

. .20- 

20. 

.-06. 

.10. 

.-64.. 

.-64. 

.-04.. 

. -40. 

.. 0.. 

. .10... 

. 14.. 

. .18. 

_18.. 

. .13 

24... 

^55. 

IQ. 

.—84.. 

. -04. 

.-64.. 

. -40. 

2.. 

.. 8... 

. 18.. 

, .17. 

.18. 

. .13 

30. 

.-06. 

.23. 

.-64,. 

.-64. 

.-04.. 

. -39.. 

0.. 

..10... 

. 16.. 

. .20. 

.22. 

. .22: 


Footnotes are the same as for Table II. 


plain dry ice freeze. With a leakproof 
freeze trough, minitnutn temperatures 
may be sustained with less than 20 per 
cent fill of dry ice, provided the pipe is 
kept covered with liquid heat-transfer 
medium. Care, of course, must be exer¬ 
cised in handling all materials employed 
in a freeze. The use of face shields by 
personnel associated with the operation 
is prudent. 

Conclusions 

1. Repeated dry ice freezes under hydro¬ 
static heads as high as 300 psi have no 
deleterious effect on pipe cable components. 

2. A freeze may be melted under a hydro¬ 
static head of 300 psi with no deleterious 


effect on cable dielectric or the polyethylene 
jacket of compression cable. 

3. When a hard freeze has been established, 
the pipe oil may be drained from one side, 
and a dry gas feed of 25 cubic feet per hour 
may be established 1 foot from the freeze 
on the drained side, without a significant 
effect on the temperature distribution in 
the freeze. 

4. Freeze length is primarily a function 
of the cross-sectional area within the ovor- 
all pipe diameter, conductor size being a 
minor factor. 

6. Freeze length under dsmamic conditions, 
such as shortly after a line has been shut 
down while under load, may have to be 
twice as long as under static conditions 
in order to attain a hard freeze in com¬ 
parable time. 


6. Time to attain a freeze is a function of 
both the pipe size and the trough length. 

7. Requisite freeze length, whether under 
static or d 3 mamic conditions, virtually 
dictates the location of this operation 
outside the manhole. 

8. Dry ice alone is effective in holding a 
pipe cable freeze, but it takes somewhat 
longer to produce a freeze without the 
liquid transfer medium. 
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Discussion 

John C. Parker (Memphis Light, Gas and 
Water Division, Memphis, Tenn.): The 
author is to be congratulated for presenting 
tliis timely paper containing interesting 
test data. 

The paper indicates that semistop joints 
are not necessary in oil-type pipe cable 
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systems because of the excellent service 
record of this cable and the use of the oil 
freezing technique in maintaining it. Al¬ 
though, the service record of the 18 miles 
of 115-kv oil-type pipe cable in Memphis 
is perfect and the oil in the pipe cable has 
been frozen a number of times without 
any difficulty, we believe that it is ad¬ 
vantageous to use only the setnistop type 
of joints. These joints permit: 

Merrell—Freezing Oil-Type Pipe Cables 


1. Filling each section of the pipe line 
with oil immediately after cable installation. 

2. Provisions to limit oil flow in case 
of a break or hole in the pipe line. 

3. Rapid isolation of a section of pipe 
line in case of trouble. 

4. Isolation of a section of pipe line 
so that static freezes can be made in a 
mimmnm time with a minimum pressure 
differential across them. 


1031 





































































































































































\ f per minute 

usea tor the dynamic tests described in the 
paper appears to be greater than will 
usually be encountered in the field. For 
tmee cu-cuits consisting of 40,066 feet of 
pipe cable, with three round single-con- 
e^eh having a diameter of 
1.7 inches under a 0.1- by 0.2-inch D armor 
wure m a pipe with a SVie-inch inside diam¬ 
eter, filled with Suniso no. 6 oil which 
was de-energized when the average copper 
temperature by resistance was 64.8 C, the 
average pipe temperature was 38.5 C and 
ambient earth temperature 
was 17.2 C; thQ measured rate of oil flow 
mto the pipe line at one end with the other 
end closed was 


was apphed at one end of the pipe line so 
Mat progress of a freeze also was indicated 
by a fall in the reading of the gauge on the 
low side.” It would be helpful if the 
author would include the data thus ob¬ 
tained in his closure. 


Hours After 
De-energizing 


OU Flow 
Gallons Per Minute 


1 . 

6 . 

12 . 

24. 

48. 


.2.04 

.0.34 

.0.16 

.0.07 

.0.01 


Two types of freezes were selected for 
tests d^cribed in the paper, i.e., a soft 
freeze that will withstand a few pounds 
pressure and a hard freeze that will with¬ 
stand at least 300 psi gauge indefinitely. 
Unfortunately, there is no indication of 
just how much more than 300 psi gauge 
Me hard freeze would withstand. It is 
■difficult to understand why a freeze to 
withstand 300 psi gauge (760 feet of oil) 
would ever be required on any oil-type 
pipe cable system. In the field when oil 
must be frozen in pipe cable, the oil pressure 
can safely be reduced to the minimum 
yalim that will insure a positive pressure 
in the pipe line and terminals. In of 
a pipe cable circuit where the high point 
IS 100 feet above the point to be frozen, 
45 psi gauge would be adequate. Therefore 
It appears that in the maintenance of oil- 
type pipe cable, freezes should rarely be 
required to withstand more than 46 psi 
gauge. Reducing pressure of a pipe cable 
^cuit to the practical minimum will reduce 
the time required for a satisfactory freeze. 
Furthermore, it would appear that upon 
^wmg a freeze, the greater the pressure 
differentaal ^ across the freeze the greater 
the possibihty of damage to the cable. 

A typical static freeze of oil in the pipe 
“ ambient temperature 
of 16 C using a trough 20 inches long, 
reqim^ less than 6 hours. After freezing 
for 6 hours, a valve in the oil by-pass was 
opened on one side of the freeze with a 
pr^ure of 17 psi gauge on the other side 
^d there was no oil flow. The actual 

freezing time IS not known. Three-hundred 
poun^ of dry ice was required to TnaV» 
frewe and to maintain it for an addi¬ 
tional 6 hours. Less than 2 hours was 
reij^n-ed to obtain a hard static freeze in 

^ semistop 

WMit With a trough 4 inches long. To 

center 

Sf/ from the center fine of the 

S/ie-mch pipe containing cable required 
less ^ 3 horns. For this freeze the 
xj^“fj,^.^®.“ches long and covered 
and P»PC. the 2-inch plug valve, 

the 2-inch Connecting pipe. These 
fre^es were aU made with diy ice a?d 
acetone m uninsulated; troughs. 

It is stated in the paper that, “Fressure 


M. H. McGrath (General Cable Corpora¬ 
tion, Perth Amboy, N. J.): In the tests 
conducted by the author the oil employed 
was one having a “cold-set” temperature 
of —25 C and presumably a viscosity of 
approxmately 800 Saybolt universal sec¬ 
onds (SUS) at 100 F. WhUe this oil 
has been used as the filling medium on 
most of the high-pressure oil-filled pipe- 
Mstallations now in service in the 
United States, it would be of interest to 
know whether the author has given con- 
mderation to the problem which might be 
involved with filling oils of material lower 
pour pomts and viscosities. At the present 
toe ^Msive use is being made in the 
United States, on self-contained low- 
preMure oil-filled cable installations, of an 
^ approximately 

iTln cSc"”? approximately 

100 SUS at 100 F. Use of the. latter oil 
for pipe-type installations would reduce 
transient pressures and permit longer 
feeds from a single oil-pressure-control 
station or alternately in some cases might 
pemit the use of smaller diameter pipe 
and a reduced volume of filling oil and, in 
additam, maintenance of reserve supplies 
of a type of oil suitable for use on either 
typ& of system. Naturally, it would be 
Msential to insure that it would be practical 
to caiyy out a freezing operation. How- 
ever. It does not seem that this matter 
‘oo serious a problem. In 
addition to an increase in the length of 
freeze, one could obtain for the duration 
of a freeze the advantage of a heavy fiUing 
y tappmg the hne pipe at opposite 
ends of the freeze location and by introduc¬ 
ing a slug of heavy oil into the freeze re¬ 
gion; the introduction of the heavy oil 
at one end of the freeze being made at a 
rate to comprasate for the removal of the 
hght filling oil at the opposite end. On 
remov^ of the freeze the slug of heavy oil 
could be removed in a similar manner. 



Fij. 5, Freezing time in pipe size 
Cable ared/ 40 

Type of oi'h Suniso no. 6 , 700-second 
Freezing medium, acetone and dry Ice 
Temperature of freezing medium, 114 F. 


R. J. Wiseman (Okonite Company, Passaic. 
N. J.): The paper by Dr. MerreU is quite 
mterestmg as it reports factors which in- 
Mence the time it takes to freeze a pipe. 
Me distance along Me pipe influenced by 
Me freezing, and Me effect of heat in Me 
conductors, on Me time of freezing because 
of current flowing through Me pipe. 

bad to be considered by 
the Okonie Company in Me early 1940’s 
when Me question arose as to if it were 
possible to isolate a section of a pipe to 
repair it if a leak occurred in the pipe or 

Table X 


Pipe Size 
OD, Inches 

Length of TVongh, 
Feet 

Time to Freeze, 
Hours 

3»/j. 



S'/i.. 



7 . 



»/,. 

.7 _ 
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in case of a cable failure, after locating ti 
fault, isolate the pipe at Mis point so a 
to repair Me cable. Also, Me questio 
mose as to wheMer in Me freezing we migh 
mjure Me insulation. As we expected t 
furnish various pipe and cable sizes, it wa 
deaded to make tests to note the time i 
freeze a pipe. The criterion fo 
sa^actory freezing was that wiM a ful 
200-psi pressure on one side of Me freeze 
Md atmc^pheric pressure on the oMei 
side, no oil should leak through Me freeze 
^ mdierated by no loss of pressure on Me 
mgh side. 

It was known Mat a small size of pipe 
had a smaller area for oil Man a large pipe. 
Merefme it would take less time to freeze 
a small pipe. Also, it was obvious that 
it desirable to have a longer freezing 
SMtion for a larger size pipe. Several 
pipe sizes were set up wiM freezing troughs 
assembled around Mem and Me cable size 
was suM Mat Me three conductors occupied 
approximately 60 per cent of Me area of 
Me pipe. The freezing medium used was 
dry ice and acetone. 

Table X gives Me time it took to freeze 
a pipe wiM Me lengM of trough used. 
Obviously, there is someMing wrong with 
Me formula. 

The data shown can be plotted wiM 
pipe size against time to freeze, as shown 
m Fig. 6.^ Also, Me plot will give an 
approxunation of what size of trough and 
the freezing time for other pipe sizes. For 
ex^ple, a 6*/8-inch pipe would take about 
4 hours WiM a trough 4 feet long. It 
pays to be on Me conservative side in Me 
lengM of Me trough, and allowance of 
anoMer extra foot is worMwhile. Note 
Me veiy short time for Me small pipe 
sues. AlMough Me time of 8 hours for 
Me SVs^inM pipe seems long, actually 
tM^ this time would be decreased because 
of Me desire to use smaller pipe sizes for 
a j^ven cable size which results in a much 
hightf cable occupancy and lesser amount 
of oil. 

Dr. MerreU suggests formulas for de- 
temi^g Me lengM of a trough for freezing 
and also Me time to freeze. Equation 1 of 
Me paper for length of trough seems 
fanly accurate, but it is weU to be on Me 
conservative side. I am puzzled about 
equation 3 for time to attain a freeze. If 
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Table XI 


Pipe Size, Time to Freeze, Okonite Tests, 
OD, Inches Hours Hours 


3.5 . 

.98 


5.63. 

.38 


7 . 

.24. 

6. 

8.63. 

.16. 

1. 


the equation for L®, the length of freeze, 
is substituted in equation 3 we obtain; 


Ts 



1,200 

Z?* 


that is, the time is indirectly proportional 
to the square of the diameter of the pipe, 
and the longer the time the smaller the pipe 
size. This results in the time periods 
shown in Table XI for several pipe sizes. 

The tests shown in the table made by 
Okonite on a pipe assembly with no heat 
on the conductors. Question arose as to 
the possibility of freezing the pipe with 
the conductors carrying load and also what 
effect would it have on the power factor 
of the insulation. An assembly was made 
of three 1,260,000-CM conductors with a 
0.300-inch wall of insulation installed in a 
7-inch outside diameter (OD) steel pipe. 
The pipe length was 30 feet with a 5-foot 
freezing chamber in the center of the run. 
The three conductors were connected in 
series and the ends of the series set up 
were terminated in potheads to which 
power could be supplied for heating. This 
setup was more severe than the normal 
operation, in that there was extra heating 
in the pipe itself because of the single-phase 
current. 

A test made with no heating on the cables 
showed the pipe to be frozen to —65 C 
after 4*/* hours and the curve of tempera¬ 
ture versus time was flattening out. 

During this freezing test a power factor 
test was made at 20 and 100 volts per mil. 
At room temperature (+30 C) they showed 
a value of 0.55 per cent; at (—37 C), 
0.60 per cent; at (—50 C), 0.56 per cent; 
and at (—66 C), 0.64 per cent. After the 
test was completed, the power factor at 
room temperatiure came back to the original 
value. 

The next test was with a 700-ampere 
load on the conductors. The temperature 
on the pipe at the start was 70 C. After 
3 hours there was an indication that the 
temperature time curve would fla-tten out 
at —35 C which was not low enough to 
freeze the oil solid. The current was 
then dropped to 420 amperes (60 per cent 
of 700 amperes). In this case the pipe 
temperature dropped to — 50 C and still 
not low enough to freeze the oil solid. 
Finally, a new run was made with a 350- 
ampere load (60 per cent of 700 amperes) 
and after 6V2 hours a temperature of 
—63 C was reached which was good, but 
after 11 hours the temperature reached 
—65 C and the oil was frozen solid enough 
for most practical purposes of leak location. 
The pressure drop test made at the end of 
the half-load freezing test showed that the 
pressure dropped from 200 psi to 120 psi 
in 1 hour and 10 minutes, As stated, 
these tests were made with single-phase 
current and, therefore, were more severe 


than for a 3-phase current of the same value. 
We feel certain that it is possible to freeze 
the oil in a pipe solid with half-load on 
the conductors because, with the knowledge 
gained, we would recommend a longer 
freezing chamber. 

We hope that this information, in addition 
to that in Dr. Merrell’s paper, will give 
assurance that pipe freezing can be done 
successfully, provided that the proper 
size of trough is used and that time is taken 
to achieve freezing. By reducing the 
pressure on the line to, say, 100 psi, it is 
possible to take care of any grades that 
may exist along the circuit. 


Edwin J. Merrell: The discussers have 
raised a number of pertinent points for 
consideration. Mr. McGrath’s question 
with reference to employing a pipe oil of 
viscosity lower than that of Suniso no. 6, 
namely, 700 to 800 Saybolt seconds at 
100 F, is particularly apropos, because 
of the hydraulic aspect of pipe cable. Un¬ 
fortunately, Suniso no. 6 is about as low a 
viscosity oil as is available, which combines 
low enough pour point for temperate 
locations with ability to be hard frozen 
by dry ice. The 100-100 oils, used in oil- 
filled cable, are free flowing at dry ice 
temperatures, so that improvision in 
accordance with Mr. McGrath’s suggestion 
would have to be resorted to in order to 
achieve a freeze. With tape-sealed cable 
designs, that is, noncompression, dilution 
of the cable impregnant by the thin pipe 
oil no doubt would be sufficient to require 
its being flushed out of the dielectric and 
conductor by the injected viscous oil, as 
a prerequisite to obtaining a freezing point 
co-ordinated with the characteristic freeze 
temperature of dry ice and acetone. At¬ 
tainment of the necessary degree of flushing 
probably would require treatment of a 
relatively long section of pipe, so as to 
produce the radial pressure necessary to 
drive the viscous oil down the labyrinth 
path to the conductor. 

Mr. Parker has submitted valuable 
field observations of oil demand, and it is 
quite probable that the rate of 0.1 gallon 
per minute of the dynamic tests described 
in the paper is greater than usually will 
be encountered in field work. However, 
Mr. Parker’s example covers a 600,000- 
CM conductor at only 65 C in a 5-inch 
pipe. A 2,000,000-CM conductor in an 
8-inch pipe operating continuously at 
maximTun copper temperature would exhibit 
a very much greater flow 24 hours after 
shutdown, both because of the larger vol¬ 
umes and because of the higher earth 
resistance due to drying which in turn 
would lengthen cooling time. A calcula¬ 
tion, according to reference 2 of the paper, 
shows that for a 10-mile length of 138-kv 
cable in 8-inch pipe, an oil demand of 
0.44 gallon per minute may be anticipated 
24 hours after shutdown while under full 
load. 

The 800-psi withstand figure was selected 
for various reasons, such as to demonstrate 
a margin of safety when freezing under 
full operating pressure, preparatory to a 
cutover, when freezing at the bottom of a 
hilly run, a line with a difference in eleva¬ 
tion, end to end, of some 600 feet being 
currently under consideration, etc. 

The static freeze data given by Mr. 
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Parker correlate with that given in the 
paper. Reference to Table II shows that 
this test started with a conductor tem¬ 
perature of 16 C, which is virtually identical 
with Mr. Parker’s 15, and developed a 
conductor temperature of —38 1 foot from 
the end of the freeze chamber in 5 hours. 
As stated in the paper under "Test Criteria,’ ’ 
it is possible to achieve a freeze of com¬ 
paratively high strength at a temperature 
of this order, if the cable impregnant has 
not been thinned^ with pipe oil. It takes 
a great deal longer to attain the —50 C, 
taken as assuring a full strength freeze. 

The pressure drop data are given in the 
second and third columns of each table of 
the paper. 

Dr. Wiseman’s data are quite informative 
and include additional assurance of the 
efficacy of the freezing technique for oil- 
type pipe cable. Moreover, despite a 
seeming difference between Dr. Wiseman’s 
observations and those given in the paper, 
a more detailed analysis shows that there 
is relatively close agreement in results, 
particularly close when the number of 
variables involved is considered. For 
example, it is possible that the characteristic 
freeze temperature of Dr. Wiseman's 
cable oil is somewhat different from that 
which was employed in the tests covered by 
this paper. 

Dr. Wiseman’s data were obtained on 
new cable under static conditions, which 
would enable attainment of a high-strength 
freeze condition with pipe oil at —50 C, but 
with the more viscous cable impregnant 
in the conductor at only —40 C, assuming 
oils identical in the two series of tests. 
This possibility is mentioned in the paper 
under "Test Criteria," and Tables II and 
VIII of the paper show that the time to 
reach —40 C for 6-inch (6®/8 OD) and 
8-inch (8*/8 OD) pipe, with 4-foot and 
8-foot troughs respectively, is 5 to 6 horns. 
Fig. 5 indicates 4 hours with a 5-foot 
trough on the 6‘/8 pipe and 8 hours with a 
7-foot trough on the 8®/8 size. This is a 
reasonable correlation, and the times 
apply so long as the cable oil is not diluted 
with the less viscous pipe oil. 

However, when admixture of pipe oil 
with cable oil is assumed, which was the 
pe ssimis tic view taken in the paper and 
reflected by the empirical formulas, then 
Tables II and VIII show that the time to 
attain the necessary —60 C at the con¬ 
ductor is at least 6 times that to reach 
—40 C in the case of the 6-inch pipe and 
about 1^/2 times for the 8-inch size. Ex¬ 
trapolating the line through these two 
points to 3.6 inches results in a factor of 
at least 10, that is, it will take about 10> 
times as long to reduce the conductor 
temperature in a 3.6-inch OD pipe to 
—50 C as to —40 C with the usual or 
proportional length of freeze trough. As¬ 
suming a 2-foot trough, such as Dr. Wise¬ 
man employs for this size pipe, equation 3 
gives the time to attain a — 50 C freeze as 
26 hours. Applying t^e factor of 10 
reduces the 26 hours to 2.5 hours to attain 
—40 C, which, all things considered, is 
not too bad a correlation with his reported 
1 hour. The variance can be accounted 
for by differences in initial temperature 
and copper size. 

In this connection. Dr. Wiseman states 
in his discussion that the conductors in 
his tests occupied 60 per cent of the pipe 
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area, whereas Fig. 6 indicates they occupied 
40 per cent. 

Summarizing, the discussers have high¬ 
lighted the time advantage when attaining 
a freeze, if the oil in the cable dielectric 
and conductor can be brought to a hard- 
freeze at —40 C. Newly impregnated 


cable under static conditions satisfies this 
circumstance. However, when through 
load cycle the impregnant in the cable 
dielectric becomes diluted with pipe oil, 
which is characterized by a freeze tempera- 
— 50 C or lower, a lower temperature 
must be reached before securing a hard 


freeze. Under dynamic conditions, the 
characteristically lower freeze temperature 
of the pipe oil must be attained throughout 
the cable structure, except of course for 
the continuously sheathed compression 
^ble, as described in the paper under 
Discussion of Test Results.” 


Economics of Higher Primary and 
Secondary Voltages for 
Commercial Areas 

R. F. LAWRENCE 

MEMBER AIEE 


T he increasing use of higher secondary 
voltages in commercial areas con¬ 
tinues to focus attention on various 
secondary voltages that are feasible from 
bo^ engineering and economic stand¬ 
points. Previous studies^-^ concentrated 
on economic comparisons of secondary- 
network systems designed on the basis of 
"‘second contingency,” which means that, 
with two primary feeders and their asso¬ 
ciated network transformers out of serv¬ 
ice,^ continuity of supply to the load is 
maintained. This basis of system design 
is the exception rather than the rule for 
the majority of a-c secondary networks in 
this country. Both statistical surveys 
3nd theoretical studies^*® indicate that, 
for networks of medimn and smatl size 
compared with the largest existing sys¬ 
tems, “first-contingency” design pro¬ 
vides for a reliable and economical sys¬ 
tem. A study was therefore conducted 
to determine the comparative cost of sys¬ 
tems operating at a nominal secondary 
voltage of 265/460 volts, with 120/208- 
volt networks, basing system design at 
both voltages on first-contingency pri¬ 
mary-feeder outage. This design results 
in a network S 3 Fstem capable of suppl 3 dng 
the load in the event of the loss of one 
primary feeder and its assodated net¬ 
work units. 

The previous studies showed favorable 
savings through the use of the higher 
secondary voltage. It was expected that 
single-contingency design would show a 
similar savings. However, another as¬ 
pect of the system design, namely the use 
of highCT primary-feeder voltages, also re¬ 
quired investigation. Consequently, the 
studies for first-contingency design were 
extended to include this factor. Pre¬ 
vious studies of second-contingency de- 
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signs were made for systems supplied by 
eight primaiy feeders, and feeder cost 
was included for laterals only, on the 
basis that each network transformer 
would require 300 feet of lateral. The 
studies described herein include general¬ 
ized costs for all primary-feeder circuits. 
These primary-feeder circuits include ex¬ 
press feeders from the bulk power source 
to the network area, the main primary 
feeders, and the laterals. The studies 
show how the number of feeders supply¬ 
ing a network area affect costs for the two 
secondary voltages considered, as well 
as for three different primary-feeder volt¬ 
ages. 

Premises of Study and Variables 
Investigated 

The fundamental premises applying 
for the analyses made in these studies are 
the following: the distribution system 
supplies “congested” commercial areas 
as normally encountered in any large 
metropolitan area; the distribution sys¬ 
tem is completely underground; all equip¬ 
ment and installation costs are included 
for network transformers, network pro¬ 
tectors, vaults, secondary mains and 
secondary ducts, primary-feeder circuits, 
and primary ducts. Secondary service, 
secondary manholes, and metering costs 
were not included in the study on the 
basis that the cost of these items is com¬ 
mon to any system under consideration. 
All of the utility consumers are served at 
secondary voltage. 

The per-unit (pu) costs used in this 
paper are based on installed equipment 
and construction costs which are repre- 
^ntative average values. 1 pu is the 
installed cost of a 500-kva 13-kv 208-volt 

of High Primary and 


network transformer and protector in a 
vault. Relative cost per kilovolt-ampere 
(kva) is defined where used in the paper. 

The results of the studies are divided 
into five major categories, which are dis¬ 
cussed in more detailed as the results for 
each are presented in the paper: 

1. Effect of secondary voltage upon 
secondary-network costs for uniformly dis¬ 
tributed loads. 

2. Economics of higher primary-feeder 
voltages, showing comparative costs of three 
primary-feeder voltages to serve a network 
load at either 208 volts or 460 volts. 

3. Spot-network costs for different trans¬ 
former ratings at 460 and 208 volts. 

4. Mutual support of adjacent spot net¬ 
works, Md effect of the secondary voltage 
upon ability to transfer load economically. 

6. Comparison of conventional network 
system and the spot-network/radial system 
for the two secondary voltages. 

Effect of Primaiy Supply on 
Method of Analysis 

A procedure was previously established 
to determine optimized costs of a conven¬ 
tional 120/208-volt or 265/460-volt net¬ 
work. Some alterations are required 
when two additional parameters are in¬ 
troduced. These parameters are the 
number of primary feeders serving the 
area and the voltage of the primary 
feeders. Consider the plan of anal 3 Fsis 
whereby a fixed area of 1 square mile is 
studied. One procedure was to deter¬ 
mine system costs as a function of the 
load density in this fixed area. An exam¬ 
ple best illustrates the difficulties en- 
coxmtered in the use of this analysis when 
the effect on costs of the number and volt¬ 
age of the primary feeders is included. 

For example, consider a primary-feeder 
voltage of 4.16 kv. For a 5-feeder net¬ 
work, and an allowable load of 2,000 kva 
per feeder, the maximum, network load 
that can be carried is 4X2,000 = 8,000 
kva, for first-contingency design. As- 
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suming a fixed area of 1 square mile (in 
the center of a much larger area assumed 
to have network coverage), the load den¬ 
sity is 8,000 kva per square mile. If 
for the same condition, the number of 
primary feeders is increased to ten, the 
total network load is 9X2,000=18,000 
kva, which is also 18,000 kva per square 
mile. The total load and load density 
may be increased by increasing the num¬ 
ber of feeders above ten. However, one 
of the premises of this study is that it is 
impractical to consider more than ten 
feeders for first-contingency design. It 
is assumed that, for networks requiring 
more than ten feeders, second contin¬ 
gency, i.e., the simultaneous outages of 
two primary feeders, should be the basis 
of design. 

As an alternate to increasing the num¬ 
ber of feeders above ten, the area may be 
divided into two l/2-square-mile areas. 
For this assumption, the total load in the 
. 1-square-mile area could be doubled, 
and would be 36,000 kva, which is also 
36,000 kva per square mile load density. 
However, it would then be practical to 
consider the total area as being supplied 
by two independent networks, each of 1/2- 
square-mile area with 18,000 kva of load, 
and each served by 10 feeders. Simi¬ 
larly extending the analysis by dividing 
the area into four units, ^e total load for 
each area supplied by ten feeders would 
be 18,000 kva, and the load density be¬ 
comes 72,000 kva per square mile. If the 
foregoing example is outlined for a higher 
primary-feeder voltage, the same princi¬ 
ples hold true, except that the permissible 
loading of a primary feeder is approxi¬ 
mately proportional to the voltage. 

Network-Transformer Application 
Factor 

From the foregoing example, it is seen 
that the total network load and the area 
served, as well as load density, are inter¬ 
related variables. Fixing any two of these 
factors establishes the third. Because 
variable area must be considered, the 
premises for system design were chosen 
slightly different from those that are used 
in a fixed-area analysis. These premises 
lead to the transformer application fac¬ 
tors that are used to determine trans¬ 
former capacity for a given set of condi¬ 
tions, namely: load density; network 
load; secondary voltage; number of 
primary feeders; and primary-feeder 
voltage. A description of how these 
transformer application factors were de¬ 
termined is given in Appendix I. The 
transformer application factors are varia¬ 
ble, depending upon the number of pri¬ 


mary feeders and the ratio of the second¬ 
ary main impedance to network-trans¬ 
former impedance. A premise in the use 
of these factors to obtain a system design 
is that the network transformers will not 
be overloaded during first-contingency 
primary-feeder outage. Actually the ap¬ 
plication factor is the ratio of network- 
transformer capacity to network load and 
represents quite dosdy the average ratio 
usually attainable in practice. 

In actual practice, transformer over¬ 
loading, nonuniformity of load distribu¬ 
tion, and “fringe effect” occur. Fringe 
effect is the term u^d to describe the 
above-average loading during first con¬ 
tingency of transformers on the periphery 
of the network area. Network design 
using the application factors derived in 
Appendix I can take into account trans¬ 
former overloading, nonuniformity of load 
distribution, and fringe effect, to any de¬ 
gree desired. Having stipulated normal 
per-cent loading of network transformers 
with all primary feeders in service, the 
basis of design using these application 
factors permits the determination of net¬ 
work-transformer loading under first 
contingency. 

Relative Costs Excluding Primary 
Supply 

The relative cost of serving a uniform 
peak load density of 10 to 240 megavolt- 
amperes per square mile by a conven¬ 
tional network at 208 and 460 volts is 
shown in Fig. 1. The results are for first- 
contingency design. The costs for pri¬ 
mary feeders are not included in these re¬ 
sults. A 5-feeder network was con¬ 
sidered in this analysis. In these results, 
load density alone is a suitable parameter 
because primary-feeder costs are not 
induded and no limitation on primary- 
feeder capacity exists. However, the 
number of primary feeders influences the 
cost because the choice of the number of 
feeders affects many other factors in 
secondary-network system design. While 
the number of feeders affects total cost, 
the relative cost of 208-volt and 460-volt 
systems is practically the same for a dif¬ 
ferent number of primary feeders, when 
considering the same number of feeders 
for either system. The spot-network/ 
radial system costs shown in Fig. 1 are 
discussed later. 

The curves of Fig. 1 for five feeders, 
first contingency, show similar compara¬ 
tive cost relationships as the curves for 
eight feeders, second contingency. For 
systems serving the same load, area, 
first-contingency design results in a 
lower cost system than second contin¬ 


gency, because less primary-feeder and 
network-transformer capacity is required 
in the first-contingency system. Rela¬ 
tive cost of 208- and 460-volt networks are 
about the same for either first- or second- 
contingency design. 

Relative Costs Including Primary 
Supply 

Studies were made of serving a uniform 
peak load density with a conventional 
network including the cost of primary 
feeders. The following factors were con¬ 
sidered as variables: 

1. 460-volt secondary voltage compared to 
208-volt secondary voltage. 

2. Primary-feeder voltage of 4, 13, and 
34 kv. 

3. Primary-feeder distance including ex¬ 
press feeders firom the bulk power source to 
the edge of the network area. 

4. Number of primary feeders. 

5. Load density. 

6. Total network load served. 

Optimized secondary-network costs 
were obtained for both 208- and 460-volt 
networks for different numbers of pri¬ 
mary feeders, including costs of mains and 
laterals but excluding the costs of express 
primary feeders. An available bulk 
power source for supplying the primary 
feeders was assumed to be located at dis¬ 
tances of 0.1,1, and 5 miles from the peri¬ 
phery of the network area. Express 
feeder costs were obtained and combined 
with the cost of the system within the 
network area. Three primary-feeder 
voltages of 4, 13, and 34 kv were con¬ 
sidered. The size of the network systems 
costed on this basis was a function of 
primary-feeder voltage and number of 
feeders. The results of the studies are 
shown in Fig. 2. 



LOAD DENSITY-MVA PER SO Ml, 


Rg. 1. Effect of secondary voltage on the 
cost of general and spot-network/radiall 
systems. Primary-feeder cosb are not In¬ 
cluded 
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A study of the curves of Fig. 2 permits 
a humbCT of observations, the most im- 
which are summmized here. 
It is ^economical to serve either a 208- 
or. 460-vblt secondary network with a 
primary-feeder voltage of 4 kv for prac¬ 


tically any load density unless the network 
load is small and a bulk power source is 
at the edge of the network area. A pri¬ 
mary-feeder voltage of 13 kv is in general 
an economic voltage for serving a wide 


particularly if this voltage is available at 
a bulk power source near to the edge of 
the area. A primary-feeder voltage 
above 13 kv is economical for serving 
either a 208- or 460-volt secondary net- 
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Fig. 3. Spot-network cost for different trsnsformer ratings at 460 voiis and 208 volts 


sotirce is an appreciable distance from 
tiie edge of the network area and long 
express feeders are required. The com¬ 
bination of a higher secondary voltage 
and a higher primary-feeder voltage be¬ 
comes increasingly favorable as load den¬ 
sity, network load, and distance of the 
bulk power source from the edge of the 
network area become greater. 

The curves of Fig. 2 are generalized re¬ 
sults which show trends, and do not neces¬ 
sarily provide exact values for applica¬ 
tion to a particular case. For example, 
it was assumed in the studies that a bulk 
power source was available. Conse¬ 
quently savings that might result due to 
the elimination of a transfonnation from 
transmission or subtransmission voltage 
to priraary-fteder voltage are not ap¬ 
parent. The results of Fig. 2 indicate 
trends which show that a particular case 
should be studied cardully and should in¬ 
clude consideration of both higher second¬ 
ary and primary voltages. 

Relative Costs of Isolated Spot 
Networks 

Studies were made for serving concen¬ 
trated loads with spot networks designed 
on a first-contingency basis. Fig. 3 
shows the cost to serve a spot load with 
500, 750, and 1,000 transformers at either 
208 or 460 volts, 13-kv primary voltage. 
Costs for 2,000-kva transformers apply 
only for 460 volts. The minimum points 
of these curves are plotted in Fig. 4 to 
show comparison of spot-network costs 
at 208 volts and 460 volts. Spot loads 
in the order of 3,000 kva or higher can be 
more economically served .at the higher 
secondary voltage. A smaller magni¬ 
tude of spot load can be served economi¬ 
cally at the higher secondary voltage, with 
jSrst contingency as a design basis, com¬ 
pared to second-contingency design. 
These results do not include costs of pri¬ 
mary feeders, although for a particular 
case the comparison can be made easily, 


including primary-feeder costs, knowing 
the specific conditions. 

Mutual Support of Adjacent 
Multitransformer Installations 

In practice, an a-c secondary network 
has both single- and multiple-transformer 
installations at various locations on the 
secondary grid. The locations of the 
multitransformer installations are dic¬ 
tated by the heavy spot load require¬ 
ments. The spot networks thus formed 
are essentially seK-suffident, neither con¬ 
tributing much power to the network nor 
receiving much power from it in the 
event of a primary-feeder outage. 

It is extremely difficult to obtain 
generalized information on power trans¬ 
fer via secondary ties between multi- 
transformer installations. So many vari¬ 
ables are involved that generalized results 
could not be confidently applied to spe¬ 
cific cases. One spedal case considered in 
this study is that of two multitransformer 
spot-network installations connected to 
each other by a secondary tie, but other¬ 
wise isolated from the rest of the second¬ 
ary mains system that would serve the 
stUTOunding areas. The cost per kva 
of serving the total load of both these 
spot networks is least when they, and 
their respective loads, are separated by 
zero distance. Cost evaluation of serv¬ 
ing the loads of two such spot networks by 
either increasing the secondary-tie capac¬ 
ity between them, or adding more 



Fig. 4. Minimum-cost spot networks ob¬ 
tained from Fig. 3 



transformer capacity at each spot, is de¬ 
scribed in Appendix IV. The analysis is 
based on first contingency. 

In considering the economics of tieing 
together spot networks with secondaries, 
there is a maximum separation beyond 
which it is not economical to add more 
secondary-tie capacity in an attempt to 
increase the firm capability of the two in¬ 
stallations combined. This distance is 
variable with the size and number of 
transformers comprising the spot net¬ 
works and with the secondary voltage. 
On the basis of first-contingency outage, 
i.e., one transformer out of service at 
one of the spot networks, it was found 
that the general zone of economic separa¬ 
tion is 180 to 320 feet at 208 volts, and 
360 to 640 feet at 460 volts. These re¬ 
sults are illustrated in Fig. 5, which shows 
the effect of secondary voltage on the 
ability of adjacent spot networks to 
transfer load through a secondary tie be¬ 
tween them. Power can be economically 
transferred a greater distance at the 
higher secondary voltage, but the eco¬ 
nomic separation is less for first-contin¬ 
gency design than for second-contingency 
design. 

Spot-Network/Radial Distribution 
at 460 Volts 

A system pattern utilizing large, multi¬ 
transformer spot networks, with capa¬ 
bility to reach for load at the higher secon¬ 
dary voltage, was studied for first-contin¬ 
gency design. This system is defined as 
a spot-network/radial system, and the 
procedure for its cost determination is dis¬ 
cussed in Appendix IV. 

In the economic study of the spot- 
network/radial system, several different 
patterns for radial secondaries and 
variable load densities were considered to 
find the optimized lowest-cost system 
conforming to this type of design. These 
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Fig. 6. Results of spot-networlc/radlal system economic studies 


resulting costs of the 460-volt spot-net- 
work/radial system are shown in Fig. 6. 
These costs are replotted in Fig. 1, where 
they are compared with the 208-volt and 
460-volt general network system costs. 
The^ combined results for both the con¬ 
ventional and spot-network/radial sys¬ 
tems shown in Fig. 1 show cost savings 
for Wgher secondary voltage, and first- 
contingency design, comparable to the re¬ 
sults of studies based on second contin¬ 
gency. 

The relative costs of Fig. 1 do not in¬ 
clude primary-feeder supply. However, 
for convention^ networks, the number of 
interlaced primary feeders affects the 
network-transformer application factor, 
and consequently system cost. As pre¬ 
viously stated, the conventional network 
costs of Fig. 1 are based on five interlaced 
primary feeders. In the spot-network/ 
radial system, the transformer appHca- 
tion factor is not dependent on the num¬ 
ber of primary feeders interlaced in the 
network area. Hence the relative posi¬ 
tions of the cost curves of Fig. i will be 
affected somewhat by varying the as- 
^ed number of interlaced feeders serv¬ 
ing the conventional networks. 

lu general, for conventional networks, 
an increase in the number of interlaced 
feeders reduces transformer application 
factor, with resultant lowered cost for 
transformers and secondaries. However, 
when the c^t for the additional primary 
feeders is included, the cost savings in 
network transformer and secondaries is 
cancelled out by the higher primary sys- 
tm, costs. This effect is illustrated in 
Fig. 2, where the cost of primary supply 

to the network is included. 

Recognition of the fact that the 5- 
feeder network-transformer application 


factor used to obtain the conventional 
network system costs of Fig. 1 is typical 
of a large number of esdsting systems per¬ 
mits the conclusion that the savings for 
the spot-network/radial system as shown 
in Fig. 1 are conservative. In actual 
practice, a greater savings would be 
realized in the spot-network/radial sys¬ 
tem because of the almost universal exist¬ 
ence of some concentrated loads in all 
network areas. The concentrated loads 
served directly by spot networks require 
less secondaries, and consequently the 
cost for serving a more realistically dis¬ 
tributed load in an area of given density 
would be less than that shown for the 
spot networks of Fig. 1, which serve uni¬ 
formly distributed load. 

Higher primary-feeder voltages, when 
considered in conjunction with the spot- 
network/radial system, may be expected 


indicated by the curves of Fig. 2 for the 
conventional network system of Tiigli i> r 
secondary voltage. While some costs 
not forseeable with the use of higher pri- 
ma^ voltages may tend to decrease the 
savings of the higher voltage primary 
supply, the indications are that over-all 
savings would result for cases where net¬ 
work loads are large, and large amounts 
of bulk power must be transferred from 
the source to the network area. 

^ In comparing the optimum system de¬ 
sign and cost information of Fig. 6 with 
comparable information obtained from 
previous studies^ of the spot-network/ 
radial system based on second-contin¬ 
gency design, several effects can be 
noted. At a given load density, the spot- 
network firm capacity for optimum cost is 
less for designs based on first contingency. 
Thus at a given load density, a larger 
number of spot networks, each serving a 
smaller area, are more economical when 
Ae spot-network/radial system design 
is based on first rather than second con¬ 
tingency. The economic reach distance 
is somewhat less for first-contingency 
design. 

Conclusions 

1. In comparing the engineering 
economic aspects of the alternative sec¬ 
ondary voltages of 208 volts and 460 volts 
mcluding the cost of primary supply to the 
network, network load as well as load 
density me important factors infli ionr^-ng 
comparative system designs and costs. 

2. A primary-feeder voltage of 13 kv is 
gener^y economical to serve a network 
area having either 208 or 460 volts second¬ 
ary voltage. The combination of a sec- 
on^y voltage of 460 volts and a primary- 
feeder voltage above 13 kv becomes in- 

^TRANSFORMER SECONDARY MAIN 

z„ K. Ic Ic 


Fig, 7. Network used for 
study to obtain network- 
transformer application fac¬ 
tors 
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Table I. Some Primary-Feeder Airays 




Two-Feeder Array 
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Three-Feeder Array 
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Five-Feeder Array 
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Ten-Feeder Array 
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creasmgly favorable as load density, net¬ 
work load, and distance of the bulk power 
source from the periphery of the network 
become greater. 

3. Spot loads in the order of 3,000 kva or 
higher can be more economically served at 
the higher secondary voltage. A smaller 
magnitude of spot load can be served 
economically with a spot network of first- 
contingency design, compared with a 
spot network of second-contingency design. 

4. T^he maximum distance for economical 
transfer of power between interconnected 
spot networks is lower for first-contingency, 
than for second-contingency design. The 
economic maximum separation for inter¬ 
connected first-contingency spot networks 
is 180 to 320 feet at 208 volts, and 360 
to 640 feet at 460 volts. For greater 
separation distances at both respective 
voltages, incremental fium capability of 
spot networks can be more economically 
obtained through the addition of trans¬ 
former capacity at spot networks rather 
fhan through the addition of heavier 
secondary ties. 

6. The spot-network/radial system is 
g^enerally more economical than the general 
network for load densities of approximately 
•50,000 kva per square mile and high^. 
Pirst-contingency design does not change 
■the economics of spot-network/radial dis¬ 
tribution appreciably from second-con- 
■tingency design. 

6. The combination of a higher primary- 
feeder voltage and the 460-volt spot-net- 
work/tadial system can be expected to 
•sho w savings greater than those indicated 
for higher-voltage primary supply to a 
460-volt general network. To serve a 
large network area, the use of a fewer 
number of larger-size transformers arranged 
in multiple-unit spot networks results in 
fewer locations to which primary supply 
must be brought, and hence a reduction in 
-total mileage of primary-feeder circuit. 


Appendix I. General Network 
System Network-Trans^ormer 
Application Factor 

Application factor is defined as the ratio 
of installed network-transformer capacity 
to load. This factor is an extremely im¬ 
portant parameter of network cost, since 
the total capacity of network transformers 
required to serve a given load will be 
directly proportional to the application 
factor. As defined herein, this factor can 
be considered as the reciprocal of the more 
commonly used ratio of peak load to in¬ 
stalled transformer capacity, where the 
peak load is the design load for the network. 
The method employed for obtaining the 
application factors used in this study is as 
follows: 

Consider a conventioxial hypothetical 
network system serving equal loads. Let 
these loads be represented by one unit of 
load at each junction of the secondary grid, 
which in turn is assumed to consist of square 
meshes making up a square-shaped, net¬ 
work. Network transformers of a given 
rating are located with one at each junction. 
Each network transformer has an imped¬ 
ance Zt, and the impedance of each section 
of secondary is Zm- Such a system, with 
six meshes, or seven transfomiers, in both 
directions is shown in Fig. 7. Any given 
number of primary feeders (up to 49, 
i.e., one for each transformer) can serve 
sudi a system. Some possible primary- 
feeder arrays are given in Table I. 

In these arrays, each number identifies 
the particular feeder serving the network 
unit located at that position in the system 
of Fig. 7. Note that the interlacing of two, 
three, five, or ten primary feeders in each 
array is such that when one feeder to the 
network is out of service the increased 
loading on the network units served by the 
remaining feeders is distributed as equally 
as possible. 


Table II. Five-Feeder Array Omitting Feeder 
No. 1 


2 

3 4 

4 

2 3 

4 5 

2 

3 - 4 



The application factor is based on the 
loss of one primary feeder. Thus the factor 
is a function of the following: the number 
of primary feeders; Zu and Zt, or the 
more commonly used term Zm/Zt\ and 
the extent to which load is not uniformly 
distributed among the network units re¬ 
maining in service when one primary feeder, 
out of the total number being considered, 
is out of service. To investigate the rela¬ 
tionship between these factors, the system 
of Fig. 7 was set up on a d-c calculating 
board, and the loadings of network trans¬ 
formers throughout the system were tabu¬ 
lated for the condition of one feeder out 
of service, as the number of primary feeders 
and ZisIZt were varied. 

As an example of the procedure for 
conducting this study, consider the 5- 
feeder array. Removal of feeder no. 1 
from service leaves the array of in-service 
feeders shown in Table II. 

In setting up the 6-feeder, 49-trans- 
former, 49-load system on the calculating 
board, the following conditions were satis¬ 
fied: 


1. All loads draw 1 pu current, both 
before and after a feeder outage. 

2. All sections of secondary main have 
equal impedance. 

From observing the primary-feeder array 
with feeder no. 1 out of service shown in 
Table 11, it will be noted that the un- 
symmetrical pattern of locations for the 
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Fig. 8. Statistical dllstrlbution of network-transformer loadings under first contingency 
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Fig. 9. Network-transformer application fac¬ 
tors used as basis for economic studies 


transformers served from the feeder out of 
service will result in unequal loading of the 
^anrformers remaining in service. The 

^ represent the 
results of this statistical survey of trans¬ 
former loadings under first contingency 
i.e.. with one feeder out of service 
In Fig 8. the per cent of all the network 
units in the system that are loaded within 
the per-cent load intervals indicated are 
shown for two, three, five, or ten feeders, 

4.0. Study of these network-transfonuer- 
loadmg distribution curves under first 
Mntmgency verifies several important 

1. As tie number of feeders to the 
.wcreasM, the dispersion or 
^read m transformer per-cent loading 
di^shes under first contingency. ® 
Zm/Zt ratio decreases, and 
the network units can be considered to be 
mOTe n^ly bussed, dispersion in trans¬ 
former loadmg also decreases. 

**'ansformers are 
^ ®*^«“ely high or extremely 

ow, rektive to the majority of loading 
vdues, but extreme loading conditions arf 


-&cuuuaary-networK 

system d^gn is that all load is to be 
served without service interruption, or 
undue damage to the system, under the 
contmgency of one primary feeder out of 
service. But since a primary-feeder outage 
IS a random occurrence which may involve 
any one of the feeders to the network, 
suflScient network-transformer capacity 
must be provided so that even the ex¬ 
tremely loaded transformers of Fig, 7 are 
not loaded beyond some maximum allow¬ 
able loading under first contmgency. 
mus the maximum per-cent loadings in 
we foading distribution “histograms” of 
Fig. ^ permit determination of the applica¬ 
tion factor required to keep network 
toansformers from being loaded to more 
than a giv^ value, in a system having a 
specified Zu/Zt ratio and number of 
primary feeders. Spanfication of normal 
loading (i.e., loading before a feeder outage) 
deteimiues the kva represented by the per¬ 
cent loading values in Fig. 8. 

Fig. 9 is a composite family of curves 
obtained from Fig. 8, and shows the trans- 
form^ application factor versus ZmIZt 
for different values of feeders to the net¬ 
work. This figure is the basis for determin¬ 
ing the amount of network-transformer 
capacity required to serve a given amount 
of load in a system .having a stipulated 
number of feeders and Zm/Zt ratio. 

In the cost study to be discussed in 
App^dix II, network transformers are 
installed on the basis that the transformers 
which cany the heaviest load during a 
first contingency are loaded to their rated 
capacity. 



A^en^x If. General Network 
Cost Determination Without 
Primary Feeder Costs 

The general network is considered to 
be the system employing a single network 
unit at each junction of the secondary grid, 
ifie following premises estabUsh the basis 
on which general network system cost is 
systems employing either 
120/208 volts or 265/460 volts as a second¬ 
ary voltage; 

1. Network ^ea and the secondary 
gird meshes withm the area are squares, 
conformmg to the assumed pattern of 
streets. 


Fig. 10 (left). Network unit 


Je distributed along aU streets. -- 

3. Single network transformers of equal 
le rating are located at every secondary 
M junction in the system. Installed costs of 
re network units are shown in Fig. 10. 

® 4. Secondary mains are always multiple- 

c, conductor per phase, having a current- 
y carrying capacity of 56 per cent of network- 
transformer rated amperes at secondary 
e yoltege. Secondary mains cost is shown 
m Fig. 11. 

Only first contingency is considered 
1 Hence the network-transformer appHcation 
f factors derived in Appendix I and shown 
in Fig. 9 are applicable. 

" .^’■^ary-feeder voltages considered 

' and 34.6 kv. AUow- 

L able maxnnum loadings per feeder at these 
: voltages are 2,000, 6,000. and 16,000 kva 

respectively. Cost determination of pri- 
feeders is discussed in Appendix III. 

• A maximum of ten primary feeders 
may be interlaced in any network area 
Network areas containing a load in excess 
of the capability of ten primary feeders 
are se^ed by two or more independent 
network systems. 

The costing of 120/208-volt and 266/460- 
volt general networks is carried out in 
two major steps. In the first step, covered 
by this Appendix, costs of hypothetical 
networks are obtained, excluding primary- 
feeder costs. In the second part of the 
analysis, which is covered in Appendix III, 
me network load and area are determined 
by the number of primary feeders and the 
pnmary.feeder voltage. However, these 
two parts of the analysis cannot be com- 
pletely divorced from each other, because 
me transformer application factor will 
depend on an assumed number of inter- 
feced prunary feeders, as depicted in Fig. 9 
Hence, in obtaining the cost of networks 
^dudmg the primary feeders, either 2, 

» ... or 10 feeders were consid^ed in 

^ appUcation 

factor for obtammg the size of network 
fransformer spaced at a given distance, 
m an area of given density. 

At any load density, the optimum-cost 
obtained for 120/208-volt and 
266/460-volt systems. The optimum-cost 
sy em is defined as the minimum-cost 
system capable of supplying the entire 
network load under the following conditions: 

1. No network transformer is to carry 
more t^n its rated kva when one primary 
feeder is out of service. 




1.0 PU COST IS EQUAL TO 
COST OF A 500 KVA NETWORK 
UNIT installation AT 120/208 VOLTS 
yim 13.2 KV PRIM ARY VOLTAGE 
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Fig. 11 (right). Secondary 
mains cost and impedance, as 
a function of current-carrying 
capacity 
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Fig. 12. Procedure for optimizing general network system costs for 120/208- and 265/460- 
volt systems. Dotted curves define optimum-cost systems 


*2. No secondary main is to carry more 
than its rated current at any time. 

At each of several stipulated loads 
densities, network-transfonner size (and 
hence corresponding spacing) was varied 
over a range sufficiently wide to give the 
combination of transformer size and spacing 
resulting in a minimum-cost combination 
of these two system components at that 
load density. Transformer size was not 
limited to standard ratings, but rather 
was allowed to assume the exact size re¬ 
quired for optimum system cost. Trans¬ 
former costs for sizes lying between stand¬ 
ard sizes was obtained by interpolation 
between cost of standard-size units. The 
following specific steps comprise this 
analytical method; 

1. Consider one of the two secondary 
voltages, e.g., 120/208 volts. 

2. Choose a load density, e.g., 26,000 
kva per square mile. 

3. For the load density in, step 2, 
choose a transformer spacing, e.g., 500 
feet. Knowing the load density and the 
transformer spacing, the loading of the 
transformer, when all feeders are in service, 
is explicitly determined by obtaining the 
product of the square-mile area allocated 
to one transformer and the load density. 

4. Assume a number of interlaced 
primary feeders, e.g, five. With the aid 


of Fig. 9, select a network-transfonner size 
and secondary mains capacity such that 
the application factor and ratio ZmIZt are 
compatible according to Fig. 9. Choice 
of transformer rating determines both 
Zt in ohms, and also Zm (from 500-foot 
spacing and 66-per-cent rule) which may 
be read in ohms from Fig. 11, For network- 
transformer impedance, 6 per cent and 10 
per cent were the values used for 208-volt 
and 460-volt units respectively. 

5. Sum the dollars cost for a network 
transformer, and secondary mains reaching 
half the spacing distance in four direc¬ 
tions from the transformer. Divide this 
sum by the transformer loading. This 
gives the dollars per kva cost of a system 
conforming to the following values cited as 
examples in the previous steps: 120/208 
volts secondary voltage; 26,000 kva per 
square-mile density; 500-foot spacing of 
network units; and five interlaced primary 
feeders. 

6. Repeat steps 3 to 5 for another 
spacing of transformers, say 600 feet; 
then for several more spacings. 

7. Repeat steps 3 to 6 for another load 
density, say 50,000 kva per square mile; 
then for several more densities. 

8. Repeat steps 2 to 7 for 265/460 volts 
secondary voltage. 

From the results of steps 1 through 8, 
the curves of relative cost per kva versus 
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Fig. 13 (left). Comparison of net¬ 
work-transformer ratings and spacings 
in optimum-cost systems 


Fig. 14 (right). Showing the assumed 
location of bulk power source and 
method of serving networks with 
express primary feeders 


network-transformer rating of Fig. 12 are 
obtained. For each secondary voltage, 
calculations based on the foregoing pro¬ 
cedure give a curve, at each density con¬ 
sidered, with a minimuni cost corresponding 
to the optimum combination of transformer 
size and spacing. The minimum-cost sys¬ 
tem at each density is then connected by 
the dotted lines shown, giving the costs of 
optimum general networks as a function 
of load density. The network-transfonner 
rating and spacing giving minimum cost 
is plotted versus load density in Fig. 13. 
Optimum costs versus load density are 
replotted from Fig, 12 and appear in 
Fig. 1, In plotting relative costs, the 1.0 
pu cost is taken as the dollars per kva cost 
of network-transformer installations and 
secondaries, to serve 50,000-kva-per-square- 
mile load density with the optimum-cost 
120/208-volt system with 13.2-kv primary 
voltage. 

Results of studies based on transformer 
application factors for other assumed 
numbers of interlaced primary feeders, 
e.g., two, three, and ten feeders, show that 
relative costs correspond very closely to 
those shown in Fig, 1, provided that the 
1.0 pu cost is always considered to be the 
cost of the 120/208-volt system serving 
50 megavolt-amperes per square mile, and 
supplied by the specific ntunber of inter¬ 
laced primary feeders' considered. 


Appendix III. Primary Feeder 
Costs 

The primary-feeder circuits serving a 
secondary-network system can be con¬ 
sidered as two components: the express 
feeders carried from the bulk power source 
to the periphery of the network area; and 
the feeders interlaced within the network 
area itself. Primary feeders within the 
network area may in turn be classified into 
two components: mains and laterals. 

The first step in arriving at a method 
for costing primary feeders is to obtain a 
relationship between the length of primary- 
feeder circuit serving a network and the 
design parameters of the network system. 
Length of circuit is the final objective of 
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Fig. 15. Effect of number of primary feedeis 
and primary-feeder voltage on network size 

such an analysis since it can be assumed 
that feeder cost is directly related to the 
length of circuit. Differentiation between 
ins^ed cost per foot of express feeders, 
mams within the network area, and laterals 
IS necessary, however, in order to 
costs more realistic. 

The variables determining primary-feeder 
cost are; 

Distance of bulk power source from 
the network. 

2. Number of feeders. 

3. Feeder voltage. 

4. Area of network. 

5. Number of network units within the 
network area. 

Express feeder length is determined on 
the basis shown in Fig, 14. Note that 
where the network area load is too large to 
be served by the maximum allowable 
numb» of ten primary feeders at the 
desired voltage, two or more networks are 
form^, ^ served by the appropriate 
number of feeders required to carry the load, 
und^ first contingency. Fig. 14 shows a 
spe^c case of four separate network areas 
each supplied by ten feeders. It is assumed 


^at all four networks are served from one 
bulk power source as shown. Hence express 
prmianes which serve the farthestmost 
networks must traverse the systems closest 
to the bulk power source. 

Fig. 15 shows the allowable size of net¬ 
work versus the number of primary feeders 
at the three voltages considered. Fig. 16 
shows the cost of express primary feeders, 
plotted on a relative basis, with 1.0 pu 
cost corresponding to the 1.0 pu cost of 
Fig. 1. 

Costing the interlaced feeders within a 
network area is a much more complex 
problem than that of obtaining reasonable 
express feeder costs. Consider the 49- 
^nrformtt, 6-feeder system shown in 
f ig. 17. The arrangement of network units 
corr^onds with the arrangements for 
obtainmg the network-transformer applica¬ 
tion factor in Appendix I and the trans- 
rormer and secondary costs in Appendix II. 
Five main feeders are considered to be 
earned fuUy across the network area, 
^aterals ^e carried perpendicular to the 
feeder mains, and serve the network units 
so as to give the interlacing pattern indicated 
by tlie feeder designations appearing along¬ 
side each network unit. 

Pa-ttems similar to 
that of Fig. 17 as the basis for a mathe- 
mati^l derivation, total length in miles 
of prmary-feeder circuit in a network area 
be expressed as a function of the 
following three variables: network area 
m square miles; number of feeders; number 
of network units in the area. The results 
of such a study are given in Fig, 18, where 
the relafave total mileage of interlaced 
pnmary-feeder circuits (mains plus laterals) 
in a network system is plotted versus the 
mmber of network units in the system, 
with one curve for each number of feeders 
An interesting feature of these curves is 
T”. “ey are normalized so that a hypo¬ 
thetical, 1-feeder system is used as the 
ref^ence for determining primary circuit 
length. This permits very simple cal¬ 
culation of primary length in the following 
manner: ® 

Given a map of the array of network 
units to be served by interlaced primary 


feed^s, find the length of a single, hypo¬ 
thetical feeder which will reach all the 
network units via the established routes 
for primary feeders. Next go to Fig. 18, 
and read the relative-mileage number for 
the given number of network units and the 
number of feeders to be considered. Then 
multiply the length of the hypothetical 
single feeder by the applicable relative- 
milea.ge number to get the total mUeage 
of pnmary-feeder circuits required to serve 
the array of units shown on the map. 

Primary circuit relative costs for express 
feeders at the three voltages considered are 
shown m Fig. 16. which has already been 
discuMed. For interlaced mains and 
laterals within the network area. Table III 
lists the relative per-foot cost of mains and 
laterals at the three voltages. These 
costs include the duct space required to 
carry the primary cables. 

In Fig. 13, resulting from the study 
desmbed in Appendix II, it is seen that 
optimum-cost network systems at 120/208 
volts and 265/460 volts do not utilize the 
same sizes of network unit. The higher- 
voltage system can utihze larger-sfee 
transformers, and consequently can serve 
the same load area with a fewer number of 
units. Fig. 13 shows that at 266/460 volts 
network toansformers in an optimum-cost 
combi^tion of transformers fl-nrl sec¬ 
ondaries may be spaced approximately 
spacing required in the 
i^/20^volt system serving the same load 
area.^ The reduction in primary-feeder 
cucmit length that can be realized because 
of fewer transformers for the higher sec¬ 
ondary voltage is illustrated in Fig. 19, 
which depicts a 3-feeder system serving the 
s^e load area at either 120/208 volts or 
265/460 volts. In costing the primary 
feeders for systems at either secondary 
voltage, this effect is automatically 
into account with the use of Fig. 18. 

The^ analytical tools developed in the 
foregoing are used to determine the allow¬ 
able size of 120/208-volt or 266/460-volt 
Mtworks supplied by either 4.16-kv, 13.2- 

or 34.6-kv primary feeders. Different 
distance of the bulk power source from 
the periphery of the network area are also 
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primary-feeder costs V 


Fig. 17 (right). Show¬ 
ing the assumed inter¬ 
lacing pattern of pri¬ 
mary feeders for obtain¬ 
ing primary-feeder costs 
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Fig. 18. Curves describing relationship be¬ 
tween parameters affecting primary-feeder cost 


considered, and system costs including 
primary feeders are computed for three 
different load densities and presented in 
curve form in Fig, 2. 


Appendix IV. Spot-Network 
Radial System Cost Determination 

The spot-network/radial system is made 
up of a number of spot networks that are 
designed to be independent of each other 
in supplying their respective loads. Each 
spot network, with the secondaries carried 
from it, resembles the system pattern 
pictured in Fig, 20. Secondary voltage is 
265/460 volts. Fig, 20 shows a 4-trans¬ 
former spot network, but in general two or 
more transformers may be considered. 
Each network unit in the spot network is 
supplied by a different primary feeder. 


Table III. PU"* Cost of Primary-Feeder 
Gicuite for 1^000 Feet of 
3-Conductor Cable 



4.16 Ev 

13.2 Ev 

34.5 Ev 

Main feeder.... 

.0.333... 

..0.444... 

..0.667 

Lateral. 

.0.222... 

..0.833... 

...0.444 


* Refer to Fig. 1. 


Fig. 20 shows what is defined as a IVs 
block reach for 265/460-volt secondaries. 
Wherever the secondaries form a grid, it 
is assumed that junctions of the grid can 
be made only at street corners. 

In determining the requirements for 
265/460-volt secondary mains capability, 
distribution of load is based on Fig. 21, 
where the locations of equal-size loads 
within one square block are shown. Con¬ 
tiguous square blocks have loads placed 
similarly. In many instances it is possible 
to serve two or more services from the same 
tap-off point, where loads on both sides of 
the street are served from the same point 
on the secondary. 

Each of the individual loads shown in 
Fig. 21 is assumed to be an integral multiple, 
or fraction, of 312 kva. At 265/460 volts 
tWee-phase, eight no. 4/0 copper con¬ 
ductors per phase can carry 390 amperes, 
which at this voltage is equivalent to 312 
kva. Thus from the standpoint of design 
based on thermal capability, secondaries 
in the spot-network system are installed 
for a given pattern of loads and mains simply 
by using the number of conductors per 
phase required for carrying the amperes 
in that section of mains. In no case is 
the thermal capability of secondary con¬ 
ductors exceeded. Wherever required, 
additional conductors per phase, over 
and above thermal requirements, are 
added so that the voltage drop from the 
spot-network 265/460-volt bus to the 
farthest load does not exceed 5 per cent. 

As in the general network system, 
permissible loading of network transformers 
is based on first contingency. Under first 
contingency, the network transformers re¬ 
maining in service are loaded to 130 per cent 
of name-plate rating. 
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Fig. 19. Illustrating the reduction in primary-feeder circuit length possible with the use of 
larger-size network units in a higher secondary-voltage system 
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Fig. SO. Simplified layout of spot-network/ 
radial system for 1 V 2 ~l>lock reach for uniform 
density service 


Fig. 21. Loca¬ 
tion of loads for 
spot - network/ 
radial system 


In obtaining the cost of the spot-network 
system, a system design optimizing pro¬ 
cedure was employed. Based on the 
assumed system arrangement shown in 
Fig. 20, and the assumed load distribution 
of Fig. 21, the cost of such a system to serve 
a very large area of a given load density 
depends on the following considerations: 

1. Spot-network load: Since load 
density is specified, the spot-network load 
fixes the size of the area served by one spot 
network. 

2. City block size: The size of the 
blocks considered will affect the routing 
and capacity of secondaries to serve the 
load contained within the spot-network 
service area. 

3. Primary-feeder voltage: Network 
unit installed cost is‘affected by primary- 
feeder voltage. 

The foregoing considerations enter into 
the spot-network ^stem cost-optimizing 
procedure in the following maimer, which 
is similar to that employed in Appendix III 
of reference 1, except that in this analysis 
system design is based on first instead of 
second contingency. 

1. The number of square blocks to be 
served and a block size are sdected. 

2. A load which is some integral multiple 
of 312/8=39 kva is selected for the unit 
loads. 

3. The secondary mains are designed 
with sufficient conductors per phase installed 
in all sections so that current-carrying 
capacity of secondary mains is nowhere 
exceeded. Extra conductors per phase are 
added if required, to keep per-cent voltage 
drop to 5 per cent. 

4. These mains are costed. 

5. The load served is determined by 
multiplying the pu load by 12 and by the 
number of blocks. 
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6. The cost of a spot network of this 
finn capability is taken from Fig, 4. 

7. The sum of steps 4 and 6 gives the 
cost of the installation without primary- 
feeder supply. 

8. Using the assumed block size and 
number of blocks selected in step 1 a load 
dMsity in megavolt-amperes per square 
mile is determined. Then, using the total 
cost from step 7, the cost per kva as a 
function of load density is determined. 

This process is repeated for several values 
of pu load to obtain data for dollars per 
kva cost versus load density for a given 
block size. Next, the number of blocks 
served by a spot network is changed, giving 
further data for different spot-network 
sizes serving constant load density. Then 
the block size is changed and another set of 
calculations made. 

In the cost calculations just outlined, 
spot-network installed costs were obtained 
from Fig. 4. Secondary mains costs were 
obtained from Fig. 11. The results of these 
design computations are plotted in curve 
form, as shown in Fig. 22 for 700-foot square 
blocks. Block sizes of 300 and 500 feet 
squme were also considered. 

Fig. 6 shows the information for optimum- 
cost systems obtained from this study. 
Spot-network firm capacity, reach, and 
cost are plotted versus load density. The 
cost curve is reproduced in Fig. 1. 

Primary-Feeder Supply to Spot 
Networks 

In App^dix III it was demonstrated, 
with the aid of Fig. 19, how the permissible 
use of larger-size network transformers 
with a higher secondary voltage results in 
a reduction in circuit length of pr imar y 
feeders, and hence a reduction in primary- 
feeder cost. A further reduction in pri- 
m^-feeder circuit cost is possible in the 
266/460-volt spot-network/radial system. 

Fig. 23 shows the load area of Fig, 19 
^yed by a 3-feeder spot-network system. 
This study has shown that in general the 
optimum network transformer size for use 
in spot networks is larger than the optimum 
size for use in the general network. There¬ 
fore the 16 network units of Fig. 19(B) are 
replaced with four • 3-transformer spot 
imtworics for the purpose of illustrating 
this effect. The total length of primary- 
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Fig. 22. Procedure for optimizing spot- 
netwoA/radial system costs. Dashed curve 
connects minimum-cost points. 1.0 pu cost 
same as Fig. 1. 700-foot square blocks. 
Evenly distributed load. First contingency. 

5-per-cent regulation 


feeder circuit is less for the spot-network 
system of Fig. 23 than for the general 
460-volt network system of Fig. 19(B). 

Mutual Support of Multitransformer 
Installations 

In Appendix II of reference 1 a method 
is presented for obtaining the optimum 
design and minimum cost for two spot 
networks some distance apart, which are 
tied together with secondaries through which 
some power may be tra,nsferred. The use 
of such a secondary tie ’•esults in a firm 
capability for the two ^ots combined, 
which is greater than the sum of their 


individual firm capabilities. This pro¬ 
cedure was also adopted with first, instead 
of second, contingency as a basis. The 
results of this study are shown in Figs. 24 
and 5. 

In Fig, 24 the upper curves show the 
additional firm capacity attained through 
the use of a secondary tie between two 
spot networks, each consisting of three 
600-kva transformers. The lower curves 
show the cost of providing the incremental 
capability afforded by the tie compared 
with the cost of providing an additional 
500-kva transformer at each spot. It 
can be seen that it is economically feasible 
to tie such spot networks together at 
460 volts up to a spacing of about 500 feet. 
At 208 volts it is not economical to tie the 
spots together if the spacing exceeds ap¬ 
proximately 225 feet. 

To obtain Fig. 6, the secondary voltage 
of tile interconnected spot networks was 
varied over a considerable range, to show 
the effect of voltage on the extent of power 
transfer for such an arrangement of inter¬ 
connected spot networks. Comparison of 
these results with those obtained for 
second-contingency design shows that the 
separation distance for economical power 
transfer is less for first-contingency design 
than for second-contingency design. 
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Discussion 

F. C. Van Wonner (General Electric 
Company, Schenectady, N. Y.); The 
authors’ paper re-emphasizes the well- 
known inadequacy of 4 kv as a primary 
feed to a secondary network system. If 
a 265/460-volt network in high load per 
block areas is supplied by 13 kv feeders, 
only three or four 2,000-kva units may be 
carried per circuit under the usual feeder 
loading. This puts the 13-kv feeder 
supplying a 266/460-volt network about 
in the same position as a 4-kv feeder 
supplying a 120/208-volt network from the 
viewpoint of excessive number of feeders 
and duct line congestion. The authors 
have rendered a service in showing that 
the general rule, "when a distribution 
voltage level is raised it also raises the 
level of the economic voltage to supply 
the system, provided there is sufficient load 
to warrant raising the distribution voltage 
level,” also applies to the secondary net¬ 
work system. 

Fig. 1 of the paper shows considerable 
economic advantage in favor of a spot- 



Fig. 25. Cost comparison of conventional 
metvvork and spot-networic/radial systems for 
a constant block size 


network/radial system over the con¬ 
ventional network system for load densities 
above 60 megavolt-amperes (mva) per 
square mile. 

In the conventional network system, the 
transformers are loaded to only 100-per¬ 
cent rating under single-contingency opera¬ 
tion (Appendix II of the paper). In the 
spot-network/radial sj^tem, the trans¬ 
formers are loaded to 130 per cent under 
single-contingency operation (Appendix IV). 
Also, in the optimizing process used, the 
block size decreases as the load density is 
increased. Therefore, we do not feel that 
the two systems are compared on an equal 
and realistic basis in Fig. 1. 

In a practical case the city block size 
stays fixed as the load density increases. 
In Fig. 25 we have compared the pu cost 
per mva of the spot-network/radial system 
with the conventional network system for 
528-foot square blocks (0.01 square mile 
per block) as a function of the load density. 
Per-unit costs and allowable secondary 
cable loadings were used from reference 1 
of the paper. In both systems transformer 
loading of 125 per cent rating under single 
contingency was allowed. Standard avail¬ 
able transformer sizes were used. Sec¬ 
ondary cables were selected on the basis 
of integral multiples of sets of eight no. 
4/0 (American Wire Gauge) cables per duct. 

Fig. 25 shows the cost per mva of the 
spot-network/radial systan covering one, 
two, and three square blocks as a function 
of load density. The points plotted are 
at load densities such that tlie transformers 
at the spot are loaded to 125 per cent rating 
when one feeder is out of service. 

Fig, 25 also shows the cost per mva of 
a practical conventional network system 
as a function of load density. Allowing 
125-per-cent loading vmder single-con¬ 
tingency operation, a transformer applica¬ 
tion factor of 1.13 for a 5-feeder network 
was obtained from Fig. 9 of the paper for 
10-per-cent impedance transformers and 
integral sets of eight no. 4/0 (American 
Wire Gauge) cables per duct sized on the 
56rper-cent rule. The points plotted are 
at load densities such that the remaining 
transformers are loaded to a maximum of 
125-per-cent rating when one feeder is 
out of service. 

Fig. 25 shows that for a fixed block size 
of 628 feet there is no appreciable difference 
in cost between the two systems between 
80 and 180 mva per square mile. Beyond 
about 180 mva per square mile the spot- 
network/radial system covering one block 
area has a definite advantage over the 
practical network system. This points 
out the true and valid use of a spot network 
to supply a large concentrated load. The 
spot network has already absorbed the 
cost of the transformer to be lost on con¬ 
tingency and each additional 2,000-kva 
transformer that can be justified by reach¬ 
ing out and picking up load adds 2,500 kva 
firm capacity to the spots up to five trans¬ 
formers per spot. 

The lower curve of Fig. 25 shows cost 
per mva of an idealized 6-feeder network of 
infinite extent with uniformly distributed 
load, having 1/3 of the load at the comers 
according to Fig. 21. This system under 
a single-contingency transformer loading of 
125-per-cent rating has a transformer ap¬ 
plication factor of 1.00 and requires sec¬ 
ondary mains rated at 41.7 per cent of 


transformer rating. This idealized network 
system is the lowest in cost up to a load 
density of 200 mva per square mile, or 
more generally a load per block of 2,000 
kva which requires a 2,000-kva transformer 
at each comer. For higher loads per 
block the spot-network/radial system has 
economic advantages. 

When the spot-network/radial system 
and the conventional network system are 
compared on the realistic basis of a fixed 
block size, the radial system is not generally 
favorable until load densities in the order 
of 180 mva per square mile are encountered, 
The fact of large spot loads being the pre¬ 
dominate load of the future serves to 
prevent network supplied distributed loads 
from reaching levels beyond the capabilities 
of one transformer per block. As in the 
past, the spot network will continue to be 
the logical method of supplying large 
building loads. 


R. F. Lawrence and D. N. Reps: Mr. Van 
Wormer raises several interesting points 
for discussion. In all cases of network 
design regardless of primary and secondary 
voltage, economical network size, and num¬ 
ber of primary feeders is a function of the 
variables which are related graphically in 
Fig. 2 of the paper. Although economic 
network-transformer sizes are larger for 
the 265/460-volt system. Fig. 2 shows, 
along the abscissa labeled “number of 
primary feeders,” that a fewer number of 
feeders can supply a 266/460-volt network 
of any size, and at any density, at lower 
cost than a 120/208-volt network supplied 
with a necessarily larger number of 4-kv 
feeders. 

The “general rule” might well be further 
generalized by shortening it to read: 
"When a distribution voltage level is 
raised, it also raises the level of the eco¬ 
nomic voltage to supply the system.” 
The authors intraT>ret "distribution voltage” 
to include secondary voltage. Studies of 
higher secondary and primary voltage for 
much lower densities than found in com¬ 
mercial areas further support this fact. 

With regard to our approach to second¬ 
ary-network system design and cost opti¬ 
mization, two specific points are mentioned 
in the discussion: city-block size, and 
network-transformer loading. It is stated 
that a more equitable basis of comparison 
between the 265/460-volt general network 
and the 266/460-volt spot-network/radial 
systems would result if the same, constant 
block size were assumed for both systems, 
and for all load densities. Also, it is stated 
that a network-transformer application 
factor of 126 per cent for fiirst-contingency 
loading should be used for both systems. 

The objective of our cost analysis is, in 
all cases, to optimize network-transformer 
and secondary-mains sizes to give the 
minimmn-cost system for serving load 
having the given distribution and density. 
This objective was carried out for all system 
t 3 q)es and voltages. Var 3 dng the block 
size was necessary in order to obtain mini¬ 
mum “bench-mark” costs for the general- 
network and spot-network systems. It 
is interesting to note the rdatively small 
effect block size has on general network 
cost, as shown in Fig. 12 of the paper, 
where the 265/460-volt system cost as a 
ftmction of transformer rating is quite 
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over a wide range of block sizes. For 
+ system operating 

at 265/460 volts, realistic load distribution 
found m practice (compared to uniformly 
distnbuted load assumed in the study) 
would reduce the cost of this system, be¬ 
cause the location of spot networks to 
supply large spot loads nearby to those 
loads—a logical procedure for system 
development—would reduce investment in 
radial secondaries below that required for 
the system as costed in the study. 

With regard to network-tr^sformer 
apphcataon factor, the first sentence of 
App^dix I of the paper defines this term 
^ the reciprocal of the familiar ratio of 
load to installed network-transformer ca- 
padty. Consequently, the application 
factor of 1.13 in the discussion, for the 
general network design, is equivalent to a 
ratio of peak load to installed network- 
transformer capacity of 1/1.13 »0.89. The 
ratios used in the paper are a function of 
number of feeders and ZmIZt ratio, and 
tor a 5-feeder system comparable to the 
one Mr. Van Wormer has used, are, from 
Fig. 9, between 0.72 and 0.64. These 
apphcation factors are more realistic, based 
on the average for this ratio, obtainable 


from the reported ratios for the network 
systems for 40 cities, appearing in the most 
recent “A-C Secondary-Network Opera¬ 
tions Report” of the Edison Electric 
Institute.! The average ratio for thppe 
40 systems is 0.64. 

Therefore, in comparative economic 
studies, the mtio of peak load to trans¬ 
former capadty must be lower for the 
general distributed network tTian for the 
gjot-network/radial system. Referring to 
^g. 8 of the paper, for first contingency, 
the average loading of transformers in a 
convmtional network may correspond to 
the losing for spot networks, but the 
dispersion of first-contingency loadings 
for transformers located singly is such that 
many may be loaded considerably above 
average with one feeder out of service 
Moreover, in the general network, since 
any one of the feeders serving the network 
^n be out of service, loadings within the 
high^t per cent loading interval are not 
restricted to particular transformers. In 
generd, any network transformer may be 
maded to a value well above average under 
first contingency and since the conventional 
ne^ork must be designed to prevent any 
network transformer from being loaded 


to a value greater than the specified maxi¬ 
mum, all transformers must be 
on the basis described in the paper. 

In the single-primary-source spot-net- 
vrork/radial system, on the other hand 
the transformers remaining in service at 
any spot under first contingency are 
equaUy loaded. These loadings are entirely 
predictable because of the gathering power 
of the spot network. 

For the foregoing reasons, the trans¬ 
former apphcation factor applied to spot- 
network/radial systems in our study is 
lower than that used for the conventional 
network with distributed network units. 
These reasons apply equally weh to the 
systems Mr. Van Wormer l^s studied, 
aJAough advantage was not taken of these 
intLerent benefits of the spot-net work/radial 
s^tem in obtaming comparative costs. 
:^ese factom will result in an increase of 
the convention^ network-system costs of 
Fig. 26, and would show the spot-network 
system more favorable. 

Rbpbrbncb 

Operations, 1050-1952. Re- 
Sj. and Distribution Committee. 

Bdison Electric Institute, New York, N. Y., 1954. 


Corona Studies—In Relation to Insulation 


Review of Corona Studies 

^ORONA has been known and studied 
for a long time. It became of 
practical interest when it was recognized 
as a f<^ of loss in high-voltage power 
transmission over half a century ago,^ 
Hena the electric strength of air was 
studied*-* to determine the laws of 
corona inception and the phenomenon of 
brush discharges was studied-*-* so as 
to understand the physics of corona. 
Soon the corona phenomenon was related 
to sparks in gases, and extensive work 
was done on this subject.«-* Several 
groups then studied other aspects of 
corona and bre^down and much data 
were produced. The results are too 
numerous to mention and are best 
summarized in several books*"!* which 
also contain many references on specific 
subjects. 

However, little attention has been 
paid to corona in liquids until re¬ 
cently,!*-!* although its importance was 
recognized long ago.!* Solid insulation 
used in conjunction with either gases 
or Hquids further complicated the corona 
phenomenon. Since composite insulation 
is commonly used in electric apparatus, 
such as cables, alternators, and capadtons, 


considerable attention has been given to 
t^s subject. As a result, much informa¬ 
tion of both a basic and a practical nature 
has been obtained throughout the past 
years. !^~*« 

Although there have been literally 
many hundreds of pubHcations on the 
subject of corona, there are relatively 
few papers on the methods of corona 
measurement. Some of the relevant 
publications have been referred to in 
several recent papers.*!"** The reason 
for the limited literature is perhaps 
because on the one hand the detection 
of corona in simple capacitive test 
pieces is too simple to be repetitively 
reported, while on the other hand the 
measurement and interpretation of corona 
in composite insulation structures is so 
complicated and uncertain that individual 
scattered results are not conclusive and 
therefore not published. 

In engineering work, corona measure¬ 
ments are made on insulation or insulat¬ 
ing structures for two puiposes. The 
first is to determine the corona-starting 
voltage of the structure, since such 
information is pertinent to the design 
of corona-free apparatus. The second is 
to determine the presence and extent of 
damage to insulation when it is subjected 


to overvoltages. Such infonnation is 
valua.ble m the evaluation of insulation 
detmoration caused by high-potential 
testing or surges. There would be no 
need of damage studies if corona-free 
operation could always be insured. 

Since corona mception and insulation 
damage are of practical importance, some 
of the factors that control the levels of 
inception and the degree of damage are 
reported. The data presented in this 
paper we mainly for the purpose of 
illustrating the basic underlying principles 
rather than to furnish design data. 
Consequently, some of them may appear 
to be obvious and incomplete. 

laception of Corona 

Basi^ly corona is a manifestation of 
ionization by collision between electrons 
and molecules. It is well known that 
the ionization potential is different for 
different gases and that the starting 
voltage of ionization increases with 
increasing gas pressure because of the 
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shorter mean-free-path between mole¬ 
cules. Roughly for the same reason 
corona inception or starting levels are 
higher in liquids. These influencing 
factors are illustrated in Fig. 1 by com¬ 
paring the corona-starting levels in 
several insulating media at various gas 
pressures. Ionization in liquids is 
generally so intense that, except for 
highly divergent fields, once it starts it 
usually results in a complete breakdown 
of the gap unless arrested by a solid 
insulating barrier. This is also true in 
some cases for gases at high pressures, 
low spadngs, or in fairly uniform electric 
fields. 

Of the many other factors that influence 
the inception of corona, electrode con¬ 
figuration is one of the most evident. 
For example, it is commonly known that 
a sharper or smaller electrode gives a 
higher voltage gradient per unit applied 
voltage and, therefore, its corona-starting 
level is lower than that of a smoother 
or larger dectrode. This can be demon¬ 
strated by an experiment conducted on 
three 3/4-inch-diameter rod-to-plane gaps 
in. oil. The ends of the rods were hemi¬ 
spherical, flat with 1/8-inch radius edge, 
or flat with a sharp edge. As would 
be expected, the hemispherical rod, pro¬ 
ducing the least divergent field, had the 



Fig. 2. Comparison of corona-starting levels 
of a sphere gap (A) and a rod gap (C) with 
sphere-to-plane (B) and rod-to-plane (D) 
gaps in 10-C oil 


Fig. 1 (lefO- Comparison 
of corona-starting levels 
of a rod-to-plane gap In 
several insulating media 
and at various pressures 

Fig. 3 (right). Compari¬ 
son of 60-cycle and im¬ 
pulse corona-starting levels 
of a 1 /2-inch-diameter 
sphere-to-plane gap 

A—In air, for both 60 - 
cycle and impulse levels 
B—In oil, 60 -cycle level 
C—In oil, impulse level 



highest corona-starting voltage and the 
sharp-edge electrode had the lowest. 
The ratios of the 60-(ycle corona-starting 
levels for the three rods were 1.8, 1.6, 
and 1.0 respectively. 

It is not always recognized, however, 
that the corona-starting voltage for a 
given electrode-to-plane configuration is 
lower than for a S3rmmetrical configura¬ 
tion of the given electrode at the same 
spacing. That this is true is shown in 
Fig. 2. Here the impulse corona-starting 
levels of a sphere gap and a rod gap are 
compared with those levels for a sphere- 
to-plane and rod-to-plane configuration 
respectively. When the electrostatic 
fields of the two types of gaps are con¬ 
sidered, it becomes apparent that the 
corona-starting level of the electrode-to- 
plane gap should be lower because the 
voltage gradient at the electrode is 
higher. 

Voltage wave shape and frequency are 
other factors commonly spoken of as 
influencing the inception of corona. 
Yet when it is considered that the 
formative time of corona is. only of the 
order of 1 microsecond or less, it is 
evident that the corona-starting level 
should be independent of the form of 
voltage as long as its duration is longer 
than microseconds. In many cases this 
is true, of course, as illustrated by curve 
A of Fig. 3 which shows that the corona¬ 
starting levels of both 60-cycle and 1.6x 
40-microsecond impulse waves are the 
same for a 1/2-inch sphere-to-plane gap 
in air. This has also been found to 
be true for certain types of dry-type 
capacitors*® for which the corona-starting 
levd is independent of frequency from 
60 cycles to 600,000 cycles at least. 

However, there are conditions under 
which frequency and voltage wave shape 
have a decided effect upon corona 
inception. For example, if the 1/2-inch 
sphere-to-plane gap mentioned pre¬ 
viously is tested in an oil medium, the 
60-cycle corona inception is found to 


be considerably lower than the impulse 
corona inception. This effect is illus¬ 
trated in curves B and C of Fig. 3 and 
is presumably explained by precorona 
space charge which has sufficient time 
to form on the slowly varying 60-cycle 
wave but not on the short-duration im¬ 
pulse wave. The assumption that the low 
60-crycle corona inception is due to space 
charge can be speculated from another 
observation. It was noticed during the 
oscillographic study of 60-cycle corona 
in this gap that corona occurred at a 
lower voltage in the positive half-cycle 
than in the negative half-cycle. This 
implied that there must have been an 
excess of one polarity charge resulting 
in an additional field surrounding the 
sphere, so that the resultant field during 
the positive half-cycle was higher than 
that during the negative half-cycle. 

One other well-known but important 
factor which influences the inception of 
corona is the placing of solid insulation 
in a gaseous or liquid gap. As predicted 
by classical field theory, the solid insula¬ 
tion, having a higher dielectric constant 
than that of gases and most liquids, 
produces a more intense electric field in 
the surrounding medium. This results 
in a corona-starting level lower than 
that for the corresponding all-gas or all^ 
liquid case. Obviously, the higher the 
dielectric constant, the more pronounced 
is this effect. 

Table I. Reduction of Corona-Starting 
Voltage of Insulation After 1-Minute Corona 
Exposure at Approximately 2 Vj Times the 
Corona-Starting Voltage 


Corona-Starting Voltage, Kv Rms 


Sample 

Initial 

Immediately 
After Corona 
Exposure 

Per-Cent 

Reduction 

Paper.. 

.21.0.. 

.12.6. 

....40.4 

Paper.. 

.18.0.. 

.13.5. 

_30.6 

Paper.. 

.23.0.. 

..16.0. 

_34.7 

Paper.. 

.21.0.. 

.16.0. 

....28.6 

Mylar.. 

.21.0.. 

.12.0. 

_42.9 

Mylar.. 

.23.0.. 

.10.0. 

....56.6 

Mylar.. 

.22.0. 

.12.0.... 
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Corona Damage 

In good design, corona can be avoided 
at both operating and test levels; how¬ 
ever, there are frequent cases where 
corona damage is of interest to develop¬ 
ment^ engineers. Corona damage to 
solid insulation manifests itself in various 
ways. The more obvious indications are 
tte physical surface eruption produced 
y electronic and ionic bombardment, 
and ^e charring of organic insulations 
resulting from the heat produced by the 
recombination processes. In many cases 
there are also long-range chemical effects 
brought about by the formation of acid- 
producing compounds. 

There are also electrical manifestations 
of corona damage. For example, a 
reduction in corona-starting level fre- 
quently results from subjecting an 
insulating structure to voltages above 
Its corona level. Table I shows such a 
reduction for a number of samples of 
^-impregnated paper and Mylar 
( upont trade name) insulation tested 
between square-edged electrodes. These 
samples were subjected to a l-minute 
voltage application at about 2% times 
the corona-starting voltage. The re- 
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rJ corona-starting voltage ranged 

from about 30 to 60 po" cent. 

P" To produce a given reduction in 
o corona-starting level of a specific test 
arrangement, higher overvoltages are 
generally necessary for shorter durations 
of corona exposure. This can be illus- 
• rfated by the capacitor data of Fig. 4 
in that a 10-per-cent reduction of the 
60-cycle corona-starting level requires a 
150-per-cent overvoltage for 15 cycles 
whereas a 360-per-cent overvoltage is re¬ 
quired for a 1/2-cycle wave. 

Changes in corona intensity also are 
’ crften an indication of damage. The 
Ranges, however, might be in either 
direction depending entirely upon • the 
test conditions. For instance, the in¬ 
tensity of corona in oil-soKd structures 
generally increases with the corona 
exposure time, even in a few minutes 
as illustrated by curve A of Fig. 5 . The 
increase in intensity is probably due to 
me continuous gas generation and surface 
damage caused by the corona impinging 
on the cellulose msulation. On the other 
hand, the intensity of (xirona in a small 
air gap adjacent to a sheet of silicone- 
treated glass cloth did not increase after 
many hours of corona bombardment. 
Actually, a substantial decrease was 
noted in some cases, as seen in Fig. 6. 
This decrease must be related to a chmige 
m the surface condition of the insulation 
during the time of corona exposure. 

The most drastic effect produced by 
corona damage, of course, is a reduction 
in dielectric strength. The effect is 
especially pronounced when the corona 
intensity is high. Curve B of Fig. 5 
shows a 60-per-cent strength reduction 
of pressboard after a 20-minute corona 
exposure. The extent of damage prior 
to breakdown is shown in Fig. 7. Severe 
fiber eruption is seen in the central 
light-color region while the dark pattern 
is the extended surface trackings. A f 
reduction of dielectric strength was also pi 
noted for the glass cloth previously « 
described, as shown in curve B of Fig. 6. 


Ig. 6. Corona exposure time versus relative 
corona intensity (curve A) and relative 
puncture strength (curve B) 

In that case, however, the damage was 
probably of a microscopic or a chemical 
nature since no physical eruption of the 
surface was observed. 

The foregoing is only a limited discus- 
aon of the subject of corona damage. 
Other measurements such as power 
factor and capacitance of insulation 
s^ctures, which are in many cases 
related to corona damage, might also be 
used as a criterion of the inception of 
insulation damage. 

Corona Measurements 

Since ionization is always associated 
W1& emission of light, thermal expansion, 
and redistribution of charges in the 
electric circuits, corona can be detected 
visually, aurally, or by means of electrical 
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Fig. 8. Typical corona patterns on cathode- 
ray oscilloscope 

A—^Void and oil (large pulses) corona 
B—^Small diameter lead corona in air and oil 
(large pulses) corona 
C—Corona in capacitor samples 


measurements. However, when the 
corona is confined and cannot be viewed 
or heard or when quantitative data are 
desired, then the electrical method is 
the only means of corona measurement. 

It has been known that corona pulse 
detection using oscilloscopic techniques 
offers several advantages over some other 
electrical methods such as meter measure¬ 
ments. By proper interpretation of 
corona pulses and patterns on the 
oscillograph screen it is possible in some 
cases to differentiate corona occurrences 
in different media*® and to predict 
corona damage to insulation.** However, 
this usually requires an experienced 
operator who can identify with assurance 
the various types of corona occurring in 
a test sample as wdl as those occurring 
externally, whereas an inexperienced one 
might be in doubt. For instance, corona 
occurring in an oil-solid composite insula¬ 
tion with some air voids trapped in the 
solid might appear in the following 
manner and sequence. As the voltage 
applied to the sample is increased, a 
band of relatively low magnitude void 
corona pulses usually sets in at a lower 
voltage level than the relatively high 
intensity oil corona. The magnitude 
of the void corona, being confined, does 
not increase very much with subsequent 
increase in the applied voltage whereas 
the oil corona pulses, in general, increase 
very rapidly with voltage. On the other 



Fig. 9. Continuous time record of oscilloscopic indications of corona impinging on a 
pressboard barrier in a rod-to-plane gap in oil 

hand, the number of oil corona pulses Fig. 8(B). It is this familiar pattern 
does not increase as rapidly as the that makes corona detection feasible 

number of void corona pulses and they at such high test voltages without an 
are much more random in phase relation elaborate corona-free setup.*® 
with the applied voltage as shown in Another familiar pattern is often 
Fig. 8(A). These oil corona pulses found in the detection of corona in 

are often confused with positive polarity liquid-impregnated capacitors. Because 

streamers fima-nating in air from some of the heavy space charges produced at 

part of the high-voltage test circuit, the edge of the foil electrodes during 

except the latter invariably occur at the corona in each half-cycle, the corona 

crest of the applied voltage wave. generally extends from approximately 

In another case, when small wire is the voltage zero to the voltage peak of 

used as connecting leads in the detection the next half-cycle. This patton is 

of oil corona in stmctures of the very- shown in Fig. 8(C). The intensity of 

high-voltage class,*® the corona pattern this type of corona increases rapidly with 

is somewhat different than that in the a slight increase of voltage, thus giving 

previous case. As the applied voltage is another means of identification, 

increased, a band of relatively low The patterns just described are those 
magnitude lead corona again sets in at a observed using a repetitive sweep on the 

lower voltage level than the oil corona, oscilloscope. In those cases where a 

but is very definitely confined only in sequential distribution of corona pulses 

the negative half-cycle of the applied from cycle to cycle is of interest, a con- 

wave. Like void corona, this type of tinuous time record of the phenomenon is 

corona increases very slowly with' in- necessary. Such a record, shown in 

creasing voltage, even as high as several Fig. 9, reveals the gradual increase of the 

hundred kilovolts. Thus, when oil number of corona pulses as voltage is 

corona starts in the sample the corona continuously increased on a rod-to-plane 

pattern might look like that shown in gap with a barrier present. Although 
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Fig. 10. Special high-voltage capacitance 
bridge for measuring space charge in oil 


Fig. 11. Lissajous figures showing various 
amounts of space charge and power loss in 
oil under diffment test conditions 


intennittent corona pulses are clearly 
shown in the early part of this record, 
they would appear quite continuous on a 
repetitive sweep. Interesting also is the 
fact that the first pulse occurs at the 
voltage peak, but successive pulses occur 
randomly over the cycle, even at voltage 
zero. Thus, this oscillographic method 
indicates that each corona pulse left 
suflicient postcorona space charge in the 
oil gap and on the barrier to modify 
^ously the formation of subsequent 
discharges. 

^ In some cases, an oscillographic tech¬ 
nique can also be used to study the 
foroMtion of precorona space charge in 
liquids under high stress. Space charge 
in a dielectric between two plates is 
indicated by a change in capacitance or, 
in the case of the continuous separation 
of ch^ge, by a flow of charge of low 
magnitude in the external circuit. This 
charge cannot be detected by a- conven¬ 
tional pulse-type corona detector. How¬ 
ever, with a special type of high-voltage 
capacitance bridge, as shown in Fig. 10 
space charge production at rates as low 
as 100 micromicrocoulombs per second 
can be easily observed. This corre¬ 
sponds to currents of 10-i® ampere. 

The bridge consists of three capacitance 
arms mtb all appreciable leakages either 
mmimized or guarded out, and a fourth 
test cell arm having various electrodes 
immersed in oil. The very high leakage 
resistance cannot bleed off precorona 
space charge as fast as it is formed, per¬ 
mitting both rapid and slowly vaiying 
^ace charge measurements to be made. 

The rapid variation appears as distortion 
of the Lissajous figure on the oscilloscope, ' 
whereas slow, continuous production of * 
charge causes the figure to drift on the ^ 

^een due to the charging of capacitor ! 

Ci. 1 

In one particular set of tests the test ^ 
cell WM fitted with a point-to-plane gap ” 
and filled with transformer oil. An I 
application of high voltage resulted in 
e formation of a Lissajous .figure on si 


A—Point-to-plane gap 
y B Rogowski (uniform-field) gap 

I, 

^ the cathode-ray tube screen as shown in 
trace 1 of Fig. 11 (A). The area enclosed 
by this trace was proportional to the 
r power loss in the test cell, the other 

- arm of the bridge being practically loss- 
free. As the applied voltage was in- 

J creased to about 7 kv, the figure began 

- to ^ft slowly downward on the screen, 
indicating the steady formation of posi¬ 
tive polarity space charge in the cell. 
As breakdown was approadied, the 
figure beg^ to open up drastically 
(trace 3), indicating a pronounced in¬ 
crease of power loss as well as space 
charge formation just prior to breakdown. 

When the point-to-plane electrode 
assembly was replaced with two uniform 
field Rogowski electrodes, this space 
charge effect appeared to be of either 
polarity and greatly reduced in magni¬ 
tude, as shown in Fig. ll(B). In many 
cases, no space charge formation could 
be obs^ed prior to breakdown, and no 
drastic increase in power loss below brealc- 
down ever occurred. Hence, one would 
conclude that space charge formation 
may well be of most importance to the 
breakdown process in the nonuniform 
field case. Quantitative data on this 
phenomenon must await further study. 

Summary 

Many of the essential problems of 
corona inception and insulation damage 
have been discussed. The effects of 
materials, electrode configuration, space 
charge, and other factors have been 
shown to be of great importance. In 
practice, tke complexity of these factors 
and their interactions necessitate further 
research work for some time to come, 
but, by a concerted approach, the funda¬ 
mental laws are being determined. 
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E. H. Coxe (Ethyl Corporation, Bator 
Rouge, I^.): At oiur company we have had 
an experience which illustrates some of the 
thmgs the paper points out about corona, 
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We operate 13.8-kv indoor metal-clad 
switchgear, the busses of which are sup¬ 
ported as shown in Fig. 12. We found that 
corona was forming in the air gaps between 
the slots in the supporting members and the 
tubes which surround the bus conductors. 
This corona discharge could be heard, and 
it could be seen when the bus room was 
darkened. It was found, in some places, to 
have eaten halfway through the bus insulat¬ 
ing tubes. 

As the manufacturer reported no similar 
trouble at other locations, he pointed out 
that it was probably due to lowered break¬ 
down voltage of air at our location because 
of high humidity and air contaminants. 
His recommendation was that we dry and 
purify the air. This would have been im¬ 
possibly expensive so it was necessary to 
find another method of suppressing the 
corona. 

Obviously, if there is no voltage across 
the air gap, there can be no corona. We 
eliminated ^e voltage by coating both sur¬ 
faces with a conducting paint and connecting 
these coated surfaces together with a metal 
spring dip. The result was no more corona, 
even when we applied twice normal voltage 
to the busses. Somewhat to our surprise 
we were awarded a patent on this new ap¬ 
plication of a previously well-known prin¬ 
ciple. 


T. W. Dakin (Westinghouse Electric Corpo¬ 
ration, East Pittsburgh, Pa.): This paper 
describes some of the nature of corona and 
its effect on insulation much of which is in 
confirmation with the experience and pub¬ 
lished work of this discusser and his col¬ 
leagues.^’* (Further valuable references in 
tliis fidd can be fotmd in the bibliography 
of reference 1.) It is not made clear in the 
paper that the observed corona in mineral 
oil is largely influenced by the amount of 
tlie degassing of the electrodes following im¬ 
mersion. If the data reported by the 
authors were obtained with dectrodes which 
were not degassed following immersion, the 
observed corona was merdy a discharge in 
tiny bubbles at the surface. It then can be 
considered as air corona with the dectric 
fidd increased by the higher dielectric con¬ 
stant of the oil in series with the bubbles. 

In a recent conference paper I described a 
mechanism whereby the corona discharges 


in tiny bubbles iii oil produces decomposi¬ 
tion of the oil to gas (mostly hydrogen) 
which causes the bubble to grow and the 
corona to increase in magnitude. The in¬ 
creasing corona with time shown by Fig. 9 
of the paper is in agreement with this 
mechanism. In my conference paper, it was 
also suggested that, in the absence of initial 
gas bubbles, dectron fidd emission at points 
caused formation of gas so that tiny bubbles 
develop in time. 

Refbrbncbs 

1. Epitbct op Blbctsic Discharobs on the 
Breakdown op Solid Insolation, T. W . Dakiii, 
H. M. Phllofslqr, W. C. Dlvens. AIBE Transac¬ 
tions, vol. 78, pt. I, May 1964, pp. 156-62. 

2. Impulse Dielectric Strength Characteris¬ 
tics OP Liquid-Impregnated Pressboard, T. W. 
Dakin, C. N. Works. Ibid., vol. 71, pt. I, Nov. 
1962, pp. 321-26. 


F. S. Oliver (Doble Engineering Company, 
Bdmont, Mass.): The authors, by exploring 
corona ^ects in oil and composite insula¬ 
tions, have added to the knowledge of the 
art in this fidd. However, there are a few 
cases where furtlier amplification would be 
hdpful. 

One of these occurs when the authors state 
that in good design corona can be avoided 
at both operating and test levels. This is 
not always feasible, and furthermore is not 
always necessary. Fidd tests on a great 
many large high-voltage mica-insulated 
generators have shown that corona is always 
present at the operating voltage. At the 
present time it does not appear economically 
feasible to construct a corona-free generator. 
The important consideration is whether the 
corona present is producing insulation dam¬ 
age which may eventually result in failure. 
A wdl-designed generator thus is one in 
which the corona does not produce insula¬ 
tion damage. On the other hand, with 
mbber and other composite materials it is 
necessary to have practically no corona if 
insulation damage is to be avoided. 

The authors have shown that in some 
cases rdative corona intensity may decrease 
with continued application of voltage even 
though the breakdown strength has de- 
. creased. We have noted in similar instances 
a corresponding increase in power factor and 
would like to ask the authors if they have 
had similar experience. 

We would also like to ask if the authors 
have investigated to see if the lowering of 


the corona starting voltage by an applica¬ 
tion of overpotential still persists rfter a 
"rest” period at zero potential or even at 
normal voltage. 


T. W. Liao, J. R. Nye, H. H. Brustle and 
J. G. Anderson: Mr. Coxe’s discussion has 
brought out a practical solution to a prac¬ 
tical problem. Such application, although 
it is based on a previously well-known prin¬ 
ciple, is just what we hope to see more of to 
enrich the applied technology on the sub¬ 
ject of corona. 

Dr. Dakin has brought out an interesting 
and delicate question on the mechanism of 
initial discharges in oil. The degassing proc¬ 
ess following immersion is a sure way of 
eliminating tiny bubbles at the dectrode 
surface. It is, however, much more compli¬ 
cated than using deaerated oil or merdy de¬ 
pending on a long immersion time. Al¬ 
though all should accomplish the same end, 
there is still a possibility that bubbles would 
form in the presence of some nucld in oil 
under electrical stress. This is also recog¬ 
nized by Dr. Dakin and has been the basic 
assumption of the gaseous theory of liquid 
breakdown. 

In the test given in the paper, the dec¬ 
trode was kept in oil throughout the test and 
no degassing process was used. Corona 
started at about 50 kv (rms) or approxi¬ 
mately at a maximum surface gradient of 
400 kv (nns)per inch. It is felt that if 
bubbles were present, corona would have 
started at a lower applied voltage. Actu¬ 
ally, corona was visible in the oil space be¬ 
tween the dectrode and the pressboard. 
However, it could originate from bubbles 
devdoped due to fidd emission as suggested 
by the discusser. In the experiment no at¬ 
tempt was made to measure the field emis¬ 
sion current. 

We agree with Mr. Oliver that for certain 
apparatus which is not liquid filled and with 
cdlulose insulation it is not economically 
feasible at present to have a corona-free 
design. The point is well taken. 

We have frequently measured power fac¬ 
tor along with corona measurements. In 
general, power factor increases with the ap¬ 
plied voltage above corona inception. How¬ 
ever, in most cases the corona intensity 
also increases with it. In the case of silicone 
glass doth where the corona intensity de¬ 
creased with a continuous application of 
voltage, the power factor went up, confirm¬ 
ing the observation made by Mr. Oliver. 
However, in a similar test with another sili¬ 
cone-treated material, the power factor de¬ 
creased with decreasing corona intensity. 

The lowering of corona starting voltage 
by an application of overpbtential may or 
may not persist after a "rest” period. For 
instance, when corona trackings are found, 
a rest period usually does not hdp. On the 
other hand, when corona produces minute 
gas bubbles in an oil-impregnated insula¬ 
tion, a rest period of an hour or so would re¬ 
store the corona starting voltage to its 
original value. In such cases, a rest period 
at a reduced voltage is frequently more ef¬ 
fective than at zero voltage, since a light 
agitation of oil under stress often hdps to 
drive the gas bubbles back to the oil. 
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Computes Line Constants 
With Tensors 


'*■ HOCHDORF 

ASSOaAIE MEMBER AIEE 


MARJORIE VFATSON 

NONMEMBER AIEE 


jP^^-^NSION of the Atomic Energy 
Commission installations at Oak 
Ridge and other power requirements in 
the region necessitated the construction of 
Tenn^ee Valley Authority’s 1,440,000- 
kw Kingston Steam Plant. A very large 
part of this capacity will be transmitted 
to the Atomic Energy Commission proj¬ 
ect over six parallel 161-kv transmission 
lines, eaA approximately 10 miles long. 
For physical and economical reasons, the 
lines are on the same right of way. It was 

not practical to construct the lines elec¬ 
trically symmetrical nor physically iden¬ 
tical in length because of line termina¬ 
tions. Two types of construction were 
used, single circuit with two ground wires 
for 8 miles and double circuit with one 
ground wire per circuit for 2 miles. A 
seventh line with two ground wires is on 
the same right of way for 3 miles of the 
single-circuit section, but this line has 
no common terminal with the other six 
lines. 

The major technical problems that 
arose in the analysis of these circuits were: 
Would electrical and physical dissym¬ 
metry cause sufficient power current un¬ 
balance among the conductors to reduce 
appreciably their total current-carrying 
capacity? If so, could this be corrected 
by changing the phasing on the individual i 
cucuite? ^ Could a zero-sequence equiva- i 

lent drcait be derived to permit accurate i 
appKcation, settings, and analysis of t 

ground relays? ^ 

The Oak Ridge National Laboratory s 


Paptt 55-478, recommended by the ArTcw 

S-wampscott, Mass., June 27-JaIy^* 
1955. Manuscript submitted March 28 
made available for printing May 1?1956 ' ’ 

Martot Hochdorp, and Mar- 
JOMB Watson are with the Tenne^ee 
Authority, Chattanooga, Tenn. 

The computation was done at wj 

»-^Dtae and Carbon Chemicals ^ 

enttusiastically contribSng her ^kiU^anrf 
Puting knowledge to complete \he Sllem 


r agreed to provide time on its high-speed 
distal computer, the ORACLE, to solve 
1 this problem, because the Atomic Energy 
f Commission is interested in the operation 
of these lines. Since computer time is at 
! a premium, it was decided to determine 
equivalent circuits that might be used on 
a network analyzer. These equivalent 
circuits are: 

1- A circuit that represents the 18 power 
conductors for the six parallel lines. The 
three conductors for the seventh Une are 
ignored because a circuit including tbwn 
would require a prohibitive number of 
mutud tr^sformers. The derived equiva¬ 
lent circuit has 19 terminals and requires 
no mutual transformers. One terminal is 
common to all conductors. Thus, balanced 
voltegM of the proper magnitude 
applied to the equivalent circuit 
^d the relative distribution of currents 
det^med. Tliis circuit has the same form 
as the equivalent circuit in Fig. 7(B) and 
is not shown. 

2. A zero-sequence equivalent circuit of 
me seven lines with independent terminals 
for use on the a-c network analyzer. This 

circuit is shown in detail. 

8. A zero-sequence equivalent circuit of 
the SIX parallel lines with a common termi¬ 
nal that CM be used on a d-c network 
^yzer. This circuit is also shown in 

The basic data for the problem are the 
impedances derived from the physical 
design of the lines. The self-impedance 
for each conductor and each ground wire 
and the mutual impedances between 
them were computed. These data con¬ 
sist of 1,681 complex numbers and are too 
voluminous to be included here. Fig. 1 
shows how the single-circuit section is 
arranged. Fig. 2 shows the double¬ 
circuit section. 

Tensor analysis* was chosen as the 
method of approach because it offers an 
excellent method for interchanging data 


between a digital computer and a net¬ 
work analyzer. 

Matrix Arrangement 

The impedances for the entire length 
1 of the conductors are arranged in a matrix 
which has as many rows and columns as 
there are individual power conductors 
and ground wires. One matrix can be 
I formed for the single-circuit section and 
another for the double-circuit section. 
However, these two matrices are com¬ 
bined here to facilitate computation. 
The rows from top to bottom are as¬ 
signed successively to the impedances of 
the conductors, one row for each power 
conductor and one for each ground wire. 
The columns from left to right are simi¬ 
larly assigned and in the same order. 
There are 41 rows and 41 columns in the 
matrix. 

fow established for one conductor 
intersects the column for the same con¬ 
ductor in the element which is its self¬ 
impedance, Each diagonal element rep¬ 
resents the self-impedance of one con¬ 
ductor. The self-impedance vrith earth 
return of A phase of the line that has no 
common terminal is the upper left de- 
mMt of the matrix. The self-impedance 
with earth return of B phase of this line is 
placed in the second diagonal element 
position, etc., until the first 21 diagonal 
positions are assigned to the self-imped¬ 
ances of the power conductors. While a 
different arrangement can be used, this 
ordCT of assignment of power conductors 
facilitates interpretation of results. 

No mutual impedance exists between 
the ground wires of the single-circuit sec¬ 
tion Md the ground wires of the double- 
drcmt section. The self-impedances of 
the ground wires in each group are con¬ 
secutive diagonal elements. This ar¬ 
rangement reduces computing time. The 
self-impedance of each ground wire with 
eai^ return is placed in the matrix just 
as is that of a power conductor. 

All nondiagonal elements of the matrix 
are mutual impedances. The row for 
one conductor intersects the column for 
another in the element whidi is the mu¬ 
tual impedance of these two conductors. 
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Fig, S. Double-circuit section, six parallel 
lines 

There are two such intersections. Since 
the mutual impedances are bilateral, the 
values are the same in the two positions. 
Badb. mutual impedance is calculated 
using a common earth return and as if 
only the two conductors exist. All of the 
elements of the matrix are complex num¬ 
bers, some of which are zero. 

Matrix Operations 

When the last 20 rows and 20 columns, 
corresponding to the ground wires, are 
eliminated by Kron’s method,® the result¬ 
ing 21 by 21 matrix will then contain the 
self- and mutual impedances of the power 
conductors as modified by the ground 
wires. A set of 21 power conductors 
with these new design constants would 
perform in exactly the same manner as 
the original group of power conductors 
and ground wires. Thus, a major sim¬ 
plification is ^ected. 


There are variations of the method 
used for eliminating rows and columns 
of a matrix. One method is to partition 
the original matrix into four parts, which 
separate the power conductors, the grormd 
wires, and the mutual impedances be¬ 
tween power conductors and ground wires. 
This partitioning is shown in Fig. 3 with 
the parts of the matrix labeled. Then the 
desired result can be accomplished by 
performing the following operations 

Z-^Zx-ZiZr'-Zi ( 1 ) 

This method requires taking the inverse 
of a 20 by 20 matrix whose elements are 
complex numbers. Due to the limited 
storage capacity available on the 
ORACLE, the matrix was partitioned fur¬ 
ther as shown in Fig. 4. 

Since Za is in diagonal form when com¬ 
pounded as shown in Fig. 4, the following 
matrix operations were performed by the 
computer 

Z^Zx-BG-m-AF-^B ( 2 ) 

This procedure made it possible to invert 
a 14 by 14 matrix and a 6 by 6 matrix 
with complex elements rather than the 
larger 20 by 20 matrix. 

The matrix Z may be used in a number 
of ways to obtain different results. It 
can be operated upon by Kron’s sequence 
tensor® to yield all of the symmetrical 
component impedances of the circuits and 
any mutual impedance that exists be- 


21 by 21 

21 by 20 

^1 

"2 

Self and nutueJ. 
impedances of 
pcner oonductors* 

TJutual impedances 
between power con¬ 
ductors and ground 
wires. 

20 by 21 

20 by 20 


\ 

Ifutual Impedances 
between power 
conductors and 
ground wires . 

Self and mutual 
impedances of 
ground wires* 


Fig. 3. Partitioning of impedance matrix 


tween the sequence networks. However, 
only the zero-sequence equivalent circuit 
was obtained, because the mutual imped¬ 
ances between the sequence networks are 
small and because they cannot be used 
conveniently on an a-c network analyzer. 

Equivalent Circuits 

A connection tensor is required to 
transform Z into the zero-sequence im¬ 
pedance tensor from which an equivalent 
circuit is determined. This connection 
tensor is formed by considering the three 
conductors of each power circuit paral¬ 
leled at one end and grounded at the 
other. Since seven circuits are involved. 


Fig. 4 (left). 
Final partitioning 
of impedance 
matrix 

Zi = self- and 
.mutual Imped¬ 
ances of power 
conductors 
A “mutual im¬ 
pedances be¬ 
tween power 
conductors and 
ground wires in 
single - circuit 
section 

D“ mutual im¬ 
pedances be¬ 
tween power 
conductors and 
ground wires in 
double - circuit 
section 

B “mutual impedances between ground wires in singk-circuit section and power 

conductors 

pssself- and mutual impedances of ground wires in single-circuit section 
H “mutual impedances between ground wires in double-circuit section and 

power conductors 

(3=self- and mutual impedances of ground wires in double-circuit section 
O“no mutual impedance between ground wire groups 

Fig. 5 (right). Transformation tensor 
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seven independent variable cnuxents are 
assigned. The currents in the three 
phases of any one power circuit are as« 
sumed to be the same in magnitude and 
angle. ^ The power circuits and the trans¬ 
formation tensor C are shown in Fig. 5. 
The operation 

determines a 7 by 7 matrix containing the 
zero-sequence self- and mutual imped¬ 
ances for each of the seven lines. 

The numerical results are shown in Fig. 
6(A) where the main diagonal elements 
are zero-sequence self-impedances of the 
circuits and the nondiagonal elements are 
mutual impedsinces between them. Fig. 
6(B) shows the derived zero-sequence 
equivalent circuit for use on the a-c net¬ 
work analyzer. This form retains in¬ 
dependent terminals for each power cir¬ 
cuit, and all impedances are positive for 
these circuits. 

A zero-sequence equivalent circuit that 
does not require mutual transformers is 
derived in the following manner for the 
six power circuits which terminate on a 


— ^ 
m HI 




Rg. 6(A) 
(above). Zero- 
sequence imped¬ 
ance tensor for 
seven parallel 

lines 


Fig. 6(B) (left). 
Zero - sequence 
equivalent circuit 
for seven parallel 
lines with inde¬ 
pendent termi¬ 
nals 






Line 


ccmmion bus. The first row and column 
of Z" is omitted and the inverse of the re¬ 
maining 6 by 6 matrix is computed. Fig. 
7(A) shows the inverse of the matrix. 
The equivalent circuit for six lines is de¬ 
termined from this inverse. It has seven 
terminals, six of which represent the line 
terminals and the seventh represents the 
common terminal. The admittance be¬ 
tween any line terminal and the common 
terminal is equal to the sum of the admit¬ 
tances in a particular row of the inverse 
matrix. The admittance between any 
pair of line terminals is equal to the nega¬ 
tive of the mutual admittance between 
these lines. The corresponding imped¬ 
ances are shown on the equivalent circuit 
in Fig. 7(B). If no significant negative 
resistances appear in the equivalent cir¬ 
cuit, it may be used on the a-c network 
analyzer. If the power factors of the cir¬ 
cuit impedances are similar, the equiva¬ 
lent circuit may be used on the d-c net¬ 
work analyzer. This equivalent circuit 
ignores the zero-sequence current in the 
line not terminating on the common bus. 

Either of the equivalent circuits can be 
set up on the a- c network analyzer, from 
which the self- and mutual-impedances 
of the circuit can be read. The equiva¬ 
lent circuit in Fig. 6 (B) is readily verified 
by tracing through the connections to 
obtain the correct self-impedance between 
the terminals of each line and the mutual 
impedances between pairs of lines. 


Computer Operations 


In order to use existing subroutines for 
the ORACLE, the form of the matrix 
was changed to contain only real num¬ 
bers. This representation may be derived 
from Ohm’s law for an a-c circuit 

(r-fi«)(^+i*')=«+jV (4) 

The primed quantities are quadrature 
components. Equating real and imagi¬ 
nary terms 

ri—od'—s (5) 

xi-\-ri’ = e' ( 6 ) 


These relations are expressed in matrix 
algebra by 



Each complex dement, r-\-jx, in the 
matrix can be replaced by a matrix with 
two rows and two columns,* namdy 



An m hy n matrix with complex de¬ 
ments becomes a {2m) by {2n) matrix 



Fig. 7(A) (above). 
Inverse of zero- 
sequence impedance 
tensor with first 
row and column 
ignored. Lines are 
renumbered from 1 
to 6 

Fig. 7(B) (right). 
Zero - sequence 
equivalent circuit for 
six parallel lines with 
a common terminal. 
The impedances not 
labeled are deter¬ 
mined in a manner 
similar to those 
shown 


COMMON 



bers and have the same dimensions as Z. 


with real dements. The results of 
operations on matrices in this form 
maintain the complex conjugate pattern, 
which provides an excellent check for 
computer accuracy. The computer can 
be programmed to check for this pattern. 

The form described in the foregoing was 
used for the major part of the calculations 
performed on die ORACLE. However, 
a different scheme was used to invert 


The inverse of Z can be expressed in the 
form Z~^= Y—G—jB, where G is a ma¬ 
trix of conductances and B is one of sus- 
ceptances. 

The product of a matrix times its in¬ 
verse equals the identity matrix, which 
may be written as J+ 7 O. Therefore 

{R+jX){G-jB)=I-\-jO ( 8 ) 

From this multiplication the following 
relations are obtained 


the 18 by 18 matrix with complex de¬ 
ments. This was done because of the 
ORACLE’S present limited storage ca¬ 
pacity of 1,024 numbers. In real form 
this matrix would have required storage 
for 1,296 numb^. 

Any matrix Z with complex dements 
can be expressed Z—R-\-jX, where the 
matrices R and X contain only real num- 


RG+XB-=I 

(9) 

0 

II 

1 

( 10 ) 

whose solution gives 


G={R+XR-^X)-^ 

( 11 ) 

B’^R-^XG 

( 12 ) 


This method made it possible to obtain 
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the real and imaginaty parts of the in¬ 
verse of the complex 18 by 18 matrix by 
performing two inversions, three multi¬ 
plications, and one addition of real 
matrices. The necessity for inverting a 
36 by 36 matrix was thereby avoided. 

Since the entire problem was done inter¬ 
mittently over a considerable period of 
time, the over-all time required for its 
completion cannot be stated. The fol¬ 
lowing machine times are representative. 
Inversion of an 18 by 18 matrix with real 
numbers required 12 minutes, that of a 6 
by 6 matrix with complex elements (12 
by 12 real), 7 minutes. Multiplication 
resulting in a 42 by 42 real matrix took 
approximately 1/2 hour while the time 
for multiplying two. 18 by 18 real matrices 
required 5 minutes. All of these machine 


times are dominated by the time required 
for punching the results on paper tape. 
When, as is planned, magnetic tape out¬ 
put is made available on the ORACLE, 
the output time will be greatly reduced. 

Conclusions 

1. The combination of tensor analysis 
and a high-speed electronic digital computer 
provides an exact and practical method for 
the solution of difficult power circuit 
problems. 

2. A zero-sequence equivalent circuit de¬ 
rived by this method permits accurate 
application, settings, and analysis for ground 
relaying. 

3. The method presented is applicable 
for any number of circuits, irrespective of 
physical arrangement. 


4. This method eliminates errors which 
would be introduced if simplifying as¬ 
sumptions were made to solve such a 
problem. 

6. The zero-sequence equivalent circuits 
are obtained in a form that can be used on 
network analyzers. 

6. Similar problems can be formulated 
by power engineers and sent to a computing 
center for actual solution, thereby avoid¬ 
ing an enormous amount of routine calcula¬ 
tion. 
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Discussion 

Y. H. Ku (University of Pennsylvania, 
Philadelphia, Pa.): I should like to con¬ 
gratulate the authors for demonstrating the 
usefulne^ of CfZC in solving important 
eng[ineering problems. ■ Tensor anal}^is of¬ 
fers an excellent method for interchanging 
data between a digital computer and a 
network analyzer, and young engineers 
be encouraged to study the 
possibilities of new tools and methods of 
attack such as the tensor method ably 
demonstrated in this paper. 


U. W. Bills (North American Aviation, 
Inc., Downey, Calif.): Here is a fine 
example of the use of a digital computer in 
power system analysis. As digital com¬ 
puters increase in number and engineers 
have easier access to them, Kron’s tensor 
analysis will become a more familar tool to 
power system engineers. 

My curiosity was aroused by the state¬ 
ment, “Tensor analysis was chosen as the 
method of approach because it offers an 
excellent method for interchanging data 
between a digital computer and a network 
analyzer.” Does this refer to the ease with 
which transformations can be made from 
one reference frame to another more 
suitable for analysis by an a-c network 
analyzer? 

For transmission-line problems involving 
so many mutual impedances with the pos¬ 


sibility of negative resistances appearing in 
the equivalents to be placed on an a-c 
network analyzer, it is possible that direct 
solutions of the entire problem could be 
more readily obtained on a digital computer 
than on a combination of computer and 
analyzer. At the Bonneville Power Ad- 
mini^ation, a load flow analysis technique 
requiring no inversion of matrices has 
been programmed for studies including up 
to 60 busses for the IBM 650; trans¬ 
formers, loads, line changing and mutual 
impedances can be accurately represented 
so that such problems as those in the paper 
could be completely solved digitally. 

It now appears that digital computers 
can easily compete with a-c network an¬ 
alyzers with regard to power system problem 
and. any group contemplating the purchase 
of an a-c network anal 3 rzer should carefully 
consider the possibility of obtaining a 
medium-priced general-purpose digital com¬ 
puter instead. 

Incidentally, was there any noticeable 
power current unbalance among the con- 
At the Bonneville Power Ad¬ 
ministration we have never been able to 
observe an appreciable unbalance for such 
circuits. 


R. B. Shipley, M. Hochdoif, and M. 
Watson: The authors wish to thnnir 
Mr. K.u«and Mr. Bills for their favorable 
comments. 

The statement which is quoted by Mr. 
Bills refers to 1. the method for formulat¬ 


ing network problems on a digital computer, 
and 2. the fact that at different stages of 
the solution interchanges of data between 
an a-c network analyzer and a digital 
computer are possible (provided there are 
no negative resistances). 

It is certamly possible to solve the com¬ 
plete problem on a digital computer. How¬ 
ever, in this case the time available on the 
computer was limited. Consequently, the 
computer was used only for results that 
could not be ontained from our a-c network 
analyzer. The requirement of a large 
number of mutual transformers made it 
impossible to represent the individual power 
conductors and ground wires on the net¬ 
work analyzer. Also, as Mr. Bills ex¬ 
pected, negative resistances did appear in 
the admittance matrix which necessitated 
the use of a computer to obtain power 
current division. 

The currents did not divide equally be¬ 
tween corre^onding phases of the separate 
power circuits. The maximum difference 
was approximately 10 per cent and no 
attempt was made to balance these currents 
by rephasing the circuits. This difference 
has been verified by meter readings since 
the circuits have gone into service. 

Another interesting aspect of current di¬ 
vision is shown by paralleling all the con¬ 
ductors of the six circuits at both ends and 
applying a voltage across them. The 
largest current unbalance between phases of 
^y circuit was then 20 per cent. This 
indicates the degree of coupling between 
the symmetrical component networks. 
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A SURVEY of recent literature indi¬ 
cates that the functional approach 
to the testing of apparatus is well en¬ 
trenched in contemporaneous thinking.^ 
In particular, it has made ever-increasing 
inroads into the evaluation of tempera¬ 
ture endurance of insulating materials 
and insulation structure of electric ap¬ 
paratus.* 

This paper deals with the experimental 
application of functional test principles 
to the evaluation of temperature endur¬ 
ance of dry-type power transformers. 
The object of the tests described here was 
not to test any specific design of dry-type 
transformer, but rather to give a trial 
run to a test procedure which was under 
consideration as a test code by a Subgroup 
of the AIEE Working Group on Life of 
Materials. Tests reported here were 
made at the Transformer Division of the 
Westinghouse Electric Corporation. Simi¬ 
lar tests, although covering somewhat dif¬ 
ferent aspects of the subject, were made 
by three other co-operating laboratories: 
those of Allis-Chalmers Manufacturing 
Company, General Electric Company, 
and Pennsylvania Transformer Com¬ 
pany.® The results of the several years 
of joint effort and experience were incor¬ 
porated in a proposed test code in an 
AIEE committee report.^ 

Basic considerations underlying the 
proposed functional test code were stated 
previously.^'® For convenience they are 
repeated here briefly. 

1. Functional tests, as applied to appara¬ 
tus, must evaluate its complete insulation 
structure as an integral unit. 

2. Temperature and time are recognized 
as the major controlling factors. Ex¬ 
perience to date indicates that other factors 
may be of some, although secondary, 
importance. When these are clearly 
identified, their inclusion in the test pro¬ 
cedure is justifiable. 
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3. Criteria of failure shall represent, as 
nearly as possible, the ability of the 
transformer to render service under all 
normal service conditions. The word 
"normal” should refer to all service condi¬ 
tions that may be expected, such as over¬ 
voltages, overloads, short circuits, etc., 
pertaining to normal service. 

4. The test procedure must be reasonably 
short, simple, and should be capable of 
giving reproducible results. 

Evolution of Test Code for Dry-Type 
Power Transformers 

In its present form the proposed test 
code* has the following provisions: 

1. The test samples should preferably be 
complete apparatus taken from the pro¬ 
duction line. When complete apparatus 
is too large and expensive the use of models 
is permissible. These latter shall be 
essential duplicates of the prototype trans¬ 
former in regard to electrical clearances, 
method of construction, and the materials 
used. 

2. The test procedure provides for acceler¬ 
ated aging by exposure of the test samples 
to fixed elevated temperatures for a pre¬ 
determined time. In a cyclic pattern 
temperature exposures are followed by 
90 to 95-per-cent (%) humidity exposure 
and dielectric tests in humid condition. 
The aging temperature and the duration 
of temperature exposure per cycle are 
determined by the requirement that the 
time to failure should be between five and 
ten test cycles. 

3. Dielectric test voltage shall be 100% 
test values, as applied to new transformers. 

4. A test sample is considered as having 
failed if dielectric breakdown or flashover 
occurs on dielectric tests. If models are 
used as test samples this breakdown shall 
be of such a nature as not to be traceable 
to inadequate clearances in the model. 

6. The ultimate result of application of 
the test code is a quantitative expression 
of the temperature-life endurance of the 
transformer. The presently proposed for¬ 
mulation of the code provides that this be 
expressed as a single value of the hottest- 
spot temperature to result in a mean life 
of the test samples equal to 4 years. Since 
the duration of the test, carried out at 
higher temperatures, is expected to be 
much shorter than this period of time, 
extrapolation of the test values of the 
mean life (e.g., days to failure) versus 
temperature is required. 

These provisions will now be considered 
in greater detail. 


Provision 1—^The Test Sample 

This provision remained substantially 
without change since it was formulated 
in the first version of the test code. As 
a part of this provision, the test code in¬ 
cluded a specific design for a test model to 
represent the 15-kv class of dry-type 
power transformers (Fig. 1, reference 5). 
This model was changed slightly by way 
of increasing the end clearances, and the 
clearances from the high-voltage (HV) 
winding to the corner posts, as these were 
found inadequate in the original design. 

Provision 2—The Test Procedure 

Originally, the test procedure required a 
short drying-off period of the test sample 
after humidity exposure and before ap¬ 
plying the dielectric tests. This is in 
agreement with manufacturers’ recom¬ 
mendations that ventilated dry-type 
transformers, after idle periods under 
humid atmospheric conditions, should be 
subjected to a drying-off operation before 
being energized. However, this provision 
met with some objections from the mem¬ 
bers of the Working Group on the ground 
that this recommendation frequently can¬ 
not be followed. Furthermore, tests on 
models built with insulation under 

this provision resulted in no dielectric 
failures of insulation (either major, turn, 
or layer) even after a severe physical de¬ 
terioration due to temperature exposure. 
This also proved to be true with trans¬ 
formers in service. For these reasons the 
requirement was changed to its present 
form. In this form, functionally, it prob¬ 
ably represents the most severe condi¬ 
tions encountered by this apparatus in 
service. 

Provision 3—Dielectric Test Voltage 

Originally, the dielectric test voltages 
required in the test code were specified at 
76% of the test voltages for new ap¬ 
paratus. This is in agreement with 
American Standards Association recom¬ 
mendations for dielectric acceptance 
tests on transformers prior to service.® 
Upon a more mature consideration of the 
matter by the Subgroup in the light of the 
functional requirements, and in view of 
the absence of failures in the trial tests 
made under the provision of the 75% di¬ 
electric test voltage, the use of the full 
100% test values was adopted. 

Provision 4— Definition of Failure 

This requires no comment. 

Provision 5—Extrapolation of the 

Life Versus Temperature Data 

Obtained in Test 

Admittedly, 4-year life expectancy 
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under continuous majdmum load and am¬ 
bient condition stipulated in the code has 
an element of arbitrary judgment in it. 
Adoption of this value was prompted by 
the need of such a bench mark in order to 
enable the test code to serve its ultimate 
objective, namely to provide a workable 
tool to determine the permissible hottest- 
spot operating temperature rise for this 
apparatus. Some justification for this 4- 
year bench mark was given in reference 5. 
Further justification for it may be found 
in the service record of ventilated dry-type 
transformers which covers a period of 20 
years. It has been pointed out, and it 
may be true, that the estabKshment of 
such a bench mark is outside of the scope 
of this test code, and that it should be a 
function of another standardizing group 
of the AIEE. However, the need for the 
definite bench mark in the form of a nor¬ 
mal life expectancy under the maximum 
test conditions cannot be denied if the 
functional test code is to serve its avowed 
ultimate purpose. 

In regard to the method of extrapola¬ 
tion of the test data to the normal life ex¬ 
pectancy point (e.g., 4 years’ life) the test 
code provides that this extrapolation be 
carried out where possible on the basis of 
the Arrhenius chemical reaction rate law^ 

& 


where 

<=raean life of samples at temperature T 
degrees absolute 
« = base of natural logarithms 
6=a constant, depending largely on the 
nature of insulating materials 
A*=a constant, depending on materials 
and the method of testing (insulation 
end point) 

Since equation 1 involves two con¬ 
stants, A and h, two sets of values of t and 
T will define the relationship completely. 
Thus when the total number of samples is 
divided into two groups and each group is 
tested at a temperature different from the 
other, two sets of values (jti, Ti) and (jk, 
Ti) will be obtained. Since these two 
points define the values of the two con¬ 
stants, any third pair of values (to, To) 
may be readily calculated by solving three 
simultaneous equations 

4 =^ 6 *’* 

Solving these for the extrapolated tem¬ 
perature To, corresponding to a desired 
life, such as 4 years 1,460 days), there 
results 


j- - (h/k) 

In (to/h) In (k/h) ' ' 

Ti To 

Equation 2 (which is the same as equa¬ 
tion 7(A) in the code) may be used for 
extrapolation. However, a simpler graph¬ 
ical method of extrapolation is made 
possible by co-ordinate paper currently 
coming into common use on which equa¬ 
tion 1 plots as a straight line.^ 

Present formulation of the test code 
considers two other cases of extrapolation 
of the test data, namely, when the value 
of b is known or may be assumed (e.g., 
b is closely equal to 11,500 for phenolics), 
and another more general case, when 
even the Arrhenius law (equation 1) may 
not be safely assumed (method 1, section 
7 of the Code). In this latter case several 
test points may be required (t versus T), 
and extrapolation, in general, cannot be 
safely carried out too far. However, 
three points will show whether or not the 
Arrhenius law is obeyed. Hence, method 
1 of the test code provides for the use of 
three groups of samples, aged at three dif¬ 
ferent temperatures. In all cases, extrap¬ 
olation must be based on the life data 
for the same component of the composite 
insulation structure. 

In its work on the development of the 
test code the Subgroup considered other 
environmental conditions in addition to 
thermal aging and humidity. Among 
these were the following factors. 

1. Vibration. When present, vibra¬ 
tion is a recognized environmental factor 
affecting the life of insulation. This fac¬ 
tor was considered by the Subgroup, and 
some experimental work was done in an 
attempt to evaluate it. This phase of the 
test work is being reported by one of the 
other co-operating laboratories. 

2. Short-Circuijt Mechanical Forces. 
This factor has been given serious con¬ 
sideration since it was realized that one of 
the essential functions of insulation is 
mechanical support. It was conceivable 
that the failure of the irsulation structure 
would result from mechanical rather riian 
dielectric weakening. Since short cir¬ 
cuits produce mechanical forces of a shock 
nature, a simple technique of shock ap¬ 
plication by dropping was developed for 
application on the 15-kv dry-type trans¬ 
former models. 

It was realized that the effect of shock 
may be twofold: it may produce a me¬ 
chanical displacementdue to the weakened 
^pport of the coils, or it may weaken the 
dielectric strength of the insulation sys¬ 
tem. The latter phase of the shock tests 
is reported in this paper. 


At the time of the last revision of the 
test code the Subgroup was of the opinion 
that the shock tests should not be in- 
duded in the test code routine pending 
further and more exhaustive study. Some 
of the test results reported here were ob¬ 
tained subsequent to this decision. 

3. Change in Power Factor With Aging. 
This factor was also given serious con¬ 
sideration by the Subgroup. Measure¬ 
ment of power factor was induded in 
many tests made by the co-operating lab¬ 
oratories; those made by the Westing- 
house Transformer Division are reported 
in this paper. The results of these and 
other tests prompted the Subgroup not 
to include power-factor variation as a 
criterion of failure, pending further study. 

Tests—Group 1 

All tests reported here were made on 15- 
kv dry-type transformer models, built 
substantially in accordance with section 
12 and Fig. 1 of the proposed test code,^ 
using dass-F materials. Two groups of 
tests were made. The first group was 
made during the summer of 1953, using 
four models, one of which was equipped 
with thermocouples for temperature moni¬ 
toring. Only a brief account of this group 
of tests will be given here. The tests 
were of an exploratory nature. The ob¬ 
ject of the tests was to give a trial run to 
the procedure and to the, criteria of fail¬ 
ure spedfied in the first version of the test 
code. The latter induded a drying-off 
period after the humidity exposure, and 
the use of 75% of test voltage applied to 
new transformers. The 100% test volt¬ 
ages were: major insulation, 31 kv; sec¬ 
tion to section, 7 kv; low-voltage (LV) 
layer insulation, 1.2 kv; and HV turn- 
to-tum insulation, 800 volts; all voltages 
rms, applied for 1 minute. Mechanical 
shock or vibration tests were not induded. 

The results of this first group of tests 
are briefly summarized: 

1. With adequate instrumentation, the 
method of temperature and humidity 
control given in the code was found work¬ 
able. Experience gained in these tests 
and in those run by the other co-c^erating 
laboratories led to the formulation of the 
Appendix to the test code. 

2. It was found that when the models 
were heated by electric current and were 
freely exposed to room air, the high-low 
barrier temperature did not attain a value 
representative of actual transformers, as 
provided for in the test code. This diffi¬ 
culty was^ overcome by endosing the . 
models individually in a wrap of aluminum 
foil. This accomplished two objectives. 
First, it produced a more uniform tempera¬ 
ture distribution in each model, dosdy 
representing that obtained in actual trans- 
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Fig. 1. Four models on heating cycle 


formers. Second, it thermally isolated 
from each other the several models which 
were simultaneously on test, thus promot¬ 
ing the equality of temperatures of the 
different models. Fig. 1 shows the four 
models on test. The procedure of wrapping 
the models in aluminum foil was found 
satisfactory and was used on all subsequent 
tests. However, for future tests it is 
suggested that rectangular bell covers, 
closed tight at the top and open at the 
bottom, may be preferable from the point 
of view of convenience and consistency of 
results. 

3. There were no failures under the condi¬ 
tions of these tests even after a severe 
deterioration of insulation caused by 
temperature exposure. 

Results of these tests, and those by the 
other co-operating laboratories, served as 
a basis for revisions of the test code pro¬ 


cedure, bringing it to its present form. 

Tests—Group 2 

The second group of tests was made fol¬ 
lowing the provisions of the revised test 
code. The test voltages used were 100% 
values as indicated in the foregoing. In 
agreement with the broader scope of these 
tests, the procedure included a shock test 
on some of the models. The objectives 
of these tests were: 

1. To test the provisions of the revised 
code. 

2. To determine if the shock test is capable 
of detecting mechanical weakening of 
insulation. 

3. To determine if mechanical shock will 
promote the dielectric failure of aged 
insulation. 


4. To obtain further data on the variation 
of power factor to see if this could be used 
as a criterion of failure. 

6. To determine if the test code procedure 
is adequate to detect differences in the 
materials used in the models. 

Accordingly, eight 16-kv class models 
were built per Fig. 1 of the test code,^ 
some of them with slight modifications, as 
follows: Models 4, 6, 6, 7, and 8 of identi¬ 
cal design, per Fig. 1 of the test code, with 
class-3 materials, tested as one group, 
using model 8 for temperature monitoring 
only. Models 11, 12, and 13 of design 
identical with Fig. 1 of the test code ex¬ 
cept with a high-low barrier made of dif¬ 
ferent material. Model 13 was used for 
temperatmre monitoring only. 

Electrical clearances were identical in 
all eight models. The test procedure 
used in testing models 6 and 7 was that 
given in the present edition of the code. 
The test procedure used for models 4, 6, 
11, and 12 was also the same except that 
shock tests were included. In all cases 
power-factor measurements were made 
during each test cycle, as follows: 

1. HV coil to LV and ground. 

2. LV coil to HV and ground. 

3. Turn to turn, HV winding (between 
two strands, all sections in parallel). 

4. Layer to layer, LV winding. 

The shock test, per test cycle, con¬ 
sisted of dropping the models fom times 
from a height of 20 inches on a steel disk 
mounted on a concrete floor slab, using a 
brass pellet at the point of impact to give 
a controlled cushioning of the shock. The 
sequence of the test cycle, including the 
shock test, was as follows: 

1. Temperature exposure, 3 days at 260 
degrees centigrade hot spot. This tem¬ 
perature is intentionally higher than that 
suggested in the test code for group-2 
apparatus because of the limitation in the 
time available for tests. The expected 
average time to failure for group-2 trans¬ 
formers was about 2 test cycles. 

2. Cooling, followed by shock test, where 
applicable. 

3. Dielectric tests at 100% test voltage 
in dry conditions. 

4. Humidity exposure at 90 to 95% 
relative humidity for 24 hours. At the 
beginning of this series of tests, humidity 
was not controlled with desirable accuracy 
and was at times allowed to exceed these 
limits. It is Suspected that this factor 
accounts for the dispersion in the power- 
factor measurements, and, possibly, is 
responsible for some of the earlier didectric 
failures. The situation was corrected by 
the use of a humidity enclosure made of 
material impervious to water vapor, with 
an open tray of saturated solution of 
sodium sulphate covering the bottom 
surface, and a motor-driven air circulator. 


Table I. Representative Record of Temperature During Aging Period 

Temperature In Degrees Centigrade Duration of Heat Exposure is 3 Drops per Cycle 


Heat 




Thermocouples 




Cycle 









HV 

HVB 

LV 

4 

5 

6 

7 

8 

Humber 

1...... 

...261... 

_254_ 

. ...263 






2. 

...268... 

_243. .. . 

...262... 

_248_ 

....232. 

.239_ 

-230. ... 

....232 

3. 

...260... 

_240_ 

...260... 

.260.... 

....243. 

.228_ 

-221_ 

....232 

4. 

...267... 

....243.... 

...267... 

_240_ 

. ...221. 

.239_ 

_232.... 

....229 

.5. 

...268... 

_244_ 

...260... 

_228_ 

. ...224.___ 

.233.... 


....238 

6..... . 

.. .262... 

....243.... 

...262... 

-243_ 

....243. 

.235.... 

-2.35_ 

. ...242 

7. 

...267... 

....239.... 

...255... 

.... (discontinued). 

,243_ 

_246.... 

....236 



Models 4, 6, 6, 7, 

and 8 heated simultaneously 




Heat 




Thermocouples 




Cycle 









HV 

HVB 

LV 

LVB 

11 

12 

13 


Humber 

1. 

..260.... 

_225_ 

...252... 

-235.... 

....234. 

.223 



2 . 

..260.... 

_221_ 

...250... 

_234_ 

...248. 

.232 



3. 

..260.... 

....224.... 

...252... 

. ...234_ 

...243. 

.228_ 

_228 


4. 

..260.... 

_221.... 

...260... 

....232.... 

...224. 

,211_ 

_225 


5. 

..266.... 

_216_ 

...260... 

...232.... 

...243. 

:239.... 

....239 


6. 

...264.... 

_224_ 

...260... 

....243.... 

...243. 

.235_ 

. ...250 




Models 11, 12, and 13 heated simultaneously 





HV: HV coil, hottest spot. 

I,V: LV coil, hottest spot. 

HVB: High-low barrier, hottest spot. 
l^VB: LV coil winding tube, hottest spot. 

4 to 13: Temperature monitor thermocouple inserted between second and third sections from top of HV 
coil in models 4 to 13 respectively. 
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Table II. Power Factor, Per Cent, in Humid 
Condition 


Table III. Record of Failures on Dielectric Tests 

Temperatures in Degrees Centigrade Duration of Heat Exposure Is 3 Days per Cycle 


High 
to Low 
and 

Cycle Ground 


Prelim. *. 
1 . ... 


HV Turn 
to Turn, 
All 

Sections in 
Parallel 


Prelim.t., 

1. 

2 . 

3 . 

4 . 


Prelim.*.. 
1 


I. 



Model No. 

4 


30 

... 31.0 

.. 18.5. 

.. 22.1 

4 0 

... 1(>.5. 

.. 13.8. 

7.7 

9.2 

... 17..5. 

..>00 . 

.. 32.8 

8.7 

... 19.5. 

..>00 . 

. .>00 

•1.5 

... 10.0. 

..>00 . 

.. 42.8 

7.4 

... 12.7. 

. . >00 . 

. .>60 

Test discontinued 



Model No 

.5 


1.5.8 

... 24.8. 

. . 15.5. 

.. 17.7 

7.0 

... 17.3. 

. . 30 . 

8.9 

8.3 

... 18.2. 

..>00 . 

. 30.4 

11.8 

... 23.0. 

..>00 . 

. 39.0 

4.8 

... 14.0. 

..>60 . 

. 30.4 

0.8 

... 10.2. 

. >00 . 

• >00 

Test discontinued 



Model No. 

6 


16.2 

. .. 26.5. 

. 22 .. 

. 13.1 

9.4 

. . 22.2. 

.>00 .. 

. 30.0 

8.6 

.. 19.0. 

. >00 . . 

, 37.4 

4.1 

.. 11.3.. 

. 45.8.. 

. 30.3 

6.2 

.. 13.0.. 

.>60 .. 

. 32.3 

3.1 

.. 11.2.. 

.>00 .. 

. 28.8 

3.75 

.. 12.8.. 

.>00 .. 

. 30.3 


Model No. 

7 


18.7 

.. 28 .. 

. 19 .. 

13.4 

(i.o . 

.. 21 .. 

. 12.0.. 

6.4 

9.4. 

.. 18.4.. 

. 19.4.. 

>60 

9.7 . 

. . 18 .. 

.>00 .. 

>60 

2.82. 

.. 12.7.. 

.>00 .. 

30 

4.9 . 

.. 11.4.. 

.>00 .. 

27.4 

4.5 . 

.. 10.0.. 

. >00 .. 

31.3 

4.7 . 

.. 11.8.. 

.>00 .. 

30.75 


Major Insulation Test, 31 Kv RMS 
Failed 


4.yes.after 5th heat cycle, in dry condition. 4'/s c.vfles 

3.yes.after 6th heat cycle, in dry condition. •P/# cycles 

6 .no.withstood 7 cycles. Te.st is continued.>7 cycles 

7 .no.withstood 7 cycles. Test is continued.>7 cycles 

11 .yes.withstood 6 cycles. Test is continued.> fl cycle*. 

12 .yes.withstood 6 cycles. Test is continued.><i cycles 

Turn Insulation Test, 800 Volts RMS 

Codel Shock Top Two Sections Middle Two Sections Bottom Two Sections Life 

^..after 3rd humidity.no failure, 0 cycles.after 4th humidity. 2'/9 cycles 

®.y®®.after 5th, dry.after 5th, dry.no failure, (> cycles. d'/a cycles 

”..failure, 7 cycles.no failure, 7 cycles.no failure, 7 cycles.>7 cycler* 

,.."I®*" 2nd humidity.no failure, 7 cycles.no failure, 7 cycles. J '/a cycles 

11 .y®*.after 2nd humidity.after 2nd humidity.after .3rd humidity. I'/a cvcle.s 

12 .y*s.after 2nd, dry.after 2nd humidity.after .'itli, dry. I '/a cyirlcs 


Prelim. J. .>co 


Prelim.... 
1 . 


Model No. 11 
8 .,. 82.4... 12.1. 

...>60 ... 27.0. 

T ... 25.3... 14.8. 
2 ... 43.0...>00 .. 
0 ... 30.5...>60 ., 
1 . .. 18.0., .>00 .. 
S ... 20.0. . .>60 .. 
Test Is continued 

Model No. 12 


Test is continued 


* Measu^ after 3 days at high humidity, 
t M®«u^ after 2 days at high humidity. 
. Measured after 6 days at high humidity. 


This arrangement automaticaUy main¬ 
tained a constant humidity of about 93% 
at room temperature, as indicated by the 
wet and dry ^Ib thermometers. 

5. Didectric tests in humid conditions 
ra^e immediately after removing each 
rn^el from the humidity chamber, in the 
following order: major insulation, 31 Jcv 
nns; ^tion to section, 7 kv rms: turn 
insulation, 800 volts rms; and layer 
insulation, 1.200 volts rms. 

Power-factor and capacitance measure- 

ShTl ^ »^dio Se 

measurements were 
^Pleted wthin 20 minutes after remoS 
of each model from the humidity chamb^ 

^is tes^de was repeated in the same 
order Pnm- to the first heating cyde a 
complete schedule of tests was^given to 


P'ou ... au.u . * 1 - 

>00 ... 37.4 each modd in unaged condition. The 

>60 ;: S.l ^ given in Tables I, 

>00 !.*. 28.8 II, and III, 

>00 ... 30.3 Table I gives representative values of 
19 ... 13.4 ^0 temperatures recorded during the 

19 4 >60 ^ ^o^tiog periods. Table II gives varia- 

>00 ...>60 ^on of power factor of various com- 

>m 27.4 Ponents with aging. Commenting on 

>»io ’. 1 ! 31 ! 3 this table, there seems to be no significant 

>00 ... 30.75 change in the power factor at the time of 

12.1... 3.0 fs-ilure. In view of this it does not appear 

27 . 0 ... 30.0 possible to use power-factor measurement 

►00 ^.'.'.'>00 ^ ^ ^ criterion of failure. Nevertheless, in 

►S ■' ■ JSo writer’s opinion, further study of the 

'60 .’.■■>00 power-factor variation with aging is de- 

1 sirable, particularly under more ac- 

13 ... 4 0 curately controUed humidity conditions, 

*>4 8 ^ larger number of samples to 

34 . 4 ... 43 . . 5 !.. >00 obtain better statistical representation. 

u: 2::.>S2 " t'lS ^ Pf failures on 

dielectric tests. The following com- 

——-- ments may be made on the data given in 

humidity. 1 

1. There were no failures of the LV layer I 
msulaUon nor of the section-to-section 
msulation for the 7 cydes of tests. 

ticaUy main- 2. The average life of the major insulation 
3f aWt 93% is shojm by these tests to be longer than 1 
icated by the the life of the turn insulation. Since the 

rs. for the major insulation t^t ! 

d conditions, ^ ^ minute) are fixed by the 

moving each ^l*°se for the turn 

unber, in the ® 1 minute) are a c 

iation, 31 kv “^ftter of judgment, the question naturaUy 
^ nns; turn whe^er or not this estimated re- 

a revised « 

ifter removal Life of nkteriairi df2, 
itychembee. “ 

in the same ^ ^ rms. 

“8 Tde, a 4 „?s2S5lS ?' “■ « 

-giveato ideadce,.S"e^“t“n.?,:ti“.o S 

Nariut-Uf. Te^ ofDry-Type Transformer IrssnhHon 


the shock, it appears that the application 
of shock .shortens the life of the iiiKulation. 
Thus, on major insulation, the .shix'ktnl 
models 4 and 5 failed both in the Oth lent 
cycle, whereas models 0 and 7 t'onliniie 
beyond the 7th cycle. Similarly, on turn 
insulation, there is evidence of redueisl 
insulation life on models .subjectetl to me¬ 
chanical shock. It appears prenialnre as 
yet to recommend inclasion of the shtx'k 
tests as a part of the test code jirimartly 
because of the difficulty of .specifying what 
the shock requirements should he. 

It must be pointed out that the severily 
of the shock impact used in these te.Hrs 
was quite great, and was measured in 
terms of several hundred g. At the end of 
5 test cycles, models subjected to .shwk 
had several of the porcelain radial spacers 
cracked or broken, although they <lid not 
show any other signs of mechanical weak¬ 
ness. 

4. Although the tests on models 11 and 
13 have not yet been carried fur enough 
to have failures of the major insulation, 
the results up to date show a distinctly 
different life performance of major insula¬ 
tion barriers used in these models as com¬ 
pared to those used in models 4 and 15. 
Both pairs of models were subjected to the 
sme test routine, including the mechanical 
sho^. Yet models 11 and 12 continued 
M while models 4 and !> 

had failed during their 6th cycle. Con- 
consistency of the te.st result.s, 
this difference appears to be .significant. 

Summary 

i-’ iJS*® determine the prac¬ 

ticability of the test procedure and of the 
the proposed test code. 
These tests, along with other tests made by 

‘h--- 

2. The results show that the test pro¬ 
cedure given in the test code is practical. 

3. Obse^ed life of the test samples (16-kv 

insulating materials) 
agreed with the expected life of grouo-2 
apparatus well within the limits of die ac¬ 
curacy of tests. 
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4. Based on the test data available to date, 
the test procedure given in the code appears 
capable of clear differentiation between 
insulation structures built of different 
materials. 

6. Tests show that mechanical shock 
may be an important factor in determining 
the life of dry-type transformers. 

6. To establish this test code as an in¬ 
dustry standard, additional tests are 
required on a sufficiently large number of 
samples to permit statistical analysis of 
the data. The tests should include at 
least ten samples aged at each of three 


Discussion 

H. B. Harms (General Electric Company, 
Fort Wayne, Ind.): Dr. Narbut’s paper is 
a well-documented and worthwhile con¬ 
tribution to the record of a struggle to 
evolve a useful insulation test code for 
ventilated dry-type power transformers. 
It is very evident that it is intended that 
this test code will have been written with 
a firm background of experience. 

There are four items mentioned in the 
paper and the references that we would 
like to re-eraphasize: 

1. So far, experience seems to have 
been centered about one transformer model 
and voltage class. There is no doubt that 
some or all of this experience can be used 
for other models. None the less, it must 
be expected that certain time delaying 
and discouraging technical difficulties will 
be encountered with them. Testing insula¬ 
tion systems by the use of models is not 
at all straightforward and must be done 
with much thought and care. 

2. It is important to use an adequate 
number of test samples to predict insulation 
behavior with confidence. We feel Dr. 
Narbut was justified in making the con¬ 
clusions he did, however, from the data 
he obtained from his limited sampling. 

3. Test aging temperatures used in the 
paper and recommended in the test code 
seem to be unusually high. It is appre¬ 
ciated that these would be necessary if 
the Arrhenius law were strictly followed. 
But it is known that certain insulations 
have critical temperatures above which 
they deteriorate instantaneously and, in 
general, factors that influence degradation 
at- high temperature are different from 
those influencing degradation at low tem¬ 
peratures. Preoccupation with getting data 
quickly can lead to a condition of dangerous 
extrapolation or interpretation. 

The paper makes no mention of the 
insulating materials used in the models. 
Since the application is intended to be 
]>Tational Electrical Manufacturers Associa¬ 
tion Group 2, it must be assumed that 
they contained a substantial amount of 
organic binding substances which at 260 C 
must have been quickly dissipated. If 
the inorganic part of the insulation was 
mica, asbestos, fiberglass, or combinations 
of these, then at 260 C they should not 
have deteriorated other than to have 
become fragile to mechanical forces (be¬ 
cause of the disappearance of the organic 
binders). They should have maintained 


different temperatures. The results of 
these tests must be correlated with available 
field experience. 

References 

1. Thb Philosophy of Simulated Testing, 
S. A. Gordon. ASTM Bulletin, American Society 
for Testing Materials, Philadelphia, Pa., Oct. 1963. 
p. 27. 

2. Functional Evaluation op Motor Insula¬ 
tion Systems. G. A. Cypher, R. Harrington. 
AIEE Transactions, vol. 71, pt. Ill, Jan. 1962, 
pp. 261-^63. 

3. Functional Temperature Endurance Tests 
on a Silicone Glass Fiber Insulation System 

--- 4 - 

their original electrical characteristics. 
It is deduced from this that the primary 
cause of failure was not electrical, but, 
instead, was due to a mechanical dis¬ 
placement, water absorption (in the case 
of failures after humidity), etc., and really 
had nothing at all to do with chemical 
changes in the insulation. In service these 
forces result from short-circuit conditions, 
thermal stresses, and from lightning and 
switching surges. A large percentage of 
transformer failures are attributable to 
these. So, in this case, extrapolation 
would appear to be “dangerously” con¬ 
servative. 

Without the benefit of a binder, which 
would be present indefinitely at the 160 C 
normal operating temperature, the trans¬ 
former models probably failed prematurely. 
If this reasoning is correct then it seems 
logical that 100% test voltages would have 
to be u.sed as recommended in the test code 
to get failures in a reasonable length of 
testing time. After the organic binders 
have been burned away it makes no differ¬ 
ence what aging temperature is used. A 
more realistic representation of the test 
data would be a plot of ageing time versus 
number of times vibrated, shocked, or some 
other controllable meiffianical variable. 
Inorganic materials have indefinite en¬ 
durance in the temperature ranges covered 
by the test code. Although in general 
they have a lower dielectric breakdown 
strength at the higher temperatures, this 
phenomenon is not a function of time. 
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4. To get any sensible idea of trans¬ 
former life, the test voltages should bear 
some resemblance to the ones encountered 
in service. For designs in the 16-kv class, 
lightning and switching surges may well 
be the major factors; for electronic trans¬ 
formers, for another example, "working 
voltages” are normally well enough known 
to be used as base points. Once these 
“service” voltages are determined, it would 
seem logical to obtain test Cycle voltages 
by scaling up all the basic voltages pretty 
much in the same proportion. To do 
otherwise (e.g., arbitrarily adjusting the 
turn insulation test voltage from 800 to 
500 volts according to the recommendation 
of the AIEE Working Group on Life of 
Materials) would penalize a balanced 
design that planned to withstand them all 
for approximately the same length of time. 
To do otherwise also indicates a tendency to 
adjust test voltages to vindicate a specific 
design by failng components simultaneously. 

Whether the test cycle voltages are 
applied by 60-cycle HV equipment, by 
surge tester, or by overvoltage induce 
methods, it would appear proper to base 
them all on the operating conditions (or 
industry standards that are supposed to 
represent these conditions) just as the 
designer bases his calculations on these 
conditions. 

Paul Narbut: I am taking this opportu¬ 
nity to submit additional information on the 
results of the second series of tests, which 


Table IV. Record of Failures (Additional Information) 


Aging at 260 C Hottest Spot, 3 Days Per Heat Cycle 





Major Insulation Test, 31 Kv RMS 



Model 









— 


Condition 


Numbers 


Material 

Shock 

When Failed 

Life, Cycles 

4 


P 


Yes 

Dry 

41/2 

5. 


.. .P., 


... Ves. 



6. 


...P.. 


.. .No. 


.gl'/s 

7. 


.. .P.. 


.. .No. 


7«/<> 

11..... 


...Q., 


... Yes. 


.9 1 /« 

12. 


.. .Q., 




.. .. 9i/o 




Turn Insulation Test, 800 Volts RMS 





Number of Cycles to Failure and Condition When Failed 


Model 

Shock 


Top Section 

Middle Section 

Bottom Section 

Life, Cycles 

4. 

.Yes.. 


.. .3, humid.... 



.2>A 

5. 

.Yes.. 


.. .6, dry. 



.4 Vs 

6. 



.. .9, humid_ 



.8 Vs 

7. 

.No.., 


.. .2, humid.... 



.IVs 

11. 

.Yes.. 


.. .2, humid.... 



.IVs 

12 . 



.. .2, dry. 



.IVs 
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were not completed at the time of the 
writing of the paper, but which now are 
completed. The results of these tests are 
summarized in Table IV. 

The top section of Table I gives the life 
of the models at the test temperature as 
determined by failure of the major insula¬ 
tion. The bottom section represents the 
life as determined by the failure of the turn 
insulation. There were no failures of the 
layer insulation, nor of the section insula¬ 
tion. Thus, according to Mr. Harms, the 
desi^ was not balanced. No serious 
consideration was given, however, to the 
possibility of making the tests on these 
components more severe, since they ap¬ 
peared adequate in the light of the functional 
test requirements. 

Examinations of the first part of the 
table leads one to the following conclusions, 
which may be somewhat tempered by the 
recognition that only very few samples 
were tested under identical conditions. 

1. Inclusion of a mechanical shock 
resulted in a shorter life of the samples. 

2. Use of different materials for the 
high-low insulating barrier resulted in a 
markedly different life of the samples. For 
Mr. Harm’s information, the material used 
for the barrier tube of models 4 to 7, 
inclusive, was paper-phenolic laminate. 
That used in models 11 and 12 was glass 
cloth bonded with polyester-type resin. 
In reporting the test results, no emphasis 


was placed on the actual materials used in 
the construction of the test samples. This 
was partly because the primary object of 
the test was the Test Code itself and not a 
specific insulation system. 

Commenting on Mr. Harm’s remarks, 
I wish to take a mild issue with the state¬ 
ment that "testing of insulation systems 
by the use of models is not at all straight¬ 
forward, and must be done with much 
thought and care.’’ To be sure, it would 
be v^ desirable to develop a reliable 
and significant test of insulation systems 
that would be both "straightforward,’’ and 
would require only little "thought and 
care.’’ Anyone who knows of such a 
bonanza should speak- out. In my opinion, 
the most straightforward sample for a 
functional test is a complete unit of appara¬ 
tus from production line, which seems to 
be entirely feasible for small transformers, 
but not so for large power units. The 
next best is a model. It does require 
thought to specify it correctly. However, 
the tests made to date indicate that the 
use of models is promising. Of course, 
we should be careful not to close the door 
for a better approach, if siich is proposed. 

The idea iJiat the failure of insulation 
may be due to mechanical weakening 
rather than electrical is entirely valid. 
The Subgroup made an effort to use me¬ 
chanical failure of insulation as the end 
point. However, so far this venture was 


not crowned with success, as r^orted 
in this and related papers. Regardless of 
the foregoing, the mechanical weakening 
of the insulation must be a result of the 
^mical changes caused by thermal aging, 
if it is to be used as an end point of insula¬ 
tion life. Hence, it should be related to 
the duration and degree of temperature 
exposure, rather than to the number of 
mechanical shock or vibrations, as sug¬ 
gested by Mr. Harms. 

In regard to the test voltage, Mr. Harms 
apparently does not realize that in power 
transfomers 600-volt RMS test for turn 
insulation is some 30 times its normal 
operating voltage, whereas 31 kv for major 
insulation is only twice the operating 
yoltagfe. The 600-volt test is specified to 
insure that the insulation has adequate 
strength to meet surge voltage conditions. 
Since there is no industry standard for the 
turn insulation test, its value is based on 
the best appraisal of service conditions. 
The 600-voIt value may yet be changed if 
an adequate evidence justifying such a 
change is submitted. 

Regarding other of Mr. Harm’s remarks, 

I feel that they are adequately dealt with 
in the paper and in the Test Code itself, 
and therefore, require no further comments. 
This is particularly so because I feel that 
there is no basic difference between Mr, 
Harm’s and my point of view on the basic 
philosophy of functional tests. 
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Herein is a description of the recording 
means together with data derived through 
transient measurement of the field asso¬ 
ciated with several experimental struc¬ 
tures built during the development of a 
7.2- to 13.8-kv circuit breaker. 

Background 


I N RECENT years the increase in 
severity of the interrupting duty im¬ 
posed on magnetic air circuit breakers 
has emphasized the usefulness of exact 
knowledge of magnetic phenomena during 
interruption. 

This paper is concerned in particular 
with the transient magnetic field asso¬ 
ciated with the blowout structures em¬ 
ployed in inagnetic air interrupters whose 
voltage ratings are in excess of 2,300 volts. 

A study was made to develop means for 
precise flux measurement and oscillo¬ 
graphic recording of field strength, sat¬ 
uration effects, flux distribution, and 
phase angle. It was essential that each 
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oscillogram contain an instantaneous rec¬ 
ord of the magnetic field excited in re¬ 
sponse to an associated transient short- 
circuit current. A basic objective was to 
provide direct-reading traces requiring 
no fiuther graphical or mathematical 
analysis. 

The importance of instantaneous cur¬ 
rent and field records will be recognized 
by circuit-breaker designers as a key to 
the problem of isolating the magnetic field 
variable to achieve optimum interrupter 
performance. To the user of metal-dad 
switchgear, the procedure of this study 
may be of interest particularly if, as in the 
past, the application of power air circuit 
breakers is extended to higher ratings and 
consequent heavier duty. There may be 
assurance to the user of new structmes 
that successful tests and reliable perform¬ 
ance are both foreseeable because of ac¬ 
curate knowledge with which design prob¬ 
lems are approached. 


A basic process of arc extinction in pres¬ 
ent practice requires the development of 
high arc resistance as an effect of cooling 
and elongation within the interrupter. 
To achieve efficient interruption, the de¬ 
signer must utilize the arc-movement 
caused by the interaction of two magnetic 
fields; the field surrounding the arc cur¬ 
rent filament and the associated field in 
whidi the arc is drawn. Direction and 
vdodty of the arc movement are result¬ 
ants of the fotu: fundamental characteris¬ 
tics of the assodated field already named : 
strength, saturation, distribution, and 
phase angle. ' 

Principles of Measurement 
and Recording 

A conventional method of acquiring 
data for these essential characteristics 
employs a calibrated search coil, the out¬ 
put voltage of which must be integrated 
either dectrically or graphically to yidd 
a field in accordance with the expression 
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108 r* 

——J edi+C 
where 

0=flux, maxweUs 

e “induced voltage per turn 

iV“ number of turns linking the entire flux 

/“time, seconds 

C“ constant of integration 

This method, although generally reliable, 
entails considerable manipulation to as¬ 
certain proper calibrations and to inter¬ 
pret data. 

Unique properties of the element bis¬ 
muth provide two other methods ap¬ 
plicable for transient measurements. 
They are reported as the Gauss effect and 
the Hall effect.*>8 The use of bismuth 
avoids the time-consuming integration in¬ 
herent with search-coil procedures, since 
output voltage need only be amplified to 
provide sufficient power to drive the gal¬ 
vanometer in the magnetic oscillograph. 

The Gauss effect depends on the pro¬ 
portional change in resistance of a unit 
length of bismuth when the length is 
placed in a varying magnetic field. How¬ 
ever, because of bismuth’s high tempera¬ 
ture coefficient of resistance, use of the 
Gauss effect requires that special pro¬ 
visions for temperature change compensa¬ 
tion be incorporated. 8 

The Hall effect depends on the develop¬ 
ment of a slight potential difference be¬ 
tween the surfaces of a bismuth strip con-» 
taining a current when placed in a mag¬ 
netic field, the lines of which are perpen¬ 
dicular to its plane. This potential dif¬ 
ference, which is generally proportional to 
the magnitude of the transient field, ex¬ 
cept at low density values, is fed into a 
bridge circuit driven by a 2,000-cycle-per- 
second voltage source. The detected out¬ 
put voltage, when properly amplified, ap¬ 
pears on a magnetic oscillogram as an 
amplitude-modulated wave, the envelope 
of which is representative of the magnetic 
field under investigation. 

The Hall effect was selected for this 
study because fluxmeters employing this 
effect with necessary bismuth probes, 
temperature-compensated bridges and 
amplifiers were commercially available. 
Slight modification of commercial instru¬ 
ments makes them applicable for tran¬ 
sient measurement. The components of 
the system are identified in the equipment 
diagram. Fig. 1. 

Measurement Accuracy 

I*rior to measuring transient fields 
excited by various experiment^ blowout 
structures, the reliability of selected 
equipment was carefully appraised. The 
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appraisal consisted of measuring and re¬ 
cording the transient magnetic field ex¬ 
cited by a specially designed double Helm¬ 
holtz coil, the field of which is calculable 
to a theoretical acciuacy of ±0.1 per 
cent.®'® From a practical standpoint, the 
measurement system proved to contain a 
maximum error of ±5 per cent and a 
maximimi phase shift of not over 5 de¬ 
grees. This is shown in Fig. 2 on the 
following page. 

Apparatus and Test Procedure 

The test procedure consists of placing 
the probe in the air gap of a given struc¬ 
ture and passing currents of short-circuit 
magnitude through the exciting coil or 
coils. An oscillogram is taken, simul¬ 
taneously recording coil current and the 
magnetic field at a point in the air gap. 
Figs. 3, 4, and 5 indicate t3rpical oscillo¬ 
grams. From these, each one of which is 
taken at the same relative spatial point 
in different structures, flux magnitude, 
phase angle between flux and exciting cur¬ 
rent and quantitative effects due to sat¬ 
uration of portions of the magnetic cir¬ 
cuit may be determined. The S3m- 
chronizing switch, shown in Fig. 1, is em¬ 
ployed to control the degree of offset of 
the exciting currents in order that identi¬ 
cal fields may be recorded by repetitive 
tests at different locations within the 
structxure for the purpose of obtaining 
data describing field distribution through¬ 
out the interrupter. 

Various forms of magnetic circuits were 
devised and tested. The results obtained 
are reported here. 


Field Characteristics 

The field strength characteristic is read 
directly from the envelope of the flux 
curve. The force per unit length of arc 
is a function of both magnitude of cur¬ 
rent and field intensity in the air gap; 
Arc travel through the chute is restricted 
and retarded by the interrupter plate ma¬ 
terial, spacing, chute vents, presence of 
static gases occupying the space through 
which the arc must travel, pressures due 
to thermal expansion of gases, etc. It is 
evident that sufficient force must be 
created to move both the arc and the 
ionized gas products of arcing through 
the arcing chamber irrespective of the 
foregoing restrictions. 

The saturation characteristic is im¬ 
portant in relation to field strength since 
the force per unit length of arc is reduced 
approximately to a direct proportionality 
with the arc current, once saturation has 
been reached. 

As may be seen in Fig, 6, the magnetic 
field in the air gap. Fig. 1, undergoes sat¬ 
uration because of a sattirated condition 
existing in the core and related parts of 
the structure. Bearing this point in 
mind, it is evident that adding turns to 
the blowout coil or coUs lowers the value 
of exciting current required to produce 
the maximum field value. This condi¬ 
tion is useful in obtaining optimmn inter¬ 
rupting performance on currents within 
the normal continuous current rating of u 
circuit breaker, while additionally pro¬ 
tecting the breaker from failure due to ex¬ 
cessive blowout forces experienced during 
periods of maximum interrupting duty. 



Fig. 1. Equipment diagram for flux measurement 
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Fig. 2. Oscillogram used in the determination 
of instrumentation reliability 


Timing 
Line No. 

Peak 

Amperes 

Theoret¬ 

ical 

Field,* 

Gausses 

Measured 

Field, 

Gausses 

Error, 

Per Centt 

1 

67.2 

374 

380 

-f-1.6 

2 

14.6 

81 

79 

-2.8 

3 

88.5 

493 

511 

+3.7 

4 

35.9 

200 

207 

+3.5 


♦The theoretical field density fi«5.56, U sausses. 

tThe Aeoretical field was used as a standard In calcu¬ 
lating the percent error. 


The number of additional turns is limited ampere- 
because the action of arc transfer, which magnitu 
energizes blowout coils, is impeded by an cal diffe 
increase in reactive voltage drop. which is 

The distribution of flux has been a diffi- The < 
cult design factor particularly for large characte: 
arc chutes used in higher voltage magpaetic shown b 

air circuit breakers. Uniform distribu- are pres( 

tion is desirable in assuring that no portion allow di: 

of a chute be subjected to a dispropor- portions 
tionate share of the effects of arc voltage. field S3m] 
The phase angle between the flux and The tw 
the arc current determines the direction emphasiz 
in which the arc is driven. To assure interleavi 
direction , of arc movement away from otherwise 
circuit-breaker contacts, it is desirable worthy tl 

that the flux and current experience re- these cur 

versa!, simultaneously. As an example, is Fig. 5) 

Fig. 5 illustrates a field which lags the ex- only in th 

citing current by 63 degrees. The un- structure 

desirable result of this condition would be jointed t( 

that of driving an uninterrupted arc have indi( 

toward the contacts for 53 degrees of the function c 

succeeding half-cycle, thereby prolonging teresis ed 

the interrupting process. struction 

Fig. 3. ^cillogram showing magnetic field wave form and 
phase relationship for a horizontally laminated closed 
magnetic structure 


Comparative Field Characteristics 

Of many structures tested, the charac¬ 
teristics of four are review'ed to identify 
certain interesting magnetic effects of 
construction differences. The four struc¬ 
tures, illustrated diagrammatically as A, 
B, C, and D in Fig. 7, are comparable in 
that each assembly fits an interrupter 
whose arc runners are the same distance 
apart, the air gap width is the same, and 
all cores are of silicon transformer steel 
of equal cross-sectional area. Exciting 
ampere-turns are of the same order of 
magnitude. The structures have physi¬ 
cal differences, the most important of 
which is the plane of lamination. 

The distribution and field strength 
characteristics of the four structures are 
shown by the curves of Fig. 7. Fields 
are presented as per-unit quantities to 
allow direct comparisons. The dashed 
portions of the curves represent projected 
field S3nnmetry. 

The two curves derived for structure A 
emphasize the field effect of horizontally 
interleaved and vertical laminations in 
otherwise identical assemblies. It is note¬ 
worthy that the oscillograms from which 
these ctirves are obtained (one of which 
is Fig. 5) reveal an extreme phase shift 
only in the case of the vertically laminated 
structure whose pole pieces are butt- 
jointed to the cores. Subsequent tests 
have indicated that the phase shift is a 
function of the losses attributable to hys¬ 
teresis, eddy current, and the joint con¬ 
struction associated with a given struc¬ 


ture.'^ The phase angle is large in a ver¬ 
tically laminated structure, as would be 
expected, principally because of high 
losses incurred from eddy currents. Lines 
of flux entering and leaving the pole pieces 
perpendicularly have associated eddy cur¬ 
rents whose paths are uninterrupted by 
laminating surfaces. 

Two horizontally laminated structures, 
A and B, are identical except that B is 
divided into two halves and A is solidly 
closed. The advantages of the closed 
magnetic structure A are increased aver¬ 
age magnetic strength and elimination of 
steep droop in the vicinity of the space 
between the halves of structure B. 

Structure C, also horizontally laminated, 
is of single-coil, open-end design. As 
expected, leakage losses from the open 
end have the effect of substantially reduc¬ 
ing field strength, in this case of the order 
of 50 per cent. Field distribution in the 
area of the arc runners is much less uni¬ 
form than that of comparable structure A. 

The curve for structure D shows the 
effects of vertical lamination, space be¬ 
tween structure halves, and an increase 
in effective pole piece area. In the oscil¬ 
lograms, from which this curve is obtained 
a 50-degree phase shift appears, attributa¬ 
ble to vertical lamination. The space 
between structure halves and the increase 
in effective pole piece area are responsible 
for nonumform distribution near the arc 
runners and a reduction in field strength 
to 25 per cent as compared with the curve 
for structure A. 

Conclusions 

By application of established engineer¬ 
ing principles and use of existing equip- 




Fig. 5 (right). Oscillogram 
emphasizing the effect of 
vertical lamination of a 
closed structure on the flux 
wave form and shift 
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MMF IN THOUSANDS OF PEAK AMPERE TURNS 


Fig. 6. Typical saturation curve 
for a point midway between 
arc runners 

Breaker voltage rating: 15 kv 
Material: silicon transformer 
steel 

Laminations: horizontal 
Turns per coil/ 5 
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ment, somewhat modified, a means has 
been developed for isolating the magnetic 
field variable as a guide for design of re¬ 
liable arc-extinguishing assemblies in mag¬ 
netic air circuit breakers. Actual rec¬ 
ords of transient fields can be produced 
which require no further mathematical or 
graphical treatment to be useful in de¬ 
termining with reasonable certainty the 
magnitude and approximate phase angle 
to be expected of a field associated with 
a given design. Though discussed in con¬ 
nection with heavy-duty interrupters, the 
method can apply to investigations of 
magnetic fields for other apparatus. 

Stmcture A, of Fig. 7, which in these 
test results exhibits generally high field 
strength and quite uniform distribution, 


is incorporated in the intenrupter design 
of the 7.2 to 13.8-kv magnetic air circuit 
breakers for which the study was under¬ 
taken. A cross section of the breaker ele¬ 
ment, Fig. 8, shows the arrangement of 
the double-coil, closed magnetic circuit. 

The actual structme incorporated in 
the circuit breaker is shown in Fig. 9 as 
arranged for high-current excitation dur¬ 
ing test runs. The bismuth probe is in¬ 
verted to show the method of support 
and the protective plastic cover. 
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Discussion 

T. E. Browne, Jr. (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): The 
effectiveness and economy of present-day 
magnetic air circuit breakers is the result 
of long and painstaking development. This 
paper illustrates one tsrpe of study which 
has served as a valuable tool to Westing- 
house designers during the past 12 years. 
As shown by Mr. Carter, instantaneous 
flux records correlated with exciting current 
give invaluable insight into the effects of 
changes in such design factors as the shape, 
t 3 T)e of lamination, and riveting of the 
field pole pieces, number and arrangement 
of field winding turns, and so on. These 
studies must be correlated, of course, with 
a continuing program of laboratory testing 
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Fig. 7. Comparative magnetic field distribution in silicon tranrformer iron blowout structures for 15-l<v breakers 
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Fig. 8 (above). 
7.2- to t3.8.kv 
circuit - breaker 
section showing 
the physical ar¬ 
rangement of the 
blowout structure 
relative to the 
associated com- 
ponenb of the 
interrupter 


Fig. 9 (left). Ex¬ 
perimental blow¬ 
out structure A 
as arranged for 
high-current ex¬ 
citation 


to determine interrupting limits of arc 
<^tM used with the experimental field 
structures; 

The described method of 
fiux measurement appeam 
but not preferable to the 


search coil metliod used by us. The 
“manipulation" referred to consists only 
of the use of a suitable resistance-capaci¬ 
tance combination with an amplifier to 
achieve the indicated integration elec¬ 
trically, producing a voltage across the 


instantaneous 


to be novel 
“conventional" 


^pacitance proportional to flux density 
B averaged over the area A square centi¬ 
meters of the iV-tum search coil. This 
voltage is smply related to the flux density 
by the easily derivable formula J5=iSC/ 
NA X 10*ec gausses, where the integrating 
resistance R ohms and capacitance C farads 
can be measured as precisely ^ N and A. 
Beyond this, the^ only calibration needed 
is that involved in measuring the voltage 
In the generally preferred method, 
ee may be the output of a low-output- 
impedance capacitive feedback amplifier 
which can operate a magnetic oscillograph 

ement, giving a simple single-line record 
of instantaneous flux density on the test 
oscillogram. 

It is also feasible to use the ordinary 
built-m amplifier of a general-purpose 
^thode-ray oscillograph. One interesting 
form of display with the cathode-ray 
oscillograph yields a cyclogram with flux 
density on one axis and exciting current 
magnitude on the co-ordinate axis. This 
gives a clear display of both distortion and 
phase shtft of the flux with respect to the 
cuffent. With a 2-beam scope, the flux 
and current waveforms can easily be 
compared on a common time axis. 

Studies such as these were used in de¬ 
veloping the 500,000-kva 16-kv magnetic 
an breaker described in a 1946 paper^ from 
^ich Fig. 1 is here reproduced (see Fig. 

Reference 

1 . SiZB RBOnCTION AND RaTINO BxTBNSION OF 

CiRCorr Bkbakbrs up to 600.000 

aJer Russell Frink. 

Ainu Transactions, vol. 66, 1946, pp. 220-23. 


J. D. Wood (I-T-E Circuit Breaker Com¬ 
pany, Philadelphia, Pa.): In producing a 
switchgear paper that adds materially to 
the basic knowledge of circuit breaker 
performance, I think Mr. Carter should 
be congratulated. 

He has produced oscillograms which 
proiude.the designer with a visual measure 
of the instantaneous flux conditions in a 
magnetic air circuit breaker which were 
mvisible. These oscillograms are made 
with sunple equipment in a very short 
time and are quickly and accurately inter¬ 
preted. 

This knowledge has been applied to 
improved designs of magnetic air circuit 
breakers with very gratifying results. 
The closed-loop magnetic structure has 
been applied to the full line of 7.2- and 
13.8-kv breakers. These breakers have 
been^ tested not only to meet the present 
requirements of the American Standards 
Association, but also to meet the proposed 
new method of rating circuit breakers where 
the breaker is required to interrupt the 
symmetrical current with a normal fre¬ 
quency recov^y voltage equal to the 
maximum design voltage rating of the 
circuit breaker. 

Further studies indicate that the designs 
are subject to further improvement. Higher 
rating seems to be practicali 
The tests shown by the author are 
studies of magnets without short-circuit 
current flowing in the interrupter. Is it 
possible to make tests during an actual 
interruption to study any flux shifting 
that might Occur? 
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Fig. 10. Magnetic 
*'de-ion'* arc chute: 
500,000 kva, 15 kv 


It would be interesting to know what 
data are available as to the relation of 
flux density and the interrupting ability 
of an arc chute. 


W. A. Carter: Mr. Browne is to be thanked 
for his discussion of the Bismuth method 
of transient magnetic field measurement. 
We cannot concur with his opinion of our 
method versus the search coil method to 
which he refers. It is not a question of 
the search coil versus the Bismuth wafer 
as a means of sensing magnetic flux but 
rather a question of direct measurement 
of flux density in absolute magnitude 
against the measurement of a derived flux 
density obtained by the integration of an 
induced voltage. The induced voltage is 
itself a true measurement. Its integral, 
however, is obtained in an artificial circuit 
and it is with this circuit that the greatest 
problems and disadvantages arise. 

Electrical integration results in the loss 
of the zero value which is of the greatest 


importance in determining absolute magni¬ 
tudes of magnetic fields responding from 
transient short-circuit currents which must 
be sustained and interrupted by a circuit 
breaker. 

Another important disadvantage of the 
search coil-integrator combination is that 
no static calibration can be made and 
directly serve to measure transient dynamic 
phenomena. The Bismuth instrument is, 
however, calibrated directly by the field 
of a precalibrated permanent magnet, in¬ 
suring maximum accuracy of measurements. 

Finally, there are no simple integrating 
circuits available which are free from 
phase shift, distortion, and drift, par¬ 
ticularly at power system frequencies.^ 
Having no integrator, the Bismuth method 
does not have to cope with problems re¬ 
sulting from frequency limitations. 

Physically, a sensing probe containing a 
Bismuth wafer is much smaller than a 
corresponding search coil thereby making 
possible the investigation of fields associated 
with smaller air gaps. 


It is apparent then that the search coil 
method enjoys no real advantage over the 
employment of Bismuth either in ease of 
use, ability to measure d-c fields, dependa¬ 
bility of data, or simplicity of test equip¬ 
ment. 

One further comment which I would 
like to make is in regard to the method of 
test described by Mr. Browne. The em¬ 
ployment of a cathode-ray oscillograph 
implies the study of a field produced by a 
structure which is in a state of either low- 
current or steady-state excitation or both. 
Experience has shown that only investiga¬ 
tion of fields excited by values of magneto¬ 
motive force well in excess of that required 
to saturate the steel in the structme can 
supply the designer witii information, the 
validity of which can be substantiated by 
extensive interruption tests in the labora- 
tory. 

The complimentary discussion by J. D. 
Wood is greatly appreciated by the author. 
The Bismuth method has been employed 
in transient flux measurement during actual 
interruptions of an arc with moderately 
successful results. The procedure followed 
was to place the probe in the space between 
the outside of the chute shell and the 
inside of the magnetic structure. Further 
work in this direction is currently being 
undertaken. 

As part of a developmental program 
designed to determine the relationships 
existing between such variables as arc 
plate shape, spacing, thickness, and ma¬ 
terial, blowout structure size and position, 
and interrupting capacity, it is felt that 
the subject of the relation existing between 
the flux density and interrupting ability 
of a given chute will be included as a part 
of the subject matter of a future paper. 


Rbfbrbnob 

1. Blbmbnts of D-C Anai/OO Computbrs, 
Granlno A. Korn. Electronics, New York, N. Y., 
Apr. 1948, pp. 122-27. 


Relay Protection for Lines Being Sleet- 
Melted by the Short-Circuit Method 
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C. G. PEBLER 
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S LEET formation on transmission lines 
was recognized as a serious operating 
problem as early as 1916 and shortly 
thereafter methods were devised to mdt 
sleet. ^ In recent years various ways have 
been presented*^ for connecting lines and 
power sources to obtain the current neces¬ 
sary for deet melting. Forced loading, 
phase shifting, and short circuiting are 
utilized exteridvely for this purpose. 

Problems of relay protection during 
sleet melting were not specifically pre¬ 
sented in former papers. The purpose of 


this paper is to present the particular 
problem of protection under such condi¬ 
tions and to propose a means of detecting 
faults on lines being deet-melted by the 
short-circuit method. 

The short-circuiting method which is 
used in many instances presents a diffi¬ 
cult relaying problan. This means of 
sleet mdting consists of applying a 3- 
phase-to-ground short circuit at one end 
of the line so that the resultant line cur¬ 
rent win be large enough to melt sleet. 
The source of power may be an isolated 


generator with step-up transformer whidi 
may be adjusted to supply the proper 
current. Some lines because of their par¬ 
ticular length may lend themsdves to 
sleet mdting by direct connection to a 
station bus. Under these conditions the 
normal line rdays cannot generally be 
set to give adequate fault protection. 

Unique Problem of Line Relaying 

The normal protective rdaying equip¬ 
ment is usually located at the power 
source end of the Une when the short- 


Paper 5S-469, recommended by the AIEE Relays 
Committee and approved by the AIEE Committee 
on Technical Operations for presentation at the 
AIEE Summer General Meeting, Swampscott, 
Mass., June 27-Jaly 1, 1955. Manuscript sub¬ 
mitted February 8, 1955; made available for 
printing May 11, 1955. 

J. C. Hogan is with the University of Missouri, 
Columbia, Mo., but was with Commonwealth 
Associates, Inc., when this paper was prepared. 
C. G, Pbblbr is with Commonwealth Associates, 
Inc., Jackson, Mich. 
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SOURCE I 


FAULT 

POINT-W 


SHORT 
^ CIRCUtT 


@ RELAY AT SOURCE END 

PHASE BALANCE CURRENT 
RELAY 

Fig. 1. Schematic diagram of faulted sleet- 
melted line and system 


circuit method of sleet melting is em¬ 
ployed. This protective equipment may 
consist of distance relays, pilot-wire re¬ 
lays, carrier current relays based on the 
directional- or phase-comparison princi¬ 
ple, or overcurrent relays. Since the 
line a,lready has a 3-phase-to-ground short 
circuit at its far end, the normal phase 
relays at the source end must either be 
removed from service and be replaced by 
other relays or their settings must be 
Ranged to make them less sensitive. 
Ground relays can normally be left in 
service. 

In the case of distance relays the 
second- and third-zone elements must be 
blocked from tripping and the first zone 
must be set short of the end of the line. 
In some instances of extremely low voltage 
zone 1 may also have to be removed from 
service. If the normal line protection 
consists of pilot-wire relays they may be 
left in service when the intentional short 
circuit is applied outside of their zone of 
protection. 

Directional-comparison carrier relays 
must be removed from service even 
though the intentional short circuit falls 
outside of their Zone of protection be¬ 
cause the line would automatically trip by 
second- and third-zone elements upon 
time delay if these elements were set to 
cover the entire length of line short-cir¬ 
cuited for sleet melting. Phase-compari¬ 
son earner relays may be left in service 
if the intentional short circuit is outside 
of their zone of protection. This, how¬ 
ever, would be objectionable since the 
transmitter nearest the intentionally 
faulted end would be keyed continuously. 

Overcurrent relays, if utilized, must be 
set a safe margin above the sleet-melting 
current In every case a certain portion 
of the line is unprotected. It will be 
shown that the percentage of the line 
upon which faults can be detected by 
overcurrent relays is dependent upon the i 
type of fault, system impedance, and the i 

relays applied. ^ 

During sleet-melting operations the < 
lines and equipment are usually operating 1 
at or near their thermal capacities so &at s 


the sleet will be melted and the line re- 
turned to normal service in the shortest 
possible time. Hence any Increase in 
line ^ents due to additional faults on 
the line may damage the line or source 
equipment. For example, if an isolated 
generator is used as the power source, 
there is a certain amount of negative- 
sequence current during sleet melting be¬ 
cause of the unbalanced impedances of 
the line conductors. Thus small amounts 
of additional negative-sequence currents 
due to faults not detected by source end 
relays may damage the machine. Sub¬ 
stantial amounts of negative-sequence 
<mrrents may be produced by single phas¬ 
ing resulting from conductor burndown 
because of poor splices or previous fault 
damage and by phase-to-phase faults in¬ 
curred by bouncing conductors accom¬ 
panying ice unloading. It is imperative 
to remove any unintentional faults as 
soon as possible. 

Proposed Method of Solution 


f Ipi 

TT ^ I 


flra 

^S2 >^2li 0->)2li 


IflFO 

0->02lo 


Since relays at the source end cannot 
detect faults over the entire length of line, 
the proposed method of relaying which 
follows provides optimum protection for 
unsjnnmetncal faults. This method uti¬ 
lizes relays at the short-circuited end of 
the line which, together with the source 
end relays, provides complete protection 
for unsymmetrical line faults. The source 
end protection may consist of phase over- 
current relays, ground relay, and a nega¬ 
tive-sequence overcurrent relay. In ad¬ 
dition to the circuit breaker at the source 
end another circuit breaker is required 
between the line terminal and the 3- 
phase-to-ground short circuit at the far 
end of the line. The normal line breaker 
can serve this function. This breaker is 
equipped with a phase balance relay. 
Uns3anmetrical faidts whidi cannot be 
detected by the source end relays cause 
unbalanced line currents at the short- 
circuited end of the line. This imbalance 
is suflident to initiate operation of a phase 
balance relay located at the short- 
circuited end. Operation of this relay 
opens the short-circuited end circuit 
breaker, thus removing the intentional 3- 
phase-to-ground short circuit. Since the 
fault is no longer obscured by the 3-phase- 
to-ground short circuit, the source end re¬ 
lays will operate to clear the fault. The 
^angement used is shown in Fig. 1. It 
IS to be noted, however, that uninten¬ 
tional 3-phase faults on the lines will 
not be seen by the far end relays and 
clearing for these faults must be initiated 
by the source end relays. Since the 
source end relays must be set a safe mar- 


Flg. 2. Sequence network of system during 
fault: 

A—Positive 
B—Negative 
C—Zero 

gin above the sleet-melting current, 3- 
phase faults can be detected over all but a 
small percentage of the line as shown 
later. 

It is proposed that, in the instance 
where several lines are connected in series 
for sleet melting, the relays at the sec- 
tionalizing points between extreme ter¬ 
minals be removed from service. 

Faults on Lines During Sleet Melting 

H a fault occurs during sleet melting on 
a line of length Z, at a distance I from the 
sotuce, the symmetrical component net¬ 
works® are as shown in Fig. 2. The cir¬ 
cuit parameters are defined as follows: 

^si, Zs 2 , .^50 “Sequence impedances of the 
source 

Zut Zia, and Zio =5 sequence impedances of 
^ the complete line of length L 

“ratio of line length from source to 

, fault compared to total line length I, 

41, Ia 2 » and “Sequence currents at 
the source end of line. The prefault 
sleet-melting current is taken as the 
base per-unit (pu) current 

The positive- and negative-sequence 
impedances of the line are assiuned to be 
equ^ (Zii “ Zij) . if instantaneous relay¬ 
ing is to be applied, calculations of cur¬ 
rents are based on subtransient reactances 
of any machines involved; however, if 
slow-speed relaying is used, calculations 
are based on synchronous reactances of 
the machines. When an isolated genera¬ 
tor is used as the source with slow-speed 
relaying, the positive- and negative-se¬ 
quence source impedances are not equal. 
However, if a large system is used as a 
source of power, it will be composed of 
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and negative-sequence impedances in 
addition to the generators. Thus the 
generator sequence impedances will be 
only a part of the sequence networks in¬ 
volved and the system equivalent posi- 
tive^sequence impedance will be approxi¬ 
mately the same as its negative-sequence 
impedance. In the discussion to follow 
synchronous reactances will be used for 
positive-sequence reactances of any ma¬ 
chines involved. 


Paults as Seen From the Source 


Considering first the case of a 3-phase 
fault at location W, in addition to the 3- 
phase-to-ground short circuit at the end 
of the line, the line currents will be sym¬ 
metrical. Since the prefault sleet-melt¬ 
ing current is equal to 1 pu the generated 
voltage of the equivalent source is given 
hy 

jBsi=>Zsi-t-Zx,i pu (1) 

Since the parameter Zsi is made up of 
subtransient reactances for applications 
involving instantaneous relays, a correc- 
. tion factor must be applied to equation 1. 
and all other expressions for voltage or 
current used in this paper when instan¬ 
taneous relaying is used. This correction 
factor is the ratio of Zsi-^Zja (using syn¬ 
chronous reactances) to Zsi-¥Zu (using 
subtransient reactances). Thus, return¬ 
ing to the case of slow-speed relaying, the 
expression for the line current becomes 


r _ r 


( 2 ) 


The total line current is thus a function of 
the location of point W at which the fault 
occurs. Since only positive-sequence cur¬ 
rents are involved, the fault is best de¬ 
tected by overcurrent or impedance re¬ 
lays. These must be set for a safe margin 
higher than the sleet-melting current. 
Suppose, e.g., the overcurrent relays are 
set for a pickup of 1.2 times sleet-melting 
current. For this condition equation 2 
becomes 


/« = 1.2 


Zsi'hZi.i 

Zsi+'KZt.t 


(3) 


or 

Ziji—0.2Zsi / .\ 

1.2Zli ^ 

Thus the overcurrent relay will protect 
for faults out to a point given by X in equa¬ 
tion 4. For values of X greater than this 
value the overcurrent relays provide no 
protection. This zone of protection is 
dependent on the relative values of Zsi 
and Zii. Thus the smaller the ratio of 


Table I. Sequence Cunenb at Source End and at Short-Circuited End of Line 


Double-Liae-to-Ground Fault 


Line-to-Line Fault 


Line-to-Grouud Fault 


( 1 - 1 - 

.. 

\ To/ \ "^T,/ 


Zsi-j'ZLi 

, (1-\)Zli' 


(l-X)Zx,i 


(l-X)Zi,i 




V Ts (Zto) To/ 




(i-x)Zn 

Zsf^Zti 


(i-x)Zni 

_ (l-X)Zi,i _ Q (Zsa+ZLO) 

(^+M‘+7.+1s7.) .. (’"+"•+15’'") 


"•+^S"" 

("■+"'+ll!’-) 


lai' • •. -tai' . lai'. 




r f {,ZLi\ - / 




Note; Ti, Ti, and To are as given in equations C, 7, and 8 respectively. 


Zj-i to Zgi becomes, faults occurring on a 
greater percentage of the line will go un¬ 
detected. For the foregoing relay set¬ 
ting of 20 per cent above sleet-melting 
current and Zt\ approximately equal to 
Zai, the relays will detect faults on the 67 
per cent of the line nearest the source. 
Faults occurring beyond that point will 
not be detected. 

In a similar manner the sequence cur¬ 
rents can be determined for unssnnmetri- 
cal faults and the response of relays sensi¬ 
tive to negative-sequence currents, ground 
currents, and unbalanced phase currents 
can be predicted; see Appendix I. The 
sequence currents at the source end and 
at the short-circuited end of the line are 
g;iven in Table I. 

These equations for the sequence cur¬ 
rents can be used to determine the zone 
of protection afforded by different 
relays at the source end. For example, 
overcurrent relays at the source end set 
for 1.2 pu current will pick up if X=0.59 
for a line-to-line fault, i.e., only when the 
fault is in the nearest 69 per cent of the 
line. Such calculations will show in every 
case that the relays at the source end are 
not capable of detecting all the faults. 

For complete protection of line and 
soiu'ce equipment it becomes necessary 
to use some additional scheme for fault 
detection. Examination of the currents 
at the short-circuited end of the line will 
lead to the method proposed for detecting 
faults anywhere on the line. 


Faults as Seen From the Short 
Circuited End 

Referring again to Table I and calculat¬ 
ing the line currents at the short-circuited 
end for unsymmetrical faults, these will 
be fotmd imbalanced even though the 
faults are near the short-circuited end. 
This unbalance can be used for fault de¬ 
tection. 

For a line-to-line fault the ratio of maxi¬ 
mum to minimum phase currents at the 
short-circuited end will be 2 regardless of 
line and source impedances. For a line- 
to-line-to-ground fault this ratio will be 
greater than 2. Standard phase unbal¬ 
ance relays applied at the short-circuited 
end will detect these faults occurring any¬ 
where along the line. 

A line-to-ground fault on the short- 
circuited line will also cause unbalanced 
line currents at the short-circuited end. 
From the relations given in Table I it is 
seen the las! and Jao' do not approach 0 as 
X approaches 1. The ratio of maximum 
to minimum line current for this case can¬ 
not be expressed as a simple ratio in terms 
of circuit parameters. 

The example given in Appendix II illus¬ 
trates the method of solution for a line-to- 
ground fault on the line. The curves of 
line currents versus point of fault can be 
used to determine the ratio of maximum 
to minimum current to be used to verify 
the operation of the phase balance current 
relays for this type of fault. 
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Stmmiary 


The following statements regarding pro¬ 
tection of lines during sleet melting by 
the short-circuit method may thus be 
made: 

1. Certain types of protective relays at 
the source end must be removed from 
s^vice before sleet melting by the short- 
circuit method. 

2. Source end relays left in service will 
omy detect faults occurring on a portion of 
the hne. 

3. Small unbalances or overcurrents which 
cannot be detected by the source end relays 
may damage the lines or other equipment 
because they are already operating at or 
near their thermal capacity. 

4. The method proposed using phase 
balance current relays at the short-cir¬ 
cuited end of the line in addition to the 
^urce end relays can detect unsymmetrical 
faults occurring on any part of the line. 

5. '^e proposed arrangement of relaying 
provides generator protection within the 

short-circuit section 

of ASA-CSO.^ 



I’ai 

0.2 0.4X 

flF2 

' 0.4 q-x) 

1 __ ^ * 

^ 

IA2 

I'A2 

0.1 I.IX 



^ ^ 

^AO 

^AO 


Appendix I. Deiermininsf 
sequence Currents and Predicting 
Relay Response 

Considaing the unsymmetrical faults 
(Ime to line, line to ground, and double 
hne to ground) relays sensitive to negative- 
se(^^ce currents, ground currents, pr 
unbalance between phase currents may be 
applied in addition to the overcurrent relay. 
Connecting positive-, negative-, and zero- 
sequence networks in parallel gives the 
equivdent circuit for a double-Kne-to- 
ground fault at point W. Solving for L, 
yields « ai 


1 ' _ 

—_1___ _ Zs2-\-Zx,i _ 


^so-\-Zlo 

Let W 

r — ^si+>Zli 

^si~\~Zx,i (^) 

^ Zs2-{-\Zi,i 

Substituting equations 1 , 7, and 8 into 
equation 6 gives the positive-sequence 
current at the source end. Tlius 

Zsi+>iZLi+-r ,,, ( 9 ) 

\ 7* 


La--_ 

\ 72 70/ 

Similarly 
-^ 

(Zs,+\Zu)(l + -+^^l) 

\ 72 (^io) 70/ 

The foregoing sequence currents at the 
soimce end are given in Table L Source 
e»d sequence currents are also given for 
me line-to-line and ■ line-to-ground faults 
in this table. In all three of the fault 
conditions discussed it is noted that 

Li^„-l 

LtaUa-O 

Lim ClS) 

For faults occurring near the faulted end of 
the line the current unbalance at the 
^rce end becomes small and the faults 
become impossible to detect with source 
end relays. 

These equations for the sequence currents 
can be used to determine the zone of pro¬ 
tection afforded by different types of relays 
at the source end. Consider, e.g,, a line- 
to-Une fault with Zu ^Zsi=Zs 2 and over¬ 
current relays at the source end set at 1.2 
pu current. For this condition equation 
7 yields the following relationship 

1+X 

2 (1®) 


srnmmmi 


Fig. 3. Connection of sequence network for 
example 

Also 

r __ -Ssi ~-^ai(Zst -j-XZzi) 

-(“) 

or substituting equations 1 and 9 into 
equation 10 gives 


1+X+ 


('2^io)7o 




H 

1.2 

Z 

u 

1.0 

tc 

a: 

0.8 

D 

o 

0.6 

1- 

z 

0.4 

3 

cc 

0.2 

UJ 

a 

0 

( 



4. Variation of line and sequence 
currents with fault location: 

A—^Source end 
B—Short-circuited end 


Simplifying 

r _ 3 +^ 

Afll * —■ 

Also 

/ - 
4/12 — — ■ 




(3-hX) 

i2(H-X) 


/fl2— — 


2(l-fX) (20) 

Using equations 18 and 20 to obtain the 
line currents yields 

/o2®*/oid-i’a2 = 1.0 r2i>. 


/ft — a*/oi -f-o Ja 2 = 


3^-t-o*X—a -f-aX 


2(l+x) 

2(1-hX) 

Solving for the magnitude of and 
gives 




Vl34-2X-t-X» 
2(1-fX) 


To detemine the zone of protection sub- 
stitate (7ft| 1,2 into equation 24^ 

This gives 


Vl3-}-2X-fX8 


2(4H-X) 
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Solving equation 25 gives X=*0.59. Thus 
any line-to-line faults occurring on the 
41 per cent of the line nearest the 3-phase- 
to-ground short circuit will not be detected. 
The zone of protection can also be estab¬ 
lished for line-to-ground and double-line- 
to-ground faults by the use of the relations 
given in Table I. In all cases the relays 
at the source end are not capable of de¬ 
tecting faults at all points along the line. 

The double-line-to-ground fault condi¬ 
tions as seen by the source end relays were 
derived in equations 5 through 12. It is 
now necessary to determine the effects of 
the fault upon the currents at the short- 
circuited end of the line. Solving first for 
the sequence components of the currents 
at the short-circuited end gives 


■Est —IgxCZsi -|-XZ t\) 

(1—X)Zii 


(26) 


Substituting equations 1 and 9 into 
equation 26 gives 




Zsi-l-XZii-f- 

(I-X)Zm 

\ 7a 70/ 


—(•Zsi+XZti) 


(l-X)Zi, 


or 


lai 


\ 7a (.ZuJ yo/ 


lai 


(27) 


(28) 

(29) 


Similarly 

For faults near the short-circuited end 
the foregoing currents remain unbalanced. 
This unbalance may thus be used for fault 
detection. 

Solving now for the line currents gives 

K^La) 

\^Lo) 


lai 

(30) 


(31) 


Taking the ratio of maximum to minimum 
line current gives 


2 - 1 —~ 
\Ia'\ Zu 


(32) 


Since the ratio of Zli to Zj^o is less than 
1, equation 32 may be expressed as 


\Ia'\ 

IVI 


>2 


(33) 


Thus standard phase unbalance relays 
applied at the short-circuited end will 
detect double-line-to-ground faults occur¬ 
ring anywhere along the line. 

For a line-to-line fault the ratio of 
maximum to minimum line current becomes 


. 0.27-1-1.53X 

"0.558H-1.722X 

(41) 

0.16+0.32X 
“ 0.558-i-1.722X 

(42) 

0.04-i-0.44X 
“ 0.558-I-1.722X 

(43) 

Solving for line currents gives 


1.5H-0.77X 

®”0.558+1.722X 

(44) 




V0.148-l-1.392X+3.658Xg 
0.558-I-1.722X 


(45) 


'JM=2 (34) 0.07 +0.77 J^ (45) 

\h'\ 0.558+1.722X 


Thus, regardless of the line and source 
impedances or the point at which the fault 
occurs, the maximum line current at the 
short-circuited end w twice the minimum 
line current assuring operation of phase 
unbalance relays at the short-circuited end. 


Appendix II. Method of Solving 
Line-to-Ground Fault 

the ratio of maximum to minimum 
line currents at the short-circuited end 
cannot be given in a simple expression for 
a line-to-groimd fault, an example will be 
given showing the method of solution.. 
For the purpose of simplifying the example, 
the resistances have been neglected. The 
following reactances are used: 

Xsi =0.6 pu Xli =0.4 pu 

Xs 2 = 0 . 2 pu XjLs=0.4pu 

Xao=0.1pu XM = ltlpu 

The equivalent circuit is given in Fig. 3. 
Substituting sequence impedances into 
equations 6, 7, and 8 yields 


0.6-I-0.4X 

1.0 

(35) 

0.2+0.4X 

0.6 

(36) 

0.1+l.lX 

1.2 

(37) 

Substituting these values into the expres¬ 
sions given in Table I for the sequence 
currents for a line-to-ground fault gives 

0.76-1-1.53X 
^‘*‘”0.558-fl.722X 

(38) 

0.32(1-X) 

(0.668-1-1.722X) 

(39) 

0.44(1-X) 

(0.658-1-1.722X) 

(40) 


|V| = lVI = |/6l = |f«l (47) 

Curves showing variation in currents as 
a function of the point at which the fault 
occurs are given in Fig. 4. From Fig. 4(A) 
it can readily be seen that ground faults 
occurring in approximately the last 20 
per cent of the line will not be detected 
from the source end. The ground current 
is almost zero so that ground relays are 
inoperative and the conductor current is 
insufficient to operate overcurrent relays 
which are set for a pickup of about 120 
per cent of the current required for sleet 
melting. 

Fig. 4(B), however, shows the phase 
current at the short-circuited end to be of 
sufficient magnitude and unbalance to 
operate a phase balance cuirent relay for 
unintentional line-to-ground faults any¬ 
where on the line. This then provides a 
means of tripping the short-circuited end 
breaker whidi, when opened, changes the 
nature of the unintentional fault so that 
it can be detected and cleared from the 
source end. 
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Discussion 


G. W. Hampe (Commonwealth Edison 
Company Chicago, Ill.): The removal of 
faults on. Imes which are being de-iced is 
important for the reasons given in the paper, 
plus the following: 

arc might be blown over into 
another hne on the same right of way. 

• j phase sequence current may be 

induced into other lines on the same right 
of way. * 

3. Fault current superposed on melting 
cuTTMt i^y cause annealing of conductors 
or other damage. 

Act^lly, faults on lines which are being 
surprisingly rare, probably 
for the following reasons; 

o are usually short 

rhe ^gh currents cause the conduc¬ 
tors to repel each other magnetically. 

On our 138-kv system at least, there has 
been only one known case of conductors 
swmging together while de-icing. It is 
of course possible for an iced static wire to 
break and faU into condnctota. Sao 
occasionally, conductors jump up when 
deiced to contact a static wire. 

The Commonwealth Edison Company 
practices glaze prevention and removal by 
the following methods: ^ 


one of three settings by a selector switch 
under operator control. The trip circuit 
fs connected to all circuit breakers on the 
melting system bus. In Commonwealth 
Edison Company practice, the lines under 
melt are not usually grounded through a 
arcuit breaker. Hence, it is not practical 
to apply relays at the grounded end. If 
the situation can be considered sufficiently 
critical, the use of relays to detect unbal¬ 
anced currents or voltages offers another 
approach to the problem, and we are in¬ 
debted to the authors for the suggestion. 


capabihties. Unless the equipment capa- 
bihty exactly matches the thawing load 
some thermal reserve is available for un¬ 
balanced hne currents and for negative 
se^ence currents in generator rotors. 

The authors have presented a solution 
for cases requiring complete protection. 


1. Glaze prevention by forced loading 
(mosriy at 138 kv). Except for chaS 

Xv ? Phase-comparSon 

rdy scheme previous to the ice season, 
there is no special relasdng, 

subtransmission 
or distribution lines mostly at 34 6 kv bv 

No4alrtla3S:i"^ 

Kept, in service as much as practical, but 
many dist^ce relays are made inoperative. 
^ °^®rcu”-ent relays operating 

current transformers with a 
common. At 

there distribution centers, 

laHonf no relaymg. In recent instal- 
n ' are applied so that 

the normal line relays can be kept in service 
at reduced sensitivity, and the ground re¬ 
lays kept at normal sensitivity. 

^*^hs of high- 

voltege (138- or 69-kv) lines by short-cir- 

SoeSS <=3nng to 34.5- or 12-kv busses. 
Special overcurrent relays may be used to 
supplement the relays on the transformers 
supplying the melting current. 

litiM ®^°*^'‘^^‘;niting (grounding) 138-kv 
lines for melting from source voltages 
which are approximately normal. The 
so-caUed melting system usually includes 
severe transmission Knks and may incffide 
transfonners. The normal relays ^e ther! 
mally inadequate where full melting current 
ffi^ws and some Hne current transformers 
m^t be shunted for the thermal reasons 
overcurrent and ground 
relays are used at one station, and by the 
^dirion of auxiHary current trans Ws 
transmission substa- 

“ P^allel supply 
the nieltmg hne, normal relaying can 
usuaUy be retained on the paralleled*^ lines, ^ 


5 

H. R. Tomlinson (New England Electric 
System, Boston, Mass.): The authors 
r have presented an exceHent analysis of the 
^ problems encountered in providing protec¬ 
tion for equipment during sleet-melting 
operations. 

One question which might arise in the 
minds of some readers is the extent to which 
fecial relaying equipment can be justified, 
mat IS, by an insurance analogy, is the 
preimum cost excessive for the probability 

25 years of 

sleet-^awing operations by the New Eng¬ 
land Electric System, there is not a single 
case on record whereby overload relays at 
tte sources were required to dear an unin- 
entional fault on a line being thawed, 
mis might be an unfair amount of good 
fortune. On the other hand, there are 
sev^al features about these operations 
which are conducive to such a record. 

cJ’ voltage applied at the 

\s^ort-circuited line is con¬ 
siderably kss than the normal operating 
Practically precludes the 

2 . When the thawing current is provided 

by ^ isolated gerierator or transformer, the 
short-circuit current availabiKty to an un- 

bu™ oTi be insuffident to 

burn off the conductors. This practically 

?ault“rlffl,ir ® a permanent 

.J' melting, the normal haz- 

^ds to hne operation, such as lightning, 
mnd, etc., do not prevail. Also, the tinie 
actor IS low for an involvement in an 
unusual hazard. 


is rjet^d protection 

ii -1 ™ ‘^ndervoltage relays on the bus 

at a transmission substation. These take 


consider in determining 
the need for special protection is the amount 
operating supervision which is assigned to 
sleet-melting operations. The generhl prac- 
England Electric System 
tV^ off-duty operators who devote 

their time exclusively to operating and su- 
permsmg the sleet-melting procedure. These 
special operators are charged with the re- 
^onsibihty of constant supervision and to 
“it condition 

ThrinS?r™'®V endanger equipment. 

^ if^ protective 

system will not obviate the need for special 
operators; however, the need for Si 
operators does obviate a requirement for a 
greater degree of protection. 

^ The authors state that during sleet-melt- 
mg operations, lines and equipment are 
usually operated at their thermal capadties. 

If equipment IS isolated to supply the thaw¬ 
ing curr^t, it is not necessarily true that 
such equipment will be operated at thermal 
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ler J- C- Hogan and C. G. Pebler; The dis- 
in- cussions have presented many interesting 
points of view relative to the techniques 
prevention and sleet melting. 

Mr. Hampe’s scheme utilizing undervolt- 
ric connected to the bus potential 

irs rnnsfonners at a subtransmission substa- 
lie ® selector switch controlled by 

c- operator to provide one of three settings 
ig protection is very intriguing. 

It would be interesting to know the details 
,g of the application and the degree of pro- 
tection which is afforded. 

i. , complete line protection 

g tiring sleet melting has been questioned 
y by both discussers. It is true that indi- 
'f vidual cases utilizing the short-circuit 
method may not require this degree of 
g protection. The appHcation covered by 
^ me paper, however, came about through 
the use of one or two generators which are 
isolated from the system and used to pro- 
j wde a viable voltage supply to control 
■ of the sleet-melting current. 

. This presents a most hazardous condition 
since the generators may be operating near 
their full load current rating and any un¬ 
balance IS confined to these machines. 

Where generators are isolated there is 
a need for greater protection against pos¬ 
sible unbalanced condition. The “Ameri¬ 
ca Standard for Rotating Electrical Ma¬ 
chinery*' (ASA C50), establishes generator 
load unbalance ability for a time of less 
man 30 seconds. No definite information 
IS available on this ability for extended 
periods of time but the capability to with¬ 
stand unbalanced loading will probably 
vary with machine design. It is certain 
that the nmgnitude of negative sequence 
current whi^ a generator can withstand 
for any period of time decreases with the 
loadmg. Operating near full load therefore 
increases the possibility of damage caused 
by unbalance. 

The statement by Mr. Tomlinson that 
when the thawing current is provided by 
an isolated generator or transformer the 
short-circuit current availabiHty to an un- 
mtentioml fault might be insufficient to 
burn off the conductors” presupposes 
that no permanent faults or arcing contacts 
wll be encountered. Experience shows, 
however, that the heavy loading during 
sleet meltmg may cause a poor Hne connec¬ 
tion to overheat and fail which otherwise 
would be undetected. Furthermore, sud¬ 
den unloading of one conductor may cause 
a rebound and result in physical contact 
between the phases. This may lead to 
arcing faults which should be quickly re¬ 
moved to prevent further conductor damage. 

Aut<^atic fault protection versus opera¬ 
tor judgment and speed of fault removal 
also affects the plan of protection to be 
applied. Many companies prefer to re¬ 
lieve their op^ators of making decisions 
in situations of this nature. 

The authors wish to thank the discussers 

for their contributions. 
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W ITH the expansion of modem elec¬ 
tric power systems, large a-c testing 
plants have been constructed with appro¬ 
priate facilities for testing large a-c 
interrupters. Meanwhile d-c intermpters 
of higher intermpting capacity are being 
built to meet the needs of growing d-c sys¬ 
tems. The testing of the new d-c inter¬ 
rupters would normally call for the in¬ 
stallation of new large d-c testing plants 
if the conventional methods of testing d-c 
interrupters were used. The great ex¬ 
pense of building high-capacity d-c testing 
plants can be saved if some appropriate 
method can be found to test large d-c 
interrupters on the existing a-c test cir¬ 
cuits, provided the test results thus ob¬ 
tained are as informative as those ob¬ 
tained from the conventional d-c tests. 
It is the purpose of this paper to make 
such a proposal. 

Criteria of Simulation of D-C Tests 
on A-C Circuits 

The purpose of testing interrupters is 
twofold: to establish proper ratings and 
to obtain definite knowledge of the per¬ 
formance of the tested intermpters. If 
tbese purposes can be fulfilled by con¬ 
ducting the tests on a-c circuits, the simu¬ 
lation of d-c and a-c tests is justified. 

The phenomena of cvurent inteiruption 
have been analyzed^ and quantitative 
performance criteria have been estab¬ 
lished for both a-c and d-c intermpters.*"^ 
"These analyses are characterized by the 
presentation of exact expressions for the 
arc energy released as a function of the 
arc voltage developed by the intermpter. 
This quantitative knowledge for both a-c 
and d-c circuits forms the necessary 
bridge which makes possible the accurate 
testing of d-c intermpters on a-c circuits 
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provided, of course, that arc current and 
recovery voltage criteria are maintained, 
all in their proper time relationships. 

It follows that an a-c test on a d-c in¬ 
termpter which (1) releases a controlled 
and known amount of energy, (2) main¬ 
tains the proper instantaneous voltage 
across the intermpter following intermp- 
tion, (3) achieves the maximum arc cur¬ 
rent within the intermpter, and (4) ac¬ 
complishes these criteria within a known 
and specified arcing time can be con¬ 
sidered the equivalent of d-c performance. 
If a-c tests can be conducted under these 
specifications, d-c intermpters can be ex¬ 
pected to demonstrate the same physical 
characteristics of eixtemal flame, contact 
burning, and audible report as experienced 
on the d-c test, thus giving supporting 
physical evidence that the circuit breaker 
has been adequately tested. 

Control of A-C Test Circuit 

The accomplishment of the foregoing 
equivalent performance of a d-c inter¬ 
mpter can only be realized in an a-c 
power testing laboratory equipped with 
modern, accurately timed controls. Test¬ 
ing is obviously performed on a single¬ 
phase circuit. Axiomatically, the four 
interrelated conditions just described 
which are necessary to produce the 
equivalent of d-c performance from an a-c 
test circuit require a minimmn of four 
variables which can be accurately con¬ 
trolled in the testing laboratory. It fol¬ 
lows that, with the availability of four 
controllable variables, equations can be 
set up whose solution will dictate the re¬ 
quired conditions for equivalence. A 
theoretical analysis is presented which 
shows one method by which this equiva¬ 
lence can be approached. 

One Method for Equivalence 

Magnitude of A-C Test Voltage. The 
alternator voltage is controlled princi¬ 
pally by its field current. With various 
alternator coil arrangements, a further 
variation of generator voltage can be at¬ 
tained. Test voltages higher or lower 
than the rated alternator voltage are ob¬ 
tained by transformers. Usually the 
secondary of such transformers consists 


of several coils which can be arranged in a 
multitude of combinations so that various 
voltages are available with full testing 
capacity. Voltage is fiuther modulated 
by the test frequency employed. 

Magnitude of A-C Short-Circuit Current. 
This is controlled by series reactors in¬ 
serted in the test circuit as well as by the 
alternator voltage and is independent of 
frequency. 

Angfe of A-C Voltage at Fault Initia¬ 
tion. This is controlled by means of a 
synchronous switch which can initiate the 
short-circuit current at any desired angle 
on the a-c test voltage curve.® This is an 
important feature in the control of arc 
energy. 

Frequency. The frequency is controlled 
by adjustings the speed of the alternator 
drive and is the most important control¬ 
lable variable to achieve the equivalence 
discussed in this paper. 

Additional control of the a-c test circuit 
may be obtained by inserting a shunt 
inductance, a series resistance, or a shunt 
resistance in the test circuit. It is not 
necessary to introduce an additional 
parameter in the test circuit in order to 
simulate d-c tests on a-c circuits. How¬ 
ever, that there are certain merits in such 
a procedure will be shown in a later 
section. 

A casual inspection of the d-c circuit- 
breaker performance in relation to the pre¬ 
ceding controllable variables will show 
that breaker speed and the arc voltage 
wave shape and magnitude will also enter 
the picture in the final analysis. The 
former can be mitigated by providing a 
controllable interval between the initia¬ 
tion of the current and the tripping of the 
d-c breaker and in this way further con¬ 
trolling the angle and instantaneous cur¬ 
rent at the time of contact parting. The 
nature of the arc voltage enters the prob¬ 
lem in a predominate manner and is a 
necessary item in determining the proper 
combination of circuit variable, previously 
outlined, in order to achieve test equiva¬ 
lence. The nature of arc voltage, how¬ 
ever, can only be obtained by test. As a 
result, preliminary testing must be carried 
out to determine this inherent charac¬ 
teristic before converging on the final test 
settings to demonstrate the breaker 
rating. 

Conclusions 

Before proceeding with the graphical 
and quantitative analysis and proof of the 
equivalence, the following conclusions 
may be drawn for the benefit of the reader 
in an administrative capacity. 
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Fiff. 1 (left). 
A typical d-c. 
intemiption pro¬ 
duced by a 
breaker which 
opens Tm sec¬ 
onds after fault 
initiation and 
produces a lin¬ 
early rising arc 
voltage which 
results in inter¬ 
ruption after Tg 
seconds of arc¬ 
ing. Hiis per¬ 
formance is 
simulated on an 
a-c circuit as 
shown in Rg. 2 



Fig. 2. The a-c simulation of the d-c per¬ 
formance shown in Fig. 1. Here the same 


D-C circuit interrupters (fuses or 
circuit breakers) can be adequately tested 
on modem a-c laboratory circuits where 
the generator frequency is controllable and 
where a single-phase synchronous switch is 
available. (Stations having no frequency 
control can make tests at the proper genera¬ 
tor speed during the normal deceleration 
of the machine.) 

2. It is believed that such tests would 
give all the necessary oscillographic evi¬ 
dence of meeting the essential criteria of 
d-c performance as well as the outward 
visible performance of equivalent d-c 
interruption. 

3. Total quantitative arc energy relations 
for d-c and a-c breakers are embodied in 
this paper and equated to assist the 
formulation of a-c equivalent circuits for 
the laboratoiy testing of d-c interrupters. 
This is approached by using novel methods 
of circuit synthesis which include the 
energy crit^ion as one of the most impor¬ 
tant ingredients of the specification. Peak 
current and recovery voltage criteria 
WCTe also matched by developing an 
original method of approach which can 
be applied to a wide range of breaker re¬ 
quirements. 


4. Arc energy equations all show that 
the symmetrical short-circuit kilovolt¬ 
amperes are the dimensional energy base 
which are modulated by the arc energy 
coefficient This is expressed in dimen¬ 
sionless relations capable of being converted 
to curve and table form. 

6. The limited space in this paper did not 
allow the consideration of additional 
available means of circuit control which 
would enhance and refine the technique 
described here. These consist essentially 
of shunt parameters across the circuit- 
breaker bushings and/or employing pre- 
tripping techniques.^ 


6. The arc energy equations containei 
here are applicable to all types of a-c ani 
d-c interrupters and offer an unusual oppor 
bi^ty to study the design factors whicl 
^uence llie energy liberated in circuii 
breakers and fuses.*•»'« 


tu of the subject who pursues 

the techniques suggested here will un¬ 


questionably improve the procedures out¬ 
lined in this paper by laboratory application. 
The pursuit of these efforts should aid in 
predetermining circuit-breaker performance 
and in particular verify the extent to which 
the predictions of this analysis with respect 
to a-c and d-c equivalence are confirmed 
by actual breaker tests. 

8. The symmetrical short-pircuit mega- 
volt-^peres (mva) should be retained in 
the circuit-breaker standard as the energy 
base of all liberated energy within the 
breaker as described by the energy coeffi¬ 
cient k. 

Graphical Picture 

Before proceeding with a quantitative 
analysis of the equivalence through for¬ 
mal equations, a pictorial understanding 
of the problem will be presented here. In 
this way the physics of the problem will 
become better understood and, at the 
same time, the reader can become ac¬ 
quainted with the nomendature used 
throughout the paper. 

The short circuit which develops in a 
d-c system is shown in Fig. 1 and assumes 
a linear system inductance and resistance. 
The current la rises in a typical exponen¬ 
tial manner and would reach a maximum 
value {Ea/S) determined by the system 
resistance if not arrested by tlie prompt¬ 
ness of the modem d-c breaker. At a 
time Tm tie breaker contacts part and 
the arc which develops gives ri^ to a 
rapidly increasing arc voltage Eb which 
will be assumed to rise linearly at N volts 
per second. As previously demonstrated,® 
this arc voltage can be correctly con¬ 
sidered to develop its own current 
which would oppose the d-c short-circuit 
current la- The net current I is the dif¬ 
ference between these two currents an d 
comes to zero after an arcing interval of 
Tb seconds. Accompanying the fall of 
current to zero,* the arc voltage turns and 


arc voltage acts in an a-c circuit to produce 
the same peak arc current, arc energy, and 
arcing time as in the d-c case shown. The 
developmeiit of this simulated performance 
on an accurate quantitative basis is the aim 
of this paper 


falls to the system voltage Ea which ap¬ 
pears across the breaker following inter¬ 
ruption. The energy W released by the 
breaker is the integration of the wattage 
EbI over the arcing interval Tb- 

The essential criteria to be duplicated 
in the a-c test circuit are: 

1. The peak arc current Im\ see Fig. 1. 

2. The proper recovery voltage across 
the circuit breaker just following current 
zero, namely Ea- 

3. The same total arc energy release W. 

4. To accomplish items 1 through 3 in 
about the same total arcing time Tb. 

These results are reproduced in the a-c 
test circuit shown in Fig. 2. Here the a-c 
circuit is closed 64.5 degrees following 
the normal voltage zero in a 28-cycle test 
circuit, producing a current which rises at 
the same general rate as in the d-c case. 
The d-c breaker responds in its customary 
manner (since it has not been told that it 
is now functioning in an a-c circuit), 
parts its contacts in the same interval Tm, 
and produces the same linearly rising arc 
voltage Eb. The circuit is so chosen that 
the same peak current Im results; inter¬ 
ruption takes place in about the same 
over-all time; the arc energy produced is 
exactly the same as in the d-c case; and 
the recovery voltage which appears across 
the breaker following interruption is in- 

* OsciUographic records show that in the region 
of current zero the arc current tapers off to a 
small leakage current which is maintained by the 
system voltage. This prevents any oscillatory 
phenomena at interruption and explains why arc' 
voltage and current seek proportionality just 
prior to the so-called interruption. 


1074 


Chen, Boehne^TesHng of D.C Interrupters on A-C Test Circuits December 1956 





Rg. 4 (right). 
The a-c Simula- 
tion of the d-c 
p e r f o r mance 
shown in Fig. 3. 
Here the d-c per¬ 
formance is 
whittled out of a 
low - frequency 
a-c circuit pro¬ 
ducing quantita¬ 
tively correct 
performance. 
The recovery 
voltage keeps 
the same polarity 
relationship as in 
the d-e ease 



Fig. 3. The interruption of a low-voltage 
d-c fault by a fast circuit breaker. This per¬ 
formance is simulated in a low-frequency a-c 
circuit as shown in Fig. 4 


stantaneously the same in magnitude (al¬ 
though opposite in polarity) as in the d-c 
case, namely E^. The breaker has ac¬ 
cordingly experienced what might be 
considered an authentic d-c interruption 
if the sudden reversal of voltage polarity 
from arc voltage extinction value to the 
instantaneous recovery voltage value in 
the arc wave can be shown to be of no 
great consequence. 

The duplication of all the foregoing es¬ 
sential requirements by empirical meth¬ 
ods would be time consuming, expensive, 
and possibly destructive to the test 
sample. Instead, by predetermining the 
nature of the arc voltage characteristic 
of the d-c breaker, it is then possible to 
proceed to duplicate all the essential per¬ 
formance criteria by computing the a-c 
test frequency, voltage, reactance, and 
closing angle in advance of the test. Such 
a procedure of circuit synthesis is outlined 
in the remainder of this paper and further 
elaborated in reference 4. Figs. 3 and 4 
outline a separate solution which is also 
practical for high-speed d-c breakers of 
moderate voltage, and which maintain the 
recovery voltage polarity the same as is 
the case for normal d-c interruption. 

iDetermination of Controlled 
Variables in A-C Test Circuit 

Linearly Rising Arc Voltage 

The purpose of this section is to show 
how the controlled variables in the a-c 
test circuit may be determined mathe¬ 
matically or graphically to bring about 
the equivalence of a-c and d-c tests ac¬ 
cording to the criteria establidied pre¬ 
viously. In a d-c test, the voltage across 


the interrupter following the extinction 
of the arc is simply the d-c system volt¬ 
age Ed. The maximum arc current is 
given by the following equation which is 
developed in Appendix II. 


-f»(lii m-fl —w)] 
R 


where 




( 1 ) 


( 2 ) 


The total arc energy released by the in- 
tenupter is given by the following equa¬ 
tion which was developed in a previous 
paper* 

T^^=2(139)r'Mi6»Xmva watt-hours (3) 

where the dimensionless arc energy func¬ 
tion kn is 


nTa 




1] (€ -l-») ] watts per volt-ampere 

(4) 


■Tm/To 

«-«-l-g-l 


Fig. 5. The re¬ 
lationship be¬ 
tween the line¬ 
arly rising arc 
voltage slope n 
and the energy 
coefficient > Kn 
in the determi¬ 
nation of the arc 
energy released 
in a d-c circuit 
breaker. . The 
source of these 
relations is given 
in equation form 
in this paper 


(5) 

( 6 ) 


The plotting of kn. versus TofTm for 
various values of n is shown in Fig. 5. 

If the same interrupter functions in an 
a-c circuit, the performance may be com¬ 
pletely described by the following equa¬ 
tions 

J “^1^2 0i —- nOB^ — 

(Ob sin 02+cos 02—cos Be) J ( 8 ) 

JS 2 = \/2jB(? sin 02 (9) 

_ / 1 sin*0o\ 

= vSAol cos 01 —cos 00 —- — I (10) 

83 = ^2(cos8.^cosJW^ (11) 

(1» 

\ 00—0« / 


Bb—Bz—B e 
Eg ^IttSiTrfL 

0e=’0i4-0m 

N=\/2Bg(2irf)n 


(13) 

(14) 

(15) 

(16) 
(17) 
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LINEARLY RISING ARC VOLTAGE n»0.8 



Fig. 6. A typical master chart for the determination of the a>c frequency, voltage, current, and 
closing angle to be used in the a-c simulation of the desired d-c performance 


Most of these 11 simultaneous equations 
are derived in Appendix I. The balance 
are simple relations by definitions and 
need no further explanation. 

The problem of simulating the a-c and 
d-c tests, as interpreted by these equations 
is to equate in equation 9 to E^, to 
put the values of and W evaluated from 
equations 1 and 3 to the left-hand sides of 
equations 10 and 7 respectively, and to 
whittle the controlled variables Eg, L, Bi, 
and/so that equations 7 through 17 are 
simultaneously satisfied. Thus it is seen 
that the problem of simulating the a-c and 
d-c tests is the reverse of the problem of 
establishing the performance criteria of 
a-c and d-c interrupters. The latter is a 
^problmn of analysis and has a straight¬ 
forward solution; whereas the former is, 
so to speak, a problem of S 3 mthesis. In 


general, synthesis problems have no 
xmique solutions and sometimes may have 
no solutions. In the present case, with 
Eb and Tm estimated by the designer, 
and the values of E2, and W dictated 
by the contemplated d-c test, the varia¬ 
bles to be determined in equations 7 
through 17 for the a-c test are Eg, n, 
Ji f) 9i, Be, Bi, Bq, L, and 8 ^. Axio- 
matically these 12 unknowns can be 
solved from the 11 simultaneous equa¬ 
tions with one degree of freedom. Hence 
the simulation of a-c and d-c tests, based 
on the criteria established in the previous 
section, is not only possible but may be 
realized in many different ways. 

The 11 simultaneous equations 7 
through 17 can best be solved through a 
graphical procedure because several of 
the said equations are transcendental. 


It is for this purpose that the master 
chart of Fig. 6 is made for the case of 
»=0.8. Similar charts may be made for 
other values of n and are available. In 
Fig. 6, the four axes /, Bm, Bi, and kf/m 
divide the chart into four quadrants. 
The family of straight lines in the upper 
left quadrant shows the linear relation 
between kf/60 and / with & as a varying 
parameter. The straight lines in the 
lower left quadrant represent the linear 
relation between dm and / with as a 
varying parameter according to equation 
15. The solid curves in the lower right 
quadrant correlate Bi, Bm, and d by com¬ 
bining equations 9, 11, 13, and 16. The 
dashed curves in the same quadrant re¬ 
late 61 and Bm with im by combining equa¬ 
tions 10, 12, and 16. In the upper right 
quadrant the arc energy function kf/GO 
is related to Bi and Bm by making use of 
equations 7, 8, 11, and 13 to plot the 
curves. Note that equation 17 is implied 
by the condition « = 0.8 for the chart. 
Thus the master chart in Fig. 6 graphi¬ 
cally represents the set of 11 simultaneous 
equations except equation 14, which will 
be used later to determine L after a trial- 
and-error solution for he is obtained 
through the use of the chart. This point 
will be clarified in the following example. 

For illustration, consider a d-c circuit 
breaker designed to have an opening time 
I’m = 0.006 second and an arc voltage 
which rises linearly with a rate of N= 420,- 
000 volts per second. A d-c test is con¬ 
templated for testing the performance of 
the circuit breaker in clearing a short- 
circuit fault on a 2,000-volt d-c line with a 
resistance of 0.04 ohm and an inductance 
of 0.40 millihenry. In other words, the 
time constant To of the d-c circuit is 
0.010 second. The expected maximum 



Fig. 7. A typical auxiliary curve determined 
from graphically computed data obtained 
by the multiple use of Fig. 6 and used to 
Ax the a-c frequency necessary to produce 
the desired peak arc current in the simulated 
test 


1076 


Chen, Boehne—Testing of D-C Interrupters on A-C Test Circuits 


December 1955 









arc current and arc energy W in this 
"d-c test can be determined by carrying 
out the following calculation 



NTo\ 

420,000 

Ed) 

' 2,000 

II- 

/ 0.01 > 



\0.006> 

1=1.667 

Tm 


XO.Ol =2.1 per unit 
(18) 

(19) 


From » and Ta/Tm, k„ may be deter¬ 
mined to be 0.523; see Fig. 5. Hence, 
irom equation 3 


TF=2(139) Tmkn Xmva 


=2(139)(0.006)(0.623) X^^^®-*X10-« 
0.04 

=•87.3 watt-hours (20) 

From equations 2 and 1 

( 21 ) 

, 2,000 , 

Im. = — [(1 -0.793«-*-«) -|-2.1(ln 0.793 -|- 

1 —0.793)1 =25,600 amperes (22) 

The values of £2=2,000 volts, 7^ = 
25,600 amperes, and PF=87.3 watt-hours 
are then inserted into equations 7 through 
17. As there is one degree of freedom 
in solving the simultaneous equations, an 
arbitrary choice of n=0.8 is made. A 
trial-and-error procedure is then used to 
solve the simultaneous equations with 
the aid of the master chart in Fig. 6. 
First, a frequency, say, /=30 cycles per 
second is assumed. Then, from equation 
17 


\2irfn/ 2irX30X0.8 

hence 



=2,786 volts 

(23) 

(24) 


Then, starting from point 1 in Fig. 6, one 
may trace the chart vertically and hori¬ 
zontally in a counterclockwise direction 
to point 2 as indicated by the arrows in 
Fig. 6. Point 2 is determined by the 
information of rOT=0.006. Going hori¬ 
zontally from point 2, degrees is 

read at point 3. Point 4 is determined by 
virtue of the information that 62=0.717 
given by equation 24. This gives 0i —65 
degrees at point 5. Using the value of 8 m 
read at point 3, one may determine 
points 6 and 7 by going vertically from 
pcunt 5 and then horizontally from point 
6 to point 7. Point 8 is the horizontal 
projection of point 7 and vertical projec¬ 
tion of point 1- At point 8, k=2A8 watt- 
hours per mva is read. Since 

W=kEffI„X10-» (25) 
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the value of 7ao may be calculated by sub¬ 
stituting the values of k just determined 
into this equation 

/Sr /21FX10''Y 2X87.3X10* 

2.48 X2,785 
25,250 amperes (26) 

Point 4 in Fig. 6 also indicates that im = 
1.26, from which the maximum arc cur¬ 
rent may be computed 

7jjt = "v/ 2Iaeim 

=25,250X1.26 =31,800 amperes (27) 

This is not the desired value for 7« 
as indicated by equation 22 which was 
25,600 amperes. However, a curve of Im 
versus/in Fig. 7 may be produced by re¬ 
peating the same procedure of tracing the 
chart a number of times. It is found from 
Fig. 7 that/= 28 cycles per second pro¬ 
duces the desired current 7^=25,600 
amperes and is therefore the correct test 
frequency to be used. 

It follows that 

\/5£j =2,986 volts, 01=64.5 degrees, and 
\/27«,=21,000 amperes 


Finally the inductance to be inserted in 
the test circuit is given by equation 14 

^ / y/2Bg \ / 2,985 \ 

\2irfV2I„) “V2^X28X21.000/ ” 

0.808X10-»henrys (28) 

In summary the controls on the a-c 
test circuit should be set as follows: 

Test voltage=2,110 volts (rms) 

Test frequency=28 cycles per second 
Test circuit inductance=0.808 millihenry 
Fault initiation angle=64.6 electrical 
degrees 

Figs. 1 and 2 compare the d-c and a-c 
tests and show the voltage and ciurent 
wave forms in proper scales based quanti¬ 
tatively on the example just given. 

Rectangular Arc Voltage 

Similar equations may be derived and 
charts drawn for the case of rectangular or 
flat top arc voltage.* Only the equations 
will be given now. 

The maximtun arc current and the total 
arc energy released in a d-c test are given 
by the following equations derived in a 
previous paper* 


7„=7do (l-d-®'»»/*'o) 

(29) 

W=7o£B7do( tm+Cc In . ) 

\ ee+‘hn/ 

(30) 

where 


Ba—Bd 

s, 

(31) 


The equations describing the a-c test 
were derived in two other papers^*® 


W 


2BgIaB6sQ 

2 wf 


(32) 


0s(cos 01 -l-cos O 2 ) +(sm 9e —sin 82 ) 

(33) 

E 2 — \/2Eg sin 62 ( 34 ) 


7m= "s/^Ibo (cos 01—cos 0*) if ejj>l 
= \/27«e[(cos 01 —\/l —Cb®) — 
eB(sia~^ ea—Se)] if eB<l 

( COS01 —COS02\ 

~ Ta / 

0B=02—0e 

Bg 

®m=2ir/7»)t 

0«=0i4’0jn 
Ba = y/^BgCa 


(35) 

(36) 

(37) 

(38) 

(39) 

(40) 

(41) 


The interested reader who wants to 
use the related charts is referred to refer¬ 
ence 4 from which the material of this 
paper is excerpted. 


Nomenclature 


The nomenclature used and described 
here is consistent, as far as possible, with 
the published work in this area referred 
to in the references. The per-unit (pu) 
system is used whenever possible to enable 
the application of this work to any circuit 
interrupter on a quantitative basis. 
Lower-case letters are used to denote 
voltages and currents in pu of the peak 
values of the S 3 ^tem whenever possible. 
Capital letters are used to represent the 
actual magnitude of currents, voltage 
and the parameters. For example, where 
Eu is the crest value of the alternating 
voltage Eg and Ea is the arc voltage in 
volts then ea’^EalEn and is the pu arc 
voltage expressed as a ratio which is 
dimensionless. 

The rates of rise of voltage and current 
are also expressed in terms of the system 
in which it occurs. The pu slope of the 
a-c source voltage at time of voltage zero 
is taken as unity. This slope has the 
magnitude Emoi volts per second. In the 
d-c system the unit of slope of voltage is 
the direct voltage divided by the time 
constant of the circuit To, which is L/R. 
The actual rates of rise of voltage in vplts 
per second are termed N while the pu 
rates of rise are labeled n. Hence the pu 
rate of rise of the linearly rising arc volt¬ 
age of the d-c circuit breaker is 

” \E.I \m) 
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* nns a-c test voltage, volts 
Bu — maximum value of alternating voltage, 
used as base for pu voltages in a-c 
system 

JSb— arc voltage, volts 
Ea=d-c test voltage, volts; unit voltage 
base for d-c tests 

voltage across the interrupter following 
interruption, volts 
c=voltage for system used, pu 
estate voltage, pu 

Cc=“pu arc voltage in excess of d-c test 
voltagesscjB—1 

=pu voltage across the interrupter follow¬ 
ing interruption 
/“frequency of test voltage 
/“net instantaneous current, amperes 
/(j“d-c short-circuit current uninfluenced 
by the breaker, amperes 
/do “'maximum d-c short-circuit current, 
amperes. Unit current base for 
direct currents “(Ed/J?) 

/ao®=rms symmetrical a-c short-circuit cur¬ 
rent, amperes 

/ji/“peak value of symmetrical a-c short- 
circuit current, amperes. Used as 
unit base for alternating currents 
/m^ maximum instantaneous arc current, 
amperes 

/b= backward moving current due to the 
arc voltage, amperes 
i“pu current 

tB=pu backward moving current due to 
the arc voltage 

<»t=pu maximum instantaneous arc current 
/ao“a-c short-circuit current 
by the breaker 

/“integral of the wattage coefficient curve 
over the arcing period for the linearly 
rising arc voltage case. A dimen¬ 
sionless trigonometric function 
k “arc energy coefficient for a-c tests, watt- 
hotu's per mva 

in “'dimensionless arc energy function for 
d-c tests, watt-hours per mva- 
seconds 

/“circuit inductance, henrys 
W“a defined function of n, Tm, and Tn 
//"“Slope of the linearly rising arc voltage, 
volts per second 

n “pu slope of the finely rising arc voltage 
arc-current-time area over the arcing 
period for the rectangular arc voltage 
case 

g “arcing time in pu of the time constant 
of the d-c test circuit 
12 “ resistance, ohms 
r“pu resistance 
/!b“ arcing time, seconds 
/in “Circuit-breaker opening or fuse melting 
time, seconds* 

To “time constant of the d-c test circuit, 
seconds 

/“period of a-c circuit 
/»“fault initiation time after last voltage 
zero, seconds 

22 “time when interruption takes place 
following last voltage zero prior to 
fault initiation, seconds 
#“time, seconds 
Tr“arc energy, watt-hours 
€“Naperian logarithm base (2.718...) 
fl“ dectrical angle, radians 
“arcing time, radians 
00 “angle at which the arc voltage is intro¬ 
duced mealed from 1^ voltage 
. zero. Includes ft, radians 
circuit-breaker opening* or fuse melt¬ 
ing angle, radians 


ft “angle at which the maximum instan¬ 
taneous arc current occurs, radians 
ft “fault initiation angle from last voltage 
zero, radians 

ft “angle at which the interruption tqk(»a 
place measured from same voltage 
zero as ft, radians 

ir“ ratio of circumference to diameter of a 
circle (3.14169...) 

6>“ angular frequency “2ir/ 


By these definitions several simple and im¬ 
portant rdations result which will make the 
definitions clearer and enhance their appli¬ 
cation 

Eb 

6b=— for d-c case 

Ed 

(42) 

for a-c case 

Em 

(43) 

i—— for a-c case 

J-M 

(44) 

for d-c case 

Ado 

(45) 

Em “ y/^Eg 

(45A) 

Eb^ = for linearly rising arc 

voltage 

(46) 

r * 

/d.=— 

(46A) 


(47) 

ia—~ for a-c case 

J-u 

(48) 

%B—— =~;7- for d-c case 

/dc Ed 

(49) 

. Im , 

im=— for a-c case 
/w 

(50) 

. r j 

hn—— for d-c case 

Ado 

(51) 

mva =Egha X10 “ single-phase 

symmetrical mva for a-c case 

(52) 

mva “Ed/do X 10-« for d-c case 

(53) 

lV“^Xmva“arc energy in watt hours per 
loop of current 

Tb 
^ To 

(54) 

—(d.oca«)-( j 

(55) 

N / NT 

(56) 

ft “(ft-f-^s) 

(57) 

ft = (ft+5#,) 

(58) 


*Tm and 9m in circuit-breaker testing are quite 
flexible and alter considerably if pretripping is 
employed. In d-c breakers where the opening 
time is quite important to performance, Tm can 
be determined by the breaker provided the inti-i n l 
tnte of rise, of current is properly simulated and 
practical relay or breaker trip latches are employed 
and tested as part of the breaker design. 


II 

1 

(59) 

_ 2t 


II 

e 1 

(60) 

TiHTm + TB) 

(61) 


Appendix I. Derivation of 
Equations for Performance in 
A-C Circuits of Interrupters Having 
Linearly Rising Arc Voltages 

The equations derived in this appendix 
are based on the assumptions that the a-c 
circuit is purdy inductive and that the arc 
is interrupted without reignition at the first 
current zero after the interrupter functions. 

Voltage After Interruption 

Referring to Fig. 2, the linearly rising 
arc voltage es may be written 

“n(fl-ft), for d^ 6 a (62) 

where » is the pu slope of eg. The base 
slope of voltage is that of the alternating 
voltajge at ^“0 or Ebm, Since the 

circuit is purdy inductive, the backward 
moving current in pu is the time in¬ 
tegral of the arc voltage cb, or 

. 1 , s 

=- n(e-ft) * for 0 5:ft (63) 

Interruption of arc current takes place 
at ft, where is cancels the forward moving 
current; i.e. 

^ »(ft —ft) * “COS ft —cos ft ’ (64) 

Hence the arcing angle is 

This equation shows that ft is a function 
of ft and », and so governs the voltage 
across the interrupter after the arc inter¬ 
ruption since 

e2“sinft (66) 

The true magnitude of £2 is equal to the 
pu 62 multiplied by Em. 

Arc Energy 

The arc energy rdeased by the inter¬ 
rupter is directly proportional to the 
integral 

CBt(d0) <^J'e^Jte-~i]^dO for the 

ardng period 

/ 

nffl I 


fi / 1 W 

/“» cos ft-- n 0 B^ 

(fla sinft-1- cos^ 



s ft —cos ( 0 e+&) 


2 J 
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The arc energy in watt-seconds is 


equation for the peak value of arc current be determined. This time is found to be 


, ( 2EgI„j \ 
\ 2x/ ) 


If jfe=arc energy in watt-hours per mva 
of the a-c system capacity, then 

, /2X7X10«\ „J ,,, 

^ I =-K ^2 -watt-hours per 

\2x/3,600/ / 

mva per loop (69) 

from which (for curve construction) the 
following is used 


' 2/X10« 

^2jrX60X3,( 




474 J watt- 


hours per mva (70) 

The relation 1.474 / describes the factor 
k for the 60-cycle case. 

Maximum Arc Current 

The arc current reaches its majdmum 
value at do where the arc voltage ea is equal 
to the test voltage Eg. Hence do is given 
by the equation 

n(do —de) = sin do (71) 

The solution of do encounters a transcen¬ 
dental equation. Best results are hence 
achieved by plotting a simple family of 
curves relating n, de, and do from which 
do can be. readily determined for use in 


net I 

I smddd—-sindaido—de 
Jei ^ 

l/ sin* do\ 

= COS di —cos do —-I -I 

2 \ « / 


Appendix II. Derivation of 
Maximum Current Equation for 
Interrupters Having Linearly Rising 
Arc Voltage in a D-C Circuit 

The pu backward moving current caused 
by the linearly rising arc voltage in a d-c 
circuit having a time constant To may be 
shown to be*>^ 

(73) 

The total pu arc current is the difference 
between the forward and the backward 
moving currents and is given by equation 74 


Note: /=0 here when the contacts part 
and the arc voltage is introduced. 

By setting (di/dt) to zero, the time at 
which the arc current reaches its peak may 




Substituting equation 76 into equation 74 
gives the maximum arc current in pu, 
namely 

»„,=(! —me"’'’”*/^®) -l-»(In m-fl —m) (76) 
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Discussion 


Russell Frink (Westinghouse Electric Cor¬ 
poration, East Pittsburgh, Pa,): To the 
designer of d-c circuit breakers the problem 
of providing adequate d-c tests is very 
real. The rapid' growth of the electro¬ 
chemical-chemical industry has created a 
demand for breakers of higher and higher 
interrupting capacity, but d-c testing facili¬ 
ties are not available and not economically 
justified. The authors are to be com¬ 
mended for their excellent analysis of the 
problem and development of methods for 
testing d-c interrupters on a-c circuits. 

However, as with many involved tech¬ 
nical analyses, it is very easy to become so 
engrossed with mathematics as to lose sight 
of the fundamentals. To illustrate this, at 
any given instant during the interruption of 
the circuit, the rate of change of current is 
proportional to the circuit voltage minus the 
sum of the arc voltage and the IR drop. 
When these two quantities are equal, the 
rate of change is zero and the current has 
reached its maximum value. However, in 
Fig. 3, the crest of the current I is shown 
considerably later than the point at which 
Ea is equal to Eg. 

Also, it would seem that the first testing 
method presented is too complicated to be 
of practical use. Because of design and 
tooling costs, any new breaker developed 
must be aimed at a wide range of applica¬ 
tions and must be tested under var 3 ring 
conditions. In outlining procedure, the 
authors state that the arc voltage character¬ 
istic is estimated by the designer. How¬ 
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ever, in preparing this discussion, a large 
number of oscillograms for three different 
types of d-c breakers were studied and the 
conclusion reached that the arc voltage char¬ 
acteristic varies with test conditions. To 
illustrate this, Fig. 8, shows two successive 
oscillograms of the arc voltage generated by 
a particular interrupter with two different 
rates of current rise. All other conditions 
remained the same, and the voltage and time 
scales are the same. From this it appears 
that another criterion must be added to the 
four listed in the paper, and that is rate of 
current rise. It has also been found that 
other test conditions can cause the arc 
voltage characteristic to •vary, and one arc 
chute may display approximately linear, 
rectangular, or trapezoidal arc voltage de¬ 
pending on conditions. Accordingly, it 
seems that in order to determine what arc 
voltage characteristic to use for a given set 
of conditions, tests must be made under 
those conditions and the technique would 
revert to a process of cut and try. 

On the other hand, the test method shown 
in Figs. 3 and 4 is a method which we have 
used for several years and gives a very close 
approximation of actual d-c conditions. 
Tests made at 8 cycles provide a test inter¬ 
val of 1/60 of a second with a voltage varia¬ 
tion of less than 8 per cent from the maxi¬ 
mum. Under these conditions, we have 
been able to make tests at approximately 
1,400 volts with a rate of rise of almost 
9,000,000 amperes per second. For higher 
rates of rise, the generators arc run at a 
higher frequency, and transformers are 
used to reduce the test circuit reactance. 
However, under these conditions, the avail¬ 


able period of substantially direct voltage is 
narrowed. 

This method has proved a very useful 
tool in the development of d-c breakers and 
fused d-c circuits. 


K. Chen and E. W. Boehne: The need for 
pro'viding more accurate test facilities for 
d-c breakers has been confirmed by the 
discussion of Mr. Frink, and we are pleased 
to note that others have also found it pos¬ 
sible to test d-c interrupters on a-c test 
circuits with considerable accuracy. As 
pointed out in the paper it is essential that 
"preliminary testing must be carried out to 
determine the nature of the arc voltage 
before converging on the final test settings 
to demonstrate the breaker rating.” 

Mr. Frink points out that the arc voltage 
is a function of the circuit conditions. 
This is certainly true and forms the foun¬ 
dation of the first three references of the 
paper and is axiomatic with the circuit 
breaker engineer. The determination of the 
nature of 'the arc voltage of the d-c inter¬ 
rupter (unless established from previous test 
data and experience) must be determined for 
the particular test circuit conditions in 
order to enter the equations and charts pre¬ 
sented in our paper. Since the nature of the 
arc voltage is the most important single 
characteristic of a d-c interrupter, it is 
usually found that the characteristics are 
tabulated in table and curve form for a 
variety of circuits and as modulated by 'the 
geometry and materials of the interrupter. 

It follows that the circuit breaker engi¬ 
neer in attempting to establish and demon- 
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ARC VOLTAGE 



A 2/200yOOO amperes per second 
6 3,700,000 amperes per second 


strate the rating of a particular d-c inter¬ 
rupter on an a-c circuit in as short a testing 
time as possible, will proceed in the a-c test 
l^oratory and be aided by a set of charts 
(Fig 6 IS a sample) prepared in advance, 
which will clearly guide his decisions of 


frequency, voltage, impedance, and time 
of fault initiation so as accurately to estab¬ 
lish performance criteria for the d-c circuit 
reaker over a wide range of applications. 
The advantages in so proceeding are 

1. The release of energy can be controlled 

m such a manner as gradually to approach 
the predetermined maximum, for the par¬ 
ticular arc voltage encountered, without 
destroying the breaker (as is possible) in the 
process of a random search. 

2. The goals can be fully achieved in an 
over-all shorter testing time. 

3. When witnessed by the customer the 
tests can be shown to produce all the es¬ 
sential performance criteria in the d-c 
circuit including the arc energy to be re¬ 
leased in the d-c application. 

4. Because of item 3 the influence of 
grounded metal parts, housings, overhead 
clearances can be demonstrated in the test 
cell. 

The fact that the d-c breaker frequently 
meets its most difficult job in circuits of low 
rates of rise of current (highly inductive) 
can be demonstrated. 

Mr. Frink objects to the inaccuracies of 
the sketch^ currents and voltages in Fig. 3 
pointing out that the arc current must peak 


as the arc voltage crosses the system voltage. 
We apologize for our poor sketching but 
hasten to point out that all the equations 
and concepts of the paper are based upon the 
accepted fundamentals of Ohm’s and Kir- 
chofif’s law and that the mathematics pre- 
sMted support the fundamentals instead of 
losing sight of them.” It should be further 
pointed out that the principles of super¬ 
position are used freely throughout the 
paper (and in references l-,3) in spite of the 
fact that the arc resistance is nonlinear in all 
circuit breakers. These demonstrations 
have required the revision of the “pre¬ 
viously considered fundamental” that the 
application of superposition was limited 
strictly to linear circuits. Several well- 
known fundamental electrical engineering 
texts now leave the door slightly ajar on this 
point since 1947. 

The approach used in the paper inherently 
considers and applies the correct rate of rise 
of current. This is indicated by the fact 
that peak currents are met within the proper 
over-all arcing time. The rate of rise of 
current determines the current at contact 
parting and is satisfied within the relations 
presented. 

Rbpbrbncb 
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Current Loci of Salient-Pole Synchronous 
Motors: An Extension of Blondel Theory 

JOHN F, H. DOUGLAS 

FELLOW AIEE 


A synchronous motor has two 

sets of current loci: the constant 
output and the excitation loci. For non¬ 
salient-pole motors these loci are circles, 
according to Blondel.i While used oc¬ 
casionally for salient-pole motors, they 
are regarded as approximate. Some of 
the proofs for the constant output loci 
are suffidently general to demonstrate 
that they are exact for all synchronous 
motors. Previous use of Blondel’s circu¬ 
lar excitation loci led to results at variance 
with test and theoretically in error, be¬ 
cause of another discovery of Blondel, 
the 2-reaction theory .a search has 
failed to disclose any reconciliation of the 


discoveries of Blondel or an exact geomet¬ 
rical definition of the excitation loci. 

This paper is based on the following as¬ 
sumptions of Doherty and Nickle^ and 
Douglas.® 

1. Reactance has two chief values, direct 
and quadrature, called Xa and Xg. 

2. Both vary with the field current but 
their ratio K is nearly constant. 

3. The ratio K may be found by graphical 
analysis or experiment and is 1.3 to 2.0. 

When pole shoes are concentric with the 
armature surface K is in the range 1.3 to 
1.8. When the air gap is shaped to give 
a close approximation to a sine waye of 
flux density the ratio K is nearly 2.0. 


ing range the circle . They are useful 
in predicting power factor. In Fig. 1 the 
circle ffL is the circle usually used. 

The following definitions briefly sum¬ 
marize the rules for drawing the four 
phasors forming the epitrochoid: dif¬ 
ference. of potential line to neutral 7, 
internal induced voltage Eo, armature 
resistance to alternating current, per 
phase r, angle from V to pole axis 5 . The 
following symbols are used for brevity: 


r=(V/Xo), E'^(Eo/V) (1) 

R^r/Xn), a=>{KR) (2) 

Thus in Fig. 1 take the sum of the four 
currents /1,/2,/s, and li given in polar co¬ 
ordinates by equations 3 through 6 


/i^Fa/Qo 

h =(0.5)(iS:+ l)(F )/-90o 
/s = (gT) /90°-fQ;-g 
/4»(0.6)(.fi:-l)(F)/90®-2« 


(3) 

(4) 

(5) 

( 6 ) 


The circle HJ and the epitrochoid HK 
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This paper shows that the excitation 
loci for salient-pole motors are epitro- 
choids. They may be found by taking 
the sum of four phasors shown in Fig. 1 
and giving the locus HK and in the work¬ 


---& 

only on a large-scale drawing. The 
closest circle has its center at the point E. 
If distance BE is termed h, BE is found 
to make an. angle (20:) with the vertical 
and has a length given by equation 7. 

(7) 


/«» (/3/4)/[/8-|-(3.46)(/4)] 
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Fig. 1. Excitation locus of salient-pole 
motor. Epitrochoid HJ is better than Blon- 
del's locus HL. Locus HJ is found as the 
sum of four currents li to L defined by equa- . 
tions 3 through 6 

If the resistance r is negligible tlie cur¬ 
rent h is zero and the angle a is zero, and 
the phasor h is vertical. It is believed 
that it may be neglected in the largest 
motors, but may not in the smaller. 

This paper demonstrates the correct¬ 
ness of equation 7 in two ways: by an ex¬ 
ample and by applying the theory of 
■errors. It was verified by large-scale 
drawings. Equations 3 through 6 can 
be transfonned into accepted basic rela¬ 
tions for salient-pole motors. 

Properties of Epitrochoid Current 
Locus of Salient-Pole Synchronous 

Motor 

An epitrochoid is a curve generated by 
one circle rolling over another. In the 
particular case when the tracing point is 
on the circumference of the rolling circle, 
the curve is an epicycloid. In the case 
when the fixed and the rolling circle have 
equal radii, and the center of the rolling 
circle moves through the angle 5, the rol¬ 
ling circle moves through the angle (25). 
In Fig. 1, the epitrochoid HK is generated 
if the radii of the fixed and rolling circles 
are equal and each equal to half of the 
value in equation 4. 

The axis of an epitrochoid is its line of 
symmetry; it is determined as the line on 
which h and h are in phase. It is in the 
position where 5 is minus a. The angle A 
is defined as the angle between h and the 
axis of the epitrochoid. The angle A is 
;equal to 8 plus a. 

In Fig. 1 the dashed line is the circle 
computed by Blondel’s rules. The ap¬ 
proximate circle defined by equation 7 
is so close to the epitrochoid that only 
a large-scale drawing.will reveal it. 



Fig. 2. Basic phasor diagram for salient-pole 
motor. V is line voltage, Eo the induced 
voltage, I the current Subscripts mark com¬ 
ponents, D for direct and Q for quadrature. 
Angle S is the power angle 

Basic Phaser Diagram and Equations 
for SaHent-Pole Synchronous 
Motors 

This diagram, shown in Fig. 2, is de¬ 
fined as one in which the pole axis is hori¬ 
zontal. The components of current and of 
IR and IX drop are shown. This dia¬ 
gram is termed basic, since the proof of 
the epitrochoid is based upon it. The 
equations applying to Fig. 2 are 

£o = F cos 8 -IoR+IdXd ( 8 ) 

Fsin(«)=/oZQ-l-/i»i? (9) 

These equations are expressed more sim¬ 
ply if equations 1 and 2 are used, and if 
the relation defining K as the ratio oi Xd 
to Xq is used. Thus the equations become 

ET=r cos 8-ToR-^-Id ( 10 ) 

r sin S=Iq/K-\-IdR (11) 

To solve equations 10 and 11 simul¬ 
taneously and accurately, tenns in R must 
be considered terms in i?* may be ne¬ 
glected. When thus solved for Io and Iq, 
the result is 

(Iq/D^^KR) cos 8 +K sin i8)-iKR)E' 

( 12 ) 

(iD/n^iXR) sin S-cos (5)-|-E' (13) 

Points of novelty are lielieved to be tlieir 
compact and simple form and their 
adaptability for use inpolar, co-ordinates. 

The proof of equations 3 through 6 is 
based on the basic equations 12 and 13 
by changing equations 3 through 6 into a 
form that can be compared with 12 and 
13. This will be done in the next section 
of this paper. 

Proof That the Epitrochoid Meets the 
Requirements of the Basic 
Equations 

The current taken by a motor is repre¬ 
sented by the sum of equations 3 through 
6 . The first step is the rotation of the 
current phasor counterclockwise by the 
angle 8 so that F is as shown in Fig. 2. 
This is done by adding 8 to the several 
angles. Thus 



D 


Fig. 3. Geometrical construction used to 
And the radius of best circle locus. Angle 
A taken from axis of epitrochoid 


I/r =^KR/S+0.5iX+l) /8-Q0°+ 

£ V90°H-«- l-0.5(ig-l )/9Q°-8 (14) 

Calling the cosine of a unity and equat¬ 
ing the sine of a to the angle, and chang¬ 
ing equation 14 into rectangular co¬ 
ordinates is the next step in the proof. 
In rectangular co-ordinates, and with Eo 
as the axis 

I/r=>(KR)(cos S+j sin 5)-|-0.5(A:-|-1)X 
(sin S—j cos 8 )—KRE'+jE'+ 

^(sin fi-h; cos 5)=(iiri?cos S-f 

K sin d-KRE‘)+jiKR sin 5- 

cosfi-l-E') (IS) 

This is identical with the basic equations 
demonstrating the epitrochoid by com¬ 
parison. 

Proof That the Epitrochoid Locus of 
a Salient-Pole Motor May Be 
Replaced by a Circle 

In Fig. 1 the current locus HK is very 
close to a circle. It must not be con¬ 
fused with the approximate circle of 
Blondel shown dashed as HL. The prob¬ 
lem may be restated thus: If the phasor 
/s is made equal to 

h={lzl,)/[lz+i^-h)h] (16) 

then it must be shown that the error is 
small if A = 0.55, and also that it is the 
least possible error. The working range 
is taken from zero to a power angle of 0.8 
radian. The proof is simpler if Fig. 1 is 
drawn with /s as a reference, as shown in 
Fig. 3. In Fig. 3 

DE*=(£F)*-i-( Fi?)* = [/8H-(l4~l5) 

cos A]*-|-(I«+l 6 )® sin* A (17) 

The steps between equations 17 and 18 
are given in the Appendix. 

Z?E* = (/3-j-l4-76)*+(l6/3+4J8/4-J3J4)A*- 

J 4 /.A* (18) 

To secure a very small error the radius 
must be close to and the two 

remaining terms in equation 18 must 
balance as closely as possible. Two proofs 
will be given. In this section assume 
that h—0.55 and compute the error for a 
particular case. Consider the case where 
/ 4 is 0.5 andZsis 1.2. 


' K-1 
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Table I. Error in Best Circle Locus 


Angle A, Radians 

Error in DE^ 

0.200. 


0.400. 


0.600. 


0.800.. 



By equation 16 the current Js assumes 
the form in equation 19 and DE^ takes 
the form in equation 20 


cos2 A-sin* A = 1—8 sin^ (A/2)+ 

8 sm<(A/2) (23) 

with the result given in equation 24 

I>B* = (/3+74-/5)24.4(/3Js+4J475- 

73 / 4 ) sin* (A/2)-167478 sin* (A/2) (24) 

If now the sine of (A/2) is replaced by 
(A/2), equation 18 is obtained. 

Next the proof that in equation 16 the 
value of h should be 0.66 is given. The 
first step is to put equation 16 in 18 with 
the result given in equation 26 


DE^ 



Fig. 4. Variation in the radius DE of epitro- 
choid from its nominal value, or that of the 
best approximate circle 


75 =(1.2)(0.6)/(1.2H-3.46(0.6))=0.204 (19) 
DE^ = 1.496s+0.063A*-0.102A* (20) 

Table I shows that the error in DE^ is 
small. The maximum error in DE is 
(1/6 per cent); the mean square error 
is much less. 

The error function is plotted in Fig. 4. 
The dashed line at the level !>£*= 
1.496^+0.003 gives an even smallpr Tnpgti 
square error than is indicated by the table. 
The conclusion is that in the working 
range there is an approximate circle locus 
much better than the Blondel approxi¬ 
mate circle and very dose to the theoret¬ 
ically exact epitrochoid. The proof that 
h has the best value of 0.55 is in the 
Appendix. 

One question of interest is whether re¬ 
sistance can be neglected. It is believed 
that in the smaller motors it cannot be 
neglected where accurate results are de¬ 
sired. For a particular case of Iz or 1.2, 
a-IC of 2, and a 5 of 46 degrees, the error 
in the power-factor angle was computed 
as 1 degree for each per cent of resistance. 

Appendix. Detailed 
Mathematical Steps 

The steps between equations 17 and 18 
are as follows. On expanding equation 17 
equation 21 is obtained 

cos A+(74—75)*X 
cos* A+(74+76)» sin* a =73*+74*+ 
It‘+2Iz(Ii—Ii) cos A—27478 (cos * A— 

sin* A) (21) 

The next step involves the use of the trigo¬ 
nometric identities in equations 22 and 23 

cos A=1-2 sin* (A/2) ( 22 ) 


7)£*=(73+74-78)*+(7478)(AA*- A*) (2S) 

The second step is one of preparation for 
the application of the method of least 
squares. Here the maximum value of A is 
called Am haying the value 0.8; the ratio 
of A to Am is called Z. The constant K 
gives a term required by l^t squares and 
aids in getting the most probable radius of 
the circle. When this notation is used, 
equation 25 takes the form given in equa¬ 
tion 236 

7)£*=(73+74-76)*+(7476)A„*(i2:0+ 

IJiAm*[-K'+(h/Am})Z*-Z*] (26) 

The last bracket may be termed the error 
function and may be more compactly 
written as 

e^(-K'+PZ*-Z^) (27) 

where the constants K and P are to be 
determined so that the error is a minimum. 

The first principle in least squares is 
that the error is at least when the average 
error is zero. Thus 

«fZ=0=(-ir'+(P/3)-0.2) (28) 

When equation 28 is used to eliminate K' 
from equation 27 it becomes 

c=0.2-(P/3)+PZ*-Z* (29) 

The second rule in the theory of least 
squares requires that the square of e be 
found, its average value be found, and then 
this value be differentiated for a TniniiniiTn 
The value of e* is given by equation 30 

e*=(0.2-P/3)*+2P(0.2-P/3)Z»+P*g«- 
(2P)(0.2-P/3)Z*-2PZ^+Z* (30) 

The average squared error is given by 
equation 31 

fi*dZ=(0.2-P/3)*+(2P/3)(0.2- 

P/3)+P*/6-(2P/6)(0.2-P/3)- 

2P/7+(1/9) 

=(16/225)-(16/106)P+ 

(4/45)P* (31) 


The derivative of equation 31 equated to 
zero gives the relations 

P -( 6 / 7 ) (32) 

A = (6/7)Am*==0.65 (33) 

A:' = (2/7)-0.2=0.086 (34) 

Z)Ps=(74+73-76)*+0.417476X 

^^^*-.^*- 0 . 086 ) ( 35 ) 

The mean square error in PE* is found by 
putting equation 32 in 31 and taking the 
square root with the result 

PE*=(73+74 -75)*+0.035(7476) ± 

0.31(7475) (36) 

Expressed as a percentage error, the 
probable error in the radius PE is 

Error = 1.6(;;-^ /' 37 ’\ 

\(73+74-78)*/ 

For the case chosen previously as an 
illustrative example the probable error is 

Error (1.6)(0.204)(0.6)/(1.496)* 

=0.073 per cent (38) 

Thus it is established by the theory of 
probabilities that in the working range the 
epitrochoid may be accurately approxi¬ 
mated by a circle. 


References 

1. Motburs Synchronbs a Cotxrant Altbr- 
NATiF, A. Blondel. L'lndnstries Electrique, Feb. 


Salient Pole Synchronous Machinbs, 
A. Blondel. Ibid., 1899, p. 481. 


3. A. Blondel. Transactions, International Con¬ 
gress, St. Louis, Mo., 1904, pp. 620 and 635; 


OF Blondbl s Two-Rbactiqn Thbory, E. R. 
^liwty,.C. A. Nlckle. AIEE Transactions, vol. 
46, June 1926, pp. 912-47. 


5. Transvbrsb Reaction 
Machines, J. F. H. Douglas. 
1927, pp. 30-38. 


in Synchronous 
Ibid; vol. 46, Feb. 



Discussion 

b. T, Rosenberg (Allis-Chalmers Man¬ 
ufacturing Company, Milwaukee, Wis.): 
The paper represents an important step 
toward understanding the behavior of 
sync^onous ma<^ines. Recent progress in 
$S^c^oiiou^-inadtu:ae sizes and construction 
has shown that ^ors considered small to¬ 
day may assume importance in the machines 
of tomorrow. 
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It is stated in the paper that Xq and Xa 
vary with field current and obviously these 
are not the unsaturated s3mchronous 
reactances defined in the AIEE Standards. 
Since X^ appears in all four components of 
the excitation locus of Fig. 1 it would be 
wise to use some additional symbol or 
subscript such as Xit to indicate that 
saturation must be taken into account. 
The author also states that the phasor 
diagram of Fig. 2 “is termed basic, since 


the proof of the epitrochoid is based upon 
It." To anyone not familiar with Dr. 
Douglas’ many , fine cohtHbutions to the 
literature on electric machines, this might 
be inadequate justification. However, Fig.. 
2 has additional claims to the teim basic, 
since - it has foimed the ba^ of many 
sjmchronous machine papers for over 
25 years. / In fact, a simil^ phasor diagram 
was published by Dr. Douglas as early as 
1927; see reference 6. 
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I should like to ask the author whether 
the analysis is sufficiently broad so that it 
can be applied to the limiting cases of 
1 . a nonsalient pole machine, and 2 . a 
salient pole reluctance-type synchronous 
motor. 


G. F. Tracy (University of Toronto, Toronto, 
Ont., Canada): The author states that K, 
in integral-horsepower motors, ranges 
from 1.3 to 2.0. An examination of the 
design data of 10 motors ranging in size 
from 200 horsepower to 2,250 horsepower 
corroborated these figures by showing for 
K a minimum value of 1.26 and a maximum 
value of 1.89. 

If the excitation is zero, the current I 3 is 
zero and the locus of the total current is 


determined only by Ia. This is the case in 
certain tsrpcs of clock motors. Synchro¬ 
nizing torque in such motors is dependent 
on a value of K considerably greater than 
unity. 

It is interesting to observe that for a 
cylindrical-rotor machine the factor K in 
equations 3 through 6 becomes unity 
(since Xd is equal to Xg); the current It dis¬ 
appears, and the expression for the total 
current is 

i^/-90-f^/90-(5-a) 

Xa^ Xd- - Xd - 

This is approximately the same as the ex¬ 
pression usually used in the circle diagram 
of a cylindrical-rotor machine, the ap¬ 
proximation being due to neglecting r® and 


assu ming Xd equal in magnitude to the 
synchronous impedance. 

John F. H. Douglas: In general, the points 
made by the discussers are well taken. 
The two limiting cases are of interest, 
namely, the smooth-core cylindrical rotor, 
and the reluctance torque motor. If the 
internal construction is isotropic, the phasor 
J 4 is missing and reluctance torque is zero. 
If the motor has no excitation the phasor 
la is missing. The degree of anisotropy may 
be measured by the factor K. It may be 
shown mathematically that the largest 
value of K that may be expected is 2 , 
which is confirmed by Prof. Tracy’s 
data. The questions asked by Mr. Rosen¬ 
berg are answered by Prof. Tracy. 



A Method for Studying Circuit Transient 
Recovery Voltage Characteristics of 
Electric Power Systems 

W. C. KOTHEIMER 

ASSOCIATE MEMBER AIEE 


Fig. 1, which compares the circuits and- 
wave forms. 

The American Standards Association 
standards^ define the transient recovery 
voltage as the voltage appearing across 
the terminals of a current interrupting de¬ 
vice upon interruption of the current. 
The circuit transient recovery voltage is 
defined as the transient recovery voltage 
characterizing the circuit and obtained 
with 100 -per-cent normal frequency re¬ 
covery voltage, a symmetrical current, 
and no modifying effect of the circuit 


A n IMPORTANT factor which is 
considered by circuit-breaker en¬ 
gineers is the time function of the poten¬ 
tial across the contacts of a circuit breaker 
immediately after current interruption; 
this is defined as the circuit transient re¬ 
covery voltage. ^ In the psist two decades 
much has been published on the deter¬ 
mination of recovery voltage charac¬ 
teristics of power systems by analytical 
methods.®"® These methods become quite 
complex when more than very simple cir¬ 
cuits are considered; consequently, the 
experimental approach to the problem 
becomes more practical, and several ex¬ 
perimental methods have been developed 
for making such measurements directly.*■’ 
One of these, the current injection method 
utilizes the principle of injecting into the 
de-energized circuit recurrent low-voltage 
current surges having essentially a con- 
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staut, positive, current-time derivative 
starting at zero current, and recording the 
transient voltage response of the circuit 
on a cathode-ray oscillograph. 

The method described in this paper dif¬ 
fers from the current injection method in 
that the recovery phenomenon is initiated 
by the discontinuation in a vacuum recti¬ 
fier of a negative current-time derivative 
at zero current. The resulting current 
wave form is more nearly analogous to 
that occurring in an actual current inter¬ 
ruption in a circuit breaker. The circuit 
under test is better isolated from the cur¬ 
rent supply after the start of the recovery 
voltage phenomenon, and the equipment 
required is simpler than that used pre¬ 
viously. It is portable and can be as¬ 
sembled quickly. 

Basic Circuit and Theory of 
Operation 

A similarity exists between the manner 
in which a half-wave rectifier supplying a 
load ceases to conduct at current zero 
and the arcing current interruption which 
takes place in a power circuit breaker. In 
both instances the circuit interruption 
takes place at current zero, neglecting any 
postarc conduction in the circuit breaker. 
The similarity of this action is shown in 


breaker. The rectifier wave forms shown 
in Fig. 1(B) approach the conditions de¬ 
fined for the circuit transient recovery 
voltage very closely. Because of the 
nature of its operation the rectifier cannot 
force intenuption of the circuit at any 
other time but current zero and has ex¬ 
tremely little conduction after current 
zero. The transient recovery voltage ob¬ 
tained in a half-wave rectifier circuit 
qualifies therefore as the circuit transient 
recovery voltage. 

This principle is applied to the study of 
circuit transient recovery characteristics 
of a de-energized system by connecting a 
low-voltage half-wave rectified current 
source in place of the circuit breaker as 
shown in Fig. 2. The cathode-ray re¬ 
cording equipment is connected to the 
same points, and the wave forms re¬ 
corded will be as shown in Fig. 1(B) for 
£ 2 — 8 , the voltage across the rectifier load 
circuit. When the rectifier ceases to 
conduct, the voltage across its load cir¬ 
cuit is not zero and must return to zero 
in a manner characterizing the transient 
recovery voltage characteristics of the 
circuit. The significant difference be¬ 
tween the recovery characteristics as 
measured in this manner and the actual 
circuit transient recovery voltage meas¬ 
ured directly across the circuit-breaker 
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Rj. 1. Slmilaily of 

a half-wave rectifier (B) 


CJ 



terminals is the absence of the normal 
frequency (60-cycle) recovery voltage. 
However, this is of little consequence be¬ 
cause the change in the normal frequency 
voltage during the short interval in which 
the transient takes place is very small and 
can usually be neglected. Also, if de¬ 
sired, it can be added readily because it is 
known. The reason for recording the 
voltage across the rectifier load circuit in¬ 
stead of directly across the rectifier which 
interrupts the current is to eliminate the 
unwianted transient characteristics of the 
low-voltage external current supply. 

A brief mathematical analysis of the 
operation of the rectifier will help to 
clarify the wave forms shown in Fig. 1 (B). 
Consider the simple circuit shown in 
Fig. 3. It consists of a low-voltage a-c 
source, a vacuum diode rectifier, and a 
reactive load. At the time when the volt¬ 
age JSi-a swings negative, assuming that 
the previous transient voltages have died 
out so that £ 2-3 is zero, £ 1-2 also will be 
negative and the diode wiU start to con- 
duct. When this happens the load circuit 
wiU be subjected to the applied 60-cycle 
a.-c potential. The 60-cycle shunt capaci- 
tive reactance of most power system cir¬ 
cuits is very much larger than the induc¬ 
tive reactance of the busses, transformers, 
and generators and may be neglected in 
writing the following differential equation 
describing the current and voltage rela¬ 
tions in the rectifier load circuit after the 
rectifier starts to conduct 

sin ai ( 1 ) 

The solution of equation 1 for the current 
in the load is' 


sm(«/-fX—d)- 




( 2 ) 


The angle X designates the phase angle of 
the generator voltage when the rectifier 
starts to conduct. For the conditions of 
no initial voltage across the load X is zero. 
The Mgle 0 is the phase angle of the total 
circuit and includes the effect of the in¬ 
ternal resistance of the rectifier, the series 
current control resistor, and the internal 
reactance of the supply source. The cur¬ 
rent in the load while the rectifier is con¬ 
ducting is therefore 

sin («/—(sin Vi+i/ ^3^ 

where 

The voltage across the load is given by 
di 


Ei^i^iR+L 


dt (41 


or 


Ei^l^Em 


sin («/— 
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cos(«/—^)-f. 


El-rL . 


— - ucooca Lu conauct ag£ 

when the current attempts to reven 
The phase angle cot of the supply volta 
at this time is designated as and is 1 
lated to the circuit parameters by the f( 
lowing equation 


sin 0 


0 


_/ Ji+r \ 

cos^—e 

In any inductive circuit 0 has a val 
between t and 2 ir so that the rectif 
conducts for appreciably more than a ha 
cyde. When current interruption occu 
the voltage across the load circuit is n 
z»o but retams to zero by a time fur 
tion which is determined by the load ci 
cuit parameters including the stray capa 
itance. To obtain a quantitative evalu 
tion of the recovery voltage characterist 
produced in this manner, the displacemei 
on the oscillogram of the voltage wa^ 
just prior to zero is taken as tl 
crest value of the actual line voltage, 
the horizontal sweep of the oscilloscope: 
calibrated, the initial rate of rise of the r< 
covery voltage can be calculated easily. 

In the foregoing analysis the resistanc 
r was assumed to indude the series resisto 
and also the internal resistance of th 
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Equipment for Practical Applications 



A schematic diagram of the equipment 
which was used to study recovery voltages 
is shown in Fig. 5. The rectifier consists 
of three type-5i?4G vacuum rectifiers in 
parallel. A series resistor minimizes the 
effect of rectifier nonlinearity and pro¬ 
vides for adjustment of the current sup¬ 
plied by a small 110/440-volt lighting 
transformer. The cathode-ray oscillo¬ 
scope is connected directly across the 
rectifier load circuit. For most circuits 
the 60-cycle impedance of the load is so 
low that the voltage developed across it by 
this method is very small and must be 
amplified in the oscilloscope to produce 
sufficient deflection on the screen. The 


Fig. 4. Cathode-ray oscillogram showing 
the current and voltage wave forms of Fig. 3 

A—Current wave form 

B—^Supply voltage, Ei-s 

C—Voltage across the load circuit, E2-3 


rectifier. The latter was assumed to have 
a constant value; however, this is not 
strictly true for it is a well-known fact 
that the internal resistance of a conduct¬ 
ing vacuum diode increases rapidly near 
current zero. In this circuit it is im¬ 
portant that the current wave form for a 
short interval before current zero re¬ 
semble closely a portion of a sine wave 
near zero. If the nonlinearity of the 
rectifier is not minimized, it can cause dis¬ 
tortion of the current wave form with the 
result that errors will be introduced in the 
recovery characteristic if the circuit has 
more than one natural frequency of oscil¬ 
lation. The effect of this nonlinearity 
upon the operation of the circuit is to 
cause the voltage across the load to de¬ 
crease slightly just prior to current zero. 
This effect can be detected in the oscillo¬ 
gram in Fig. 4 where it causes a slight 
curvature of the voltage trace just before 
the start of the transient oscillation. It 
can be minimized by making the series 
resistor much larger than the internal re¬ 
sistance of the rectifier and by using 
several rectifiers in parallel. 


frequency response of the oscilloscope 
amplifier must therefore be sufficiently 
wide to record the recovery voltage with¬ 
out introducing distortion. 

The transient recovery voltage phenom¬ 
enon occurs in a very short interval 
after the rectifier stops conducting. Be¬ 
cause this phenomenon is the only portion 
of the voltage wave form which is of 
interest, the cathode-ray oscilloscope 
horizontal sweep should therefore be syn- 
clu-onized and adjusted to expand this 
portion of the wave form sufficiently to 
display the recovery characteristic to 
advantage. When properly adjusted and 
s 3 mchronized, the recurrent transient re¬ 
covery voltage pattern will appear sta¬ 
tionary on the screen and can be photo¬ 
graphed easily. 

A means for measuring the average load 
current should be incorporated in the cir¬ 
cuit to facilitate setting the current level- 
within the rating of the rectifier tube. 
This can be either a d-c ammeter or a 
calibrated shunt and a d-c voltmeter as 
sho-wn in Fig. 5. The shunt has the 
added advantage of providing a means for 
observing the current wave shape during 
conduction in order to check the rectifier 
linearity. With the equipment just de¬ 
scribed an average load current of 1.5 
amperes d-c can be used without damage 
to the rectifiers. At this current level 
and with an oscilloscope sensitivity of ap- 
projdmately 48 millivolts per inch, it is 
possible to record the recovery voltages of 




Fig. 6. Cathode-ray oscillograms of recovery 
characteristics obtained by the half-wave 
interruption method on three different test 
circuits at the General Electric Switchgear 
Development Laboratory 


Results of Laboratory and Field Tests 

The electrical characteristics of most 
power generation and distribution circuits 
usually are such that the damping is below 
critical, causing the circuit transient re¬ 
covery voltage to be oscillatory in nature. 
A series of test circuits having such oscilla- 

Table I. Comparison of Laboratory Tests 

for Characteristics of Single-Frequency 

Oscillatory Circuits 

Resonant Frequency 

From Test Circuit Q 

By Direct Recovery -- 

Test Measure- Charac- By From 

Cir- ments, teristics. Direct Recovery 


cult 

No. 

Cycles per Cycles per 
Second Second 

Measure¬ 

ments 

Charac¬ 

teristics 

1.. 

..12,400.. 

. .12,600.. 

.. 3.03.. 

.. 3.07 

2.. 

..10,100.. 

.. 9,900.. 

.. 3.84.. 

.. 3.80 

3.. 

.. 4,970.. 

.. 4,940.. 

.. 7.40.. 

.. 7.60 

4.. 

.. 6,270.. 

.. 6,350.. 

.. 2.46.. 

.. 2.48 

6.. 

.. 3,150.. 

.. 3,180.. 

.. 4.72.. 

.. 4.78 

6.. 

.. 4,500.. 

.. 4,370.. 

.. 1.73.. 

.. 1.77 

7.. 

.. 2,230.. 

.. 2,180.. 

.. 3.37.. 

.. 3.40 

8.. 

.. 1,120.. 

.. 1,080.. 

.. 3.38.. 

.. 3.40 

9.. 

..16,100.. 

..15,500.. 

...10.1 .. 

..10.6 
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Fig. 7. Schematic diagram of 
half-wave interruption equipment 
and a typical test circuit at the 
Center Substation of the Southern 
California Edison Company 
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CURRENT 
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tory characteristics were set up in the lab¬ 
oratory and oscillograms were made of 
their recovery voltage characteristics 
using the circuit of Fig. 5. The resonant 
frequency and the Q of each test circuit 
were measured with standard laboratory 
instruments and the results compared to 
the values determined from the recovery 
voltage characteristics. Table I shows 
this comparison. The close agreement of 
these data attests to the validity of the 
half-wave interruption method for deter¬ 
mining circuit recovery voltage charac¬ 
teristics. 

To evaluate further the performance 
of this equipment, it was used to measure 
the recovery characteristics of several 
test circuit arrangements at the Switch- 
gear Development Laboratory of the 
General Electric Company in Phila¬ 
delphia. An oscillogram of one of these 
tests is shown in Fig. 6. The results ob¬ 
tained compared favorably with the 
known recoveiy voltage characteristics of 
these circuits. The circuits contained a 
large alternator, a tapped reactor, and 
the associated bus equipment. The addi¬ 
tional sine wave on the records is a cali¬ 
bration voltage from a high-frequency 
oscillator. 

In the summer of 1964 at the suggestion 
of W. F. Skeats, J. H. Drake of the 
Southern Califorma Edison Company 
used the low-voltage half-wave interrup¬ 
tion technique described in this paper to 
study circuit transient recoveiy voltage 
in a circuit breaker test installation at the 
Center Substation of the Southern Cali¬ 
fornia Edison Company. A schematic 
circuit of this installation is shown in 
Fig. 7. The apparatus tested consisted 
of; two 66/6.9-kv transformer banks hav¬ 
ing ratinp of 1,500 and 30,000 kva. A 
current-limiting reactor having a maxi- 
mi^ re^tauce tap of 1.76 ohms was con¬ 
nected in the secondary circuit. Pre¬ 


dominantly single-frequency recovery 
voltage characteristics were obtained as 
shown in Figs. 8 and 9. The recovery 
rate of the 1,500-kva bank was found to 
be more or less independent of the reactor 
tap settings whereas a variation of from 
1,900 to 2,800 volts per microsecond was 
obtained for maximum to miniTnuin reac¬ 
tor settings with the 30,000-kva bank. 

Conclusions 

The method for studjdng recovery volt¬ 
ages by using a half-wave vacuum recti¬ 
fier to simulate repetitive interruption of 
the circuit produces recovery voltage 
phenomena which qualify as the circuit 
transient recoveiy voltages as defined by 
the American Standards Association 
standards. Results of laboratory and 
field tests have shown that the method is 
readily applicable to power ^stem circuit 
configurations and 3 delds results which 
are in good agreement with those obtained 
by other methods. The equipment re¬ 
quired is simple, inexpensive, and readily 
available. Tests are conducted at a rela¬ 
tively low voltage and current level so 
that circuit changes such as reactor or 
transformer tap changes can be made 
with safety and dispatch. The method 
requires that the test circuit contain a 
complete d-c path; however, this limita¬ 
tion does not restrict seriously the scope 
of its application. 



Fig. 8. Recovery characteristics of the test 
circuits at the Center Substation of the Southern 
California Edison Company. Reactor tap= 
1.76 ohms, transformer =» 500 leva, 66^)00/ 
6,900 volts. Time base calibration = 50 
microseconds per division. Recovery voltage 
rate=760 volts per microsecond 



Fig. 9. Recovery characteristics of the test 
circuits at the Center Substation of the Southern 
California Edison Company. Reactor tap= 
1.76 ohms, transformer=10,000 kva, 66,000/ 
6,900 volts. Time base calibration=10 
microseconds per division. Recovery voltage 
rate=1,900 volts per microsecond 
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D. J, Lemens (Line Material Company, 
South Milwaukee, Wis.): This is a com¬ 
paratively simple method of determining 
circuit transient recovery voltage which 
should prove useful in the design, test, and 
application of a-c circuit interrupting de¬ 
vices. 

^ In laboratory studies with a circuit 
similar to that shown on the schematic 
diagram of Fig. 6, we have found that in 
most cases a single rectifier is sufficient. 
Parallel rectifiers are necessary only when 
the test circuit impedance is of such a low 
value that insufficient voltages develop 
across the test circuit for satisfactory de¬ 
flection of the cathode-ray oscilloscope. 
Parallel rectifiers, because of interelectrode 
Capacitance, tend to modify the recovery 
voltage of test circuits. 

While the equipment is sunple and easily 
assembled, considerable care must be ex¬ 
ercised in the selection of components and 
the method used for the actual setup in 
order to obtain satisfactory measurements. 
Shunt capacitance due to leads and inter¬ 
electrode capacitances will influence re¬ 
covery voltage measurements by varying 
amounts, depending on the particular 
high-current ciremt studied.® .Grounding 
of the test circuit and equipment must 
also be carefully consideredi 
We have found excellent agreement in 
the recovery voltages of high-current lab¬ 
oratory test circuits as measured by the 
interrupted current wave method dis¬ 
posed in the paper and measurements made 
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during actual circuit interruption. The 
cathode-ray oscillograms of Fig. 10 show 
the single-frequency recovery voltage ob¬ 
tained on a 5.2-kv circuit having a short- 
circuit current of 6,000 amperes. Oscil¬ 
logram A was made with the interrupted 
current wave circuit while oscillogram B 
was made during an actual circuit inter¬ 
ruption. 

The oscillograms of Fig. 11 show the 
multiple frequency recovery voltage ob- 


esting discussion of the half-wave inter¬ 
ruption method for measuring transient 
recovery voltages brings out some pre¬ 
cautions concerning the effects of rectifier 
shunt capacitance and grounding of the 
test circuit not brought out in the paper. 
The oscillograms shown, comparing re¬ 
covery voltages recorded during fault 
current interruptions and those obtained 
by the half-wave interruption method 
speak for the validity of the method. 


In regard to the use of parallel rectifiers, 
the increased current is not the only ad¬ 
vantage obtained. It also reduces the 
effect of the nonlinearity of the internal 
resistance of the rectifier near current zero, 
which can cause errors in the recovery 
voltage produced if the test circuit has 
multiple-frequency characteristic. The 
large resistor in series with the rectifier 
also helps greatly in reducing this effect. 


A Rational Method for the Step-by-Step 
Calculations in Power System Transient 
Stability Studies 
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I N STUDIES of the transient stability 
of power systems with a network ana¬ 
lyzer the step-by-step method is generally 
used. Here, a special method for the 
step-by-step calculations is described. 
These calculations, based on the ordinary 
step-by-step equation, are matched to 
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ordinary ofl&ce calculators. The method 
has shown itself to be fast and reliable in 
extensive investigations of the trEinsient 
stability of the Swedish power system. 

Differential Equation for Motion of 
Group of Power Stations 

The differential equation for an aver¬ 
age load angle of a group of power sta¬ 
tions that moves in a mutually syn¬ 
chronous manner is deduced as a function 
of the electric power delivered from the 
group. Obviously, the equation also ap¬ 


plies to a single synchronous machine. 
The mechanical torques from the prime 
movers are assumed to be constant. 

The following quantities are introduced; 

time, seconds 

/o= normal frequency, cycles per second of 
the power system 

/fO “momentary frequency, cycles per 
second of the power station group 
^(<) =an average load angle in electrical 
^ degrees of rotors of the power station 
group with respect to a reference 
axis rotating at normal speed 
TFo=kinetic energy of the power station 
group, megajoules at undisturbed 
operation 

F(t) =» electric power, megawatts from the 
power station group 
mechanical power, megawatts to the 
power station group from its prime 
movers at undisturbed operation 


At an arbitrary time the frequency of the 
power station group will be 


f(0 fo'^QQQ 


d^(i) 

dt 


( 1 ) 


There is for every period of time mechani¬ 
cal energy from the prime movers=dec- 
trical energy-^increment in kinetic energy 
-Henergy dissipated as losses. 
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U. 2 , and 0.3 second shown in Figs, i, 3^ and 4 


If the losses are neglected or the me- 
chamcal power for losses corrected, the fol¬ 
lowing is obtained for the time dt 


■ Pndt=P{t)dt+Wa 




When a disturbance occurs d<p{t)/Z&Qdt 
can be neglected in relation to/o as long 
as the ^nchronism between the station 
poups is not completely lost. Accord¬ 
ingly, after performing the derivation, 


the following swing equation is obtained 
dVW I8O/0, 

dfi PFi (3) 

Step-by-Step Equation 

The ordinary step-by-step equation is 
deduced according to the general princi¬ 
ples in Appendix XII of reference 1. It 
is assumed that the power system is in a 
suitable way represented in a network 


Table I. Changes in Network Conditions in 
First Stability Run on Form, Fig. 1 


Time, 

Seconds 


Change in Network Condition 



0.00-Three-phase short circuit near sending 

end of important 380-kv line 

0. n-Faulted line disconnected at sending end 

U.14-Faulted line disconnected at receiving 

end 

0.64....Line reclosed at both ends with fault 
cleared 


palyzer. R6^arding the representation 
in network analyzers of power systems for 
studies of the transient stability, the 
reader is referred to references 2 and .3. 

In addition to those previously men¬ 
tioned the following quantities are intro¬ 
duced; 

A/=■ step-interval, seconds 
«»«*load angle of power station group, 
electrical degrees at the time t=n&i 
(mva)^—power in mega volt-amperes in the 
real system corresponding to 1 
per cent power in the analyzer 
system 

lT“8.cceleration constant for power in 
analyzer per cent from power station 
group 

P scale reading on analyzer wattmeter 
when electric power is measured from 
station group 

scale factor of analyzer wattmeter for 
converting scale reading to per-cent 
analyzer power 

^-o== scale reading on analyzer wattmeter 
when dectric power from station 
group is measured at undisturbed 
operating conditions 

The load angle of the station group 
at the time t— (»-i-l)Ai can be calculated 
with satisfactory accuracy from and 

the value of dip{t)/dt in the middle of the 
time interval nAKK(»-f 1)A/, if the 
steps Ai are not made too long. From 
this follows the equation 

(d<p (t)\ 

y»+i~yn +(—j At (4j 

where ^=(»-l-0.5)A/. 

According to the same principle the 
following is obtained for the foregoing 
interval 


- « jl( 


where t^in—0.5)At. 

From equations 4 and 5 and through 
the integration of the swing equation 3, 
the following is obtained 

_ 180 /oA^ 

Vn+i = 2<e» — - - -X 

Wo 

^(n+o .s)A< 

I (-P(t)+Pm)dt (6) 

J (n— o.8)A< 

The acceleration constant K is intro¬ 
duced according to the relation 
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Table 11. AddinS'Machine Calculations of Load Angle <f>\ for t=lAt with No Changes in 
Network Configuration During 0<t<0.5At 


Operation 

Wo. 


Counterpart in E(iuation 10, etc. 


1-1 ... .Print register-emptying sum.empty-register check 

1-2 .... Print station-group no.facilitates possible later check of 

printed tape 

1—3 ... .Add (,—Kkp) valid during 0<«0.5A/ five times. + 5 ( — Kkp) during 0<«0.5Af 

1-4 ... .Add prime mover increment five times. -{-SKkp-tP-t 

1-5 .... Print register-emptying sum. 5(—Kkp) during 0</<0.6Ar 

-|-5JCfep_ tp- s 

1—6 .... Print register-emptying sum.empty-register check 

1—7 .... Add result of operation 1-5 with last figure discarded*.... -|-0.6(— Kkp) during 0<«0.6A< 

-i-O.fiKAp- tp— t 

1-8 .... Add initial load angle (^o). .+(9o 

1-9 .... Print nonemptying sumf. . 

1-10... .Subtract load angle (^irof) or («)i ref+360.00) of....—^iraf 
reference station group:): 

1-11.... Print register-emptying sum.ref 

1-12.... Note in first empty row of form the result of opera¬ 
tion 1-0 in column and result of operation 1-11 
in ^rof column. Calculate next station group 

Raise last retained figure if discarded figure is higher than four, 
t If result of operation 1—9 is not between 0.00 and 360.00, add or subtract 360.00 to get tpi between 0.00 
and 360.00. Repeat operation 1-9. For setting analyzer, load angles are wanted between 0 and 360 
degrees. 

t If reference station group is calculated, add 360.00. In operation 1—12, note result of operatioim 1-9 
and 1—11 on a blotting paper, besides noting load angle in the form. Values on blotting paper used in the 
calculations of following station groups. 

Table III. Adding-Machine Calculations of Load Angle tpn+i f®f t=(n+1)At with Change 
in Network Configuration During (n—0.5)At<t<(n-|-0.5)At 


Operation 

Wo. 


Counterpart in Equation 8, etc. 


to When no changes in 

the network configuration occur during 
0</<0,6Af, by putting w=0 in equation 
8 , the following simplified relation for the 
load angle <pi for / = 1 A/ is obtained 

Q.b{-KkpP) during 0<K0.5Af+ 

0.5Kkp-tP- 0+ = <oi (10) 

Practical Accomplishment of 
Calculations 

It is assumed that the power system is 
reproduced , m a network analyzer and 
that the analyzer is in balance for the op¬ 
erating conditions before a fault enters 
into the power system. Further, it is as¬ 
sumed that in the analyzer the power 
from the different groups of stations can 
be determined when their load angles are 
known. 

A calculation form, with the notations 
from two stability runs entered, is shown 
in Fig. 1. The calculations are explained 
in connection with the first stability run 
on the form. They are similar for the 
different station groups and because of 
this they are described for the group in 
the form only. 


2-1 ... .Print register-emptying sum.empty-register check 

2—2 .... Print station-group no...facilitates possible later check of 

printed tape 

2-3_Add each (-XAp) valid during («-0.5)A/<«(«+- +10(-Kkp) time average during 

0.5)AI a number of times equal to the number of («—0.6)Ai<«(»+0.5)A< 

tenths of a step-interval M that {—Kkp) is valid 
during («-0.6)A««(»+0.6)Ai 

2-4 .... Print register-emptying sum.10 (— Kkp) time average during 

(»i-0.6)A«/<(n+0.6)A< 

2-5 .... Print register-emptying sum.. empty-register check 

2-6 .... Add result of operation 2-4 with lost figure discarded*....+( — Kkp) time average during 

(« - 0.5) A«f<(« +0.5) Af 

2-7 ... .Add last load angle {tpn) in ^p-column of form two.... +2<9n 
times 

2-8 .... Subtract load angle {<pn- i) next to last in <p column.... —vn -1 
of form 

2-9 .,, .Add prime mover increment... +Kkp-Qp-t 

2-10.... Print nonemptying sumf. Vn +1 

2-11.... Subtract load angle (v»n +1 ref) or {vn* i ref +360.00) of.... — v>7h. i ref 
reference station groupt 

2-12.,,. Print rej^ster-emptying sum...— vn* i ref 

2-13.... Note in first empty row of form, result of operation 
2-10 in p column and result of operation 2—12 in 
<P~VTet column. Calculate next station group 

* Raise last retained figure if discarded figure is higher them four. 

f* If result of operation 2-10 is not between 0.00 and 360.00, add or subtract 360.00 to get pn* i between 
0.00 smd 360.00. Repeat operation 2-10. For setting the analyzer the load angles are wanted between 
0 and 360 degrees. 

J If reference station group is calculated, add 360.00. In operation 2-13, note result of operations 2-10 
ft nil 2-12 on a blotting paper besides noting load angle in the form. Values on blotting paper used in 
calculations of following station groups. 


^_ 180/o(Af)«(inva)^ 

Wo 

For evaluating the integral in equation 
6 its time average during 
(n~\-0.5)At is taken, ^en equation 7 and 
the relation between scale reading and 
analyzer power is introduced. It is ob- 
served: that - kj^p-o (mva)^ corresponds 
to Pm. The step-by-step eq^uation is 
arrived at as follows 

(^—KkpP) time average during(«—0.5)A<< 
t<{n+0.b)M-\-2<f>n~- Vn-l-¥Kkp^-o 

( 8 ) 


The fourth term of the left member of 
equation 8 occurs, when constant prime 
mover torques are assumed with the same 
value in the calculation of ev«y step of 
the load angle of the power station group 
in question. The fourth term repre¬ 
sents the load angle increment due to the 
prime movers. Because of that 

Kkp.^ 0 =prime mover increment (9) 

It is assumed that the fault enters the 
power system at <=0. For/<0 the load 
angle <p is constant and (,—Kkpp) equal 


Initial Data for Stability Run 

For each station group, the head of a 
form according to Fig. 1 is filled in, as 
will be explained in connection with the 
station group in the form of the figure. 

In the stability run the following is 
valid 

/o=50 cycles per second 

(mva)A =*4 mva per per-cent analyzer power 

( 11 ) 

A^=0.10 second 

For the station group in Fig. 1 the fol¬ 
lowing is valid 

IFo"2,806 megajoules 

0.60-degree=load angle for normal 
operating conditions (12) 

According to equation 7 and the fore¬ 
going data the following is obtained for 
the station group 

180X50X0.1-( 
2,806 

For ife=1, 2, and 5, A • ^ is entered in the 
form head. (In the actual analyzer k is 
always 1, 2, or 5 multiplied by a power 
of 10.) 

For the stability run the changes in 
network conditions are shown in Table I. 

Computation of Load Angle <pi 
for t=lAt 

With the load angles set to normal op- 
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Operation 
number in 
Table 1. 

Print on 
tape. 

1-1 

xc 

1-2 

14# 
4.77 - 
4.77 - 

1-3 

4.77 - 
4.77 - 


4.77 - 
26 

26 

1-4 

26 

26 


26 

1-5 

22.55 xc 

1-6 

xc 

1-7 

2.26 - 

1-8 

50 

1-9 

1.76 OC: 

Note 2. 

360.00 

1-9 

358.24 a 

1-10 

422.66 - 

1-11 

64*42 XC 


Color of 
print. 

^Blacksspos.) 
(Red =neg.) 


Black 

Red 


Black 

If 


Black 

Red 

Black 

It 


Fig. 2. Adding-machine tape with calculation of load angle 
<Pi for t^O.I second of first stability run on form in Fig. 1 


Operation 
number in 
Table 3. 

Print on 
tape. 

. Color of 
print. 

(Blackapos.) 
(Red =neg.) 

3-1 

xc 


3-2 

14# 

Black 

3-3 

2.32 - 

Red 

3-4 

352.13 

Black 


352.13 

If 

3-5 

358.24 - 

Red 

3-6 

26 

Black 

3-7 

343.96 Q 

If 

3-8 

429.69 - 

Red 

3-9 

85.73 XC 

It 


Operation 
number in 
Table 2. 

Print on 
tape. 

2-1 

XC 

2-2 

14# 
5.48 - 
5.48 - 
5.48 - 
5.48 - 

2-3 

5.48 - 
5.48 - 
2.12 - 


2.12 - 
2.12 - 


1.83 - 

2-4 

41.07 xc 

2-5 

xc 

2-6 

4.11 - 

2-7 

358.24 


358.24 

2-8 

50 - 

2-9 

26 

2-10 

712.13 0 

Note 2. 

360.00 - 

2-10 

352.13 0 

2-11 

425.51 - 

2-12 

73*38 xc 


Color of 
print. 

(Blacksspos .) 
(Red ssneg.; 


Black 

Red 


Black 

It 

Red 

Black 

It 


Red 

Black 


t«Pe with calculation of load angle for 

t- 0.2 second of first stability run on form in Fig. 1. According to changes 

in network conditions indicated in Table \, faulted line is connected in 
both ends during 6/10 of the interval 0.05<t<0.15 second. During 
7,3? , faulted line is disconnected in sending end. During 

1/10 of interval, faulted line is disconnected in both ends. With the 
to t=01 Mcond, th. three (-Kkp) eo^ed In the 

term fort-0.1 second have been calculated from measurements with net¬ 
work set according to conditions indicated. Consequently, (-Kkp) 
values are added six, three, and one times respectively in operation 2-3 


crating conditions, the power from each 
station group is measured without the 
fault applied and with the fault applied. 
The scale constant k and scale reading p 
are entered in the k and p columns of the 
form as they are read. From the form 
head Kk is found and entered with 4 


Fig. 4. Adding-machine tape 
with calculation of load angle 
for t=0.3 second of first 
stability run on form in Fig. 1 


decimals in the Kk column of the form. 
Then Kk and p are multiplied by an auto¬ 
matic multiplying machine. As Kk is 
entered with 4 decimals and p with 1 
decimal, the result is always Kkp with 5 
decimals in the resulting register of the 
multiplying machine. The result is en¬ 


tered with 2 decimals and shifted sign in 
the Kkp column of the form. The prime 
mover increment is equal to Kkp calcu¬ 
lated from the measurements for normal 
operating conditions. Because of that 
the first value in the —Kkp column is 
entered with shiftid sign in the thick- 
lined rectangle in the right-hand part of 
the form head. 

For the station group in Fig. 1 and nor¬ 
mal operating conditions ^=4.1 per cent 
is read on the wattmeter scale of the ana¬ 
lyzer with scale constant /fe=0.5. From 
the form head, ZA=0.64160 is found for 
As ife=0.5 is valid for the meas- 
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Table IV. Adding-Machine Calculations of Load Angle for t=(n-|-1)At with No Changes 
in Network Configuration During (n—0.5)At<t<(n+0.5)At 


Operation 

No. 


Counterpart in Equation 8, etc. 


3-1 .... Print reKister-empyting sum.empty-register check 

3-2-Print station-group no.facilitates possible later check of 

printed tape 

3-3 ... .Add (, —Kkp) tor I = nM . ( — Kkp) time average during (n — 

0.5)A/</<(n+0.5)Af 

3—4 ... .Add last load angle (ipn) in column of form two_ 

times 

3—5-Subtract load angle (<pn- 1 ) next to last in <p column_— ipn- 1 

of form 

3—6 .... Add prime mover increment.^ Kkp- ^p- a 

3—7 .... Print nonemptying sum*.i 

3-8-Subtract load angle («9»+iref) or (#>»+» ref +300.00)_-»!>,i+iref 

of reference station groupf 

3-9-Print register-emptying sum. v»n+ i — vn+ 1 ret 

3—10... .Note result of operation 3-7 in <p column and result 
of operation 3-9 in #>—^ret column of form. Cal¬ 
culate next station group 

♦ If result of operation 3-7 is not between 0.00 and 360.00, add or subtract 360.00 to get 1 between 0.00 
and 360.00. Repeat operation 3-7. For setting analyzer, load angles are wanted between 0 and 360 
degrees. 

t If reference station group is calculated, add 360.00. In operation 3-10, note result of operations 3-7 
and 3—9 on a blotting paper besides noting load angle in form. Values on blotting paper used in calculations 
of following station groups. 


2. A printed tape is obtained for the more 
complicated calculations. The tape can 
easily be checked and kept as a verification 
of the calculations. 

3. Notations during the stability run are 
reduced to a minimum. 

With one man malcing measurements 
and midtiplications and one man operat¬ 
ing the adding machine, complete stability 
runs on a 16-machine system have been 
made in less than 3 hours. 

References 

1. System Stability as a Design Problem, 
R. H. Park, E. H. Bancker. AIJSB Transactions, 
vol. 48, Jan. 1929, pp. 170-94. 

2. Power System Stability (book), S. B. Crary. 
John Wiley & Sons, Inc., New York, N. Y., vol. I, 
1945; vol. II, 1947. 

3. Power System Stability (book), E. W. 
Eimbark. John Wiley & Sons, Inc., New York, 
N. Y., vol. I, 1948. 


ured value, 0.1X0.64150 = 0.0642 is 
entered in the Kk column of the form. 
With the fault applied p=37.2 per cent 
with scale constant ife = 1 is found. From 
the head of the form the corresponding 
jRT^=0.1283 is found. Through the mul¬ 
tiplications —0.26 and —4.77 result in 
the —Kkp column of the form. Accord¬ 
ing to the rules mentioned the prime 
mover increment is 0.26, and this value is 
entered in the thick-lined rectangle in the 
right-hand part of the form head. 

To make clearer the swings of the sta¬ 
tion groups it is desired to determine the 
load angles in relation to a certain large 
group of stations. This is called the 
reference station group and the load 
angle of this station group is called the 
reference angle. The reference station 
group is always measured and calculated 
first. From calculations similar to those 
to be described, for the load angle at 
/=0.1 of the reference station group, 
<P\ raf=62.66. In addition to noting this 
angle in the form of the reference station 
group, ipixet and (^i ref+360) are noted 
on a blotting paper to be used in the cal¬ 
culations of the following station groups. 

The load angle <pi is calculated from 
equation 10 by a printing adding machine 
according to the rules of Table II. The 
adding-machine tape for the station group 
of the reproduced form is shown in Fig. 2. 

Computatioii of Load Angle ^n-i-i 

Computation of the load angle 
for ^= (»+l) Ai when changes in network 
configuration occur during («—0.5)AK 
^<(w+0.6)A^ is as follows. The load 
angles corresponding to t—nM have been 
calculated and are set in the analyzer. 
The load angles for i=(w+l)Ai are ob¬ 
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tained from equation 8. For each sta¬ 
tion group the power p is measured for 
each network configuration valid during 
(«—0.5)Af<f<(w+0.5)Ai and with the 
corresponding k and Kk entered on tlie 
form in the order in which the network 
configurations are valid. The (—Kkp) 
values are calculated by the multiplying 
machine exactly as described. The time 
average of (—Kkp) during (n~0.5)Af< 
t<(n-j-0.5)At and equation 8 are calcu¬ 
lated by the adding maclxine according 
to the rules of Table III. The adding- 
machine tape for the calculation of the 
load angle <pi for the station group of the 
reproduced form is shown in Fig. 3. In 
this case three different network con¬ 
figurations are used for the measurements 
according to the changes in network con¬ 
figuration indicated in Table I. 

Computation of the load angle rpn+t 
for /=(»+l)Ai when no changes in net¬ 
work configuration occur during (»—0.5) 
At<t< C»+0.5) At is as follows. The load 
angles and network configuration corre¬ 
sponding to t—nAt are set in the analyzer. 
The new load angles are obtained from 
equation 8. For each station group the 
power p is measured and with the corre¬ 
sponding k and Kk entered in the form. 
The (—Kkp) values are calculated as de¬ 
scribed. For each station group, the 
(—Kkp) value is equal to the first term 
of equation 8. The adding-machine cal¬ 
culations to obtain a new load angle are 
described in Table IV. They are similar 
to the latter part of the calculations de¬ 
scribed in the previous paragraph. 

Advantages of the Method 

1. The calculations are matched to 
standard office calculators and made in a 
time-saving and systematic manner. 




Discussion 

E. L. Harder (Westinghouse Electric Cor¬ 
poration, East Pittsburgh, Pa.): A com¬ 
parison of the calculation method proposed 
in the Norinder paper with that generally 
used in step-by-step studies today is shown 
in Fig. 5. The left column under the figure 
shows the usual calculations. First the 
power Pn is read, subtracted from your 
initial power, the acceleration calculated, 
the change in velocity, and the new velocity 
which will apply for the interval under con¬ 
sideration. Based on this velocity, the 
change in angle is calculated and then the 
angle at the end of the interval. This 
requires a subtraction, two multiplications, 
an addition, a further multiplication, and 
an addition. Further, the initial power 
and the several steps must be recorded in 
the table as indicated by the symbol R. 
This makes a total of 13 operations. In 
contrast, the proposed method requires 
reading the machine power P« and multi¬ 
plying it by a constant kAt. Then proceed 
directly to calculate the new machine angle 
by the formula shown in which kAtP^ is 
constant throughout tlie calculations, 
whereas and 0«-i are the two previous 
values of the angle. The addition of 2^« 
is charged as a single addition though it 
requires adding twice. This partially 
compensates for the fact that the additions 
in the right-hand column are single-address 
additions whereas those in the left column 
are two additions. The total operations 
by the new method are seven. The first 
two multiplication steps in the left-hand 
method could be combined, reducing the 
operations from 13 to 11. However, they 
are generally kept separate to facilitate 
changing At frequently. This is less neces¬ 
sary in the right-hand method for the fol¬ 
lowing reason. 

If several system conditions exist during 
one time interval, this does not necessitate 
changing At. For example, suppose the 
fault is on up until 0.11 second at which 
the first breaker clears and the second 
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“0n-i 


Fig. 5. Calculation of machine angle at n+l 

P« R P„ 

- Po~Pn 

R X KAtPn 

X an = K(Po-Pn) 

P R ^n+i = — KAtPn 

X Aci) = CKnAt 

+ +KAtPo 

■f" Mii4..6®=Wn—.6"I“A« 

^ + +20n 

X A0 = Wn+.|lAt 

R 

+ ^ii+l=0n+A^ 

± R 

13 7 


breaker clears at 0.14 second. Instead of 
considering the acceleration constant from 
0.05 second to 0.15 second> three power val¬ 
ues are read at 0.1 second corresponding to 
these three conditions. The first one is con¬ 
sidered to be affected for 0.6 of the interval, 
the second one 0.3 of the interval, and the 
third one 0.1 of the interval. These are 
readily added in by an adding by 

plunching the first value six times, the 
second value three times, and the third 
value once, and then shifting the decimal 
place. Thus, a composite term —kidPn 
provides for the correct acceleration from 
time •= 0.05 to time == 0.16. The other 
three terms in the expression are not 
affected by this acceleration. 

The formula for the angle in the right- 
hand column of Fig. 5 is actuaUy identical 
to ^at used in the.left-hand column as can 
easily be proved. Referring to the figure, 
the ^t two terms of the formula give the 
previous angle plus the increment which 
would have occurred had the velocity not 
changed whereas the first two terms give 
the angle increments due to the velocity 
incremmt caused by the acceleration from 
the nuddle of the preceding interval to 
the middle of the interval under considera¬ 
tion. T^s makes it possible to eliminate 
any explicit consideration of velocity. 

The Westinghouse network calculators 
with which the author is familiar, are direct 
reading in power and so would not require 
two of the Columns shown in Pig. 1 of the 


paper. Also, we do not generally use the 
last column but plot the angles directly. 

^ However, we do find it necessary to change 
time intervals fairly frequently for another 
reason. Whenever time intervals used re¬ 
sult in an angle change of any machine 
during the interval of more than 20 degrees, 
accuracy requires that we go back and 
change to a smaller time interval. For 
this reason, our operating group feels that 
the time interval column must be carried 
and also a column to show the timoi a at 
which various switching operations are 
performed so that this part of the calcula¬ 
tion will be clear. Considerable is 
saved by usang as large intervals as possible, 
consistent with this limitation, even though 
it does require changing the interval size 
from time to time. 

When several people are available at the 
calculator and a multimachine problem is 
bemg run, the results can be obtained more 
quickly and checked completely by dividing 
the work among the several people. It 
would not be feasible to provide each one 
with a desk calculator and adding marliino 
For example, in an 18-machine problem, 
three generating stations might be 
to each of six people. They can then run 
the swing curve faster and completely c he ck 
it by rotating the calculation sheets to the 
next person faster than this could be done 
by the method described in the paper. 
However, it is quite possible that even 
though the desk calculator and adding 
machine are not used in this case, some gain 
will be possible by utilizing a form which 
incorporates the method described in the 
paper having fewer calculation steps. 
The paper does not go into the procedure 
for changing time steps and this will be 
somewhat more complicated than is used 
now-. Due to this, certainly not all of the 
gam indicated in Fig. 5 can be realized per 
step, but the total number of steps will be 
less if the time intervals are kept as large 
as possible. 

Otm conclusions at the moment are that 
it ’^ll be weU worth companies who own 
their own boards and operate such studies 
with one or two persons to look into this 
method of using an adding machine and 
desk calculator to speed up their work. 

On large studies where several persons are 
available and waiting for the results to 
decide on subsequent studies, the work can 
be done faster by several persons rather 
than by two persons using the calculators. 
However, some gain may be obtained from 
the new form and from the proposed method 
for making changes within an interval. 

The author is to be congratulated on this 
novel approach to the problem. 

Y. H. Ku (Moore School of Electrical En¬ 
gineering, University of Pennsylvania, Phil¬ 


adelphia, Pa.): I would like to congratu¬ 
late the author for giving this rational 
for the step-by-step calculations and for 
reducing the usual 13 steps to 7 steps as 
commented on by Dr. E. L. Harder durmg 
his excellent presentation. 


C. C. Young (General Electric Company, 
Schenectady, N. Y,): There is a continu¬ 
ous se»ch for rapid, accurate methods for 
analyzing the transient stability of power 
systems. Mr. Norinder is presenting a 
mechanized method involving a tape addmg 
maclme for making the additions and sub¬ 
tractions involved during a step-by-step 
solution. The multiplying of {KKpP) for 
each machine still must be done separately 
using some other device. The necessity 
of making this multiplication separately 
seems to be the major drawback to tViia 
method. The author’s company recog¬ 
nized this problem some time back and 
evolved a swing curve calculator.» This de¬ 
vice not only makes the multiplication 
automatically but makes the “prime mover 
increment” subtraction as well. Thus only 
two simple algebraic additions for each 
machine are necessary to determine a 
new angle setting at each point. In the 
analysis of large power systems, our exper¬ 
ience has been that with a total of four 
people (a reader, plus three recorders and 
calculators) by the time the last machine’s 
power is read, the new angles on the first 
machines have been calculated and are 
ready to be set. Thus the time is utilized 
to its maximum efficiency. Even with 
fewer people, a swing curve can be made 
rapidly and accurately. 

Conc^ng the speed with which the 
author indicates stability runs can be made 
using his method, his statement is difficult 
to evaluate. The time to make a “com¬ 
plete”^ stability run is a nebulous thing 
since it is an undefinable quantity which 
is a function of the time intervals used q Tifi 
the behavior of the system. If the author 
could give some better measure such as the 
time required to calculate each point for 
all 16 machines, and a better evaluation of 
the method can be made. 

Rbpbrbncb 

1. Swing Curvb Calcdlator Makes Better 
STAB iLmr Studies Faster, W. G. Heffroa, F. S. 
Rothe. Electrical World, New York, N Y 
Apr. 11, 1056. *’ 


E. O. Norinder: In reply to Mr. Young’s 
question, in a 16-machine system the active 
powers are measured and the new angles 
calculated as described, the new angles set, 
and the setting checked in 16 minutes 
when two men make the stability run. 
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A New SOO-Megavolt-Ampere Air 
Magnetic Circuit Breaker of 


Simplified 

M. J. REILLY 

ASSOCIATE MEMBER AIEE 

T he air magnetic power circuit breaker 
is a relatively new development in the 
field of circuit protection. Although the 
principles involved have been well known 
for many years, power circuit breakers 
which have been made with the use of 
this knowledge did not become commer¬ 
cially available until comparatively re¬ 
cently. Since then they have become 
almost universally accepted and now 
enjoy a very prominent position among 
the various types of circuit breakers. 

Magnetic circuit breakers find their 
greatest use on electric circuits of 13.8 kv 
and below, and provide interrupting ca¬ 
pacities up to 500 megavolt-amperes 
(mva). There is little doubt, however, 
that these limits will be extended in the 
near future, particularly as regards in¬ 
terrupting capacity. 

The air magnetic power circuit breaker 
has played an important role in making 
possible modern, completely enclosed 
metal-dad switchgear with all its advan¬ 
tages of safety, convenience, low cost, 
ease of installation, pleasing appearance, 
and simple, inexpensive maintenance. 
When used with metal-dad switchgear 
the magnetic drcuit breaker is in the form 
of unit which can be easily removed from 
the cubide for inspection or maintenance, 
or to substitute a spare unit. The ac¬ 
cessibility of all parts of the magnetic cir¬ 
cuit breaker makes it particularly suited 
to a program of maintenance with a mini¬ 
mum of time out of service. 

The magnetic circuit breaker is widely 
used in utilities, both in the generation of 
electric power and its transmission and, in 
industry, for feeder protection and for 
control in heavy manufacturing. They 
are used both indoors and outdoors and 
are well adapted as replacement units for 
obsolete and under-capadty breakers. 


Paper 55-509, recommend^ by the AIEB Switch- 
gear Committee and approved by the AIEB 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Summer General Meeting, 
Swampscott, Mass., June 27-July 1, 1955. Manu¬ 
script submitted March 80, 1055; made available 
for printing May 23, 1955. 

M. J. Ebilly and: D. B. Wbstujh are with the 
AUis-Chalmers Manufacturing Company, Boston, 
Mass. 


Design 

0 . E. WESTON 

MEMBER AIEE 

In modem industry, where profits are 
so closely assodated with the ability to 
produce continuously without interrup¬ 
tion, electric outages, for whatever reason 
are often intolerable. The ability to pro¬ 
duce electricity, as well as the use of it, 
must be safeguarded at all times. The 
power circuit breaker, by its simplicity 
and design for ease of maintenance, can 
contribute heavily to the uninterrupted 
generation and use of electridty. Inas¬ 
much as the modem circuit breaker is so 
widely applied in many and varied indus¬ 
trial requirements, and considering the 
costliness of power outages and the ex¬ 
pense of time consuming maintenance, it 
is important that a design program for 
such a circuit breaker indudes as one of 
its primary requirements that of func¬ 
tional and mechanical simplidty. Con¬ 
siderations such as these were an impor¬ 
tant factor in the design and devdopment 
of the new 500-mva air magnetic drcuit 
breaker, Fig. 1, to be described. 

Functional Requirements 

An air magnetic circuit breaker con¬ 
sists of three ptindpal parts: the inter¬ 
rupting device; the contact structure; 
and the operating and control mechanism. 
Each of these parts performs an impor¬ 
tant function in itself and, when properly 
co-ordinated, all can contribute to a 
simple, trouble-free design. 

Performance Requirements 

The magnetic air circuit breaker per¬ 
forms the duty of intermpting the dec- 
tric circuit in a unique manner. Because 
interruption must be accomplished under 
the condition of the relativdy low didec- 
tric strength of air at atmospheric 
pressure, the breaker must immediatdy 
gain and then maintain a controlling in¬ 
fluence over the electric circuit being 
interrupted. Evidence of this control¬ 
ling influence by the magnetic air cir¬ 
cuit breaker is to be found in the rda- 
tively high arc voltage that is imposed 
during interruption. The effect of this 


high arc voltage is to reduce the didectric 
stress across the breaker contacts to the 
equivalent of the differential between it 
and the system voltage. 

This high arc voltage is achieved by so 
constricting, elongating, and cooling the 
arc that its effective resistance is increased 
at an extremdy high rate. When the 
value of the arc resistance is made large 
with respect to the inductance of the ex¬ 
ternal circuit, it brings the short-circuit 
current more nearly in phase with the sys¬ 
tem voltage and, at the same time, sub¬ 
stantially reduces the magnitude of the 
short-circuit current. 

Circuit During Interruption 

Fig. 2 geometrically illustrates the 
changes that occur during a normal high- 
current interruption. Two current loops 
of a symmetrical short-circuit current are 
shown, and the circuit breaker contacts 
have been considered as parting at a cur¬ 
rent zero. In the first loop the arc volt¬ 
age Ba is shown to have a uniform but low 
value (5 per cent of Em). Although this 
small arc voltage has had some effect in 
reducing the magnitude and shifting the 
phase of the short-drcuit current, the cir¬ 
cuit breaker is not yet prepared to inter¬ 
rupt the drcuit. The second loop, how¬ 
ever, shows the control that the circuit 
breaker is now imposing on the circuit. 
The arc resistance has increased rapidly 
so that a high arc voltage is produced (65 
per cent of Em). As a result the short- 
drcuit current has been reduced to 30 pea: 
cent of its original value, and has been 
made to shift from 90-degree displace¬ 
ment to nearly 0 degree with respect to 
the system voltage. The effect of this 
controlling influence is to extinguish 
the arc successfully, because at the point 
of interruption otdy a small voltage dif¬ 
ferential is impressed upon the air gap be¬ 
tween the circuit-breaker contacts. A 
relatively smaller voltage stress is placed 
on the air gap, and a longer time is gained 
to permit the air gap to build up its di¬ 
electric strength before the occurrence of 
a normal system voltage peak. 

Without the controlling influence of the 
arc voltage, current zero would always 
occur at substantially a system voltage 
peak, and the full value of Em would be 
impressed across the drcuit-breaker con¬ 
tact gap. Even if the gap were capable 
of withstanding the value of Em, the volt¬ 
age, in going from zero to Em, would oscil¬ 
late about the Em point, thus actually im¬ 
pressing nearly 2 Em on the drcuit breaker. 

Therefore, in overcoming the natural 
low insulation recovery strength of at¬ 
mospheric air, the air magnetic drcuit 
breaker becomes a high arc voltage device 
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VOLTAGE AND CURRENT 



Fig. 1. General view of typical 500-mva 
13.8>l<v air magnetic circuit breaker 


which develops its voltage drop by insert¬ 
ing a controlling resistance into the cir¬ 
cuit. This resistance acts as a phase-shift¬ 
ing device to bring current and voltage 
zeros more nearly together at the time 
of circuit interruption, and is used 
during the burning cycle of the arc as a 
means of maintaining the arc energy at a 
uniformly low level. Inserting this re¬ 
sistance in the circuit before arc inter¬ 
ruption automatically provides a damping 
resistance for controlling the rate of rise 
and amplitude factor of the natural-fre¬ 



quency recovery voltage characteristics 
of the systems to which it is applied. 

The Interrupting Device 

The design of an interrupting device, 
as dictated by performance requirements, 
must center around those characteristics 
which will help to increase the resistance 
of the arc as rapidly as possible. Sim¬ 
plicity of design as an aid to easy main¬ 
tenance and long uninterrupted service is 
an important consideration. In the 500- 
mva air magnetic circuit breaker being 
described, all of these conditions have 
been taken into account and provided for. 

Fig. 3 is a general view of the circuit 
breaker with some of the enclosures re¬ 
moved to show the contact arrangement. 
Fig. 4 shows the interrupting device in 
more detail and shows its arrangement in 
relation to the contact structure. Full 
advantage has been taken of the natural 
thermal effect of the heated arc products 
to rise in a vertical direction by placing 
the interrupting device above the circuit- 
breaker contacts. In like manner, the 
location of the interrupting device takes 
advantage of the blowout effect of the con¬ 
tact and bushing configuration. 

The Barrier Stack 

The barrier stack is the heart of the in¬ 
terrupting device. It is here that the 
greatest influence can be brought to bear 
on the arc during circuit interruption. 
The barrier stack is composed of a series 
of refractory plates of high zircon content. 
The plates have a porous surface which 
present a very large cooling area to the 
arc. Redudng the temperature of the 



Fig. 3. Side view of a 500-mva 13.8-kv air 
magnetic circuit breaker with barriers removed 
to show contacts and magnetic blowout 
structure 

arc is an important part of the over-all 
attempt to increase its resistance and 
thereby produce the required high arc 
voltage. The plates of the barrier stack 
have slots in the lower end which vary in 
depth and location in such a manner that, 
when arranged in a spaced relationship, 
the only path available to the arc is a long, 
tortuous one which greatly elongates the 
arc and contributes another factor to 
the increase of its resistance. The slots 
in the barrier stack plates gradually nar¬ 
row down and then disappear altogether, 
thus constricting the arc in its upward 
travel and reducing its diameter as still 
another means of building up arc resist¬ 
ance. It is thus possible to have in one 
simple part all of the basic requirements 
for successful arc interruption. However, 
to bring the barrier stack into full play, 
the arc must be made to move more 
efficiently than thermal effects natural 
blowout alone can provide. It is here that 
the magnetic blowout structure comes 
into effect. 

Magnetic Blowout 

In the MC-500 circuit breaker, the mag¬ 
netic blowout structure consists of a blow¬ 
out coil and pole pieces at each end of the 
barrier stack. The physical arrangement 
of components permits this simplified blow¬ 
out structure. The blowout coils are 
introduced into the current path during 
the opening of the circuit breaker at the 
time the arc transfers to the arc runners. 
At this time a magnetic field is produced 
which forcibly propels the arc upward 
and into the barrier stack. The blowout 
structure, like the barrier stack, is simple 
in design, contains no moving or wearing 
parts, and is easily accessible. 


SYSTEM VOLTAGE 


POINT OF INTERRUPTION 



^^'IJMMCTRICAL SHORT CIRCUIT 


-Em ■- 


.50 75 

TIME-IN CYCLES 

Fig. 2. Geometry of S-loop interruption showing effect of arc voltage 

of short-circuit current 


on magnitude and phase 
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Fi?. 4. Cross-section diagrams of a SOO-mva circuit breaker. Lines 
A, B, C, and D indicate successive stages of are position 

1— Main contacts 

2— Arcing contacts 

3— ^Arc runners 

4— Barrier stack 

5— Blowout coils 

6— Pole extensions 

7— Moving contact arm 

8— Puffer tube 

9— End view of barrier stack 

10 —Plan view section of barrier 

stack at top of plate slots 


Interruption of Small Currents 

While the magnetic field produced by 
the passage of large currents during arcing 
provides ample propelling force to the 
arc, at low currents, such as encountered 
in the interruption of magnetizing cur¬ 
rents and small load currents, the mag¬ 
netic field has little effect. Although suc¬ 
cessful interruptions would be obtained, 
the time required to extinguish the arc 
would be considerably longer than at 
higher currents. Consequently, the de¬ 
sign of the MC-500 circuit breaker in¬ 
cludes a puffer, the function of which is to 
provide the means of rapidly moving the 
arc into the barrier stadc when the mag¬ 
netic field is not strong enough to do so. 
Here too, simplicity was one of the 
principal design objectives. The result is 
a puffer having no additional moving 
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Fig. 5. Detail side view of a SOO-mva circuit breaker showing physical 
arrangement of component parts 

also plays an important role in making the 
arc move rapidly into the interrupting 
zone. As shown in Fig. 4, the MC-500 
circuit breaker has two principal sets of 
contacts. These are the main current- 
carrying contacts and the arcing contacts. 
The main contacts take no part in circuit 
interruption, but enable the circuit breaker 
to fulfill its other prime function of carry¬ 
ing load currents continuously for long 
periods of time without overheating or 
deteriorating. The main contacts are 
silver plated for good conductivity and 
must not be subjected to arcing to pre¬ 
serve their current-canying ability. The 
stationary part of the main contact con¬ 
sists of a number of spring-loaded fingers, 
providing a series of independent contact 
points against the solid face of the moving 
main contact. Each stationary finger has 
two contact surfaces, a "make” and 
"break” surface and a current-carrying 
surface. During circuit-breaker opera¬ 
tion, the stationary contact finger moves 
its contact point in such away so that the 
important current-carrying point never 
takes part in circuit making or circuit 
opening. Fig. 4 shows the physical ar¬ 
rangement of the component parts. 

The arcing contacts protect the main 


parts. The circuit-breaker opening 
springs are used, by means of a piston and 
cylinder assembly, to provide the source 
of air needed during the opening stroke. 
The air is led through a series of rigid, 
fixed tubes to the hinge point of the 
movable contact arms where a fixed nozzle 
directs the air in a predetermined direc¬ 
tion into the arcing area, thus aiding the 
arc to move into the barrier stack. Al¬ 
though very little air is required and 
pressures are not significant, the puffer 
enables the MC-500 circuit breaker to 
reduce the arcing time at low currents by 
at least 500 per cent. 

Contact Structure 

While the barrier stack and magnetic 
structure work to bring about successful 
arc interruption, the contact structure 
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Fig. 7 (right). Oscil¬ 
logram of single¬ 
phase interruption 
of small current illus¬ 
trating short arcing 
time in range where 
magnetic field is not 
effective 



Fig. 8 (right). Oscil¬ 
logram of single¬ 
phase interruption of 
full-load magnitude 
current 



Fig. 9 (right). 
Oscillogram of 3- 
phase Interrup¬ 
tion illustrating 
typical behavior 
of 500-mva mag¬ 
netic circuit 
breaker in range 
of rated short- 
circuit current 
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Fig. 6. Schematic diagram of solenoid- 
operated circuit-breaker mechanism 


contacte by being the first parts to touch 
in closing and the last to part in opening. 
They assume the wear and deterioration 
imposed by arcing in repeated operations 
of the circuit breaker. The contact sur¬ 
faces are clad with a tungsten arc-resist¬ 
ing alloy which reduces erosion caused by 
arcing while, at the same time, limiting 
the emission of metallic particles into the 
arc which would tend to reduce its resist¬ 
ance. A feature of the arcing contact 
structure IS the blow-on effect produced 
by the shape of the contacts. Before 
contact part, the mechanical forces pro- 
dutedby the current flow tendto force the 
arcing eontants togeth^ to prevent pre- 
hiatuye opening. After contact part, 
these same mechanical forces act on the 
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arc to move it upward into the barrier 
stack. 

Contact Adjustment 

The contacts on the MC-500 circuit 
breaker are very simple to adjust. Ad¬ 
justments can be determined easily by 
visual inspection. Adjustment consists 
only of setting main contact pressure and 
arcing contact lead. 


Enclosures and Insulations 

Each phase of the MC-50Q circuit 
breaker is completely isolated from the 
other phases and from the outside by full- 
size barriers. In addition, each inter- 
rupting device is enclosed in an insulating 
tube vented at the top. The sides and 
bottom of the contact compartment are 
also insulated with full-size barriers. 
Bushings are of high dielectric strength 
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Fis* 10. Sfngle- 
phase perform¬ 
ance characteris¬ 
tics of the 500- 
mva air magnetic 
circuit breaker 


paper phenolic and have a foil layer at the 
flange location to reduce voltage stress. 
Flanges are cemented to the bushing 
tubes by a process which has proved 
highly satisfactory by long usage and 
many tests. Principal insulating members 
are of flame-retardant material which will 
not sustain combustion in case of fire. A 
high-strength porcelain insulator is used 
as a support for the movable contact 
arms of the circuit breaker. Operating 
links between the disconnects and the 
mechanism are fiber glass reinforced poly¬ 
ester material and have high impact and 
mechani<;al strength as well as superior 
insulation properties. A steel panel on 
the front of the circuit breaker completely 
isolates the high-voltage parts when in¬ 
stalled in metal-dad switchgear. The 
pand is hinged in such a manner as to 
provide proper dectrical dearances when 
the drcuit breaker is in service and yet 
permit it to be stored in the disconnected 
position without any increase in space 
requirements, which results in substantial 
economies in floor area; see Fig. 5 for 
side view of the 500-mva circuit breaker. 

Mechanical Requirements 

The mechanical operation of the drcuit 
breaker cannot be overlooked when relia¬ 
bility Md simplidty are bdng considered. 
While the device must function properly 
in handling a short-drcuit current, this is 
only one of its duties, and usually an infre¬ 
quent one. The normal day-to-day use 
of the circuit breaker involves the me¬ 
chanical parts which must be rugged and 
wdl designed to provide long life when 
useid with the high speeds and fast ac¬ 
celerations necessary in drcuit-breaker 
service. 

The dosing power for the JlifC-500 mag¬ 
netic circuit breaker is provided by a sole¬ 
noid operating mechsmism of unusually 
simple design. The solenoid armature 
acts directly on the dosing linkage, which 
consists of only four separate links. Fig. 
6 shows the sdiematic arrangement of the 
solenoid operator linkage in the open, 
dosed, and trip-free positions. Point E 


is a temporarily fixed point, held by the 
trip latch. A tripping impulse will re¬ 
lease point E at any time the circuit 
breaker is required to open, permitting 
link 6 to rotate and links 4 and 6 to move 
downward. Thus the drcuit breaker is 
always mechanically trip-free in any posi¬ 
tion irrespective of the operating condi¬ 
tion of the solenoid armature. 

Needle bearings are used in many places 
in the operating mechanism to increase 
the speed of the mechanism and to sim¬ 
plify maintenance. Only one latch is re¬ 
quired in the tripping mechanism because 
the design of the latch load was kept to a 
minimum, thereby diminating the neces¬ 
sity of the more complicated and critical 
series latch arrangements. The trip coil 
acts directly on the trip latch which again 
promotes simplidty and reliability by 
doing away with linkages. The main op¬ 
erating crank 3 operating the drcuit- 


breaker movable contact arms also op¬ 
erates the springs used for opening power. 
The springs are compressed during the 
dosing stroke and remain in readiness to 
open the movable contact arms at the 
proper speed. The opening spring as¬ 
semblies also function to provide the air 
used by the puffers, and to provide shock- 
absorber action at the end of the opening 
stroke. By combining all of these func¬ 
tions into one simple assembly, mainte¬ 
nance requirements are lessened and sim¬ 
plicity is furthered by the elimination of 
parts which might otherwise be a source 
of trouble. 

Accessibility 

The Jlf C-500 magnetic circuit breaker is 
arranged for utmost accessibility of parts. 
One man can handle any part of the cir¬ 
cuit breaker easily and without spedal 


Table I. Representative Test Data for Type MC-500 13.8-Kv 500,000-Kva RUPTAIR Cir¬ 
cuit Breaker. Three-Phase Tests, 50 Cycles 


Test 

No. 

System 

Voltage, 

Kv 

Short-Circuit Current l^ase 

Interrupting Time 

3-Phase, 

Eva 

Open tests 
9099C . 

..11 ... 

... 1.980... 

.. 2,030... 

.. 1,920... 

...2.60.2.46..... 

.1.86.... 

... 36,400 

9190C . 

..11 ... 

... 5,700... 

.. 5,600... 

.. 6,000... 

...2.35.2.66. 

.2.60... 

..108,000 

9362C . 

..12.7... 

...21,200... 

..21,800... 

..22,100... 

...2.00.3.40. 

.3.40... 

...662,000 

9364C . 

..11 ... 

...15,600... 

..25,000... 

..23,600... 

...2.00.3.96. 

.3.06... 

...423,600 

Close-open operation of dose-open- 
9298A .11 .21,400... 

—3-minute close-open—3-minute dose-open 
..20,100.18,100.2.30.2.70;_ 

.2.60... 

...336,000 

9298B..:.. 

..11 ... 

...18,000... 

..23,600... 

..23,100... 

...2.16.2.60. 

.2.36... 

...342,000 

9298C . 

..11 ... 

...22,700... 

..19,300... 

..27,000... 

...2.06.2.40. 

.2.30... 

...348,000 


Table II. 

Representative Test Data for Type MC-500 13.8-Kv 500,000-Kva RUPTAIR Cir¬ 
cuit Breaker. Singl^Phase Tests, 60 Cycles 

Test 

No. 

Voltage 
to Neutral, 
Ev 

Short-Circuit 
Current, Amperes 

Arcing 

Time, 

Cycles 

Interrupting 

Time, 

Cycles 

Equl^al^nt 

S-Phase, 

Eva 

197-138.1. 

.10.4_ 

. 3.68. 


.3.75. 

. 89 

197-125.2. 

.10.4 ... 

. 8.46. 


.4.5. 

. 202 

197-112.1. 

.10.4 ... 

. 26.4 . 


.6 . 

. 630 

197-124.2. 

.10.4 ... 

. 49.6 . 


.6.6. 

. 1,190 

197-129.2. 

.10.4 ... 

. 126 . 


.6 . 

. 2,960 

197-143.1. 

.10.4 ... 

. 422 . 


.6.6. 

. 10,100 

197-145.2. 

. 9.7 ... 

. 1,670 . 


.4.0. 

. 37,600 

197-146.1. 

.10.1 ... 

...... 1,760 . 


.4 . 

. 42,000 

530711-05. 

. 8.36... 

.10,400 . 

_1.4 ... 

.2.8 .. 

.248,000 

530427-19. 

. 8.0 ... 

.20,600 . 

....0.8 ... 

.2.2. 

.490,000 

530610-02. 

. 7.70... 

.24,800 . 

_0.83... 

.2.16. 

.580,000 

530610-01. 

. 7.60... 

.24,400 . 

_1.10... 

.2.41. 

.583,000 
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devices. Contacts can be inspected 
easily without removing any hardware, 
since the barriers, arc chute, and barrier 
stack are fitted into place without fasten¬ 
ing devices. The contacts can be com¬ 
pletely exposed for adjustment or replace¬ 
ment after removing only two screws per 
phase to permit removal of the lower 
part of the arc chute assembly. The 
operating mechanism is exposed at all 
times, although it is protected from dirt 
and injury by its location under the con¬ 
tact structure housing. Auxiliary devices 
such as relay, closing rectifier, and auxi¬ 
liary switches are all readily accessible on 
the lower part of the circuit breaker. 
Primary bushing disconnect fingers are 
of the multiple finger type, and are at¬ 
tached to the circuit breaker for ease of 
inspection. 

The MC-500 circuit breaker is equipped 
with wheels and casters of large diameter 
to permit efficient insertion or removal in 
the cubicle and to asure easy portability 
over rough floors. Wheels are far enough 
apart to provide stability. Rugged inter¬ 
locks insure that the circuit breaker will 
not be placed in the wrong cubicle. All 


control wiring and connections are readily 
accessible for inspection. 

Tests 

The MC-500 magnetic circuit breaker 
has been exhaustively tested to prove 
its ability in any of the types of service 
in which it may be placed. Tests have 
covered many aspects in addition to in¬ 
terrupting tests. Mechanical tests of 
complete circuit breakers and components 
dielectric tests, closing tests, and capaci¬ 
tor-switching tests were among those 
made. Interrupting tests were tnarlp 
under many conditioi^ and included 3- 
phase interruptions as well as single-phase 
tests at various duty cycles. Fig. 7, 8, 
and 9 show three typical oscillograms from 
the interrupting tests. These illustrate 
the performance of the MC-500 breaker 
at low' currents (50 amperes), load magni¬ 
tude currents (1,570 amperes), and short- 
circuit currents (22,000 amperes). The 
oscillograms show that the basic require¬ 
ments for interruption in an air magnetic 
device have been well met. Fig. 10 pre¬ 
sents in more comprehensive form a 


curve showing maximum interrupting 
times over the complete current range of 
the circuit breaker, while Tables I and 11 
list other pertinent data from typical test 
results. 

Conclusion 

Present-day requirements of reliability 
and low maintenance demand that equip¬ 
ment be of simple design to assure the 
best results. Power circuit breakers are 
no exception, and are expected to perform 
their required duties in a safe and effi¬ 
cient manner and at a low cost to the user. 
A new 500-mva air magnetic circuit 
breaker for use at 13.8 kv has been de¬ 
signed with these objectives in mind. 
Careful attention to detail has resulted in 
a circuit breaker which, while complying 
witli all performance requirements, bag 
also exhibited, to a marked degree, a sim¬ 
plicity which will provide its users with 
long, low-cost, and trouble-free service. 
It may well serve as the pattern by which 
other ratings of air magnetic circuit 
breakers may be designed to the benefit 
of all industry. 


Discussion 


G. D, Wood (I-T-E Circuit Breaker Com¬ 
ply, Pittsburgh, Pa.): I would like to 
discuss the paper from the point of view of 
circuit breaker testing. 

From the voltages used, at least some of 
the testing would appear to have been done 
m Europe. I have something in common 
with tlie authors in that I have also tested 
circuit breakers of this same rating abroad 
and have had to cope with the various pro¬ 
cures commonly used abroad which differ 
from the practices in tlie United States. 

One of the differences is that the standard 
voltages used abroad are different from 
ours and the test generators are designed to 
agree with these operating voltages. The 
operating voltages jump from 10-11 kv to 
20—22 kv and therefore the test generators 
are wound for 11 and 22 kv. 

To test an Ammcan 13.8-kv breaker with 
a maximum design voltage of 16 kv re¬ 
quires some adjustment of the test circuit 
to obtain the desired voltages and currents. 
The authors and I used different solutions 
to the problem with quite different test 
results. 

The voltage at which interrupting tests 
are made is extremely important. De¬ 
signers have found that, if tests are made 
at tie maximum design voltage, no diffi¬ 
culties are found at the required lower volt¬ 
ages. In fact at half voltage, we have 
■that the megavolt-ampere limit of 
the breaker is increased some 15 to 20 per 
cent. It seems impractical to mnlre tests 
to denmnstrate a rating at any voltage less 
than the maximum design voltage. 

Fig. 11 shows the available voltages of 
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two of the test stations abroad. Since 
the 3-phase tests reported are nearly all at 
11 kv, it would appear that the connec¬ 
tions (a) for Station 1 or connection (c) for 
Station 2 may have bear used. There is 
one circuit opening test that was reported 
at 12.7 kv which may have been connection 
(d) of Station 1 or overexcitation of con¬ 
nection (c) of Station 1. The voltages re¬ 
ported would appear to be open-circuit 
voltage of the machine and the normal fre¬ 
quency recovery voltage would be somewhat 
less, and no doubt would be well within tlie 
16 per cent permitted by the Test Code 
but th^e might be some question of it 
being within the 4 to 6 per cent experienced 
on some systems. 

In contrast with the procedure, our tests 
used connection (c) of Station 1 and any 
voltage up to 22 kv was available. To obtain 
the desired voltage to test a 13.8-kv breaker, 
the machines were excited to 16 kv or above! 
It was found necessary to use two machines 
in parallel to keep the recovery voltage up to 
the desired value. With this connection, 
tests were made having normal frequency 
recovery voltages up to 15 kv as required 
by the breaker rating and above the 14.6 
kv required by the maximum voltage of a 
13.2-kv system. 

Single-pole tests are not required by the 
standards except where the 3-phase tests 
are considered inadequate. If single-phase 
tests are made, two methods are provided in 
the Test Code. 

The first is for grounded faults of effec¬ 
tively grounded .system. For this test, 
67 per cent of line-to-line voltage is used. 
The megavolt-amperes of the single-pole 
tests are multiplied by 3 to obtain the 
3-phase equivalent, as used in the paper. 


The second method is to be used for un¬ 
grounded faults on either grounded or 
ungrounded systems, or for grounded faults 
on an ungrounded system. For this con¬ 
dition, single-pole tests are to be made at 
87 per cent of line-to-line voltage and full 
rated current. The megavolt-amperes or 
a single-pole test is then multiplied by 2 
and not 3 for the equivalent 3-phase mega¬ 
volt-amperes (see C37.9-2.6.1.2b). Where 
3-phase tests are inadequate, this is the 
test that would be needed to demonstrate 
the breaker rating. These tests would 
require a voltage of 13 kv and full current 
corresponding to 15 kv or 19.4 kiloamperes. 
This is quite different than tlie 8-kv tests 
shown in the paper. 

Fig. 12 shows tlie relation of the voltages 
used in the tests reported in the paper to 
the system voltages and to the breaker 
rating, both 3 phase and single phase. In 
view of the large discrepancy between the 
test voltages and both the system require¬ 
ments and the breaker rating, the question 
arises as to the suitability of these tests 
to demonstrate that the breaker meets the 
Test Code requirements for the rating that 
has been assigned, or is usable on circuits 
where this breaker is usually applied. 

There also seems to be a discrepancy 
between the current values shown in the 
table and the currents used to calculate the 
megavolt-amperes shown in the table. 
Perhaps the authors will explain this dis¬ 
crepancy and its point on the oscillogram. 

The single-opening test (,9362-C) or 11- 
kv dose-open—^3-minute dose-open—is not 
equivalent to the American close-open— 
15-secottd dose-open delay. The 3-minute 
delay between tests is less severe tban the 
American 15-second delay. 
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Fig. 11. Available voltages ol two European 
test stations' generator connections 


The many deficiencies in the tests re¬ 
ported naturally raise various other ques¬ 
tions which would otherwise be taken for 
granted. Some of these are as follows: 

1. Where the tests made with the circuit 
breaker in the structure in which it is used 
so as to duplicate ground clearances? 

2. Which side of the breaker was con¬ 
nected to the source to represent the worst 
condition in service? 

At this rating, it is possible to make tests 
abroad in stations having different voltage 
ratings from ours, and by proper use of 
the facilities to secure the proper voltages, 
currents, and power factors required to 
demonstrate the circuit breaker rating. 
It is also possible to make tests on the 
American duty cycle of close-open—^15-sec¬ 
ond close-open. 


Russell Prink (Westinghouse Electric Corpo¬ 
ration, East Pittsburgh, Pa.): We at 
Westinghouse have studied this paper witli 
considerable interest, since we described a 
600-mva 13.8-kv magnetic air circuit breaker 
before the Institute in January 1946, al¬ 
most 10 years ago. In general, we are in 
agreement with the authors concerning the 
merits of breakers of this type for the rat¬ 
ings in which they can be built, and wish to 
congratulate the authors on their selection 
of horizontal drawout construction. There 
are several items in this paper which would 
be interesting to discuss, but these comments 
will be limited to one, and that is rating. 

The authors state that this new breaker is 
rated at 600 mva, 13,8 kv, and that the 
breaker has been exhaustively tested, and 
they list representative test data. We do not 
believe that these data substantiate the 
rating assigned. Assigning a rating to a 
circuit breaker implies that the rating is 
determined by existing standards, and, in 
this case, the accepted standards are ASA 
C37.4 through C37.12. The data presented 
are at variance with the standards on three 
points: the test voltage, the duty cycle, and 
the determination of the kilovolt-amperes. 


The voltage ratings for indoor oilless 
power circuit breakers are listed in Table II 
of Standard 37.6-1953. For the subject 
breaker, they are as follows: rated kv, 13.8; 
maximum design kv, 16.0; and minimum 
kv for rated interrupting mva, 11.6. Stand¬ 
ard 9-2.6.1.1a states: “For direct testing, 
the circuit voltage immediately before the 
test shall be equal to the maximum design 
voltage rating of the circuit breaker.” In¬ 
terpreting the term “system voltage” 
which appears in the paper to mean the 
voltage of the system on which the test is 
made, or the voltage immediately before 
test, no tests are listed even at the rated 
voltage of the breaker, not to say maximum 
design kilovolts. We have run volt-ampere 
curves on a number of magnetic interrupters, 
and they are not constant kilovolt-ampere 
devices; they are only fitted into standards 
which are based on constant kilovolt¬ 
amperes. 

On a typical interrupter it was found that 
a reduction in the test voltage of approxi¬ 
mately 30 per cent increased the maximum 
current-interrupting capacity by approxi¬ 
mately 300 per cent. We therefore question 
that tests at 11.0 and 12.7 kv demonstrate 
the ability of a breaker to operate with a 
system voltage of 16 kv. We recognize that 
the standards permit a 15-per-cent tolerance 
in recovery voltage, but this is not a toler¬ 
ance in test voltage. We also observe that 
test 9362C, the oscillogram of which is re¬ 
produced in Fig. 9, shows approximately 
12 Vs-per-cent a-c decrement during the test, 
which would indicate that the restored volt¬ 
age on this test would be approximately 
87Vs per cent of the initial test voltage. 

As to the duty cycle to be used to estab¬ 
lish rating, this is covered by ASA Standards 
4-6.5 and 4-6.18. These standards state 
that a standard interrupting rating shall be 
based on the standard operating duty cycle 
which shall be two unit close-open operations 
with a 16-second interval between opera¬ 
tions. Standard 9-2.6.1.1c states that stand¬ 
ard operating duty tests are made at both 
minimum voltage and maximum desigpi 
voltage. 

The method for figuring kilovolt-amperes 
is covered in Standards 4-6.11, 4-6.11.1, 
4-6.13, and 9-2.6.1.2b. Reduced to a few 
words, 3-phase kilovolt-amperes equal to the 
test voltage times the maximum eurrent in 
any phase times 1.732; and for single-phase 
tests is equal to twice the test voltage times 
the interrupted current. Using these for¬ 
mulas, te.st 9298C calculates 516,000 kva. 
No other tests listed are as much as 500,000 
kva. 

We realize that many other tests have 
probably been made and that undoubtedly 
tests have been made or will be made which 
substantiate the rating of the breaker. Our 
only point is that the test data displayed do 
not substantiate this rating according to 
American Standards. 


M. J. Reilly and D. E. Weston: The dis¬ 
cussers have commented on the table of 
representative test data given in the paper. 
The table, as presented, presents only repre¬ 
sentative data of a very large number of 
development and proof tests performed in 
three laboratories over a period of several 
years. It does not attempt to define or 
cover all the conditions necessary to show 
complete proof of tlie ability of tiie device. 


KILOVOLTS 



Fig. 12. Relation of voltages used in reported 
tests to system voltage and breaker rating, 
both 3 phase and single phase 


Such a table would be prohibitive for tliis 
type of presentation, 

Mr. Wood has indicated from his reading 
of the test data, that at least some of these 
tests were performed in foreign laboratories. 
The laboratories at K.E.M.A. in Arnhem, 
Holland, and the laboratories at General 
Electric Company, Ltd., in Birmingham, 
England, were used for both development 
and proof testing. This added inconven¬ 
ience and expense was judged necessary for 
this breaker in recognition of the fact that a 
device of this type is, to a certain degree, 
voltage sensitive and tests must be made 
where capacity is available at maximum 
design voltage. 

Table I of the paper shows data taken 
directly from certified test sheets of one of 
the European laboratories. The column of 
3-phase kilovolt-amperes is, therefore, given 
as a summation of the single-phase-sym¬ 
metrical kilovolt-amperes values in accord¬ 
ance with the symmetrical system of rating. 
This table can be supplemented with a 
column giving kilovolt-amperes ratings in 


accordance with ASA C37.4 as follows: 

Symmetrical 3-Phase 

S-Phase Rva Kva per ASA 

90PPC... 

. 36,400_ 

.... 38,600 

9190C... 

.108,000_ 

_104,000 

9362C... 

.662,000- 

_674,000 

9364C... 

.428,600_ 

_476,000 

9298A... 

.336,000.... 

....408,000 

9298B... 

.342,000.... 

,...460,000 

9298C... 

.348,000.... 

....616,000 


The megavolt-ampere rating according to 
ASA C37.4 gives, in each case, a larger figure 
than the symmetrical rating as presented. 

The two figures of kilovolt-amperes in 
the foregoing are arrived at as follows (test 
9362C as an example): 

Symmetrical 3-Phase Kva 

Phase recovery voltage X a-c component 
of phase current 
Phase d 8.63X21.2 = 183 
Phased 8.70X21.6 = 188 
Phase (7 8.86X21.6 = 191 

562 mva 3 phase 

ASA 37.4 

Phase voltsXV^Xphase current Vs 
8 85X3X21.6-^=674 mva 3 phase 
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The colt^ in the table listed as system 
voltage Usts^ the test circuit setting for nor- 

again to test 
the actual recovery voltage for this 
test was 8.86 X VE or 15.4 kv, a bit over the 
maxunum design voltage required by ASA 
Standards. 

The figures given in Table I of representa¬ 
tive test data, based on the certified test 
reports, are quite conservative as compared 


to the figures as determined by the ASA. 

Mr. Wood's other two questions can be 
covered by the statement that all proof tests 
on this breaker were performed in the en¬ 
closure as used in standard production. 
Tests throughout the complete current range 
were made with both the stationary contact 
on the source side, moving blade grounded, 
and with the moving blade on the source 
side, the stationary contacts grounded. 


Full investigations of severity of inter¬ 
rupting duty as a fimction of S3mmetry of 
current, point on wave of contact part, and 
^1 other factors recognized as influencing 
interrupting performance, were satisfied by 
test proof. 

The brea k er not only represents a large 
simplication in design, but also a completely 
proved device functionally in its simpli¬ 
city. 


Microwave System Parameters for 
Reliable Communications 


A. ALVIRA 

NONMEMBER AIEE 

I QWEST cost designs which meet 
specified reliability and signal-to- 
noise (S/N) requirements are primary ob¬ 
jectives of the microwave system plan¬ 
ner. This paper provides signposts which 
guide the designer along the most direct 
route to his objective. Nomograms and 
charts are provided which eliminate com¬ 
plicated and laborious computations. 
Application of the nomograms is illus¬ 
trated by designing a typical multiple- 
path microwave system. 

Analysis of data obtained from operat¬ 
ing microwave systems provides a sound 
basis for predicting performance of future 
systems. Some of the factors which af¬ 
fect performance are propagation, initia l 
system design, equipment, and mainte¬ 
nance. Since the selection of equipment 
and quality of maintenance are controlled 
by the user, system design and propaga¬ 
tion are primary considerations in this 
paper. 


I. T. CORBELL 

ASSOCIATE MEMBER AIEE 

Fig. 1. The fading boundary curves tend 
to deviate from the Rayleigh distribution 
in the deep-fade region. By carefully 
observing the distribution of data within 
the boundaries, the solid curve of Fig. 1 
was established as a good average. An 
empuical equation which fits the average 
curve was derived and is shown in Fig. 1. 

An average value for the variation with 
path len^ is combined with the equa¬ 
tion in Fig. 1 to give the empirical equa¬ 
tion for the path margin shown in Fig. 2. 
For easier design application, a nomo¬ 
graphic solution of the empirical equa¬ 
tion for margin is given in Fig. 2. Ex¬ 
perience has shown that, during the worst 
month, the total fading time observed 
on systems with more than four or five 
paths agrees closely with that predicted 
by Fig. 2. 

Microwave Beams Bend Downward 


Pioneer Systems Provide Data for 
Designing New Systems 

Results of analyzing propagation data 
from 25 microwave paths are shown in 
Fig. 1. The paths were all over 20 miles 
in length arid were located over various 
types of terrain. Paths near the Gulf of 
Mexico,^ in the Midwest, and in eastern 
motmtain areas are included. The op¬ 
erating frequency was near 2,000 mega¬ 
cycles for most paths. In all cases path 
f^es fall within the boundary curves in 

55^16, ittTOmmeaded by the AIEE Carrier 
Comn^ee and approved by the AIEE 
Op^tions for presenta- 
tte AIEE Summer General 
StiHpjeeott, Maas., June 27-Tulv liSw ^ 
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The average attenuation of an un¬ 
obstructed microwave beam through the 
atmosphere is practically equal to the 
theoretical free-space attenuation. Free- 
space attenuation between isotropic an¬ 
tennas is given in Fig. 3. 

In the troposphenc region where micro- 
wave beams travel, the temperature 
pressure, and water vapor content of the 
atmosphere normally decrease with 
height. This causes the atmospheric re¬ 
fractive index to vary with height. A 
beam traveling through a medium with a 
varying refractive index is curved. 
Various studies have shown that nnriA f 
average atmospheric conditions the varia¬ 
tion in refractive index with height re¬ 
sults in a downward curvature of micro- 
wave beams. This curvature is about 
one-quarter of the earth's curvature. 
Rather than draw the beam as a curve. 
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an acceptea convention is to draw it as a 
straight line, and to compensate by as¬ 
suming that the earth has an effective 
radius of 4/3 true earth radius. A profile 
of the terrain and microwave beam be¬ 
tween two stations is used to determine 
height of towers required for beam clear¬ 
ance over intervening obstructions, the 
task of plotting path profiles is simplified 
by using curved graph paper. This graph 
paper and a typical profile are shown in 
Fig. 4. 

Because path profiles are sometimes 
plotted on rectan^ar co-ordinate paper, 
a correction to 4/3 earth conditions is 
given in Fig. 6. The actual beam clear¬ 
ance shown on rectangular co-ordinate 
paper is reduced'by the amount shown in 
Fig. 5. If path profiles are drawn to true- 
earth scale, the actual beam clearance on 
a 4/3 earth basis is greater by the number 
of feet shown in Fig. 6. 

Path Obstructions Attenuate Rigngl 

The effect of path clearance on re¬ 
ceived microwave energy is a function of 
the terrain, the antenna height, and the 
t 3 ^e . 9 f obstruction. The signal strength 
increases and decreases as the clearance 
is increased above line of sight. These 
phenomena are shown in the region above 
zero clearance in Fig, 7 for reflection from 
knife-edge, average terrain, and smooth 
terrain surfaces. All curves shown in 
Fig. 7 intersect at theoretical free space 
loss [zero decibels (db)] and 0.6 (60 per 
cent) of first Fresnel zone path clearance. 
The geometry of Fresnel zones is dis¬ 
cussed in reference 1* Experience has 
shown that 0.6 Fresnel zone path clear¬ 
ance is a good design objective. 

Six-tenth Fresnel zone path clearance 
is a function of the signal frequency, path 
length, and location of the obstruction. 

A nomographic solution for required 
clearance is given in Fig. 8. The general 
derivation and geometry of the problem 
are discussed in reference 2. For 0.6 
Fresnel zone path deafance, the micro- 
wave beam must dear all obstructions 
by the number of feet shown in Fig. 8. 

Reedved signal strength decreases as 
the clearance is reduced below 0.6 Fresnel 
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All Paths Require Fading Margin 



Fig. 1. Distribution of fading data obtained 
from 25 microwave paths. Paths were all 
over 20 miles in length 


zone as shown in Fig. 7. Diffraction loss 
is a function of terrain and type of ob¬ 
struction. An average value which is 
used as a design objective is shown in 
Fig. 9. 
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Fig. 2. Nomogram of predicted path outage 
■time as a function of path margin and length. 
Nomogram applies to paths with 0.6 Fresnel 
zone clearance during the worst fading month 


Types of fading most prevalent at 
microwave frequencies are classed as 
multipath and upward bending. Multi- 
path fading is caused by reflected energy 
which arrives at the receiver out of phase 
with the direct beam. The interfering 
energy may be reflected by discontinuities 
in the troposphere or from the ground. 
Abnormal atmospheric variations cause 
the microwave beam to bend upward 
from its normal path. The depth of the 
fade depends upon the amount of path 
clearance reduction and terrain, as shown 
in Fig. 7. Each of these types of fading 
has been described extensively in pre¬ 
vious papers.®'^ 

Multipath fading is probable on paths 
located over highly reflective terrain such 
as water and swamps. This fading is 
usually rapid and affects space-separated 
antennas differently. Although path¬ 
fading margin reduces the likelihood of 
circuit interruption, consideration should 
be given to space-diversity receivers on 
overwater paths. Upward bending 
usually causes longer periods of low signal 
strength, and separated antennas are af¬ 
fected alike. Adequate path margin or 
increased path clearance reduce the likeli¬ 
hood of circuit interruptions from upward 
bending fades. 

Path margin values in the nomogram 
in Fig. 2 are based upon average perform¬ 
ance observed on paths affected by all 
prevalent types of fading. These values 
are recommended as design objectives for 
paths with 0.6 Fresnel zone clearance. 

Low-clearance paths are more suscepti¬ 
ble to upward bending fades than paths 
with 0.6 Fresnel zone clearance. If a 
path is designed with less than 0.6 Fresnel 
zone clearance, an additional fading mar¬ 
gin should be added to that obtained from 
Fig. 2, The amount of extra margin is a 
function of terrain and climatic condi¬ 
tion. If the path is located over average 
terrain (not water), the value of extra 
margin shown in Fig. 10 should be ade¬ 
quate for the worst fading month. 

User Requirements Establish System 
Objectives 

An example illustrating the design of a 
typical system provides a convenient 
method for showing the application of the 
nomograms derived in the previous sec¬ 
tions. The procedure for calculating per¬ 
formance of a system is shown in Tables I 
through III. The objectives of the sys¬ 
tem are rightfully established by the user. 
These objectives spedfy the type and 
number of voice or telegraph circuits re- 
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quired between various locations in the 
system, and the reliability and S/N of 
each circuit. 

The location and types of channels may 
be conveniently recorded on a channel 
diagram similar to the example shown in 
Fig. 11. Initially the channel diagram 
will not show repeater stations sudi as 
station B in Fig. 11. Repeater stations 
are located by the path survey. 

Since no method of communication is 
perfect, the user should determine the 
reliability required in the system. Some 
of the factors affecting reliability are 
quality of maintenance, equipment fail¬ 
ures, power interruptions, and signal 
fading. 

Outage time resulting from inadequate 
maintenance, equipment failures, and 
power interruptions can be reduced after 
installation; however, outages caused by 
fading are difl&cult to reduce after instal¬ 
lation. The path margin required to 
meet system requirements is most eco- 
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Fig. 5. Nomogram for converting profile 
data plotted on rectangular co-ordinate paper 
to 4/3 earth radiua values 

noraically designed into the system before 
installation. 

Equipment degradation is not included 
in the nomogram in Fig. 2, Equipment 
degradation is a function of initial system 
desi^, and the quality and frequency of 
routine maintenance checks. Microwave 
equipment can be maintained so that 
average performance agrees with manu¬ 
facturer’s specifications. An extra path 
margin for equipment degradation re¬ 
duces the maintenance effort required to 
meet user system requirements. Margin 
for equipment degradation is not included 
in this design example. 

The application of the system, or tire 
presence of the user, establishes the 
specified S/N including crosstalk on 
each 'channel. In frequency-division sys¬ 
tems, crosstalk increases with the loading, 
number, and length of channels. The 
channel loading, or per cent of the chan¬ 
nels in use simultaneously, should be 
specified. In time-division systems the 
crosstalk is essentially independent of 
these factors. Though the S/N of each 
(Aannel may be specified individually, a 
single minimum specification for all chan¬ 
nels is more common. The system de¬ 
signer usually applies this specification to 
the longest channel in the syst em , a 
design based upon the longest phantioi 


automatically satisfies the requirements of 
shorter channels. 

Excessive S/N requirements increase 
costs, especially in long systems. A 
typical value of 50 db FI A weighted® is 
assigned to all channels of Fig. 11. Be¬ 
cause the actual noise level in watts is re¬ 
quired for later calculations, the S/N 
ratio is converted to the equivalent noise 
power in watts. The normal signal level 
is 0 db referred to 1 milliwatt (dbm); see 
Fig. 12. The minimum usable rh anriAl 
S/N establishes the point where all lower 
S/N values are considered circuit inter¬ 
ruptions. This point is often called 
threshold. Because the definition of 
threshold varies with different types of 
equipment, it should be specified by the 
user. A typical value for minimum usa¬ 
ble S/N is 35 db. TTie allowable per-cent 
time below minimum usable S/N is 0.5 
per cent (approximately 7 minutes per 
day) for this example. A convenient 
form for recording these requirements and 
subsequent calculations is shown in 
Tables I through IV. 

Terrain Topography Establishes 
Need for Repeater Stations 



Preliminary path profiles may now be 
constructed for each path. Because the 
usefulness of these profiles depends upon 
the accuracy of the data plotted, large 
scale maps of 1 or 2 miles to the inch with 
contour intervals not exceeding 20 feet 
should be used. A typical path profile is 
shown in Fig. 4 for path .4 to 5 of the 
example system. 

As the profiles are plotted, some paths 
may be obviously impossible because of 
intervening obstructions several hundred 
feet high. These paths are immediately 
discarded, and alternate locations should 
be chosen if possible. If the locations are 
fixed, an additional repeater station may 
be required. If the obstruction is near 
one end of a short path, a passive-reflector 
repeater may be the answer. 

Because contour maps do not show 
trees or man-made objects, their heights 
should be estimated for the highest points 
on each profile, such as P, Q, and R in 
Fig. 4. If a prior knowledge of the area 
is possessed, it should be used for tlie esti¬ 
mate; otherwise, 75 feet is usually a safe 
guess for wooded areas. 

Fig. 8 is used to determine the required 
clearance over the highest points in each 
profile. The required clearance values 
above the height of the trees or other ob¬ 
struction are plotted as shown at P, Q, 
and R in Fig. 4. Tentative tower heights 
may be estimated by drawing a line on 
the path profile which just clears the 0.6 


Fig. 6. Nomogram for converting path 
profile data plotted on true-earth paper to 
4/3 earth radius values 

Fresnel zone points, as shown in Fig. 4. 
The tower height is the distance between 
the ground and this line. If the required 
towers are over 350 feet a different solu¬ 
tion using a new route or an additional 
repeater should be attempted. Fig. 4 
shows a profile of path A to B for the 
system in Fig. 11. The tower heights re¬ 
quired for this path are 250 feet at each 
station. Before checking the accuracy 
of the profiles, accessibility to sites, or 
aymlability of land at the sites, the feasi¬ 
bility of the preliminary design should be 
checked by determining the path per¬ 
formance. 
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Allowable Path Noise and Fade 
Margin 

The system requirements established 
by the user are used for path design ob¬ 
jectives. The main-line part of the sys¬ 
tem usually contains at least one channel 
which reaches from one end of the system 
to the Other. If the specified S/N ratio 
and reliability for this channel are 
achieved, specifications for all shorter 
channels usually are met. 

Path design objectives are established 



PERCENT OF 0.6 FRESNEL ZONE 
CLEARANCE 

Fig. 9. Prediction of average diffraction 
loss for low-clearance paths 


by assuming that the allowable chann e 
noise and outage time caused by fading 
on the longest channel are equally divided 
between all paths. These values are 
shown in Table I, for the typical example 
of Fig. 11, as “Average noise per path” 
and “Average allowable time below mini¬ 
mum usable S/N.” If the system con¬ 
tains spur links or junctions, such as 
shown at station D in Fig. 11, the longest 
channel from the terminal of the spur 
link should be used to determine average 
spur path requirements. The spur paths 
are then designed to meet the require¬ 
ments of the longest channel. 

The receiver input level required to 
meet the specified average noise level per 
path may be obtained from an equip¬ 
ment characteristic curve, such as Fig. 
13. Likewise the receiver input for 
minimum usable S/N may be obtained 
from Fig. 13. These values are tabu¬ 
lated in Table I, and are —88 db referred 
to 1 watt (dbw) and —108 dbw respec¬ 
tively for the time-division equipment 
used in this example. 


Selection of Antenna System 

Path performance calculations deter¬ 
mine the size of antennas and trans¬ 
mission lines, and how well the path meets 
specifications. Calculations must be per¬ 
formed for each path in the system. Both 
allowable noise per path and required 
fade margin determine signal level input 
to the receiver under normal propagation 
conditions. Figs. 2 and 10 are used to 
determine the required fading margin for 
the path. Fig. 2 shows that the 24-mile 
path shown in Fig. 4 requires 27.5-db 
path margin for 0.125-p.er-cent outage 
time. Since the path has adequate clear¬ 
ance, the extra fading margin in Fig. 10 
required for low-clearance paths is zero. 
The receiver input signal under normal 
propagation conditions must be 27.5 db 
above the level required to meet specified 
mi nimum usable S/N (—108 dbw from 
Table I). Thus, a receiver input level of 
—80.6 dbw is required to meet the out¬ 
age time specifications. Since the — 80.5- 
dbw level required to provide the neces¬ 
sary path margin is greater than the -88- 
dbw level required to meet the specified 
S/N, —80.5 dbw is used as the path de¬ 
sign objective. These values are tabu¬ 
lated in Table II, and establish the power 
level required at the receiver. 

Gains and losses include fixed free- 
space attenuation, estimated diffraction 
losses, transmitter power, duplexer filter, 
and coupling losses. The values are 
tabulated in Table II for the present 
example. The algebraic sum of the fixed 
gains and losses (—121 dbw) provide a 
power level as shown in Table II. The 
difference between this level (—121 dbw) 
and the required receiver. input level 
(—80.5 dbw) is the required antenna sys¬ 
tem gain of the path (40.5 db). 

For the required antenna system gain 
of 40.5-db 6-foot parabolic antennas are 
chosen as a first guess. The two antennas 
located at each end of the path provide a 
total gain of 56 db, as shown in Table II. 
This leaves 15.5 db for transmission line 
losses. The length of transmission line re- 



CLEARANCE 

Fig. 10. Prediction of additional fading 
margin required for typical low-clearance 
2,000-megacycle paths 
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Channel Performance Calculations for the Dispatch Channel Between Stations A 
and E in Fig. 11 


Characteristic 


Source of Data 


H. . . Multiplex noise 

1_Noise per modulation.equipment manufacturer and. 

Fig. 12 

_Number of modulations.channel diagram in Fig. 11 (num-. 

ber of parties on channel minus 
1) . 

.. .Total multiplex noise.item H-1 times H-2. 

. R-f equipment noise and cross-talk 

Path A to B.path calculations, item G.3 in. 

Table II 

... Path B to C.path calculations*. 

... Path C to D.path calculations*... 

.. .Path D to E ...path calculations*. 

.. .Total r-f noise.sum of I.l through 1.4. 

.Total channel noise including crosstalk... .sum of H.8 and 1.5. 

.Channel S/N..Fig. 12 using item J. 

. Predicted channel outage time caused by 
fading during worst month 

Path A to B.path calculations, item G.4 in. 

Table II 

... Path B to C.. path calculations*.. 

.. .Path C to D.path calculations*. 

... Path D to E . .path calculations*. 

.. .Total channel outage time.Sum of items L.l through hA .... 


-65 dbm into 600 
ohms » 0.3 X 
10 “* watt 

1 


0.3X10-* watt 

0.13X10-‘watt 

0.2X10-* watt 
0.5X10-* watt 
1.0X10-* watt 
1.83X10-‘watt 
2.13X10-'watt 
67 db 


0.085 per cent 

0.100 per cent 
0.130 per cent 
0.160 per cent 


* Calculations for these paths are performed by the method shown in Table II. 


the cost will be fairly high in most cases. 
Points at least 100 feet on either side of 
the path should be checked. If the path 
passes near any structure or peak, the 
area and elevations should be scrutinized 
carefully. Adequate clearance must be 
provided on either side of the path as well 
as under it. After the path surveys are 
completed, path performance calculations 
must be revised to agree with the actual 
data. 

Final Calculation of S/N and 
Fading Time 

Using the corrected path performance 
calculations, the predicted S/N and fading 
outage time for each channel in the sys¬ 
tem may be calculated. Total channel 
noise including crosstalk consists of noise 
introduced by each multiplex modula¬ 
tion and demodulation, and of the noise 
and crosstalk introduced by r-f equip¬ 


ment on each path. The multiplex noise 
per modulation is constant for the par¬ 
ticular type of equipment used and repre¬ 
sents the noise measured with the multi¬ 
plex and demultiplex equipment con¬ 
nected back to back. It is shown as 65 
dbm or 0.3 X 10“* watt for the example in 
Table III. This value is multiplied by 
the number of modulations on the chan¬ 
nel. For frequency-division multiplex 
equipment, the number of modulations 
is usually one per system. For time- 
division equipment, the number of modu¬ 
lations per channel is equal to the number 
of active parties on the channel minus one. 
For this example, using time-division 
equipment, the number of modulations is 
one for the dispatch channel between sta¬ 
tion A and E in Fig. 11, but four for the 
party channel between the same stations. 

R-f equipment noise including crosstalk 
for each channel is determined by adding 
the contribution of each r-f path common 
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Rg. 11 (left). Typi¬ 
cal microwave com¬ 
munication channel 
diagram 


Rg. 13 (right). 
Typical tirae-divl- 
aion microwave 
equipment perform¬ 
ance characteristics 
for a single r-f path. 
Normal channel 
level is 0 dbm, and 
noise includes cross¬ 
talk with all channels 
fully modulated 


Fig. 12. Nomo¬ 
gram for conversion 
of S/N to equivalent 
noise power in watts. 
Normal signal level 
is 0 dbm 



to the chaimel. The noise of path A to B 
was calculated in Table I, that noise for 
other paths in this example in Table III. 

Total channel noise is obtained from the 
sum of the multiplex and r-f equipment 
noise, as shown in Table III. The result¬ 
ing channel S/N is obtained by convert¬ 
ing this noise to db using Fig. 12. 

Total outage time caused by fading 
predicted for each channel is obtained by 
adding the predicted outages for all r-f 
paths common to the channel, as shown in 
Table III. The value for path ^ to B 
was calculated in Table II. The outage 
values for the other paths in this example 
are shown in Table III. 

The same process may be repeated for 
each channel in the system if desired. 
Since the performance of shorter chan¬ 
nels will be superior to longer channels, 
calculations for a single long channel are 
often adequate to predict system perform¬ 
ance. A comparison between the total 
predicted path outage time and channel 
S/N and the user requirements will indi¬ 
cate if adjustments are needed. For this 
example the predicted path outage time 
is 0.465 per cent versus an allowable out¬ 
age time of 0.5 per cent. The predicted 
channel S/N is 57 db versus a required 
value of 50 db. Thus, the user’s require¬ 
ments are satisfied. 
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Table IV. Performance Calculation for Path Shown in Fig. 14 Using a Passive Repeater 


Characteristic 


Source of Data 


M... Path length 


• • • ^ .. • • profile, Fig. 14. 1.0 mile 

’ D " to J5.path profile, Fig. 14. 8.5 miles 

.Path margin.Fig. 2 using distance equal to sum. . 21 db 

of M.l and M.2 and allowable 
outage time from B.3 in Table I 

.Receiver input level 


Q... .Fixed path losses and gains 
1-Transmitter nower. 


R... .Antenna system gain 

1-Total required gain.Difference between P.3 and Q.5. 


.Totrf antenna gain.sum of R.2 and R.3. 

. Station A transmission line loss (85.. transmission line ma 
feet of 7/8-inch line at 2.6 db per 
100 feet) 


Value 

.. 1.0 mile 

8.5 miles 

21 

db 

.- 87 

dbw 

88 

dbw 

87 

dbw 

.-1- 13 

dbw 

4 

db 

.-103 

db 

.-119 

db 

.-213 

dbw 

. 126 

db 

.+ 33 

db 

.+ 33 

db 

. 66 

db 

.- 2. 

1 db 

. — 2. 

I db 


feet of 7/8-inch line at 2.6 db per 
100 feet) 

7-Total transmission line loss.siim of R.5 and R.6.— 4 2 db 

8.. .. Total antenna system gain.sum of R.4 and R.7...!. -1- 61.8 db 

S. ... Passive repeater gain 

1-Required gain...difference between R.l and R.8. 64.2 db 

2.. .. Gain using two 10-foot parabolas*.,.. antenna manufacturer. 66 db 

T. ...Excess (deficit) path margin.S.2 minus S.l.•... 1.8 db 

U.Calculation of path performance ' 

1.. . .Path margin.sum of T and N...;... 22 8 db 

2.. . .Receiver input level.sum of P.3 and T.- 85 2 dbw 

3.. . .R-f noise and crosstalk level for this. .Fig. 13 using U.2.. 1.2X10-* watt 

path 

4.. . .Outage time for this path.Fig. 2 using U.l . 0.1 percent 

reflector is used, the area is determined from Fig. 16 to provide the gain in S.l. Item T 
Will tn6n DC zero* 


FREQUENCY 
960MC 2000MC 



Fig. 15. Nomogram for sixe of billboard- 
type passive repeater in 2,000- and 960- 
megacycle systems 


Passive Repeaters Bounce Signal 
Around Obstructions 

If an obstruction which blocks a micro¬ 
wave signal is near one end of a short 
path, a passive repeater may be the most 
economical solution. The passive re¬ 
peater may consist of two parabolic an¬ 
tennas connected back to back, or of a 
single billboard flat reflector. In either 



SITE 0 

WXSSIVE REPEATER 



SITE A 

Fig, 14. Typical profile on 4/3 earth paper 
for path using passive repeater 


case, a portion of the microwave beam is 
intercepted and retransmitted to the next 
station. The following example for a 
2,000-megacycle system illustrates the 
principles involved. 

Two sites A and B are located 8.0 miles 
apart, as shown in Fig. 14. The path 
profile shows that an obstruction at C 
prevents a line-of-sight path with prac¬ 
tical antenna heights. A study of sur¬ 
rounding terrain shows that site D pro¬ 
vides adequate clearance to both sites A 
and B, Therefore, a passive repeater at 
Z) is a possible solution to the problem. 

Paths A to D and to 5 are treated 
as two paths for design purposes. Re¬ 
quired 0.6 Fresnel zone clearance for each 
path is determined from Fig. 8. The 
same system requirements shown in 
Table I are assumed to apply to this path. 

The path lengths are showninTable IV. 
The path margin is obtained from Fig. 2 
using the sum of the lengths of both 
paths. The receiver input power level 
to provide this margin is obtained by add¬ 
ing the margin to the minimum usable 
receiver levd. Required receiver input 
is the greatest level of the two required 
to meet system reliability and S/N. 
These values are tabulated in Table IV. 

Total path losses consist of both fixed 
and variable quantities. The fixed quan¬ 


tities are tabulated in Table IV. The 
difference between the stun of the fixed 
quantities and the required receiver input 
represents the combined gain required of 
the passive repeater and the antenna 
systems at sites A and B, 

For this example, 10-foot parabolic an¬ 
tennas and 7/8-inch transmission lines 
are selected at sites A and B f or the first 
trial. This gives a total antenna system 
gain of 61.8 db. The gain required of the 
passive repeater becomes 64.2 db. In this 
case two 10-foot parabolic antennas at 
site D will be very satisfactory. PIow- 
ever, in many cases the size and cost of 
parabolic antennas required prohibit their 
use. For example, if the required pas¬ 
sive-repeater gain had been 75 db, a pas¬ 
sive-repeater billboard reflector would 
have been the most economical solution. 
From Fig. 16 for 75-db gain, a total area 
of 120 square feet is required, or a 10- by 
12-foot reflector could be used. 

If a billboard reflector is used, it must 
be mounted rigidly enough to prevent 
excessive losses during ice loading or 
windstorms. Normally, perforated alu¬ 
minum is used to reduce these effects. 
An idea of the rigidity required is ob¬ 
tained from a knowledge of the beam 
angles transmitted from the reflector. 

The beamwidth is given by 
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where 

^=the beamwidth, degrees 

X'=the wavelength, feet 

L= length of a side of the reflector, feet 

The horizontal dimension is used for 
horizontal beamwidth, and the vertical 
dimension is used for vertical beamwidth. 
After a suitable antenna system has been 
chosen at the passive repeater, the path 
calculations are performed in a normal 
manner, as shown in Table IV. 

Conclusions 

1. A statistical study of fading data from 
operating systems provides a sound base 
for predicting operation of microwave 
systems. The method presented for pre¬ 
dicting fading time has given good results 
on a monthly basis with systems with at 


least four or flve well-designed paths. 

2. Specification of user requirements is a 
prerequisite to good microwave system 
design. The user must specify the quality, 
reliability, and application of the com¬ 
munication channels. 

3. Calculation of microwave system per¬ 
formance is simplified by using nomograms 
and charts. Also, a tabular form similar 
to the tables presented guides the designer 
to the most economical choice of system 
components to satisfy user requirements. 

4. Even though 0.6 Fresnel zone path 
clearance is a good design objective, lesser 
clearances are not ruled out in all cases. 
For example, if the path margin exceeds 
that necessary to meet user requirements, 
the use of lower towers will often result in a 
lower cost system which still meets speci¬ 
fications. 
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Discussion 

G. E. Farmer (Tennessee Valley Au¬ 
thority, Chattanooga, Tenn.): The au¬ 
thors are to be commended for adding 
appreciably to the all too meager supply of 
data on microwave. 

As a technical question only, we note that 
no loss for reradiation from tlie antennas is 
included in the calculations in Table IV. 
Is this loss negligible? 

The second point is a minor one, but we 
question the necessity of setting a 1.0-mile 
channel specifically at 0.6 Fresnel, as in¬ 
dicated under item 7 in Table IV. 

Marshall L. Bibe (Signal Corps Engi¬ 
neering Laboratories, Fort Monmoutli, N. 
J.): This is a logical and easily under¬ 
standable procedure for engineering micro- 
wave radio relay systems, and should be of 
assistance to tlie inexperienced. Figs. 1 
and 2 are particularly helpful in enabling 
the designer to make an intelligent de- 
ci.sion on the transmission margin he 
should provide. Similar information con¬ 
cerning the distribution of fade durations 
would be an additional help, since the user 
may find a few long fades more acceptable 
or less so than many short ones, depending 
’upon his requirements. 

-The conclusions of the short discussion 
concerning the relative merits of time and 
frequency division multiplex systems are 
not, universally agreed upon. A time di¬ 
vision system, to maintain a 70-db signal 
to interchannel crosstalk ratio, must pos¬ 
sess a high degree of timing stability, and 
requires a generous bandwidth. The in¬ 
terchannel crosstalk generated in pulse- 
phase modulated and pulse amplitude- 
modulated systems is often intelligible, and 
hence requires a greater degree of sup¬ 
pression than in single side-band suppressed 
carrier, frequency division multiplexed 
systems, for the same subscriber approval. 
As future time division systems are de¬ 
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signed with more attention to conservative 
spectntm occupancy, the intei:channel cross¬ 
talk advantage mentioned will likely 
disappear. Frequency division systems 
give adequate performance, as evidenced 
by their present extensive use. 

The significance of Fig. 7, and the recom¬ 
mendation for use of 0,6 first Fresnel zone 
clearance will perhaps be clearer if it is 
explained that the path loss varies over and 
under the free-space value with increasing 
elearance, and that the 0,6 value is tliat 
where free-space loss is first attained as 
clearance is increased. The dangers of 
path clearances greatly in excess of the 0.6 
clearance value should be pointed out, 
especially where multipath transmission is 
a possibility. The seriousness of this type 
of fading is difficult to overemphasize in 
the climates and over the terrains where it 
is prevalent. An amplified discussion of 
the conditions under which it may be ex¬ 
pected, and the siting and diversity ex¬ 
pedients which may alleviate it would be 
helpful. 

The definition of "threshold" in the sec¬ 
tion "User Requirements Establish System 
Objectives” is not a universally accepted 
one. The threshold of a receiver is often 
considered to be tlie minimum signal 
level at which the modulation gain of tlie 
particular system is retained. Systems 
may be designed to give the desired signal- 
to-noise preformance at different levels 
with respect to threshold. Evidently the 
maximum fade which can be tolerated 
before a system becomes inoperable is one 
which barely misses piercing the system 
threshold and, depending upon the desires 
of the customer, only very infrequent and 
short-duration fades to threshold may be 
tolerable. 


Irving D. Perry (Public . Service Electric 
and Gas Company, Newark, N. J.): The 
authors are to be congratulated on pro¬ 
viding data to survey the performance of 
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microwave equipment for proposed in¬ 
stallations. 

When microwave channels are used for 
communication, telemetering or voice short- 
duration fade-outs can be tolerated. How¬ 
ever, when microwave channels are used 
for line relaying where carrier current is not 
satisfactory, fade-outs cannot be tolerated. 
The Public Service Electric and Gas Com¬ 
pany and Philadelphia Electric Company 
have jointly used a 3-mile long microwave 
channel for line relaying for a 132-kv line 
and remote-trip for transformer banks 
which are directly connected to line. 
Monitoring signals are continuously trans¬ 
mitted in both directions. During 4 years’ 
operation, we have never had a complete 
fade-out. 

The use of storage batteries, static 
changers and static line voltage regulators 
for plate and filament power supply will 
eliminate rotating equipment and provide 
a reliable power supply where continuous 
operation is essential as required for line 
relaying. 


A. Alvira and 1. T. Corbell: The authors 
appreciate the many helpful comments 
submitted. In answer to Mr. Farmer’s 
question regarding reflector reradiation 
losses, our experience indicates that the 
metallic losses in well-built reflectors are 
negligible. With regard to his question 
concerning low-clearance short paths. Fig. 
9 applies to all path lengths. 

As to Mr. Ribe's question regarding 
threshold, we believe that the user should 
specify his minimum usable signal for the 
various communication channels, deter¬ 
mined by the application of the channel, 
and not by the capabilities of the microwave 
equipment. Because of constant misuse of 
the word "threshold," we recommend 
that it not be used to describe the minimum 
acceptable signal in microwave system 
design. For this reason, threshold is not 
used Tables I through IV, 
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The Calculation of the Complete 
Time/Current Characteristics of Cartridge 
Fuses With Single Wire Element 

A. E. GUJLE 
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Sy&opsis: A review is given of previous 
attempts to solve the thermal equations for 
a filled fuse with single wire element lying 
along the axis of .the cartridge. A new 
solution is then developed, which is based 
upon analysis applied by Griinberg^ to 
high-voltage cables. This solution is used 
to calculate prearcing times, and is checked 
experimentally for four copper wires of 
different diameters and for one silver wire. 
For currents above about 1.4 times mini¬ 
mum fusing current, the error in the cal¬ 
culated prearcing time at a given current 
for all these wires does not exceed 25 
per cent (%), and is generally much less, 
throughout the whole range. A com¬ 
parison with other methods of predicting 
time/current characteristics shows the 
present solution to be superior. 

Minimum fusing currents for silver and 
copper wires can be calculated within 
about 5% of the. true value. An allowance 
for the effect of oxidation of copper is given 
for this purpose. The prearcing time below 
which heat loss from the element is neg¬ 
ligible can be calculated accurately, and is 
shown to be a function of element cross 
section. The effect of varying filler para¬ 
meters on time/current characteristics is 
shown, and the thermal conductivity of 
quartz powder is discussed. 

Introduction 

T here are several simple methods of 
calculating a time/current charac¬ 
teristic, such as assuming Newton’s law 
of cooling to apply, or using one of several 
empirical equations. These enable cer¬ 
tain trends to be predicted, or facilitate 
an attempt to fit a curve to a few test 
results. However, Newton's law of cool¬ 
ing does not apply to any great range of 
cartridge fuse operation, and the fact 
that a ciiaracteristic obtained from an 
empirical equation may fit certain test 
results has no physical meaning. 

Lapple® remarks that “it must always 
be borne in mind that the only real way 
of progresring in the engineering problem 
of designing fuses, with time/current 
characteristics well-suited to their dif¬ 
ferent kinds of application, is to study the 
mathematics of the problem. ’ ’ He says 
that “the treatment of the problem by 
these empirical equations is only useful, 

?o far as ho better basis is available to 
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help in considering the quantitative infiu- 
ence of the elements of design, and in 
planning and elaborating experiments.’’ 

The calculation of the time/current 
characteristic of a fuse is essentially a 
thermal problan: the fuse element or 
some part of it has to be raised to melting 
temperature b}' the current flowing in the 
element. The solution of the tb^rmal 
equations where there is heat loss from 
tlie element requires certain assumptions 
to be made as to modes of heat flow and 
boundary conditions, and also requires 
that the geometry of the fuse shall be 
fairly simple.’ 

In this paper consideration has been 
limited to the case of a single wire em¬ 
bedded in powder contained in a cylin¬ 
drical cartridge, with the wire l 3 Hing along 
the axis of the cylinder. Even with this 
simple configuration the solution which is 
obtained here involves making assump¬ 
tions, and previous methods of solution 
are discussed and their limitations shown. 
In most commercial types of fuses the 
configuration precludes direct analysis. 
However, it is of interest to mention that 
cases such as a single strip element of rec¬ 
tangular cross section and of wires or 
strips wound helically are now being 
studied. The method used in these cases 
is based upon the analysis given in this 
paper and the results are promising. 
The present paper therefore describes 
initial stages of an investigation which is 
aimed at aiding the design of fuses and 
the planning and reduction of costly 
testing. 

The Mechaihsm of the Prbarcing 
Period 

A mechanism for the prearcing period 
has been described by Game.* At high 
cmrent densities where melting starts at 
the element surface, the prearcing time is 
made up of three parts: 

1. The time to heat the wire to its melting 
temperature in the solid state. 

2. The time to provide some part of the 
latent heat of fusion of the element. 

3. The time for the element to break up 
into globules. 


Came^ showed that time 3 is a function 
of the current at the start of arcing, but 
that it is very much smaller than time 1. 
Time 2 is only the very small time lag be¬ 
tween the outside surface of the wire 
reaching melting temperature and suffi¬ 
cient energy being supplied to melt a 
finite thickness of metal at the surface. 
Tests show that time 1 is often as much 
as 95% of the prearcing time. Since the 
latent heat of fusion of an element is 
usually about one-sixth to one-third of 
the heat necessary to bring it to melting 
temperature,^ it follows that the whole 
latent heat of the element does not have 
to be supplied. 

Hence in the region of the greatest cur¬ 
rents where the prearcing times are small 
they are chiefly determined by the time 
taken for the element to reach melting 
temperature. At currents below the 
critical value, the prearcing times are 
greater, and again the time to heat the 
wire to melting temperature is pre¬ 
dominant. 

The Thermal Equations 

constant direct current through the 
element flowing after time i=0 
cross-sectional area of wire 
nix and »» 2 =density of wire and filler 
Cl and specific heat of wire and filler 
ki and thermal conductivity of wire 
and filler 

6i and 02 =temperature rise above ambient 
of wire and filler 
J =Joule’s equivalent 
z=axial co-ordinate 
ri=radius of wire 
r 2 =inner radius of cartridge 
2£=length of element 
Po* resistivity of wire at ambient tempera¬ 
ture 

p=resistivity of wire at temperature rise 
01 , given by p = po(l+a0i) 

Then for the cartridge fuse considered 
here, the heat conduction equation is 

.4,cm. --M.—+—-a (I) 

where Qi, the heat flow per unit time per 
unit length from the wire to the filler, 
is given by 

and may be determined from _ 

Paper 55-514, recommended by the AIEE Switch- 
gear Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Summer General Meeting, 
Swampscott, Mass., June 27-July 1, 1966. Manu¬ 
script submitted December 14, 1964; made avail¬ 
able for printing May 9, 1965. 
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1. riZrZrs 

2. t=Q, Bi=9i=Q for all r and z ( — L<z< 

+I-) 

3. z = ±L, 01 = 02 =0 for all r and t 


Condition 2 limi ts consideration to the 
case where the fuse is not preloaded before 
the fault occurs. The effect of prdoading 
on the prearcing time and other charac¬ 
teristics has been investigated.® Condi¬ 
tion 3 is a reasonable assumption since the 
end terminals are usually of sufficient 
mass for the temperature rise not to 
exceed about 5% of melting temperature, 
and this maximum rise only occurs near 
minimum fusing current. 


The Special Case of No Heat Loss 
From the Element 


In the region where the current is suffi¬ 
ciently high for the loss of heat from the 
element to be neglected, then 





cimu , ,,, 

=»-log« (l-ha0i) 

poa 


(3) 


This integral is sometimes called the 
current-heat integral® and has a constant 
value for a given material whatever the 
size of element. 

Tests by Van Liempt and De Vriend’^ 
showed that for preardng times of the 
order of 0.1 second, heat loss from very 
fine wires can be neglected, and Boehne® 
suggested a corresponding time of 0.02 
second. 


Previous Methods of Solving the 

Thermal Equations 

No complete solution to equations 1 
and 2 with the boundary conditions ap¬ 
propriate to the fuse appears to exist. 
A number of solutions have been put for¬ 
ward over a period of years, in which 
various assumptions and approximations 
have been made. 

All methods involve the assumption 
that wire and filler specific heats, densi¬ 
ties, and thermal conductivities remain 
constant at some average value. This is 
reasonable since their variation over the 
melting temperature range is only of the 
order of 20%, whereas the wire resistivity 
varies by some 500%. 

Ikeda and Yoneta® gave a solution 
where the heat loss from the wire surface 
was defined by Newton’s law of cooling 
instead of by equation 2, but any solution 
involving this assumption is necessarily 
very restricted in its application. 
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Wintergerst^® gave a solution to the 
case where there was assumed to be no 
loss of heat to the filler, i.e., = 0 in equa¬ 
tion 1, and where the wire resistivity was 
assumed to remain constant at some 
average value throughout the heating. 
This solution has no application to the 
determination of time/current charac¬ 
teristics since the radial heat loss will al¬ 
ways exceed the axial loss at any point 
near the center of the element. 

Equations 1 and 2 were solved by 
Schubert^* by making the following as¬ 
sumptions, in addition to the boundary 
conditions given in the section on “The 
Thermal Equations”: 

1. Axial flow of heat in wire and filler 
neglected; i.e., wire considered to be 
infinitely long. 

2. Temperature rise at outer boundary of 
filler considered to be zero; i.e., filler con¬ 
sidered to extend to infinity. 

3. Resistivity of wire assumed to be a 
constant average value; i.e., pav replaces 
po(l+a!0i) 

The temperatiue rise of a wire for times 

greater than /= —-— given as 
ki 


I^pcLV . / 2.26 ^2^\ 


(4) 


For shorter times the characteristic 
given by equation 4 has to be allowed to 
merge into the straight line given for the 
case of no heat loss by equation 3 when 
plotted on log/log paper. In this range, 
therefore, the calculated time will be less 
than the actual prearcing time by the 
amount of the breakup time. 

An electrical analogue was con¬ 
structed’^^ which used the similarity be¬ 
tween thermal and electrical quantities to 
represent the thermal conditions in the 
fuse under both transient and steady-state 
conditions. The analogue was designed 
to obtain temperature distributions, which 
is made possible by the fact that both 
radial and axial heat flow are simulated, 
whereas analytical solutions involve neg¬ 
lecting one or the other of these modes. 
Assumptions 1 and 2 made by Schubert 
are eliminated in the analogue but as¬ 
sumption 3 remains. 

The analogue is inherently more ac¬ 
curate for the determination of tempera¬ 
ture distributions than for preardng 
times, so that it will not be considered as 
a method of obtaining time/current 
characteristics, although after analysis of 
its sources of errors it can compare 
favorably with some analytical solutions. 
It is used, however, to dieck the validity 
of certain assumptions made in obtaining 
the present solution; see the Appendix 
for further discussion. 


Newton’s law of cooling cannot apply 
to transient thermal conditions in a car¬ 
tridge fuse so that its range is very limited, 
and tests have shown that this simple 
approximation applies more to wires in 
free air.® 

An empirical equation put forward by 
Prince and Williams’® is 


where 

imIn “minimum fusing current 
iir=square of current that melts wire in 1 
second with no heat loss 

This establishes the shape of what is 
sometimes called the “square charac¬ 
teristic.’ ’ It is merely an expression for a 
curve which joins two known points of 
the curve, viz; (/=a,/=/mtn) and (/*/= 

K, />>Jinin). 

Another empirical equationis Johann’s®® 

(J-7min)*/=a+W'/* (6) 

The last term does take some account of 
heat storage in the immediate neighbor¬ 
hood of the element, and since the equa¬ 
tion has two constants a and b it can 
represent a whole family of curves. 

The Present Solution Based Upon 
Griinberg’s Analysis for Cables 


It is desirable that a solution to equa¬ 
tions 1 and 2 should be obtained where 

1. The solution is continuous over the 
whole range. 

2. The assumptions are as few and as 
reasonable as possible. 

3. The form is convenient for use in 
engineering practice. 

The method of analysis used by Grtin- 
berg® in the case of high-voltage cables is 
suitable for a fuse with circular section 
element centrally located in a filled 
cartridge. 


Fuse Carrying Direct Current 

The fuse considered is one where a cir¬ 
cular section element is surrounded by 
granular filling powder and enclosed in a 
ceramic cartridge. It is assumed that the 
length/diameter ratio of the fuse is great 
enough for the temperature rise at the 
mid-point of the element not to be af¬ 
fected by axial flow of heat along the ele¬ 
ment or within the filler. This assump-' 
tion is discussed in the Appendix. 

Equation 1 then becomes 


AiCiWi 


bt 
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Fig. 1. The function F(y)=e^’(1-f-erfy)—1 
and equation 2 becomes 


bt \br^^rbrj 
\br Jr 


Except for very low overcurrents no 
appreciable quantity of heat will reach 
the outer boundary of the filler during 
the time when the wire is being heated to 
its melting temperature, so that the car¬ 
tridge can be ignored and the filler con¬ 
sidered to extend to infinity. See the 
Appendix. 

This gives the boundary condition 

(®2)r=«=0 (10) 

At the wire surface 

^i = (^2)r-ri (11) 

The fuse is considered to be initially 
unloaded and at ambient temperature, i.e. 

(ffi)«=io=(52)«-o=0 (12) 


It was shown by Griinberg and Sontz‘® 
that from equations 8, 10, 11, and 12 02 
can be expressed in the form 

^2 * y ~/(r - ri, t) = / (13) 

with sufiicient accuracy for practical re¬ 
quirements. When this approximation 
is made in the fuse application the ther¬ 
mal conductivity of the filler ^2 must be 
replaced by a value ^ 2 ^ The relationship 
between &2 and ^ 2 ^ is determined later. 

The function/(f—fi,#)=/(»,#) is given 
by 


and defined by the limits 

Cf)*=o =01 (IS) 

C/)*-a=0 

and initial condition 

C/)<-o=0 (15) 

The method of Laplace transformation 
is used with the notation 

Then 


Table I. Quartz Filling Powder/ Sample 1 




n/r~ri 

(I)r=ri. 


(Bi) =(52)r-.ri' 
(/)*•=« =0 

32='^^/(r—r 


where a 2 *=(c 2 W 2 )/A 2 ^ 


% Weight 

Grain Size 

20. 

.— + fiO 

67. 

.— fiO + 

20. 

.— an 

3. 

.;. —inn -i-ijsn 



The resistivity of the wire is considered 
to vary linearly with temperature, i.e. 

p=po(l+a!0i) 

SO that 

( 20 ) 

From equations 17 and 19 

( 21 ) 

where B=di from equation 17 so that 

( 22 ) 

and from equation 16 
Qi = 2irri^2'5i^a2'\/^-|-^ ^ 
and from equation 20 

g __ £po _ 

JAihniCiP(p+2my/p—n) 

where 

vriki^Oz 

AiCititi 

I'poa 

7r«2* 

JAi 

n “— - - 

AiCiWi 


[I le s.w:a Icopper 


^29 S.W.G. SILVER 

___22 S.W.G. COPPER 


W/ 


34 S.W.G. COPPER 


29 S.W.C. COPPER 


I 3 5 7 9 

MULTIPLES OF MINIMUM FUSING CURRENT 


Fig. 2 (left). The ac¬ 
curacy of the present 
method of calculating 
prearcing times 


Rg. 3 (right). Com¬ 
parison of test and cal¬ 
culated time/current 
characteristics of 29 
S.W.G. copper wire 

-Calculated char¬ 
acteristic 

-Test characteristic 

Filler A—^mixed grain 
size quartZ/ sample 
density 1.62 
Filler B—mixed grain 
size quartz, sample 1, 
density 1.70 


FILLER A 


\ 1 Lk^= 4.3 lO"'^ C.G.S.U. 
\ , '1 CKz'sA.Z IO’** C.G.S.U. 

WfM<2'=4.l lO"* C.G.S.U. 
-\t^K^-4.0 lb-^C.G.S.U. 
— C.G.S.U. 


\^J^ER B 


20 24 28 32 

CURRENT - AMPERES 
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It may be shown that, following the 
method used by Griinberg, the inverse 
transformation of equation 23 can be 
made giving 

..- 

2/i4i*CiWiV m^+n 

(^-nWO -lF{z,Vt)^ (24) 


zi = —m+y/ m*+» 

— —m—y/ OT*+« 
F{y)=€^\l+erfy)-\ 


Table II. 29 S.W.G. Silver in Sample 1 Quartz Filler of Density 1.62 


2 r 

> = -j= I 

V irjo 


Equation 24 enables the wire tempera¬ 
ture and time to be related for any given 
current; in particular the time for a given 
current to bring the element center to 
melting temperature may be found. 

The function /^’(y) is plotted against y 
in Fig. 1, over a range which covers that 
normally required in the fuse application. 

Fuse Carrying Alternating Current 

If the wire resistivity is assumed to re¬ 
main at a constant average value, then it 
is possible to solve the thermal equations 
when the current is a function of time. 
A solution has been obtained by the author 
for the case where the ctirrent is given by 
i—Im sin (at. However, it is only neces¬ 
sary to consider the d-c solution in prac¬ 
tice for the following reasons: 

1. The form of the solution for a current 
of even the simple form i=Im sin <at is not 
suitable for a number of calculations. 

2. In practice the form of the short- 
circuit current is initially much more 
complex than a pure sine wave. 

3. The heating effect is given by 
•and if i=Im sin (at, then 


Im^R/ sin 2 mA 

'~2“V ^ / 


i.e., the heating effect of a sinusoidal current 
•does not differ from that of its rms value if 
t»l/(2(a). Hence for times greater than 
about 1 cycle the effect is that of direct 
•current and equation 24 applies. It is 
shown later (in Table VII) that for times 
less than 1 cycle the heat loss from the 
•element is negligible for all practical wire 
•sizes, and the exact form of the current 
wave can then be taken into account in 
•calculating the time from the current heat 
integral (equation 3). 

Equation 24 is therefore sufficient to 
•calculate the time/current characteristics 
where there is heat flow from a single wire 
-element carrying direct or alternating 
-current. 


Current, 

RMS 

Amperes 

RMS Current, 

Minimum Fusing 
Current 

Prearcing 

Time on Test, 
Seconds 

Prearcing Time 
Calculated From 
Equation 24, 
Seconds 

% Error of 
Calculated 
Time 

2.50. 

.11.2. 

. 0.0086. 

. 0.0093. 

.•.-1- 8.1 

180. 

. 8.15. 

. 0.0171. 

. 0.0183. 

. + 7.0 

120.. 

. 5.35. 

. 0.043 . 

. 0.048 . 

.-f-11.6 

90. 

. 4.0. 

. 0.077 . 

. 0.093 . 

.-1-20.5 

7n 

a i.a 

. . . 0.138 . 

. 0.173 . 

.4-25.3 

50. 

2!23. 

...... 0.375 . 

. 0.45 . 

.-i-20.0 

4n. .. 

17!). 

. 0.88 . 

. 0.96 . 

.-H 9.0 

an 

. . .. 1 34. 

. 6.5 . 

. 4.8 . 

.-13.0 

2ft 

1 26 . 

. 20.0 . 

. 9.9 . 

.-50.0 

26. 

. 1.13. 

.250 . 

.135 . 

.-46.0 


Table III. 34 S.W.G. Copper in Sample 1 Quartz Filler of Density 1.62 


Current, 

RMS 

Amperes 

RMS Current, 

Minimum Fusing 
Current 

Prearcing 

Time on Test, 
Seconds 

Prearcing Time 
Calculated From 
Equation 24, 
Seconds 

% Error of 
Calculated 
Time 

1^0 

13 6 . 

. 0.0081. 

. 0.0080. 

.H- 1.6 

70 

0 3 . 

. 0.043 . 

.. 0.044 . 

.+ 2.6 

55 !.. 

4.95. 

. 0.076. 

. 0.078 . 

. + 4.0 


4.06. 

. 0.126 . 

. 0.13 . 

. + 4.0 


. .. 3.16. 

. 0.236 . 

. 0.263 . 

.-f 7.2 

30 !!! 

. 2.7. 

. 0.37 . 

. 0.415 . 

.-f 11.2 

95 

2 26 . .. 

. 0.67 . 

. 0.78 . 

.-j- 16.8 

22 !!! 

1.98 . 

. 1.22 . 

. 1.38 . 

. + 11.3 

20 ... 

. 1.8. 

. 2.3 . 

. 2.4 . 

.+ 4.3 

10 

1 71,,. 

. 4.1 . 

. 4.36 . 

. + 6.1 

17 ... 

!!!!!!.!!.. i.ss. 

.18.5 . 

.20 . 

.-i- 8.1 

16.5... 

. 1.49. 

.24.5 . 

.102 . 

.+315 


Table IV. 29 S.W.G. Copper in Sample 1 Quartz Filler of Density 1.62 


Current, 

RMS 

Amperes 


RMS Current, 

Minimum Fusing 
Current 


250.U.O 

226. 

200.11.2.5 

176. 9.34 

160. 8.42 

125. 7.03 

100. 5.62 

70. 3.93 

60. 3.37 

60. 2.81 

46. 2.53 


40. 2.25 



Prearcing Time 

Prearcing 

Calculated From 

Time on Test, 

Equation 24, 

Seconds 

Seconds 

... 0.0165. 

. 0.0142.... 

0 010 . 

. 0.0178.... 

... 0.024 . 

. 0.023 .... 

... 0.0330. 

. 0.0306.... 

... 0.046 . 

. 0.0426.... 

... 0.069 . 

. 0.066 .... 

... 0.112 . 

. 0.105 .... 

0 263 . 

. 0.25 _ 

0 37 .. 

. 0.37 _ 

0 61 . 

. 0.62 _ 

... 0.825 . 

. 0.866 _ 

!... i!22 . 

. 1.28 .... 


% Error of 
Calculated 
Time 


2.21 .+ 6.2 

4.16 .-h 3.8 

6.2 . + 2.0 


26. 1.406. 


Table V. 22 S.W.G. Copper in Sample 1 Quartz Filler of Density 1.62 


Current, 

RMS 

Amperes 


RMS Current, 

Minimum Fusing 
Current 


Prearcing 
Time on Test, 
Seconds 


Prearcing Time 
Calculated From 
Equation 24, 
Seconds 


% Error of 
Calculated 
Time 


540. 

.12.4 ... 


... 0.055....... 

. 0.06.56. 

.+ 1.0 

3,60. 

. 8.06... 


... 0.122. 

.. 0.138 

+13.0 

260. 

. 5.76... 


... 0.263. 

. 0.29 . 


200. 

. 4.62... 


... 0.43 . 

. 0.49 . 

.+14.0 

170__ 

. 3.92... 


... 0.64 . 

. 0.72 ........ 


150. 

.. 3.46... 


... 0.89 . 

. 0.97 . 

.+ 9.1 

130. 

. 3.0 ... 


... 1.31 . 

. 1.37 . 


115. 

. 2.66... 


... 1.93 . 

. 1.96 . 

.+ 1.5 

100. 

. 2.31... 


... 3.2 . 

. 3.0 . 

.— 6.8 

90. 

. 2.08... 


... 4.8 ....... 

. 4.1 . 

.-14.6 

80. 

. 1.86... 


... 8.1 . 

. 6.3 . 

.—22.2 

70. 

. 1.61... 


... 16.0 . 

.11.0 . 

.-30.5 


1 .38 , 


... 49 . 

.28 . 


66 . 

i!29... 


....115 . 


.-55.5 
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Table VI. 18 S.W.G. Copper In Sample 1 Quartz Filler of Density 1.62 


Table VIII. Minimum Fusing Currents 


Current, 

RMS 

Amperes 


RMS Current, 

Minimum Fusing 
Current 


. 11.6 . 

.10.4 .. 

. 8.7 . 

. 6.96. 

, 5.22. 

4.05. 

. 3.48. 

, 2.9 . 

2.32. 

2.09. 

1.85. 

1.62. 

1.39. 

1.27. 


Prearcing 
Time on Test, 
Seconds 


Prearcing Time 
Calculated From 
Equation 24, 
Seconds 


% Error of 
Calculated 
Time 


. 0.136. 0.136 

0.168.0.17 

0.243. 0.26 

. 0.88. 0.40 

. 0.67 .0.76 

. 1.12 . 1.35 , 

. 1.55... 1.9 

. 2.47 .3.0 . 

. 3.0 .6,4 . 

• 7.0 .7.2 . 

• 10.8 .10..45 . 

. 18.0 .16.5 . 

•40 ..31 

.120 .49 


. 0.136. 0 

. 0.17.+ 1.2 

. 0.26.3.0 

. 0.40....+ 6.2 

• 0.76.+12.0 

• 1.35 .+ 21.6 

• 1.9 .+22.7 

• 3.0 .+21.6 

5.4 .+ 8.0 

• 7.2 .....,+ 3.0 

.10..45.- 8.6 

16.6 ._ 8.3 

81 .-22.6 

49 .-69 


Table VII. Current Above Which Heat Loss May Be Neglected 


Wire 

Material 


Current on 
Test for No 
Heat Loss 


Current 
Calculated for 
No Heat Loss 
From Equation 28 


Prearcing Time 
on Test for 
No Heat Loss, 
Seconds 


29.silver. 


. 66.6.0.084 

• 83.6.0.16 

•174 .0.48 

.294 .1.6 

• 86 . 0.078 


Comparison of Calculated Time/ 
Current Characteristics With 
Experimental Results 

Time/current characteristics of pre¬ 
arcing time plotted against nns current in 
the prearcing period were obtained ex¬ 
perimentally for copper wires of four dif¬ 
ferent diameters and for one silver wire. 
The filler used was quartz powder of mixed 
grain size, see Table I, in a porcelain 
cartridge 14 centimeters long and 3.5 
centimeters internal diameter. The filler 
was compacted to a density of 1.62. 

The times calculated from equation 24 
are compared with prearcing times ob¬ 
tained on test in Tables II through VI. 
and the percentage errors of the calcu¬ 
lated time are plotted in Fig. 2. In 
order to make these calculations it is 
necessary to determine the value of k 2 ^. 
Fig. 3 shows that, for sample 1 filler with 
density 1.62, ^ 2 ^—4.2 10“4 centimeter- 
gram-second units and this value was 
used in equation 24. Fig. 2 shows that 
using this value of ^ 2 ^ in the calculations 
for all Rewires tested, prearcing times are 
given whidi are within 25% of the test 
values for any current freon short circuit 
to below twice minimum fusing current. 

Present Solution Applied to the Case 
OF No Heat Loss From the Element 

In the case of a very heavy current 
where no heat is lost from the element, 
equation 3 holds and this may be re¬ 
written 


1 \ 
01 = 1 — I « AiiOitKiJ —ij 


Consider equation 24 as the current 
increases 


Limit 


Limit ( — 


I%a 

3 - 


then equation 24 becomes 


1 ]+— 

V« 


—v^)j 


1/ \ 

I « Ai^imiJ’ 1 1 


Hence in the limit, equation 24 becomes 
equal to equation 25 and therefore yields 
the correct solution for no heat loss. 

Region Where the Assumption of No 
Heat Loss Is Valid 

From the previous section it can be seen 
that the conditions for no heat loss are 

Ppoa 

22 

There are therefore two conditions for 
no heat loss 


Minimum Fusing 

Current, Amperes _ 

Calculation 


Material 

S.W.G. 

Test 

Calcu¬ 

lation 

Corrected for 
Oxidation 

Copper. 

..34... 

.11.1. 

....16.2., 

.10.9 

Copper. 

..29... 

.17.8. 

... .24 .. 

.18.7 

Copper. 

..22... 

.44.0. 

....49.3.. 

.44 

Copper. 

..18... 

.85.5. 

...85.8.. 

.80.2 

Silver... 

...29... 

.22.5. 

...24 



Trki^JAi 


Poa cmi 

The ratio has the value of 

0.28 for copper and quartz and of 0.42 for 
silver and quartz; hence only inequality 
26 need be considered since this also em¬ 
braces 27 for normal fuse materials. 

The point at which heat loss becomes 
negligible is shown by the time/current 
characteristic plotted on log/log paper 
becoming the lineiar of slope —2, since 
IH—a. constant in this region. 

The currents at which the characteristic 
departs from linearity for the fuses tested 
are shown in Table VII, together with 
the currents calculated from inequality 
26 by putting 

„ lOirfe^T’.di 

jr»-i (28) 

Pod! 

It can be seen from Table VII that the 
current above which heat loss can be 
neglected may be calculated accurately 
from equation 28, and that the corre¬ 
sponding prearcing time varies very con¬ 
siderably with fuse element section. This 
latter variation may be seen from equa¬ 
tion 28 by putting = a constant 

where heat loss is negligible. This shows 
that the limiting value of prearcing time 
is proportional to the wire cross-sectional 
area. 

Calculation of Minimum Fusing 
Currents of Copper and Silver 
Wires 

The steady-state temperature rise may 
be calculated from equation 24: If 

Irnin^ minimum fusing current 
0»,=the temperature rise above ambient 
at melting 

then ui equation 24 as with 

it may be seen from Fig. 1 that 
—I and F(z 2 \/<)-^—1 so that equation 
24 becomes 

„ I*Po 

TkiVAi-PpiOl 
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WIRE DIAMETER - INCHES 


Hence 


Fig. 4 (left). 
Variation of error 
in calculation of 
minimum fusing 
current with wire 
diameter for cop* 
per wires 


Fig. 5 (right). 
Comparison of 
present solution 
for obtaining pre¬ 
arcing times with 
other methods. 
29 S.W.G. cop¬ 
per wire in quartz 
filler 



MULTIPLES OF MINIMUM FUSING CURRENT 



V vkjUAiQm 
PoCH-atfm) 


(30) 


Values of inininium fusing ciurent cal- 
■culated from equation 30, together with 
those obtained on test, are shown in 
Table VIII. Fig. 4 shows that minimum 
fusing currents calculated from equation 
30 are in considerable error for very small 
copper wires, but that the error falls as 
the diameter is increased. The error is 
•due mainly to oxidation of the element 
which causes a reduction in the effective 
area of cross section. This is illustrated 
by the fact that the calculated minimum 
fusing current for 29 S. W.G. copper has an 
error of 35% whereas that for 29 S.W.G. 
silver is within 6% of the true value. As 
the diameter increases the effect of the 
oxide skin becomes proportionally less 
and the error falls. 

It if is assumed that an oxide layer is 
formed, the depth of which is independent 
of wire diameter, then a very simple cor¬ 
rection can be made: viz., that of re¬ 
duced area A\ in equation 30. When 18 
S.W.G. and 34 S.W.G. copper wires had 
been heated for some hours at a current 
just below minimum fusing value, the 
oxide layer was allowed to flake away, 
and micrometer measurements showed 
reductions in area of 20% and 60% re¬ 
spectively. If it is assumed that an oxide 
layer of radial depth 0.0015 inch is formed 
irrespective of wire diameter then reduc¬ 
tions in area of 13% and 55% would re¬ 
sult for these two wires. 

On the assumption that, for the wires 
tested, heating at or just below minimum 
fusing current for some hours causes an 
oxide layer 0.0016 inch deep, a new cal¬ 
culation can be made from equation 30. 
Table VIII and Fig. 4 shows that the 
calculated value of minimum fusing cur¬ 
rent is then within about 6% of the cor¬ 
rect value. 


Relation Between Minimum Fusing 
Current and Current Above Which 
Heat Loss Can Be Neglected 

If minimum current at which 
there is no heat loss from the element, 
then equations 28 and 30 show that 

_^ 10(l+aitfBt) 

Imln J cedtn 

— =3.52 for silver 

imia 



=3.49 for copper 


Hence for copper and silver elements of 
any diameter, heat loss from the element 
may be neglected at a current 3.5 times 
mi ntmiim fusing current. This ratio 
applies to calculated values, so that for 
small diameter wires the calculated value 
of minimum fusing current should be 
modified to allow for oxidation in the way 
shown. 


Comparison With Other Methods of 
Predicting Time/Current 
Characteristics 

The times for 29 S.W.G. copper wire to 
reach melting-temperature for various 
currents, obtained by some of tlie methods 
outlined earlier, are compared in accuracy 
with the present solution (equation 24) 
in Fig. 5. In this comparison the follow¬ 
ing points emerge. 

Since the curve given by the present 
solution becomes asymptotic to the no 
heat loss solution fairly slowly and gives 
times somewhat greater thm it, this 
makes some allowance for the break-up 
time and gives less error than Schubert’s 
analytical solution. In the longer time 
range the present solution gives better 


agreement with test, due mainly to the 
assumption of a constant average resis¬ 
tivity having been avoided. For short 
times the solution given by the Prince 
and Williams equation (‘‘square charac¬ 
teristic”) agrees with Schubert since both 
assume no heat loss, but at longer times it 
shows even greater errors than this solu¬ 
tion. Fig. 5 shows that Johann’s method 
does not produce a better result than the 
square characteristic. 


Effect of Filler Parameters on 
Time/Current Characteristics 

At short fusing times where the heat 
lost through the filler is small, the thermal 
conductivity of the filler has no effect 
upon the characteristic. Fig. 3 shows 
how very considerably the characteristic 
is influenced by even small changes in 
thermal conductivity, in the region where 
there is appreciable heat loss. The pa¬ 
rameter varied in Fig. 3 is not the thermal 
conductivity h but is 

Relation Between Kj and 

Consider a wire heated in filler under 
steady-state conditions: Then 

where 

w “power loss in wire 

0r"= temperature rise at any radius r 

/“Wire length 

Equation 29, which represents exactly 
the same condition, may be rewritten as 


w 

ttJBiI 

From equations 31 and 32 


(32) 
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Table IX. Thermal Conductivity of Quartz 
Powder 


k2‘ kj 

Centi- Centi- 

meter-> meter 

Gram- Gram- 

Second Second 

Grain Size Density Units Units 

Sample 1.1.62.4.210-<.fl.910-« 

Sample 1.1.70.4.710-«.11.310-< 

Sample 2.1.70.5.010-«.12.010-4 

- 36 + 52.1.59.4.610-4.10.410-4 

-150 +200.1.53.4.010-4. 8.610-4 


Table X. 

Sample 2 Quartz Filler 

% Weight 

Grain Size 


9 .-36 +62 

69 .- 62 + 72 

19.5.-72 +100 

2.5.-100 +160 


Table XI. 18 S.W.G. Copper 


Ii Time to Reach Melting: Temperature, 
Amperes. Seconds 

Length/ —^—-- 

Diameter a 2.8 2.33 1.85 


130.240 ..1,100 ..2,600 

140.100 .. 240 ,. 480 

160. 26.2 .. 32.4 .. 46.8 ..294 

180. 12 .. 14 .. 16.4 .. 21.3 

200. 6.4 .. 6.8 .. 7.4 ., 8.6 

250. 2.54.. 2.54.. 2.64.. 2.64 



The value of can be found by test 
(e.g., from Fig. 3), and then from equa¬ 
tion 33 the thermal conductivity which 
is a mean effective value including the ef¬ 
fects of radiation, convection, and conduc¬ 
tion, may be found. Conversely if values 
of thermal conductivity are known for 
filling media, then the reverse process 
enables the effect on the time/current 
characteristic to be calculated when a 
change in filler is made. Some typical 
values of and obtained from time/ 
current characteristics are shown in 
Table IX. 

Figs. 3 and 6 show changes in time/ 
current characteristic with density and 
with grain size. In the tests with varied 
grain size the filler was fully compacted 
and its density was found to change 
from 1.50 for -200 grain size to 1.59 
for -36-1-52. 

In the case of sample 2 powder, the 
sieve analysis of which is shown in Table 
X, a check showed that the value of ther¬ 
mal conductivity obtained in this way 
agreed very closely with that obtained by 
the standard method using parallel hot 
and cold plates with thermocouples. 


The effect of variation of specific heat 
of filler may similarly be calculated. 
Specific heats do not vary as widely as 
thermal conductivities and a change of 
100% in specific heat has only about the 
effect of a change of 40% in thermal 
conductivity. 

Conclusions 

A solution to thermal equations has 
been obtained, wWch enables the complete 
time/current characteristic to be calcu¬ 
lated, for a fuse with single wire element 
in the center of a filled cartridge. A 
simple allowance is required for oxidation 
in the case of a copper element, and with 
this allowance minimum fusing current 
can be calculated to within about 5% 
of its true value. The solution shows 
that the current above which heat loss 
from, the element can be neglected is a 
function of element cross section and can 
be calculated accurately. This current 
bears a constant ratio of 3.5 to the mini¬ 
mum fusing current. 

This solution has been compared with 
solutions previously given, and is shown 
to be more complete than any of these. 
Since the solution holds throughout the 
whole time range, it allows examination to 
be made of the effect of filler parameters 
on the time/current characteristic. 

Appendix. Examination by 
Analogue of Validity of 
Assumptions Made in 
Obtaining the Present 
Solution 

Validity of Neglecting Axial Heat Loss 

In this investigation the analogue was 
arranged to simulate a fuse of constant 
cartridge diameter but of varying length. 
The times for the element center to reach 
melting temperature as the ratio of element 
length to the cartridge outside diameter was 
varied were recorded for two wires. Where 
the ratio is infinity there is no axial heat 
flow. These times (in seconds) are shown 
in Table XI for the larger wire. 

It can be seen that, even for wires as 
large as 18 S.W.G. wire, the effect of axial 
heat flow is not great. It is only at cur¬ 
rents below twice minimum fusing current 
that the melting time is affected. If the 
length/diameter ratio is 2.8, as in all the 
fuses tested, then for currents as low as 
1.6 times minimum fusing current the 
assumption of no axial heat loss reduces the 
melting time by no more than about 16%. 
Fig. 2 shows that there is in fact a tendency 
with the larger wires (22 and 18 S.W.G.) 
for the calculated time to be increasingly 
less than the prearcing time as the current 
falls below twice minimum fusing current. 
In the case of the smaller wires, the effect 
of oxidation predominates, and the error 
in calculated time is positive. 



CURRENT - AMPERES 


Fig. 6. Time/current characteristics with 
varied filler grain size. 29 S.W.G. silver in 
quartz powder 

• —30 +60 grain size 

O —60 +90 grain size 
X —100 +150 grain size 


Validity of Assuming Zero 
Temperature Rise at Outer 
Boundary of Filling Powder 

The maximum temperature rise at the 
outer boundary of the filler over the whole 
current range was found to be about 100 
degrees centigrade and this occurred only 
very close to minimum fusing current. 
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characteristic at very short times from 2 
to somewhat less than 2 and so, by acting 
in a way contrary to that of heat loss from 
the element, apparently to reduce the value 
of current above which heat loss is neg¬ 
ligible. 

Will the author please give his views? 


A. E. Guile: Mr. Leben’s remarks are 
interesting and quite rightly indicate the 
difficulties in applying calculations to 
commercial types of fuses. Wliere a fuse, 
such as one with a single strip element of 
uniform rectangular section, has a charac¬ 
teristic similar to that of the simple fuse 
considered here, then the characteristic can 
be predicted. However, when such ele¬ 
ments are used in commercial fuses, con¬ 
siderable changes in the characteristics 
appear; e.g., the change in slope from 
—2 to 1 to —3.5 to 1 reported recently 
for multiple strips with holes,' Each type 
of fuse needs considerable testing, and 
calculations of this kind may be of practical 
use only if the tests show a characteristic, 
similar over at least some range, to those 
considered here, so that further testing 
may be reduced with the aid of predicted 
values. 
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Ulscussion 

J. C. Lebens (Bussmann Manufacturing 
Company, St. Louis, Mo.): The author 
should be complimented on an excellent 
treatment of an extremely complex subject. 
Even though consideration was limited to 
the simple case of a single wire embedded 
in powder contained in a cylindrical 
cartridge, with the wire lying along the 
axis of the C3dinder, the solution obtained 
by the author involves making assumptions. 

As pointed out bji the author the con¬ 
figuration of most commercial types of 
fuses precludes direct analysis so the paper 
is of academic interest only. This interest 
is enhanced by an excellent bibliography of 
foreign material, not usually available to 
the United States engineer, 

T am sure that all fuse designers at some 
time have attempted to set up the equations 
so that the rating and time-current charac¬ 
teristics ot a low-voltage fuse can be 
calculated without running tests. Unless 
the problem is simplified until it no longer 
is of commercial value the equations become 
so complicated that it takes longer to 
calculate than to prepare and test physical 
samples. Perhaps the modern computer 
laboratories now available could speed up 
the computations. 

Even so, after the calculations are 
complete, it still is necessary to apply a 
correction factor to bring the calculated 


values in step with the experimental data. 
Unfortunately the author has limited his 
tests to copper and silver mre of relatively 
small cross-sectional area so that he does 
not establish if the same correction factor 
will apply over the entire range or if a 
series of factors are required. 

Hence the amount of testing required to 
establish the validity of the equations 
prevents them from becoming practical, 
useful tools for the fuse designer. How¬ 
ever, the author states that cases such as 
a single strip element of rectangular cross 
section and of wires or strips wound heli¬ 
cally are now being studied using the method 
based upon the analysis given in the paper 
and the results are promising. 

It will be interesting to see if from this 
beginning it maj'^ be possible to extend the 
method so that commercial fuses can be 
analvzed. 


J. W. Gibson (Electric Transmission Ltd., 
Stoke-on-Trent, England). It has been 
suggested on the basis of rather limited 
experimental evidence that the current 
heat integral increases somewhat if the 
current density in the element reaches very 
high values. This was thought to be caused 
by a greater proportion of the latent heat 
of fusion having to be supplied before arcing 
commences. 

If this is correct, the effei't will be to 
change the slope of the time/current 
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Fig. 1. Cross-section view of cables tested. Letters are identified in Tables I and II 

A—Types 1 and 2,15-l<v cable 
B—Type 3, 40-lcv cable, and type 4, 69-kv cable 


Cable surge impedances can be calculated 
with fair accuracy. Unfortunately, only 
limited data*-* are available on the at¬ 
tenuation of traveling waves on cable cir¬ 
cuits. For this reason, the reduction of 
surge voltages caused by attenuation has 
been neglected in Anacom studies involv¬ 
ing cable circuits, except for the attenua¬ 
tion inherent in the computer dements. 
The purpose of the test program described 
in this paper was to obtain these data on a 
mnnber of representative cable circuits. 

Cables on the Potomac Electric Power 
Company system were made available for 
testing at intervals over the past 2 years 
as it was feasible to take the circuits out 
of service. The tests were made with a 
synchronograph, a low-voltage repetitive- 
surge generator which has been described 
in the literature.® 

Scope of Tests 

The primary purpose of the tests was 


Table I. Physical Characteristics of Type-H 
15.Kv Cables 


Symbol’" Type 1, IS Kr 


Type 2, IS Kr 


A .■/«4-iiich lead. 

sheath 

■B .0.604-inch bronze. 

or steel binder 

C..0.008-inch perfo-. 

rated copper 
tape 

•D.**/M-inch paper... 

£......500,000-circular-... 

mil stranded 
sector copx>er 

B .2*/8-inch diameter.. 


Lengths 

tested, 

feet 


1,998. 

6,310 

11,736 

17,162 

23,472 


.•/«-ioch lead 
sheath 

.0.004-inch bronze 
or steel binder 
. 0.003-inch perfo¬ 
rated copper 
tape 

.*Vm inch paper 
, 350,000-circuIar- 
mil stranded 
sector copper 
.2iVn:inch diame¬ 
ter 

.10,366 


Identified in Fig. 1(A). 
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to obtain fundamental attenuation data 
on cables of various voltage dasses and 
lengths for the range of li ghtning wave 
shapes normally encountered in practice. 
Measurements were made on 15-, 40-, 
and 69-kv cables ranging in length from 
2,000 to slightly over 32,000 feet. Cross- 
section views of the various type of cables 
are shown in Fig. 1. The physical con¬ 
stants of the cables identified by the let¬ 
ters in Fig. 1 are summarized in Tables I 
and II. Also the lengths of the cables 
tested are given in the tables. 

Attenuation and distortion measure¬ 
ments were made for a wide range of 
lightning wave shapes with fronts ranging 
from less than 1 to over 8 microseconds 
(ms), and wave tails ranging from 10 to 
120 ms. In addition to the attenuation 
measurements, the surge impedance and 
propagation vdodty were determined for 
all the cables tested. 

Test Equipment and Procedures 

Since the measurements were made on 
installed cables, it was hot practical or 
economical to use a full-scale high-voltage 
surge generator in the tests. The meas¬ 
urements were made with the synchrono- 
graph,® which is a repetitive-surge geriera- 
tor and synchronized receiver for study¬ 
ing lightning problems in the field. The 
generator produces simulated lig ii tniTig 
surges over a wide range of wave shapes, 
having magnitudes in the range of 60 to 
400 volts. Since surges are applied repet¬ 
itively, at the rate of one per cycle of the 
supply frequency, transient phenomena in 
the system under investigation appear as 
stationary waves when observed with an 
oscillograph. 

In all cases the attenuation measure¬ 
ments were made on cables without taps. 


This was necessary since reflections from', 
taps would alter the voltage in the cable 
under test, and it would not be possible to 
distinguish attenuation effects from the 
effects of reflections from the taps. 

Cable surge impedances were deter¬ 
mined by two methods: 1. The surge was 
applied to the cable through a resistor 
used to represent the cable surge imped¬ 
ance. The value of the resistor was ad¬ 
justed until, the voltage across the resistor 
equaled the voltage across the cable. 
When the voltage divides equally between 
the resistor and cable, the resistor equals 
the cable surge impedance. 2. The surge 
impedance determined by the first method 
was checked by measuring the receiving- 
end voltage with the receiving end open- 
circuited and also terminated with its 
surge impedance. If the terminating 
resistor is the true surge impedance, the 
voltages for open-circuit and terminated 
conditions have a ratio of 2 to 1. The 


Table II. Physical Characteristics of Gas- 
Filled Low-Pressure 40-Kv Cable and Me¬ 
dium-Pressure 69-Kv Cable 


Symbol’" Type 3, 40 Kr 


Type 4, 69 Kr 


G .neoprene jacketf. 

B .none. 


1.0.141-inch Habir-. 

loy '’A” alloy 
lead sheath 

/•>....0.006-inch bronze. 

binder tape over 
0 .012-inch paper 
belt 

K .0.360-inch outside. 

diameter by 
0.080-inch wall 
copper tube 

L .0.003-inch perfo-. 

rated copper 
tape 

M .two helical steel. 

gas channels 
0.870-inch out¬ 
side diameter of 
strip 0.260-inch 
by 0.026-inch 

B .paper filler.. 

0 .0.360-inch paper.. 

with two alumi¬ 
num-backed 
paper tapes 

P .460,000-circular.... 

mil compact 
sector copper 

B .3.66-inch diameter.. 

Lengths ) 2,061. 

tested, 1-8,024_ 

feet 16,369 


.. neoprene jacketf 
.. two 0.008-inch 
asbestos neo¬ 
prene tapes, one 
0 .012-inch half- 
lapped neo¬ 
prene, two 
0.006.inch 
bronze tapes 
butted and 
staggered 

..0.126-inch lead 
sheath 

. 0.005-inch bronze 
binder tape over 
0 .012-inch paper 
belt 

.0.360-inch outside 
diameter by 
0.030-inch wall 
copper tube 
.0.003-ineh perfo¬ 
rated copper 
tape 

. two helical gas 
channels 0.410- 
inch outside 
diameter of 
strip 0.250-in<di 
by 0.027-inch 
. paper filler 
.0.400-inch paper 
including coi>- 
per shield 


.600,000 - circular 
mil compact 
sector copper 
.4.1-inch diameter 
.17,590 
.32,654 


Identified in Fig. 1(B). 

t Neoprene jacket: one 0.0016-inch acetate tape, 
10-per-crat lap; three 0.030-inch neoprene-faced 
tapM with fabric face inside applied close butt 
with staggered joints; one 0.030-inch neoprene¬ 
faced tape applied fabric outside with butt joints 
staggered; one 0.016-inch neoprene-skim coated 
fabric side out with 10-per-cent lap- and wax 
finish. 
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Fig. 2. Oscillograph and synehronograph 
set up for measuring attenuation with surges 
applied at pothead of 40-kv cable shown on 
right 



Fig. 3. Typical oscillograms showing attenuation and distortion of 40-kv cable for the indicated 
wave shapes and cable lengths with crest magnitudes in per unit shown on the oscillograms 


values of surge impedances determined by 
the two methods were in good agreement. 
The velocity of propagation was deter¬ 
mined by applying the surge to an open- 
ended cable and measuring the time until 
the reflected wave returns. 

In many cases attenuation measure¬ 
ments were made with open-circuit and 
also surge-impedance terminations. The 
measurements by both methods wei'e in 
good agreement indicating that the value 
used for the surge impedance was correct. 
However, only the results obtained with 
the surge-impedance termination are re¬ 
ported in this paper. This method is pre¬ 
ferred since complete wave detail of the 
surges at both ends of the cable can be 
determined, as the wave shapes are not 
influenced by reflections in the cable. 

The synehronograph set up for making 
measurements on a 40-kv cable is shown 
in Fig. 2. A similar oscillograph and 
synchronized sweep are used for record¬ 
ing receiving-end voltages simultaneously 
with the applied surge. Some typical 
oscillograms showing attenuation and dis¬ 
tortion in 40-kv cables are shown in Fig. 3. 
Similar oscillograms were recorded with 
fast sweeps to provide more accurate de¬ 
tails on wave fronts. 

Results of Tests 

The electrical characteristics of the 
cables on which the studies were made are 
summarized in Table III. Surge imped¬ 
ances and propagation velocities were 
measured directly as described previously. 
From these quantities the permittivity, 
inductance, and capacitance were calcu¬ 
lated by the following equations'^ 

- Fligh t 

Fcable-^- 



where 

Foabie“= propagation velocity in cable 
Flight “propagation velocity of light 
A=permittivity or dielectric constant of 
cable insulation 
I. a inductance of cable 
C=capacitance of cable 
Z=surge impedance of cable 

With the measured quantities and the 
known propagation velocity of light, the 
other quantities can be calculated. 

The results of the attenuation and dis¬ 
tortion measurements are presented in 
curve form in Figs. 4 and 5. This 
method seems to be the most condensed 
form of presenting the data since it is not 
practical to give the results in oscillo¬ 
graphic form. In analyzing the oscillo¬ 
grams, the crest magnitude, time to 90 
per cent of crest, time to crest, and time 
to have value were read. In plotting the 
curves of Figs. 4 and 5 which describe the 
wave front, the time to 90-per-cent crest 
has been used and not the time to the 
actual crest. This was done for a number 
of reasons. In lightning-arrester ap¬ 
plication problems, the rate of rise on the 
wave front is of prime importance. The 
time to 90-per-cent crest is more descrip¬ 
tive of the rate of rise on the wave front 
than the time to crest. This is particu¬ 
larly true on fronts longer than 2 or 3 ms 


where there is appreciable rounding off 
near the crest. In some cases, the time 
to crest is more than twice the time to 90 
per cent of crest. Obviously the time to 
crest in such cases is not descriptive of the 
average rate of rise on the wave front. 
Also the crest of the wave is not a well- 
defined point and selecting it is largely a 
matter of judgment; whereas, the time 
to 90-per-cent crest is a definite point on 
the wave. 

An analysis of the oscillograms showed 
that the time to half value of the applied 
surge had a very significant effect on at¬ 
tenuation. Small variations in the front 
did not affect attenuation appreciably. 
Attenuation was essentially unchanged 
when the tail was held constant and tlie 
time to 90-per-cent crest varied from 0.6 
to 1.2 ms. However, waves with fronts 
of the order of 3 to 4 ms to 90-per-cent 
crest have less attenuation than waves 
having 1-ms fronts. It is believed the 
reason for this is that, with a long front, 
the tail is sustained at a higher voltage for 
a longer time, and this has the same effect 
as increasing the wave tail. 

The cuiwes of Figs. 4 and 5 give at¬ 
tenuation for the range of wave tails used 
in the tests. Sti-aight-line interpolation is 
suggested for detennining attenuation for 
wave tails not specifically covered by the 
curves, and also where theti me to 90- 
per-cent crest is between 1 and 4 ms. 


Table III. Electrical Characteristics of Cables Tested 


Type No. 

Voltage 

Class, 

Kv 

Surge 

Impedance, 

Ohms 

Propagation 
Velocity, 
Feet per Ms 

Inductance L,’*' 
Microhenrys 
per Foot 

Capacitance C,’” 
Micromicrofarads 
per Foot 

Permittivity k,’^ 
(Dielectric 
Constant) 

1 _ 

_15.... 


..18.. 



.0.036. 

.107____ 

..3.6 

2 . 

....16..., 


..23.. 

• ■ • 

..520. 

.0.044. 

. 84. 

.3.6 

3. 

....40..., 


..25.. 


.460. 

.0.056. 

. 89. 

.4.8 

4. 

.69..., 


..26.. 

... 

.630. 

.0.049. 

. 73. 

.3.4 


’’’Since the accuracy of the measured values are within 5 per cent, the calculated values are within 10 per cent* 
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ATTENUATION 


- » - aa 40 0 8 16 24 32 40 

LENGTH OF CABLE IN THOUSANDS OF FEET 

Fig. 4. Curves showing attenuation and distortion in 1 S-hv cables 

A and D—Time to half value 
B and E—^Tlme to 90-per-cent crest 
C and F—-Attenuation 


ATTENUATION 


^0 0 a 

LENGTH OF CABLE IN THOUSANDS OF FEET 

Fig. 5. Curves showing aHenuation and distortion in 40- and 69-kv 

cables 

A and D—^Time to half value 
B and E—Time to 90-per-cent crest 
C and F—Attenuation 


Comparing Figs. 4 and 5 indicates more 
attenuation for the 15-kv cables than for 
the higher voltage cables. Attenuation 
is caused primarily by the shunt resistance 
of the insulating material between con¬ 
ductor and sheath and by the series re¬ 
sistance of the conductor and sheath. 
Comparing cables having the same con¬ 
ductor size and sheath cross-section area, 
the variation in attenuation should de¬ 
pend upon the difference in shunt resist¬ 
ance. Assuming the same insulating ma¬ 
terial, shunt resistance increases with 
thickness of insulation. This increase in 
shunt resistance should reduce the shunt 
losses and, therefore, result in higher volt¬ 
age cables having less attenuation. 

From Fig. 5 it will be noted that a 
single family of curves has been drawn for 
the 40- and 69-kv cables, although the 
lengths tested did not overlap and provide 
direct evidence that both cables have at¬ 
tenuation of the same order of magnitude. 
However, the points appear to fall on a 
smooth curve having the same general 
shape as the curv'^es of Fig. 4 which are 


plotted for the same type of cable with 
different lengths. 

All measurements were made with ap¬ 
plied surges of the order of 100 to 200 
volts. Some limited tests® which have 
been made indicate attenuation in cables 
is essentially linear with voltage magni¬ 
tude and does not change appreciably for 
voltages in the range of actual lightning 
surges. If the dielectric losses in the 
cable insulating material are nonlinear 
with voltage, it is believed tliat higher 
losses should be expected at the higher 
voltages. Therefore, attenuation deter¬ 
mined by the low-voltage measurements 
should be on the conservative side as com¬ 
pared with high-voltage surge attenua¬ 
tion. 

Application of Data 

The attenuation data can be used in a 
number of ways in the application of 
lightning arresters on cable-connected 
equipment. One application is to take 
attenuation into account in the conven¬ 


tional traveling-wave calculation.^ The 
method which is suggested for doing this 
is illustrated by the following example. 

Example 1—Complete Traveling- 
Wave Analyses 

Complete traveling-wave analyses, in¬ 
cluding the effect of surge attenuation, 
can be made graphically through the use 
of curves given in the paper. As an illus¬ 
trative example of the procedure, con¬ 
sider a 40-kv 5,359-foot cable of 25-olnn 
surge impedance connected to an over¬ 
head line of 450-ohm surge impedance. 
The velocity of propagation of the surge 
in this cable is 450 feet per ms, so that 12 
ms are required for a surge to travel from 
one end of the cable to the other. Data 
taken in the field on such a cable are 
available for comparison with the calcu¬ 
lated volt-time curves. 

When an incoming surge Ei encounters 
the line-cable junction, a surge 


+-2c 


Ef=0.105E< 
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Fig. 6 (above). Traveling-wave 
analysis where surge encounters 
mismatch in impedances 

A—Reflected and forward waves 
at mismatch 

B—Voltage doubles at open end 
C—Reflected and forward waves 
at mismatch 


Fig. 7 (above right). Traveling- 
wave calculation neglecting at¬ 
tenuation and distortion. Line 
traveling-wave voltage is 1.0 per 
unit 


Fig. 8 (right). Traveling-wave 
calculation with attenuation and 
distortion considered 


3 

Q. 

Z 



TIME IN SEC 



is transmitted down the cable, as shown 
in Fig.6(A), where and Zq are the line 
and cable surge impedances respectively. 
At the open end of the cable, the surge 
"E doubles and returns to the cable-line 
junction. When it strikes the junction, a 
second surge equal to 


Table IV. Example 1—^Surge Reflections, 
No Attenuation 


E 

Open End, 
2E 

Junction, 

1.9E 

Reflection, 

0.9E 

0.106 (a)*., 

...0.210... 

..0.200(6).. 

...0.0945 

0.0945. 

,...0.189... 

..0.179 (c).. 

...0.0860 

0.0860. 

,...0.170... 

. .0.161 (d).. 

...0.0766 

0.0705. 

...0.153... 

..0.146 («).. 

...0.0688 

0.0088. 

...0.138... 

..0.131 (/).. 

...0.0620 

0.0020 . 

...0.124... 

..0.117(g).. 

...0.0557 

0.0557. 

...0.112... 

..0.106(A).. 

...0.0602 

0.0602. 

...0.100... 

..0.096 (0.. 

...0.0452 

0.0462. 

...0.090... 

..0.086 (/).. 

...0.0407 


* Letters in parentheses indicate curves on Pig. 7. 


(Zi-fZc) 


E=0.9E 


is reflected and it travels down the cable 
adding to the voltage left by the surge E, 
as shown in Fig. 6(C). The phenomenon 
repeats until a steady state is reached. 
Fig. 6 is drawn for a square-front wave 
with a very long tail, but only details of 
the picture are changed by considering 
other wave shapes; i.e., each surge which 
meets the open end of the cable doubles, 
and each surge which strikes the junction 
adds 1.9 times the surge magnitude to the 
potential already at that point. 

Neglecting attenuation and distortion 
for a moment, suppose a surge coming in 
on the overhead line has a front which 
rises to 1.0 per-imit voltage in 3 ms and an 
exponential tail which falls to half value 
in 45 ms. When this surge encounters 
the line-cable junction, its crest magni¬ 


tude is reduced to 0.105 per unit and, on 
semilogarithmic paper, it has the shajje 
given by curve a of Fig. 7. After 24 ms, 
the reflection from the open end returns 
to the junction and jumps to 1.9 X 0.106 = 
0.20 per unit, given by curve h of Fig. 7. 
Total potential at the junction is then the 
sum of the two curves. The reflected 
wave, 0.9 X 0.105 = 0.0945 per unit, travels 
down and back in another 24 ms, jump¬ 
ing to 1.9 X 0.0945 = 0.179 per unit at the 
junction, as given by curve c. Crest 
magnitudes of successive reflections are 
tabulated in Table IV, and those at the 
junction are plotted in Fig, 7. The total 
potential as a function of time (the sum 
of the curves) is shown by the dashed 
line. 

To include the effects of attenuation 
and distortion, the curves. of Fig. 5 based 
on the field data are use^. If there were 
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Table V. Example 1—Surge Reflections, With Attenuation 


Distance 
Traveled, Feet 


Junction, 

1.9B 


Attenuation 

Factor 


Adjusted 

Voltage 


Time to 
Crest, Ms 


5,359. 

.0.210.. 

At Open End of Cable 
.0.82.0.172 

16,077. 

.0.189.. 

.0.68. 

...0.128 

26,795. 

.0.170.. 

.0.62. 

...0.105 

37,513. 

.0.153.. 

.0.60. 

...0.092 

48,231....... 

.0.138.. 

.0.60. 

...0.083 

58,949. 

.0.124.. 

.0.60.. 

...0.074 

69,667. 

..0.111.. 

.0.60. 

...0.066 

80,385. 


.0.60. 

...0.060 

91,103. 

.0.090.. 

.0.60. 

...0.054 


Time to 
Half Value Ms 


10,718. 

.0.200.. 

At Line-Cable Junction 

. 7.0. 

21,436. 

.0.180.. 

.0.64. 

.0.115. 

.12.6. 

32,154. 

.0.162.. 

.0.61. 

.0.099. 

.16.0... 

42,872. 

.0.146.. 

.0.60. 

.0.087. 

.17.6. 

53,590... 


.0.60. 

.0.078. 

.18.0... 

64,308. 

.0.118.. 

.0.60. 

.0.071. 

.18.0.... 

75,026. 

.0.106.. 

.0.60. 

.0.063. 

.18.0. 

85,744. 

.0.096.. 

.0.60. 

.0.057. 

.18.0. 

96,462. 

.0.086.. 

.0.60. 

.0.061. 

.18.0. 


. 3.8... 


. 9.4... 

.80 

.14.0... 


.16.6... 

.84 

.18.0... 

.86 

.18.0... 

.86 

.18.0... 

.85 

.18.0... 

.86 

.18.0... 



no attenuation, the junction voltage after 
the surge makes one round trip on the 
cable (10,718 feet) would be 0.20 per unit. 
Looking in Fig. 5(C) for surges with 1.0 
ms to 90-per-cent crest, the crest voltage 
is reduced by the factor 0.73 which gives 
0.73X0.20 = 0.146 per unit. The time to 
crest is 7.0 ms, Fig. 5(B), and the time to 
half value is 70 ms. Fig. 5(A). These 
values as well as those for successive re¬ 
flections are tabulated in Table V and the 
new curves are plotted in Fig. 8. The 
total voltage as a function of time (the 
sum of the curves representing each re¬ 
flection) is shown by the dashed line. 

Total voltages as functions of time are 
replotted on a linear scale in Fig. 9(B). 
These should be compared with 9(A), 
which is replotted from an oscillogram 
made in the field. The example was also 
worked out for voltages at the open end 
of the cable, and these are plotted in Fig. 
10(B) which should be compared with the 
rdplotted oscillogram of Fig, 10(A). 

In example 1, lightning arresters have 
not been considered in the calculations. 


However, the effect of arresters located at 
either end of the cable can be determined 
by representing the lightning arrester by 
its equivalent resistance, which is deter¬ 
mined by its volt-ampere characteristics. 
For example, if the arrester resistance is 
determined to be 10 ohms then, after the 
voltage reaches the arrester spark-over 
voltage, the cable is tenninated in 10 ohms 
at the arrester location, and the traveling- 
wave analysis is carried out in the usual 
manner. A typical such problem is where 
arresters are located at the line-cable 
junction and it is desired to determine the 
voltage at the receiving end of the cable. 

The problem of how long a cable must 
be to be self-protecting often arises. 
Normally a traveling-wave calculation is 
required to determine tiie voltages ap¬ 
pearing at the cable en(^. However, in 
some cases the electrical length of cable 
may be sufficiently long in comparison to 
the wave tail so that reflections in the 
cable do not increase the initial cable 
voltage. A typical such case is illustrated 
by the following example. 


Example 2—^Traveling-Wave 

Analysis of Long Cables 

The problem is to determine the volt¬ 
ages appearing at the line-cable junction 
and open end of cable for the circuit shown 
in Fig. 11(A). The line surge impedance 
Zz and the cable surge impedance Zo are 
assumed to be 450 and 30 ohms respec¬ 
tively. The 15-kv cable is 10,000 feet 
long and the surge propagation velocity is 
500 feet per ms. The line traveling wave 
voltage has a magnitude of 1,0 per unit, 
and a 1.0x20-ms wave is assirmed. 

The initial voltage at the line-cable 
junction is (2Zo/Zz+Zo) 1.0=0.125 per 
unit. A voltage wave of this magnitude 
propagates to the open-circuit end of the 
cable, is reflected, and results in a voltage 
of (2Zz/Zz,-i-Zc)0.125X0.46 = 0.108 per 
unit at the line-cable junction, as shown 
in Fig. 11(A). The factor 0.46 is the at¬ 
tenuation factor from Fig. 4(C) corre¬ 
sponding to a 1.0x20 wave which has prop¬ 
agated 20,000 feet. The wave shape of 
the reflected wave is determine from 
Fig. 4(A) and (B). The total voltage at 
the line-cable junction is the sum of the 
reflected wave and the initial voltage, as 
shown in Fig. 11(A). Subsequent reflec¬ 
tions do not increase the voltage above 
the initial value of 0.125 per unit. 

The initial receiving-end voltage is 
0.125X2.0X0.58=0.146 per unit, where 
the factor 2.0 accounts for the voltage 
doubling at the open end , and 0.58 is the 
attenuation factor for 10,000 feet. The 
voltage resulting from the first reflection 
is (Zz,-Zc/Zj:,+Zo)0.073X2.0X0.66 = 
0.084 per unit, where 0.073 is the magni¬ 
tude of the wave reflected from the open 
end, and 0.66 is the attenuation factor for 
the surge that travels from the open end 
to the line-cable jimction and back to the 
open end. From Fig. 4(C) the attenua¬ 
tion factors for 10,000 and 30,000 feet are 
0.58 and 0.38 respectively. Therefore, 



A—Replot of voltage measured in the field 
® ^^Iculated voltages with and without attenuation 



A—Replot of voltage measured in the field 
B—Calculated voltages with and without attenuation 
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Fig. 11. Travelins-wave calculation for case 
where reflections in cable do not increase 
voltage above initial value 


A—Calculated voltage at line-cable junction 
B—Calculated voltage at open end of cable 


the attenuation factor for the 20,000 feet 
is 0.38/0.58 or 0.66. The calculated re¬ 
ceiving-end voltage using the wave shapes 
determined from Fig. 4 is shown in Fig. 
11(B). 

For the constants used in example 2, 
reflections do not increase the voltage at 
the cable ends, and, therefore, it is a 
simple calculation to determine the volt¬ 
age at the cable ends. Similar calcula¬ 
tions wliich have been made for a large 
number of cases are summarized in Fig. 
12. The curves are plotted to show the 
maximiun permissible wave tail as a func¬ 
tion of cable length for the condition that 
reflections in the cable do not increase the 
initial voltage at the line-cable junction. 
For example, from Fig. 12(B), the maxi¬ 
mum permissible wave tail for a 15-kv 


10,000-foot cable is 20 ms, if the front is 
1.0 ms. The receiving-end voltage is 
0.146 per unit. In all cases the voltage is 
0.125 per unit at the line-cable junction 
for the line and cable constants used in 
example 2. For other values of surge 
impedance or propagation velocity, simi¬ 
lar calculations can be made, as outlined. 

The curves of Fig. 12 assume that the 
surge current in the cable is limited by the 
magnitude of the line traveling-wave volt¬ 
age; i.e., the stroke-terminating point is 
remote from the cable pothead. A special 
analysis^ is required for strokes terminat¬ 
ing very close to the line-cable junction, 
and therefore the curves of Fig. 12 should 
not be used for this case. 

The effect of the wave tail on the volt¬ 
age developed in the cable is illustrated 
by the oscillograms of Fig. 13, which show 
cable voltages for a 3024-foot 40-kv cable 
having a 25-ohm surge impedance. The 
line surge impedance is 450 ohms. When 
the line traveling-wave voltage has a 14- 
ms tail, the cable voltage is 0.19 per unit 
of the line voltage. Witli a 120-ms tail, 
the cable voltage is 0.70 per unit. This 
illustrates the influence of the wave tail 
on the cable voltage. Increasing the 
cable length or decreasing the wave tail 
tends to reduce the magnitude of the 
voltage developed in the cable. 

Conclusions 

The following conclusions are based 
on the surge attenuation measurements 
made on four types of cables. 

1. The wave tail of the applied surge has 
a significant effect on surge attenuation, 
and the wave front has a minor effect. 


2. The measurements indicated less at¬ 
tenuation on the higher voltage cables (40 
and 69 kv) as compared with the lower 
voltage 15-kv cables. The lower attenua¬ 
tion is believed to be caused by the higher 
shunt resistance and lower series resistance 
of the high-voltage cables. 

3. The difference in attenuation measured 
on two t 5 T)es of 16-kv cable was not ap¬ 
preciable. It is believed the data can be 
applied to other similar type of cables and 
that in many cases the type of cable will 
not influence attenuation any more than 
changing the incoming wave tail a few ms. 

4. For the case where cable voltage is 
increased by reflections, the cable length 
and wave tail have an appreciable effect on 
the maximum voltage developed in the 
cable. 

5. A method is presented for taking at¬ 
tenuation into account in a traveling-wave 
calculation. 
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LENGTH OF CABLE IN THOUSANDS OF FEET 


Fig.'ll 2. Curves showing maximum permissible wave tails and corre¬ 
sponding receiving-end voltages so that initial cable voltage is not 
increased by reflections. Voltage at line-cable junction is 0.125 
per unit of line travel in g-wave voltage. Calculations based on Zf, == 450 
ohms, Ze<=30 ohms, and propagation velocity = 500 feet per ms 


A and C—Receiving-end voltage in per unit of line traveling-wave 

voltage 

B and D—Maximum permissible wave tail of surge applied at sending end 
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Fig. 13. Oscillograms showing effect of wave tail on magnitude of 
voltage developed in a cable 
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Discussion 

R. W. Atkinson (retired. General Cable 
Corporation, Bayonne, N. J.); Certain con¬ 
ditions may increase considerably the at¬ 
tenuation over that found in the tests here 
reported. For instance, the power factor 
of the insulation, except for cables of the oil 
filled type, may increase considerably at 
stresses occasioned by lightning impulses. 

The amount and effect of these ionization 
losses caimot be measured by the method 
used by the authors. However, measure¬ 
ments can be made of the extra attenuation 
caused by the metal shielding tapes now so 
commonly used to prevent ionization in the 


insulation. These tapes may be so wound 
tlmt the steep wave front impulse currents 
will follow the helical path of the 
tape. ^ This will multiply the ohmic loss and 
thus increase the attenuation. It is pos¬ 
sible to design the cable construction so as 
to ma^ify these losses and, thus, the at¬ 
tenuation. Smce the authors do not refer 
to shielding it is presumable that their data 
apply to unshielded cable and that, for 
shielded cables, the attenuation will be 
greater than for the cables used. 


W. W. Valentine, J. K. Dillard, and J. M. 
Clajrton: The authors wish to thank Mr. 


Atkinson for his comments. He points out 
that with high-voltage surges the cable in¬ 
sulation has a higher power factor, and this 
is one reason that attenuation under actual 
lightning conditions can be greater than 
that determined by the low-voltage measure¬ 
ments. Thus, in taking advantage of the 
reported attenuation in applying arresters, 
the application will be conservative. 

^ Mr. Atkinson offers interesting sugges¬ 
tions on designing metal shielding tapes to 
mcrease the surge attenuation. All the 
cables in this series of tests had perforated 
copper tapes as indicated in Fig. 1 and 
Tables I and II. Therefore, the influence 
of the shielding tape on surge attenuation 
cannot be determined from these tests. 


Control of Electrostatic Voltage 
Distribution in Power Transformer 

Design 

SAUL BENNON 

MEMBER AIEE 


O NE OF the problems involved in 
power transformer design is the 
control of the electrostatic voltage dis¬ 
tribution produced by surge voltages ap¬ 
plied to the line terminals. For waves 
with a relatively steep front this initial 
electrostatic distribution is to a large 
extent deteimmed by the capacitance 
network formed between the winding de¬ 
ments, the core and the tapk structure. 
This paper describes the wide range of 
control of this distribution achieved in 
interleaved shell form windings by the 
proper application of static plates. 

General Capacitance Network 

As a considerable part of the recent 
literature^-* concerning dectrostatic dis¬ 
tribution has rdated to tlje core form 
type of windingj it may be of value to 
compare the capacitance network of the 
interleaved shdl form-fit transformer with 
that of the conventional core form trans¬ 
former. Fig. 1(A) indicates the equiva¬ 
lent network of a 2-windmg interleaved 
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R. J. COSSAART 
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shdl transformer, while Fig. 1(B) repre¬ 
sents the corresponding network for a 
core form unit. Enough of the netwo rks 
is shown to establish the pattern of the 
capacitances involved. 

An examination of the two types of net¬ 
work reveals that both have a set of coil- 
to-coil capadtances Cb and Cl in series 
in the high- and low-voltage windings 
respectivdy. Also, both have distributed 
winding to ground capadtances Cho and 
Clo. However, there is a distinct dif¬ 
ference in the winding-to-winding capaci- 
tance Cbl the two networks. In the 
case of the interleaved network the wind¬ 
ing-to-winding capadtance is lumped at 
the winding terminals rather than dis¬ 
tributed along the winding as in the core 
type of network. This concentration of 
the mutual capadtance coupling at the 
ends of windings or groups simplifies the 
control of electrostatic surge transfer by 
the use of static plates. 

Static Plate Construction 

The construction of static plates built 
by the company with which the authors 
are associated is illustrated by the par¬ 
tially cutaway sketch in Fig. 2. It con¬ 
sists of a sheet of metal foil sandwiched 
between two sheets of pressboard. The 
sheets of pressboard termed washers are 
cut to the general contour of the actual 


coils of the winding. The foil contains a 
gap to avoid forming a short-drcuited 
turn. Connection to the foil layer is 
made by means of the pigtail shown. The 
internal and external edges-are protected 
by pressboard diannels. Spacer blocks 
are glued to the pressboard washers to 
form oil ducts on dther side of the static 
plate. 

A static plate for the high-voltage line 
coil of a 460 basic impulse insulation level 
winding of a 90,000-kva transformer is 
shown in Fig. 3. Fig. 4 shows a static 
plate assembled with a high-voltage wind¬ 
ing group. 

Control of Distribution Within 
Windings 

The original purpose behind the ap¬ 
plication of static plates was to control 
the initial voltage distribution within a 
transformer winding due to surges reach¬ 
ing its line tenmnal. Their use for this 
purpose dates back to the early years of 
“surge-proof” transformers.*-* When 
used in this manner a single static plate 
is placed parallel to the line coil and con¬ 
nected to the first turn of the coil. It is 
then extremely effective in securing a 
uniform surge voltage distribution across 
the face of the line coil, and therefore in 
turn between the coils of the whole wind¬ 
ing. If the static plate were not present 
the voltage distribution across the turns 
of the line coil would be determined by a 
capacitance network consisting of the 
tum-to-tum and tum-to-ground capaci¬ 
tances. This, in general, will result in a 
much poorer voltage distribution. 

While retaining the static plate for the 
purpose just outlined, the design engineer 
today applies the static plate for a variety 
of other purposes when required. Two 
of the more importaut applications of 
the static plate will be discussed in the 
succeeding paragraphs. 
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Fig. 1. Equivalent capacitance networks 


Control of Surge Transfer 
Between Windings 

Since surge voltages can be transferred 
electrostatically between transformer 
windings it is frequently desirable to iso¬ 
late the lower voltage windings from ef¬ 
fects due to surges applied to the high- 
voltage line terminal. Since the mutual 
coupling is concentrated at the ends of 
the winding, this isolation can be accom¬ 
plished rather simply. The low-voltage 
line coil can be placed opposite the high- 
voltage line static plate and provided with 
its own static plate. An arrangement of 
this type is shown in Fig. 5 for one phase 
of a double-wye transformer with a delta 


CHANNEL — 
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m 
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tertiary. Under the conditions shown 
the low-voltage line group and the tertiary 
group adjacent to it are effectively 
shielded by the low-voltage linp static 
plate. Of course, in this case the low- 
voltage static plate simultaneously ful¬ 
fills its other purpose of distributing any 
surges applied to the low voltage across 
the line coil and the remainder of the 
group. If the high-voltage winding had 
been delta, corresponding shield ing could 
be achieved by providing an aditional 
static plate at the neutral end of the low- 
voltage winding. 

The shielding effect of a static plate 
used in this manner is a result of the ^ec- 
tive grounding of the low-voltage terminal 
through the surge impedance R of the con¬ 
nected low-voltage line. It is entirely 
independent of the decrease in voltage at 
points due to the voltage divider effect 
inherent in a capacitance network. Fig. 
6(A) represents the effective circuit seen 
by a surge applied to the high-voltage 
line terminal. To the right there is the 
capacitance network to ground of the 
high-voltage winding. This network^ de¬ 
termines the initial voltage distribution 
in the high-voltage winding itself. The 
circuit to the left of the high-voltage line 
determines the surge transfer between 
windings. The capacitance network be¬ 
yond Cbl is represented by a box which 
contains the various coil-to-coil, coil-to- 
ground, and winding-to-winding capac¬ 
itances of the low- and tertiary voltage 
windings. Considering only the portion 
of the circuit involved in electrostatic 
surge transfer and representing the low- 
and tertiary voltage capacitance network 
by a single capacitance Cq to ground, 
there results the simple circuit of Fig. 
6(B). Point H represents the high-volt¬ 
age Kne and its static plate, and point L 
represents the low-voltage line and its 
static plate. Any effect produced at L 
will be produced proportionately at all 
other points of the capacitance network, 
which can be considered as a capacitance 
voltage divider. It is therefore necessary 
only to detennine the effect of the surge 
impedance R at point L. 

In the Appendix it is shown that when 
a tmifoimly rising surge front is applied to 
the high-voltage terminal the voltage iSi 
attained at L when a voltage Eu is 
reached at H after time T, is given by 

EL^Ro^C,x)Eff 


C(f\-Cat 



Fig. 3. Static plate for 450-basic impulse 
insulation winding of 90,000-kva power 
transformer 


R{Cq-\-Chi^ 

The factor Kc represents the reduction 
in voltage at L due to the capacitance 
divider effect of the capacitance network. 
The factor S{x) is the shielding factor and 
is a function of the ratio of the time to 
crest T of the applied wave to tlie time 
constant i2(Co+C//i) of the resistance 
capacitance network. This shielding fac¬ 
tor is plotted in Fig. 7 for values of x in 
the range occurring in power transformers. 

Just as a rapidly rising front produces a 
positive crest at L, a rapidly decreasing 
tail will produce a negative crest at L. 
It is therefore necessary to consider the 
effective shielding to the decrease in volt¬ 
age after the crest has been reached. If, 
after the wave applied at H has increased 
uniformly to in time T, it is uniformly 
decreased to zero in the additional time T' 
the voltage Ej, after time T-\-V can be 
expressed as 

Bl{T+T') =. -KcS{x, x‘)Eb 



Fig. 2. Partial cutaway sketch of static plate 


Fig. 4. Static plate assembled with winding 
group 
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Fig. 5. Winding grouping of a double-wye- 
delta fransformer 

S(x,x')^S(x')-S(x)e-^' 


The factor S(x,x') is the effective shield¬ 
ing factor for the tail.of the wave applied 
to the high-voltage terminal. The ex¬ 
treme case, that of instantaneous chop¬ 
ping, corresponds to «'=0. This yields 

S(x, x%>=o = l-S(x) 

which is also plotted in Fig, 7. 

For the special case where i?=0, such 
as would occur if a static plate were con¬ 
nected to a solidly grounded neutral, both 
shielding factors are zero corresponding to 
complete isolation. 

These shielding factors have been 
evaluated under the assumption of a pure 
capacitance network and are therefore 
most accurate for vety short wave fronts 
or impulses. However, the most severe 
electrostatic stresses are produced by 
surges of this type. 

Control of Initial Distribution of 
Multigroup Windings 

Under normal conditions the initial 
distribution within shell form windings is 
fairly uniform. This is because of the 
small number of large surface area coils 
used within the windings, with its result¬ 
ing low ratio of ground capacitance to 
series capacitance. Under certain special 
conditions small portions of a winding 


Lvarv 

CAPACITANCE 

NETWORK 


may be separated from the main body of 
the same winding. For example, in Fig. 
8(A) there is shown an arrangement of 
windings in which the first two coils of 
the high-voltage winding are separated 
from the body of the high-voltage wye- 
winding by a pcntion of the low-voltage 
delta winding. In this special arrange¬ 
ment there exist, as shown in Fig. 8(A), 
two fairly large capacitances to ground, 
Cjo and Csff, on either side of the series 
connection S. These capacitances tend 
to lower the initial per-cent voltage at 
point S when surges are applied to the 
high-voltage line terminal. Since coils 1 
and 2 represent a small portion of the total 
high-voltage .winding, the point S in the 
final voltage distribution will tend to ap¬ 
proach line voltage. It is therefore de¬ 
sirable to raise the initial voltage of 5 
and thus avoid the initial voltage distor¬ 
tion as well as the subsequent winding os¬ 
cillation. Since, again, the capacitances 
Cia and Cio are concentrated at the ends 
of the winding groups, they can be 
counteracted by properly located static 
plates as indicated in Fig. 8(B). The 
static plate at JST is connected to the high- 
voltage line terminal and it tends to raise 
the initial electrostatic potential of coil 2 
and the series connection 5. The static 
plate at K redistributes this rise in poten¬ 
tial of the series connection over the face 
of the first and subsequent coils of the 
body of the high-voltage winding. 

Summary 

Proper application of static plates in 
the interleaved shell form-fit transformer 
gives the designer a large measure of con¬ 
trol over initial electrostatic voltage dis¬ 
tributions. This control can be exercised 
over electrostatic surge transfer between 
the windings as well as electrostatic dis¬ 
tributions within individual windings. 
The concentration of mutual capacitance 
coupling at the ends of windings or wind¬ 
ing groups in the interleaved shell con¬ 
struction greatly facilitates the control of 
surge transfer between windings by means 
of static plates. 
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Fig. 7. Variation of shielding factors 
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The voltage A{t) at L for unit voltage at 
H is 

d(0 = ^ 'C a+C ^ ^ 

The voltage £*(0 at L due to a voltage 
eH^Egt/T applied at H can be evaluated 
by the superposition theorem 

-Ei(0 ^ea{0)A{t) +y^‘d(i-X)«//(\)dx 
EiXt) ^ HOo+Oiil) X 

j«(0(7+C'//i)dX 

^1 -€“«(Co+ojrL)^ 

When the point H reaches a value of 
Eh after time T the value of El will be 
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Fig. 6. Simplified networks for double-wye- 
delta transformer 


Appendix. Derivation of 
Equations 

Using the Heaviside notation, the opera¬ 
tional form BlXP) of the voltage appearing 
at in Fig. 6(B) due to a rectangular wave 
of amplitude Eh applied at H can be written® 

_ pECjjL 

The solution of this is 



spLLUsp 


Fig. 8. Winding arrangement with smal 
portion separated from body of windinj 
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\C(3+Cffi/ 


T ~ 
R(Co+Csl) 


This can be written as 
Etj ^EaKcS(x) 


Cg-hCuL 


S(x) =- 


EiCo+CfiTa) 

If after reaching the crest value Eh the 
applied wave were to decrease uniformly 
to zero in the additional time T\ the 
resulting value of El for T<t<T+T' 
would be by superposition 


( i_« Ri^a+OBL) 

!- 


_ (<—r) (t—T) 

1 _ e B<Ca+CHL) I _ ~R(Oo+Chl) 

r 


RiCQ+CffL) 

Simplifying and defining x' as 
T' 

R(Ca-i-CirL) 

Eiit) =EhKc^ 

/ t — T - t 

B(ca+auL) 


1_£ ^(Oq+Chl) 


For /=aT'+7'' this reduces to 


\ » 


£i(r+n 


or, with the use of the previously defined 
function S(x) 

£i(r+n = -EnKclSixO -S(x)r^'] 
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Discussion 

P. A. Abetti (General Electric Company, 
Pittsfield, Mass.): 

Electrostatic and Initial Voltage 

Distribution 

The authors apparently use the tenns 
“electrostatic voltage distribution” and 
“initial voltage distribution” without differ¬ 
entiation. It will be well therefore to 
clarify the theoretical and practical differ¬ 
ence between the two, by defining both 
terms unequivocally. 

The electrostatic distribution in a trans- 
fonner is defined as the distribution which 
is determined exclusively by the electro¬ 
static field, that is, only by the capacitances 
of the transformer structure. As is well 
known, transformers comprise self-induct¬ 
ances, mutual inductances, resistances, 
and conductances, in addition to capaci¬ 
tances. Therefore, rigorously speaking, the 
electrostatic distribution cannot be meas¬ 
ured in a transformer. An electrostatic 
distribution very similar to it can be 
measured, however, on a network of lumped 
capacitors, such as the capacitance board 
of an electromagnetic model, * or on a 
network of lumped resistors, such as the 
d-c board which has been used for 20 years 
in Pittsfield. 

The initial voltage distribution is defined 
as the voltage distribution measured on an 
actual transformer, or on an electromag¬ 
netic model, at very short times after the 
application of a steep-fronted impulse 
voltage. Since the term “short time” is 
open to different interpretations, it will be 
useful to explain how this distribution is 
measured in practice. A steep-fronted 
wave is applied to the line end of a trans¬ 
former winding. Fig. 9,» = 100 percent (%) 
and oscillograms of voltage versus time are 
taken at various points along the impulsed 
winding or other windings. For instance, 
assume that an oscillogram was recorded 
at the mid-point of the impulsed winding. 


Fig. 9, X 50%. We now pick out a time 
to, less than the time r/at which the applied 
wave reaches crest, and measure the 
applied voltage at that time AB, Fig. 9, 
and the voltage at x « 60%, AC, Fig. 
1, at the same time. The ratio of the 
segments AC/AB is defined as the initial 
distribution measured at the time fe- It 
is necessary to specify the time to of meas- 
lurement since both theory and experience 
show that the value of the ratio ACfAB 
depends upon the time of measurement. 

If for simplicity we consider only applied 
waves with linear fronts of length ry, it can 
be shown that the difference between the 
electrostatic and the initial distribution 
1. does not depend upon the length of the 
front of the applied wave, 2. increases with 
the time C^o ^ ry) of measurement, and 
3. increases with the fimdamental fre¬ 
quency of oscillation of the winding on 
which the measurement is made. 

It is clear therefore that the electro¬ 
static and the initial voltage distributions 
would rigorously coincide only if measure¬ 
ments were made at to = 0, which is 
impossible in practice. The choice of the 
finite time of measurement to is the result of 
a compromise. In fact, to approach as 
closely as possible the electrostatic dis¬ 
tribution, the time to should be as small as 
possible. However, if to is small the seg¬ 
ments AB and A C are short, and they can¬ 
not be scaled accurately on the film be¬ 
cause the thickness of the trace is con¬ 
stant. Therefore the segments AB and 
AC should be as long as possible, which 
would require steep fronts and large values 
of to. It also follows that shorter times 
^0 should be used for low-voltage windings 
than for high-voltage windings. It can 
be concluded that the choice of the time of 
measurement to is best left to the judgment 
of the specialists in measurements with the 
transient analyzer. It may be added that 
in long-time scale models* extremely short 
equivalent fronts can be obtained and times 
to of the order of 1/100 of a microsecond. 


Also in long-time scale models greater ac¬ 
curacy in scaling the film is obtained by 
accurate amplification of the measured vol¬ 
tages, so that the oscillograms cover the 
whole screen. 


Calculation of Effective Capacitance 

Considering now Fig. 6 it is evident that 
the shielding factor controlled by the 
static plate refers to the initial and not to 
the electrostatic voltage distribution, which 
rigorously corresponds to an infinitely 
steep front or to i? = oo. For the elec¬ 
trostatic distribution the shielding factor 
is always S'{.x)— 1. To compute the 
shielding factor for the initial distribution 
it is necessary to know the values of the 
capacitances Chl and Cq indicated in Fig. 
6. While the computation of the first 
from the design data presents no difficulties, 
the second is actually an effective capaci¬ 
tance, for which the authors do not give 
any method of computation. Since Cg 
enters into the factor Kg in the equation 
for the voltage El at the low-voltage ter¬ 
minals, it is very important to compute 
Co accurately, and this will be attempted 
here. Considering for simplicity a 2- 
winding transformer, we will assume at 
first that the low-voltage winding is uni¬ 
form and comprises an infinite number of 
coils. This second assumption is evi¬ 
dently incorrect, since there are only a few 
coils in the low-voltage groups, and 
will be removed later. For an ind^tely 
large number of coils, if Cl is the total 
series capacitance between coils and Cjaj 
the total capacitance to ground, the elec¬ 
trostatic voltage distribution in the low- 
voltage winding is 


El{x)'=‘Kc 


sinh ax 
sinh a 



where 

0L^"\/ CloICl ( 2 ) 
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FiS. 9. Voltages versus time measured at the 
line end/ (x«100%)/ and at mid-point, x=a 
50%, of a transformer winding 


and X is the distance from the low-voltage 
neutral end. The well-known saw-tooth 
pattern due to the tum-to-turn capaci¬ 
tances, which may increase the voltages 
between coils, but which has little effect on 
the effective capacitance, is ignored here. 

The effective capacitance is defined as 
the capacitance of a single capacitor which 
will store the same energy as the low- 
voltage capacitance network, if the voltage 
Sl(0) is applied to it. The energy stored 
tn the low-voltage capacitance network is 




/■ 


^^z(x)dx+ 




(3) 


which yields 


TF ^ r r • 

a^Cz, , 1 

(smh a cosh a-fa) (4) 


or,'[substituting equation 2 

Kc* —^ cotanh a 
^ a 

so that 


(S) 


Cm* 


Clo 


cotanh a= aCx, cotanh a 


"s/C loCl cotanh a (6) 

For a>3, cotanh « can be assumed equal to 
unity and the familiar equation* for Cm 
is obtained. 

Since the energy stored must be equal to 
the energy delivered, and the applied 
voltage is the same, the current flowing 
mto C»ff must be the same as the current 
flowmg into the low-voltage capacitance 
network. This yi elds 


r, dEz^x) 

Edfl) dx 


^uCl cotanh a (7) 


This second method will be used to 
determine the effective capacitance when 


the number N of low-voltage coils is small. 
It can be shown* that the voltage at the 
i»th coil (0^inZN)is given by 

sinha '5 

EzJim)^Kc ~~ f 
smh a' 

with 


-Ardv Sinn 


2N 


The effective capacitance is'then 


Cl 




sinh ot' 


=NCl [ 1.— 


N 


sinh a* 


( 10 ) 


which yields 
Cm=-NCl\ 


,1^1 —cosh ——cotanh a* sinh 

( 11 ) 

It is easily verified that equation 9 for 
N ^ fo takes as limiting value 

Itma'-o! (12) 


reasons. First, the capacitance network 
cannot be entirely divorced from the 
actual conducting elements of the windings 
and, second, it is impossible to generate a 
sheer front wave, that is, one rising to crest 
in zero time. The term "initial distri¬ 
bution has, on the other hand, been used 
rather loosely in the past to refer to either 
the electrostatic distribution mentioned or 
the actual distribution at very short times 
after the application of steep-fronted surges. 
The reason for this ambiguity lies in the 
origin of the term "initial distribution." 
Historically, it stems from the anal 3 rtical 
methods developed for the study of surge 
oscillations in transformer windings. In 
the standing-wave method the win ding 
response is analyzed in terrps of an initial 
distribution and a final distribution of 
voltage within a winding. The difference 
.between these distributions results in the 
harmonic components of oscillation. In 
this method of approach the initial dis¬ 
tribution has generally been calculated 
from the capacitance network assuming a 
theoretical sheer-front wave. 

If^ the term "initial distribution” is 
restricted to refer only to the actual dis¬ 
tribution existing at short times followitig 
the application of surge voltage, as sug¬ 
gested by Mr. Abetti, there will be differ¬ 
ences, between the two distributions. Mr. 


and consequently the limit of equation 11 
for iV => 00 is, recalling equation 2, 

lim Cm =■ NCl — cotanh a' 

N 

Clo 

= cotanh a = olCl cotanh a (13) 
in agreement with equations 6 and 7. 
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Saul Bennon, R. J. Cossaart: Mr. Abetti 
has raised two pertinent questions relating 
to ^ge voltage analysis. The first is the 
djs^ction betwe% "electrostatic” and 
"initial" voltage distributions. The term 
"electrostatic distribution” refers to the 
distribution produced in the equivalent 
capacitance network of the transformer by 
a sheer fronted rectangular wave. It is 
admittedly a theoretical concept for two 


Abetti has covered these very thoroughly in 
his discussion. In actual design practice, 
however, the use of the electrostatic net¬ 
work and a theoretical sheer-front wave to 
estimate the actual voltages at short times 
represents a conservative approach. This 
is true because, as pointed out in the paper, 
the maximum crest surges which appear at 
transformer terminals in service will usually 
have the steepest fronts, and also the actual 
distribution will usually, be less than that 
calculated in this manner. 

The second point raised by Mr. Abetti is 
the method used to evaluate Co in the 
shielding factor equation. This was not 
covered in the paper because it was some¬ 
what beyond its intended scope. Never¬ 
theless, it represents an actual design 
problem and therefore merits consideration. 
In the interleaved shell form-fit construc¬ 
tion the number of coils in any one low- 
voltage group will be relatively small. It 
will generally vary from two to six coils. 
Since each pair of coils determines one 
series capacitance the number of series 
capacitance elements will vary from one 
to three. For example, in Fig. 1(A) 
two series capacitances are shown which 
corresponds to a 4-coil low-voltage group. 
Because of the small number of capacitances 
involved, the simplest approach is usually 
direct network reduction. For the most 
.part this merely involves a sequence of 
series and parallel combinations of capaci¬ 
tance elements. For cases where larger 
numbers of coils are involved the equations 
presented by Mr. Abetti could be used to 
advantage in evaluating the effective 
capacitance. 
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Lightning Protection in a 24-Kv Station- 
Field and Laboratory Studies 
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T he results of synchronograph field 
tests and Anacom laboratory studies 
on a 24-kv multiline bus are presented. 
Previous studies^”* on higher voltage 
stations indicated the influence of multiple 
lines on the surge voltage at the bus and 
the connected transformer. Extrapola¬ 
tion of these data to lower voltage systems 
seemed questionable, however, because of 
material differences in the station circuit 
constants. This study extends the sta¬ 
tion surge performance data down to the 
24-kv level and provides additional verifi¬ 
cation of the miniature system method by 
means of synchronograph field tests. 

The results of the study are discussed 
in three parts: 

1. Anacom study for shielded lines. 

2. Anacom study for unshielded lines. 

3. Comparison of Anacom and ssmchrono- 
graph re^ts. 

Station Layout 

The investigation was confined to one 
multiline bus of a large 24-kv multibus 
station. In Fig. 1 the major dimensions 
are shown for the 9-line bus with supply¬ 
ing transformer. The connected lines 
are open wire on wood poles and are as¬ 
sumed to be, for the purpose of the prob¬ 
lem, either shielded or unshielded. On 
this effectively grounded 24-kv system it 
is possible to use 20-kv lightning arresters 
•with 160-kv basic-impulse-insulation-level 
(BIL) transformer insulation. At volt¬ 
ages 100 kv and above, the ratio of the 
transformer BIL to arrester discharge 
voltage at 5,000 amperes discharge current 
is usually of the order of about 1.6, as 
compared to a ratio of greater than 2 for 
the 24-kv system. In terms of the simple 
1-line arrester-transformer case, the larger 
ratio tends to permit a greater separation 
distance between the arrester and the 
transformer. However, as the system 

Paper 55-556, recommended by the AIEE Pro¬ 
tective Devices Committee and approved by the 
AIEE Committee on Technical Operations for 
presentation at the AIEE Summer General Meet¬ 
ing, Svrampscott, Mass., June 27-July 1, 1955. 
Manuscript submitted March 80, 1955; made 
available for printing May 12, 1955. 

H. R. Arhstkong is with The Detroit Edison 
Company, Detroit, Mich., and R. W. Fbrooson 
and A. R. Hilbman are with the Westinghouse 
Electric Corporation, East Pittsburgh, Pa. 


voltage decreases, the ratio of the trans¬ 
former BIL to the rate of rise of the in¬ 
coming surge voltage increases, which 
tends to permit a smaller separation dis¬ 
tance. The combination of these two 
factors causes a decrease in the allowable 
transformer-to-arrester separation dis¬ 
tance as the system voltage decreases.®*®*’ 
For the case of the compact bus with 
multiple lines, the modification of the in¬ 
coming surge by the bus and any possible 
arrester spark-over add an additional sig¬ 
nificant factor. The net result is a shift 
in importance of the application factors 
when considering lightning protection of 
stations in the subtransmission voltage 
range 

Wave Shape and Magnitude of 
Incoming Surge 

The degree of lightning protection re¬ 
quired for adequate protection of station 
equipment is dependent on whether or not 
the connected overhead lines are ade¬ 
quately shielded. Low-voltage stations 
frequently have unshielded connected 
lines. However, shielding of low-voltage 
circuits is becoming increasingly prev¬ 
alent in the industry and therefore both 
situations are analyzed. 

Station with Shielded Overhead 
Lines 

Lightning surges which can be hazard¬ 
ous to electric equipment can originate 
in two ways: 

1. Backflash—strokes terminating on the 
line-shielding system and possessing suffi¬ 
cient magnitude to cause a flashover of the 
line insulation. 

2. Sideflash or shielding failure—strokes 
terminating directly on the phase conductor. 

Induced voltages on the phase con¬ 
ductor, resulting from strokes terminating 
on the overhead ground wire but possess¬ 
ing insufficient current to cause flashover 
of the line insulation, produce surge volt¬ 
ages within the station which are of much 
lower severity than the aforementioned 
two types of waves.® Therefore, this case 
of induced or coupled voltages will not 
be considered in the formulation of light¬ 
ning protection. 

The afore-mentioned two types of 


strokes can terminate an)r(vhere along the 
incoming line or within the station. Be¬ 
cause the station is well shielded and the 
grounding resistance is very low, it is as¬ 
sumed that there is practically no possi¬ 
bility of a sideflash or shielding failure 
within the station. It is recognized that 
strokes terminating immediately adjacent 
to the station are more hazardous to sta¬ 
tion equipment than strokes which ter¬ 
minated distant from the station. How¬ 
ever, the probability of occurrence of a 
sideflash or backflash within 1 mile of the 
station on a well-shielded line with low 
pole-groimding resistance is so low that it 
is tmeconomical and unrealistic to provide 
protection based on this condition if 
maximum protection is to be attained at 
minimiun cost.® Therefore, the following 
discussion is based on strokes termina ting 
1 mile or more from the station. 

Traveling voltage waves arriving at the 
station entrance over 1 mile of line ean 
be classified into two general types: long- 
tail waves and short-tail waves. The 
long-tail waves result from a sideflash 
where the stroke current is insufficient 
to cause flashover to the pole down lead. 
Short-tail waves result either from a 
backflash or from a sideflash where the 
stroke current is sufficient to cause flash- 
over to the pole down lead. These two 
types of waves and their probability of 
occmrrence will be discussed to determine 
the proper wave shape and magnitude of 
the incoming surge voltage. 

Long-tail waves 

Sideflashes seldom occur on a well 
shielded system, but when they do there 
usually will be a flashover to the pole down 
lead which diverts the surge current to 
ground. This results in a wave chopped 
at a time as determined by the time-lag 
curve of the line insulation. The insula¬ 
tion of the line, here considered, consists 
of wood and post-type insulators whose 
time-lag curve is assumed to be the same 
as given in reference 8. Recent high-volt¬ 
age surge tests on transmission lines® 
showed that chopped waves will attenuate 
more rapidly than full waves. Chopped 
waves upon readbing the station over 1 
mile of line will dosely approximate the 
wave shape and magnitude of a surge 
resulting from a backflash. Therefore, 
sideflashes which possess suffident cur¬ 
rent to cause flashover to the pole ground 
will be considered along with backflashes. 

The magnitude of the full wave caused 
by a side flash is limited to the full-wave 
insulation strength of the line insulation 
or 760 kv. Assinning the stroke current 
wave shape to be 4x40 microseconds (ms),® 
the voltage on the conductor will have 
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the same shape. The stroke current 
necessary to raise the conductor to the 
BIL of the line is 3,700 amperes, based on 
a 400-ohm line. The lower limit of volt¬ 
age on the phase conductor, below which 
it is inconceivable that damage to station 
apparatus could result, is set somewhat 
arbitrarily at 100 kv which requires a 
stroke current of 500 amperes. 

Lightning strokes in the 500- to 3,700- 
ampere range are found from the proba¬ 
bility curve to make up 20 per cent of the 
total strokes.® Because the isokeraunic 
level (IKL) is 35 thunderstorm days per 
years in the area where this system is 
located, stroke incidence is expected to be 
about 117 strokes per 100 miles of trans¬ 
mission line per year.® Since shielding 
failures on well-shielded lines occur for 
only 0.1 per cent of all the strokes to the 
transmission line, the probability of ob¬ 
taining a full or long-tail wave on a phase 
conductor is 0.023 per 100 miles per year 
or once in 4,350 years for any 1 mile of 
line. 

Short-tail waves 

For the line here considered, a stroke 
current of 145,000 amperes or more is 
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necessary to cause a backflash. These 
strokes have a probability of occurrence 
of 0.456 per 100 miles per year for an IKL 
of 35.® To this should be added the 
probability for the case of a sideflash 
where the stroke current is 3,700 amperes 
or gfreater so as to produce chopped waves 
on the phase conductor. These strokes 
have a probability of occurrence of 0.094 
per 100 miles per year. Adding these 
two values, the total probability of ob¬ 
taining short-tail waves is 0.550 per 100 
miles per year or once in 182 years for any 
1 mile of line. 

It is apparent that the probability of 
obtaining a short-tail wave is about 22 
times as great as for the full or long-tail 
waves. Because of this fact, and because 
the probability of obtaining a full wave is 
small, it was decided to base this study of 
lightning protection for stations with 
shielded overhead lines on the case of a 
short-tail surge arriving at the station 
entrance.^*®'® 

The characteristics of the incoming 
surge were based on the case of a back- 
fash, the probability of occurrence being 
higher for this phenomena. Other as¬ 
sumptions which influence the selection 
of the wave shape used were: 

1. Pole-grounding resistance, 10 ohms. 

2. Span length, 200 feet. 


Fig. 2 (left). Attenua¬ 
tion and distortion of 
surge voltage caused 
by corona® 


Fig. 3 (right). Dis- > 

charge characteristics of ^ 

a 20-lcv line-type light- - 

ning arrester subjected o 

to a 5,000-ampere § 

10x20-ms current wave > 

with test data from 
analogue indicated 


3. Insulation strength of the wood and 
post-type insulators, 760 kv, wet. 

4. Stroke current wave shape, 4x40 ms. 

5. ^ Coupling factor between the ground 
wire and phase conductor, 23 per cent. 

The incoming wave shape and magni¬ 
tude are based on a stroke current of 
160,000 amperes which results in flash- 
over to the phase conductor but is just 
insufiici^t to cause a second flashover at 
an adjacent pole.®’^® The voltage on the 
phase conductor is composed of two com¬ 
ponents: the coupled voltage of 276 kv 
which is placed on the phase conductor 
before flashover and the much higher 
component which appears after the 
ground-wire voltage backflashes to the 
phase conductor and applies the pole-top 
or ground-wire potential of 1,200 kv to ‘ 
the phase conductor. The wave shape of 
the pole-top potential -was obtained from 
oscillograms from the Anacom study used 
to estimate lightning performance of dis¬ 
tribution lines.® As the voltage wave 
travels along the line, it will be reduced in 
magnitude and changed in shape by two 
phenomena: decrease in ground-wire cur¬ 
rent and corona. Generally, the ground- 
wire voltage will be essentially zero wi thi n 
two span lengths of the struck point. 
Based on mathematical analysis, the 
coupled voltage on the phase conductor 
before flashover vanishes and the phase 
conductor voltage after flashover is re¬ 
duced by approximately 20 per cent when 
the ground wire voltage vanishes.*® At¬ 
tenuation and distortion of the wave 
caused by corona can be evaluated from 
recent high-voltage tests.® The phase 
conductor voltage which has been re¬ 
duced only by the decrease in ground- 
wire current is shown by the solid line of 
Fig. 2. Assuming a negative polarity 
wave, the dotted line is the voltage which 
enters the station after traveling 1 mile, 
as evaluated by use of attenuation and 
distortion data of a 0.927-inch con¬ 
ductor.® Therefore, based on a surge 
originating from a stroke of 160,000 am- 
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Fig. 4. Discharge characteristics of a 20-l<v line-type lightning arrester for a 10,000-ampere 10x20-ms discharge current 

A—Volt-ampere characteristic B—Discharge current and voltage 


peres at a point 1 mile from the station, a 
700-kv surge having a wave shape of ap¬ 
proximately 1.5x8 will arrive at the sta¬ 
tion. 

Station with Unshielded Overhead 
Lines 

For the case of a station with un¬ 
shielded incoming lines, the current dis¬ 
charges through the surge impedance of 
the lines. Therefore, relatively low- 
current magnitudes are required to pro¬ 
duce high surge voltages. This is in con¬ 
trast to the high currents necessary to 
produce baddlash in the case previously 
considered for a station with shielded 
overhead lines where the current dis¬ 
charges through the down lead and 
groimding impedance which is relatively 
low. Because the probability of occur¬ 
rence of low-current magnitude strokes is 
high, protection of station equipment is 
based on a stroke terminating immedi¬ 
ately adjacent to the station. 

The most severe voltages at the station 
are produced when the line does not flash 
to ground and most of the surge current is 
discharged by the lightning arrester at the 
station. Thus, the characteristics of 
lightning-arrester disdiarge currents can 
be used as a guide in selecting a suitable 
stuge current magnitude and wave shape. 


Table I. Assumed Spark-Over Voltages for 
20-Kv Line-Type Lightning Arresteis 



« Standard test voltage rate of rise is 167 kv per 
ms which gives a spark-over voltage of 83 kv. 


The largest arrester discharge current 
measured in field investigations on a 25- 
kv system was 10,000 amperes and the 
highest rate of rise of arrester discharge 
current was between 5,000 and 5,500 am¬ 
peres per ms.“ In another study of dis¬ 
charge currents in distribution arresters^* 
in which the system voltages tanged from 
120 to 24,000 volts, the maximum arrester 
discharge current recorded was estimated 
to be about 25,000 amperes. However, 
only 5 per cent of the records exceeded 
10,000 amperes. Field investigations on 
arresters in substations” which were 
largely composed of voltage classes from 
22 to 44 kv show a maximum arrester dis¬ 
charge current of 10,000 amperes. The 
maximum front of the discharge current 
for currents above 5,000 amperes is 1.5 
ms and the average front is about 3.0 ms. 

From these field investigations, the 
decision was made to base the formulation 
of lightning protection for the 24-kv sta¬ 
tion with unshielded lines on a stroke 
current of 10,000 amperes crest having a 
rate of rise of 4,000 amperes per ms ter¬ 
minating immediately adjacent to the 
station. These assumptions are consist¬ 
ent with the previous published paper by 
R. L. Witzke and T. J. Bliss*^ which has 


recdved general acceptance in the in¬ 
dustry. This paper should be consulted 
for a more complete discussion of the 
justification of the assumptions. 

Anacom Study 

Techniques used in handling power 
system problems on the Anacom have 
been given in detail in previous litera- 
ture.^>®'®*” Briefly, the principle is to 
set up the circuit in miniature on the 
computer, using an appropriate time base 
and an impedance multiplier. A low- 
voltage surge is then applied repetitively 
to the computer circuit and the resultant 
voltages are meastued by an osdllogpraph. 

One phase of the 24-kv station, shown 
in Fig. 1, was set up on the Anacom. 
The distributed constants of the bus 
structure were represented by pi-sections 
whose inductance and capacitance were 
determined from the surge impedance and 
velocity of singe propagation, 400 o hms 
and 1,000 feet per ms respectively. 
Lengths of bus from 10 to 25 feet were 
represented by single pi-sections and 
capacitances of bus support insulators, 
obtained from field measurements, were 
included in the Anacom circuit. 


Fig. 5. Impulse withstand 
curve for 23-kv bushings show¬ 
ing representation used for 
analysis of Anacom data 

— Actual curve 
- - - Representation used 
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Fig. 6. impulse withstand test points 
for a 25-ky class transformer and 
curve showing the representation 
used for analysis of Anaeom data 

0 Actual test points 
— Representation used . 
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Each circuit breaker was represented 
by its bushing capacitance ftf 300 micro- 
microfarads (mmf) per bushing. When 
the line to which a breaker was connected 
was assumed opened, a capacitance of 300 
mmf was used as the breaker equivalent 
circuit. Likewise, if the breaker was 
closed, the capacitance was increased to 
600 mmf, or the capacitance of both bush¬ 
ings. The equivalent surge capacitance 
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of the transformer was estimated to be 
about 2,000 mmf. This value will vary 
with the form of transformer construc¬ 
tion; in general the shell form have a 
higher value than the core form. How¬ 
ever, this value of capacitance is fairly 
representative. Since transmission lines 
connected to the bus were assumed to be 
so long that reflections from the far end 
would not return in time to affect the 
surge voltages within the station, these 
lines were represented by a resistance 
equal in value to the 400-ohm surge im¬ 
pedance of the line. 

For the case of stations with shielded 
overhead lines, the lightning arresters 
were represented by an analogue de¬ 
scribed in previous papers on protection of 
extra-high-voltage stations.^** Discharge 
characteristics Of the analogue and of a 
20-kv line-type lightning arrester sub¬ 
jected to a 5,000-ampere 10x20 ms cur¬ 
rent surge are compared in Fig. 3. 

For the case of stations with unshielded 
overhead lines, the lightning-arrester dis¬ 
charge voltage was held constant at 78 
kv, a value conresponding to a 10,000- 
ampere discharge current. Assuming a 
constant stroke current of 10,000 am¬ 
peres, the amount of current discharged 
by the arrester will vary with the number 
of connected lines. This varies from ap¬ 
proximately 8,000 to 10,000 amperes for 
nine lines and one line connected respec¬ 
tively. Also when two arresters are in 
service, the first arrester that the surge 
meets will discharge the larger cturent. 
However, the surge can initially arrive at 
either arrester depending on the line from 
which the surge is assumed to originate. 
Considering these factors, it was decided 
to hold a constant arrester discharge volt¬ 
age of 78 kv, which is the same as assum¬ 
ing a constant discharge current of 10,000 
amperes through all arresters. This will 
lead to conservative results. 

Since the lower part of the lightning- 
arrester volt-ampere curve could not be 
obtained with either of the analogues used, 
voltages at the arrester locations were 
held higher on the tail of the surge by the 
analogue than would be the case in prac¬ 
tice. This is especially true in case of 
stations with unshielded lines and should 
be taken into account when evaluating 
the severity of surge voltages at equip¬ 
ment terminals.' Fig. 4 shows the dis¬ 
charge characteristics of the 20-kv line- 
type lightning arrester for a 10,000- 
ampere 10x20 ms discharge current. The 
analogue held a constant voltage of 78 
kv; however, actually, because of the dis¬ 
charge characteristics, the voltage at 24 
ms is reduced to 54 p^ cent of its crest 
value. 
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Fig. 8. Severity Indexes and crest voltages for stations with unshielded overhead lines 

-Severity index 

-Crest voltage 


The rate of rise of voltage at lightning- 
arrester locations {LA-1 and LA-2 of 
Fig. 1) varies with the number of con¬ 
nected lines. For example, with oiily 
one line connected the rate of rise of volt¬ 
age at LA-1 was approximately 500 kv per 
ms for stations with unshielded lines. 


Because of this fact, the spark-over vol;t- 
age win vary. Therefore three values4)f 
spark-over voltage given in Table I were 
used. / 

Voltages were measured on the Anacenn 
circuit at all the circuit breakers, arrester 
locations, and at the transform^:. The 
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Fig. 9 (above). Oscillograms of voltages for the case of shielded 
overhead lines with a lightning arrester connected at LA-1 and two 
lines in service. Crest voltages are given and all oscillograms except 
the incoming surge are shown to the same scale 

voltages for the case of stations with 
shielded overhead lines showing the effect of number of lines con¬ 
nected and number of lightning arresters in service. Crest voltages 
are given and oscillograms except the incoming surge are shown to 
the same scale 
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effect of the nuinber of hues on the surge 
voltages within the station was studied by- 
dosing circuit breakers in sequence to 
represent two, three, fi-ve, seven, and nine 
lines. The lightning arrester to trans¬ 
former separation distance was held con¬ 
stant at 200 feet, a distance which will be 
conservative in most cases but will pro¬ 
vide adequate protection for the trans¬ 
former. A lightning arrester was assumed 
to be connected at LA-1 so as to give posi¬ 
tive protection to the transformer regard¬ 
less of upon which line the surge enters 
the station and also to give maximun 
available protection to the drcuit 
brewers. Lightning surges were applied 
to line no. 1 through a resistance of 400 
ohms, equal to the surge impedance of the 
line. This line was selected because 
surges entering the station on this line 
r^ult in highest voltages at breaker posi- 
tions remote from the arrester location 
LA-1. For a small number of lines con¬ 
nected, the voltages at OCB-1 will rise to 
Wgh crest values. Therefore an addi¬ 
tional arrester was placed at LA-2, and 
the effect of the number of lines connected 
to the station was again studied. 


5 10 15 

IL SEC 
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Analysis of Anacom Bata 

The recorded surge voltages from the 
oscillograms were evaluated in terms of 
their severity index. 1.2 This procedure is 
based on the integration method of ex¬ 
pressing the disruptive effect of non¬ 
standard waves in terms of that of equiva¬ 
lent standard test waves.**i<»« The dis¬ 
ruptive effect is given by the relation’® 


e =the surge voltage as a function of time 
Aj=a constant 

Pmr-cent severity index (SI) is the ratio, 
expressed in per cent, of the crest voltage 
of the surge under consideration to the 
crest voltage of a surge of the same shape 
which will just stress the insulation to the 
impulse-withstand curve. Or, to put it 
another way, per-cent SI of a surge of any 
, odd shape is the ratio, expressed in per 
cent, of the crest voltage of a reference 
wave having the same disruptive effect as 


the odd wave to the crest voltage of the 
same reference wave which will just stress 
the insulation to its impulse-withstand 
curve. 

In this study, consideration was given 
to the disruptive effect of surges on the 
transformer insulation, and on the cir¬ 
cuit-breaker insulation, SI of surges on 
the circuit-breaker insulation are ex¬ 
pressed in terms of the external portion of 
the 23-kv bushing having an impulse- 
withstand curve as shown in Fig. 5. Any 
wave which will stress the bushing to this 
curve has a SI of 100 per cent; for exam¬ 
ple, both a 338-kv lV 2 x 40 -ms wave 
chopped at 1.5 ms and a 235-kv IV 2 X 4 O- 
ms wave chopped at 10 ms have SI of 100 
per cent. Equating the expressions for 
disruptive effect of these two waves, the 
constant K 2 comes out to be 6.3 for the 23- 
kv circuit breaker. SI of surges on -the 
transformer were expressed in terms of -the 
standard impulse-withstand tests for the 
160-kv BIL -transformer. Therefore, 
either a 176-kv iy2x40-ms wave chopped 
at 3 ms or a 160-kv lV2x40-ms full wave 
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Rg. 11. Oscillo¬ 
grams of voltages 
for the case of sta¬ 
tions with un¬ 
shielded overhead 
lines showing the 
effect of number of 
lines connected and 
number of lightning 
anesters in service. 
Crest voltages are 
given and all oscil¬ 
lograms are shown 
to the same scale 
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have SI of 100 per cent on the trans¬ 
former insulation. Based on these two 
standard test waves, the constant is 9.1 
for the transformer insulation. The im- 
pulse-withstand curve for the transformer 
is shown in Fig. 6. The curve was 
plotted from calculated values of SI and 
therefore passes through the chopped- 
wave and full-wave test points, protection 
being co-ordinated on these two points. 

Discussion of Anacom Results 

Surge voltages were photographically 
recorded at all of the breakers and at the 


former or at circuit breakers should be 
avoided. At the same time, it should be 
kept in mind that SI of 100 indicate 
surges which have the same disruptive ef¬ 
fect as withstand test voltages and not 
voltages which will cause insulation 
failures. If a protective level below tlie 
withstand test voltage is desired, results 
of this study are still applicable but then 
protection must be based on a SI less 
than 100 per cent. For example, in some 
conservative applications all SI liigher 
than 90 per cent might be ruled out. 


Stations with Shielded Overhead 

Lines 

Low-voltage systems with their high 
BIL woodpole lines permit higher surge 
voltages in per unit of the equipment BIL 
within the station than do higher voltage 
systems. For example, the ratio of line 
BIL to equipment BIL for a 230-kv sys¬ 
tem is about 1.6 or 1.7*; however, fear 
the 24-kv system, here considered, the 
ratio is 5.0. In a previous paper on 
lightning protection in a 120-kv station,® 
it was concluded that, with three lines 
connected, the station is inherently self- 
protecting and no arresters are required. 
However from Fig. 7, case I, it is noticed 
that even with all nine lines connected, 
the transfonner is not protected when no 
arrester is present within the station. If 
the transfonner were placed immediatdiy 
adjacent to the transformer breaker OCB- 
TR, then, by reason of the curves of SI 
for OCB-1 and OCB-5, case I, it is evident 
that the transfonner will be protected if 
there are eight or more connected lines. 

Case II of Fig. 7 shows that with an 
arrester at LA-1 only, tlie station equip¬ 
ment will be protected if two or more 
linpi ; are connected. If an additional ar¬ 
rester is placed at LA-2, then the station 
apparatus will be protected even if only 
one line is connected. 

Typical oscillograms of voltages at 
various positions within the station are 
shown in Fig. 9. It is noted that the 
voltage at OCB-1 has the highest crest 
magnitude within the station. The effect 
of tlie number of connected lines and the 
number of arresters in service on the surge 
voltages at OCB-1 and at the transformer 
is portrayed by tlie oscillograms shov/n in 
Fig. 10. 

Stations with Unshielded Overhead 

Lines 

Stations with unshielded overhead 


transformer. However, the maximum 
voltage within the station occurs at 
OCB-1 . Therefore, only voltages at three 
locations were analyzed: at the trans¬ 
former, at OCB-1, and at OCB-5. Volt¬ 
ages at OCB-5 were analyzed to give visual 
evidence that surge voltages at breaker 
positions physically closer to the light¬ 
ning-arrester positions have lower crest 
voltages and SI. 

SI and crest voltages obtained from os¬ 
cillograms taken on Anacom are shown 
by the curves of Figs. 7 and 8. Any SI 
higher than 100 per cent cannot be 
tolerated, and arrester locations which 
result in such voltages at the trans- 
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Table III. Comparison of Anacom and Syncfironograph Tests, Transformer at OCB-TR, 20-Kv 
‘-*'’«"Type Lightning Arrester at Line Entrance 


Magnitude, gy Front, ms* Tail, ms Osd^yms 


Incoming surge.425.425. 

Line entrance. 67 . 68. 

Transformer.130.130. .. 

End of bus.130.130. 

Incoming surge.425.400.!. 


' Line entrance. 
I Transformer.. 


425 . 1 . 4 ... 

68 . 0 . 7 .... 

130.0.8. 

130.0.8.... 

400.1.4_ 


14.1.12.6 


..3.2.3.1 


'End of bus.125 

{ Incoming surge.370.325!!!!!. 1 4. 

Line entrance. 68. 67..0 6. 

Transformer....110.105. 10. 

_ End of bus.... .115.lio. .1.0. . . . . 

* Front is arbitrarily defined as time to 90-per-cent crest. 


125.125. 



3.2.3.2 

3.2.2.9 


3.2.3.2 

3.2.3.0 


lines should have lightning arresters 
within the station regardless of the num¬ 
ber of lines which are connected. For 
lines of 1,000-kv BIL, voltages of three 
or more times the equipment BIL are 
possible even with all nine lines connected. 

For only one arrester applied a-t LA-1, 
the curves of Fig. 8, case II, show that 
four or more connected lines are necessary 
to protect adequately the station ap¬ 
paratus. This is in contrast to the case 
of stations with shielded overhead line s 
where, with one arrester at LA-1, two or 
or more connected lines should be in serv¬ 


ice to assure adequate lightning protec¬ 
tion. If arresters are placed at LA-1 and 
LA-2 then the station equipment is 
protected regardless of the number of 
lines in service. 

The data shown in Fig. 8 for stations 
with unshielded lines also can be used for 
the case of a shielding failure immediately 
adjacent to the station on shielded over¬ 
head lines. These data show that with 
two arresters in service adequate lightning 
protection can be secured for all station 
equipment. 

The effect of the number of connected 
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INCOMING 

SURGE 


700 IjV 


SYNCHRONOGRAPH 
700 KV 


lines and the number of arresters in serv¬ 
ice on the surge voltages appearing at 
OCB-1 and at the transformer is shown 
by the oscillogram sequence of Fig. 11 . 

Comparison of Anacom and 
Synchronograph Tests 

A previous paper® compared the tests 
performed in the field on an actual 120-kv 
station with a study made on a miniature 
system in the analogue com puter and good 
results were obtained. To verify further 
the assumptions made in setting up an 
electric system on the Anacom, syn- 
chronograph“ field tests were made on a 
24-kv station. Surges were applied at 
the section breaker through a resistance 
equal in value to the surge impedance of 
the transmission line, and voltages were 
measured at the line entrance LE, at the 
transformer TR, and at the end of the bus, 
as shown by Fig. 1. The distance from 
the transformer to the bus was varied by 
connecting a length of conductor to give 
the desired separation distance. Tests 
were made both with and without a 
lightmng arrester at the line entrance 
position and the circuit breakers were 
closed in sequence to show the reduction 
in surge voltages caused by multiple cir¬ 
cuits. The arrester analogue was the 
same as used in previous studies"* and 
consisted of a battery and diodes in series. 
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and tynchronograph studlei for two linM cwln^ted^nd to Ind wnih ^ of voltages from the Anacom 

arrester. Transformer is located at OCB-TR. Crest voltages are^given^ **.“‘^'** • 20-lcv light- 

TR. Crest voltages are given. Oscillograms are not to same scale 
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Duplicate circuit conditions were set up 
on the Anacom to obtain comparative 
data. Only two cases of synchronograph 
data are given here, this being sufiadent 
to show the good agreement between the 
results obtained. The cases selected for 
correlation were for a 1.4x13-ms incoming 
surge wave shape with the transformer 
immediately adjacent to the breaker OCB- 
TR. Both cases of with and without a 
lightning arrester at the line entrance 
position were studied. 

Surge voltages obtained from syn¬ 
chronograph tests are compared with 
those from the Anacom study in Tables 
II and III. Figs. 12 and 13 show the 
oscillograms for the case of two con¬ 
nected lines. In comparing the oscillo¬ 
grams, it should be noted that the voltage 
and time scales from the synchronograph 
and Anacom osdllograms are not the 
same. 

Both the tables and the figures show 
that the miniature system used in the 
Anacom gave results that agree dosely 
with the synchronograph fidd tests. It 
is conduded that when the dimensions 
and circuit constants of a station are ac- 
curatdy known, the results obtained from 
miniature system studies can be used with 
confidence in lightning protection prob¬ 
lems. 

The primary use of the S 3 nachronograph 
is to test apparatus and systems under 
fidd conditions. However, it is possible 
through the use of carefully constructed 
circuit elements to set up a miniature 
system on a unity time and impedance 
base and apply the synchronograph surge 
generator to this circuit to obtain surge 
voltage distribution throughout the sys¬ 
tem. After initially comparing the re¬ 
sults on the miniature, unity base system 
with actual S3'iichronograph test made on 
the existing system, the miniature system 
can be changed or expanded to study 
projected stations and the results ob¬ 
tained can be used with assurance in 
lightning-arrester application problems. 
This method of miniature system studies 
by use of the synchronograph has been 
used successfully by the Detroit Edison 
Company. 

Conclusions 

1. Although low-voltage stations are com¬ 
pact and have high values of capacitance to 
ground, the high BIL of modem wood-pole 
lines permits high surge voltages to enter 
the station. 

2. The ratio of the line BIL to the equip¬ 
ment BIL is much higher in low-voltage 
systems than in higher voltage systems. 
Therefore, with no lightning arrester in 
the station, the resultant surge voltages 
in per unit of the equipment BIL at equip¬ 


ment terminals are much higher in low- 
voltage stations. 

3. Connected lines cannot suffidently 
reduce the surge voltages within the station 
so that the station is inherently self- 
protecting without lightning arresters. 
Even with all nine lines connected, for 
the case of stations with shielded lines, the 
surge voltage at the transformer is more 
severe than the insulation strength of the 
150-kv BIL transformer. 

4. For stations with shielded overhead 
lines and with only one 20-kv line-t 3 q)e 
lightning arrester at LA-1, two or more 
connected lines are necessary to afford 
adequate protection to the station equip¬ 
ment. 

5. For stations with unshielded overhead 
lines and with only one 20-kv arrester at 
LA-1, four or more lines are necessary to 
provide protection for the station apparatus. 

6. With two arresters in the station at 
LA-1 and LA-2, the station is adequately 
protected regardless of the number of con¬ 
nected lines. 

7. From this and previous comparisons 
of field and miniature system studies made 
on stations covering a range of voltage 
levels, it is concluded that, when the 
dimensions and circuit constants of the 
station are accurately known, the results 
of miniature system studies of circuit surge 
performance can be used with confidence in 
formulating the required degree of lightning 
protection. 
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Discussion 

W. F. Griffard (Commonwealth Associates, 
Inc., Jackson, Mich.): It is gratifying to 
know that studies are being conducted on 
existing installations to substantiate the 
accuracy and adaptability of synchrono¬ 
graph and Anacom studies. Certainly in¬ 
dustry is in need of a means of readily 
determining the effects of transient over¬ 
voltages on a given installation for the pur¬ 
pose of procuring the most economically 
justifiable protection. 

With this objective in mind, it is reason¬ 
able to assume that information on pro¬ 
tective devices other than lightning ar¬ 
resters might be sought during the course of 
such a study. Specifically, was any data 
obtained on this installation using line ^- 
trance gaps for protection of remote equip¬ 
ment with lightning arresters mounted ad¬ 
jacent to the power transformer? 

We have used a protective combination 
of lightning arresters adjacent to trans¬ 
formers and line entrance gaps on each line 
exit quite successfully for a considerable 
number of years. Our record would indi¬ 
cate that these secondary protective de¬ 
vices have their place in providing backup 
protection for the outlying station eqiup- 
ment and should be given consideration 
when station protection is engineered. 

Conclusion 6 states *‘With two arresters 
in the station at LA-1 and LA-2, the station 
is adequately protected regardless of the 
number of connected lines." For lines 
which are temporarily disconnected by 
means of open switches or breakers, how¬ 
ever, adequate protection may not be af¬ 
forded if those lines are subjected to surges. 
Such operating conditions occur and should 
not be overlooked in applying surge pro¬ 
tection. The use of line entrance gaps on 
each circuit exit will assure a degree of pro¬ 
tection under such conditions. 

H. R. Armstrong, R. W. Ferguson, and A. 
R. Hileman: The authors wish to thank 
Mr. Griffard for his excellent points. Spe¬ 
cifically, no data were obtained usmg line 
entrance gaps and lightning arresters 
mounted adjacent to the power transformer. 
However, the voltage magnitude which 
appears at OCB-1 and OCB-5 can be ob¬ 
tained from Figs. 7 and 8. 

For the case where a line is energized and 
the circuit breaker closed, the location and 
number of arresters within the station 
riiould be based on protection of all station 
equipnient. If the arresters are located so 
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as not to give adequate protection to the 
' circuit breaker, additional arresters 

should be used or the existing arresters re¬ 
located so as to give complete over-all pro- 
tection. The use of gaps in this case can 
cause an outage on the system. 

For the other normal case of de-energized 
line and an open circuit breaker at the sta¬ 
tion, rod gaps are unnecessary on Westing- 
house oil circuit breakers. For a surge 
arriving at the open breaker, the impulse 
strength is co-ordinate so that flashover will 
occur across the breaker bushing before it 
will occur across the open contacts. Be¬ 
cause the line is de-energized, this flashover 


to ground will not result in an outage 
the breaker bushing will not be damaged. 

For some operating conditions the cir¬ 
cuit breaker may be open but the line en¬ 
ergized from the other end. This type of 
condition, although not normal for the 
majority of lines, may be the usual operating 
condition on a specific line. For this case, a 
surge arriving at the open breaker and 
^shing over to ground will constitute a 
fault on the system. The fault current 
across the breaker bushing can damage the 
bushing depending on the time duration and 
nm^itude of the fault current. In de¬ 
ciding what adequate protection should be. 


the probability of this case occurring should 
be investigated. If this is a normal condi¬ 
tion of operation or if this fault on the sys¬ 
tem is highly undesirable, then it is prudent 
to apply Hghtning arresters on the line side 
of the breaker. However, if this condition 
has a low probability of occurrence, many 
complies provide neither rod gaps nor 
lightning arresters on the line side of the 
breaker. An intermediate condition ma y 
^st so that rod gaps on the breaker bush¬ 
ing can be economically justified. The rod 
gaps will allow fault current to flow but 
will provide some protection for the breaker 
bushing. 
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ELECTRIC power s)rstems be- 
^^T^come larger, the problem of obtain¬ 
ing optimum economic operation becomes 
more difficult. One reason is the in¬ 
creased importance of considering trans¬ 
mission losses in the allocation of genera¬ 
tion. Another is because of the inability 
of systems engineers to keep pace with 
changes in the many factors affecting 
operating costs. As a result, a number of 
methods of automatic and semiautomatic 
computing have been tried. In 1949, 
George, Page, and Ward^ suggested the 
use of a network analyzer to obtain sta¬ 
tion-loading schedules. Recently, a re¬ 
finement of this method permitting some 
operational flexibility was described by 
Early, Phillips, and Shreve.* Imbugia, 
Kirchmayer, and StaggS have described 
an incremental slide rule smd a means for 
calci^ting penalty factors based on trans¬ 
mission losses. Harder* hsis suggested a 
computer for solving the co-ordination 
equations. The use of digital computers 
in obtaining loading schedules has been 

Paptt SS-S28, recommended by the AIEE System 
Committee and approved by the 
AiJSJS Committee on Technical Operations for 
presentation at the AIEE Summer General Meet¬ 
ing, Swwpscott, Mass., June 27-July 1 , 1955 . 
Manus^pt submitted February 4 , 1965; made 
for printing May 11 , 1955 . 

C. D. Morrill and J. A Blakb are with the 
Goodyear Aircraft Corporation, Akron, Ohio. 

indebt^ to the many individuals 
^ted in the references for the development of the 
barfc mfoi^tion on economic operation of power 
^tems. They are particularly grateful to R. H. 
Travers and D. P. Shook of the Ohio Edison 
years affo suggested the use 
ot o^ational analogue-computer circuits for the 
solution of power-system economic problems, and 
who have supplied many valuable suggestions 
during the development of the computer. 


described in papers by Travers, Harker, 
Long, and Harder® and by Eirchmayer, 
Habermann, and Thomas.® 

A difficulty with some of these methods 
is the amount of labor and time involved 
in obtmning new solutions when changes 
occur in fuel costs, station incremental 
heat rates, or the transmission system. 
With most of these methods, the solutions 
must be monitored so that, as each of the 
station incrementalcost curvesapproaches 
a break point, the stored data (the slopes 
and intercepts of the curves of the station 
incremental costs) may be changed. 

Mnciples of incremental loading, co¬ 
ordination of incremental losses with in¬ 
cremental production costs, derivation of 
loss equations, and benefits of economic 
scheduling are covered elsewhere.®”^® 
This paper describes an economic dis¬ 
patch computer emplo 3 ring circuits and 
techniques used in electronic differential 
analyzers.ii~i3 The computer seeks to 
overcome the deficiencies of some of the 
current computing methods, to obtain a 
computing accuracy limited only by the 
accuracy of the input data, and to retain 
the maximum freedom, flexibility, and op¬ 
erating ease inherent in analogue com¬ 
puters of the electronic differential-ana¬ 
lyzer type. The paper also describes the 
use of the computer in the automatic con¬ 
trol of a power system, suggests ways of 
using the computer to determine the in¬ 
cremental cost of power delivered to 
neighboring systems, the optimum utili¬ 
zation of hydro power, and other eco- 

nomic-d3mamiGrelationships,anddiscusses 

the principal advantages of the method. 


Application to Scheduling and Control 

It is felt that an understanding of the 
use of the computer in the economic allo¬ 
cation of generation will be obtained 
through a description of the opera tin g 
procedure. An artist’s conception of a 
representative installation for a large 
power system is shown in Fig. 1. Each 
of the station simulators is contained in 
one of the two cabinets. A prototype 
station simulator, which was used in the 
study covered in Appendix III, is shown 
in Fig. 2. To plot a set of dispatch 
curves, the following procedure is used. 

The plug-in boxes containing the loss 
coefficients and the incremental heat- 
rate data for each generating imit are in¬ 
serted into the station simulator. The 
switches on the front of each station simu¬ 
lator are set according to the availability 
or nonavailability of each of the generat¬ 
ing units at that station. Station low- 
limit controls (not shown) are set accord¬ 
ing to the requirements for local area pro¬ 
tection. If required, the station high- 
hmit controls are set. The cost of fuel is 
stored by means of the fuel-cost dial. 

At the console, Fig. 1, the dispatcher 
fixes, with the controls in the two rows 
near the bottom of the control panel, the 
values and directions of tie-line powers to 
be used in the calculations. The varia¬ 
bles to be recorded on the plotter, at the 
left side of the console, and appropriate 
recording scale factors are selected by 
means of the group of four knobs near the 
center of the control panel. The switch 
at the lower right-hand comer of the 
panel is then turned to “Raise” or'Xower” 
and the recorder automatically plots, say, 
station 1 generation as a function of total 
generation. In the same way X the incre¬ 
mental cost of received power, may be 
plotted as a function of total generation. 

It might prove useful to plot station or 
generating umt incremental heat-rate 
curves as a function of generation. Other 
plots displaying useful information in 
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Fig. 1. Artist’s conception of a repre¬ 
sentative economic dispatch computer for 
large power system 


graphical form could, of course, be ob¬ 
tained. 

If the console control is turned from 
“Plot” to "Dispatch,” predicted tie-line 
powers and nonconforming loads may be 
replaced by actual powers and loads. 
The most economic dispatch may be ob¬ 
tained in one of two ways. 

In the first dispatch method, operation 
is completely manual. The metered 
values of tie-line powers are set on the 
console controls. The “Raise-Lower” 
switch is operated until the total com¬ 
puted system generation, as read on one 
of the meters above the plotter, is equal 
to the metered total system generation. 
As its selector switch is rotated, the other 
meter indicates the generation required 
from each station. 

The second dispatch method is com¬ 
pletely automatic but requires that an 
additional slide wire be ganged to the 
total generation, system deviation, and 
tie-line recorders. Circuits in the console 
compute the total required system genera¬ 
tion and automatically increase or de¬ 
crease the total computed value ac¬ 
cordingly; see Fig. 3 and Appendix I. 
As before, the meter indicates X and total 
and individual station generations. 

When the computer is used in the man¬ 
ner described, its outputs, voltages repre¬ 
senting Pi, Pi, etc., may be used to con¬ 
trol station regulating-point setters or 
similar portions of existing load-control 
equipment for automatic and continuous 
system control. The method used to 
compute these outputs is described in 
Appendix I. 

Other Applications 

Travers et al.® have shown how the 
incremental cost or worth of “sale” or 
“purchase” power may be 

( 1 ) 

m 


where 
dCt . 

— =mcremental cost of power at a tie 

point, dollars per megawatt-hour 
($/mwhr) 

X “incremental cost of received power, 
S/mwhr 

transmission loss coefBcient of the 
tie point with respect to the power 
generated at station m, mw~^ 

-Pm “power generated at station m, mw 
Pt= tie-line power, positive for purchased 
power, mw 

Since all the terms on the right-hand side 
of equation 1 are either constants stored 
in the computer or variables generated 
by the computer, the computer readily 
calculates the incremental cost of tie-line 
power. The calculated value is displayed 
on a meter and can be automatically 
plotted as a function of tie-line and tot^ 
system generations 

A use of the computer not fully ex¬ 
plored is the study of the economic opera¬ 
tion of systems with hydroelectric gen¬ 
erating stations. Electronic differential 
analyzers have already demonstrated their 
usefulness in flood-control problems.^* 
It seems probable that at least the short- 
range economic allocation of hydro 
power^®-" may be determined by means 
of the computer. A curve follower of the 
type described by Vance and Haas^® may 
be used to generate an input signal propor¬ 
tional to predicted system load as a func¬ 
tion of time. Each of the hydro stations, 
including the transmission loss of each, 
may be simulated by a unit almost identi¬ 
cal to the steam plate simulators. By 
use of the method of Chandler, Dandeno, 
Glimn, and Kirchmayer,“ the fuel-cost 
dial of each hydro station may be ad¬ 
justed until the daily load requirements, 
as generated by the curve follower, and 
the total daily usage requirements at 
each hydro station have been met. The 



Fig. 2. Prototype station simulator and can 
containing loss coefficients 


water evaluation figures obtained from 
this study may be left on the fuel-cost 
dials and system dispatch curves plotted. 

Other uses of the computer, such as the 
determination of the incremental cost of 
transmitting power through a system, will 
be apparent to those familiar with eco¬ 
nomic scheduling problems. 

Advantages 

The primary advantages of this com¬ 
putational method result from its inherent 
flexibility. The addition of a station to a 
system requires only the addition of a 
single plug-in station simulator to the 
computer and a change of resistances in 
the plug-in cans that store the trans¬ 
mission loss coefficients. An addition of 
or modification to generating units at a 
station is handled in the same way as a 
change in loss coefficients; that is, by 
changing resistors in plug-in cans. 
Changes that may occur more often, a 
change in fuel cost, equipment outages, or 
station high or low limits, are provided 
for by front-panel controls. 

The accuracy of this method substan¬ 
tially exceeds the accuracy of the data. 
The resistors representing the important 
transmission loss coefficients, the poten- 


GENERATOR 

TRANSMISSION INCREMENTAL INCREMENTAL STATION 

LOSS SUMMER COAL COST OF HEAT RATE SUMMER HIGH LOW 
COEFFICIENTS COST RECEIVED CURVES LIMIT LIMIT 

POWER 



Fig. 3. Block diagram showing method of solving co-ordination equations 
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tiometers representing fuel costs and in¬ 
cremental costs of received power, fltifl 
the method of presenting the relationship 
between incremental heat-rate and unit 
generation are accurate to better than 1 
per cent; if the accuracy of the data war¬ 
rants it, component accuracies to 0.1 per 
cent or better may be obtained. Over¬ 
all computing accuracy is virtually in¬ 
dependent of the size of the sys tpm , 
Computing speed greatly exceeds re¬ 
quirements; with a new value of X set 
into the computer, all the individual plant 
generations are computed in less tli an 
0.001 second. In practice, the comput¬ 
ing speed is reduced so that the plotter 
can record solutions accurately. Be¬ 
cause incremental production costs are 
represented throughout their entire range, 
no computer adjustments are required 
during a solution. Complete generation 
schedules can be produced at a rate of 
about two or three stations per minute. 
When the computer is used for automatic 
control, its speed is purposely reduced 
even further 

The circuits used have demonstrated a 
very high degree of reliability over years 
of development, refinement, and field use. 
All the vacuiun-tube computing circuits 
are used with an extremely large per¬ 
centage of negative feedback. Further¬ 
more, a stabilization system, described in 
Appendix II, is used to correct automati¬ 
cally and continuously changes due to the 
normal aging of vacuum tubes and other 
circuit components. 

The computer is quite easy to main¬ 
tain. Suppose, for example, that with 
the outputs of the computer fed to auto¬ 
matic load control or telemetering equip¬ 
ment, a vacuum tube deteriorates to a 
point where it should be replaced. The 
stabilization and alann circuit. Appendix 
2, indicates an alarm, takes the computer 
off control, shows in which cabinet the 
fault h^ occurred, which station simu¬ 
lator within that cabinet is not working 
properly, and, finally, which of the 3- 
tube plug-in units within the station 
simulator is at fault. The plug-in unit 
or all three of its tubes may be .replaced 
immediately and the faulty tub^felimi- 
nated later. 

Routine preventive maintenance is sim¬ 
plified by the ability of the console to plot 
dispatch curves and incremental heat- 
rate curves for each generating unit at 
eadi station; these plots may then be 

compared'with a standard set taken during ■ 

the initi^ checkout of the equipment ' 
to detect incipicint failures. i 

The computing method used is de¬ 
scribed in Appendix L In addition to ' 
analogue computational methods give 


in references already cited, high and low 
I limits and incremental heat-rate data 
) am simulated by biased diode circuits 
similar to those described in a paper by 
Morrill and Baum.*» 

Appendix II provides information on 
the stabilization and alarm system. Ap¬ 
pendix III shows the results of using the 
computer to obtain dispatch curves for a 
three-station system. 

Conclusions 

This paper has described a method of 
computing economic dispatching informa¬ 
tion by combining data on fuel costs, in¬ 
cremental heat rates, incremental trans¬ 
mission losses, and station limits with 
data on system loads and tie-line power 
requirements. Its use should enable those 
responsible for economic operation of 
power systems to take advantage of new 
data more quickly. Brief use of the com- ■ 
puter has shown the importance, in terms 
of annual operating costs, of obtaining 
the best possible station and tie-line in¬ 
cremental cost data. The use of a flexible 
high-speed computer to obtain dispatch 
sheets and to make other economic studies 
should enable many of those engaged in 
the seemingly endless calculations re¬ 
quired to keep up with system changes to 
spend more time in improving the ac¬ 
curacy of the input data, particularly fuel 
costs, incre m e n tal maintenance costs, and 
incremental heat rates. 

The principal advantage of the method 
described is the ease with which changes 
may be made to the computer to corre¬ 
spond to station and system changes. 
Other advantages are accuracy, speed, 
reliability, automatic error detection, and 
ease of maintenance. 

Appendix I. Method 

The method used in the economic dis¬ 
patch computer described in this paper^is 
essratially that of most electronic diEFer- 
ential analyzers, wherein resistors and high- 
gain d-c feedback amplifiers provide precise 
means of summing, scaling, etc. Scale 
factors that must be varied conveniently 
are repr^ented by linear potentiometers. 
Biased diodes, precision resistors, and d-c 
amplifiers provide a convenimt and ac¬ 
curate means of generating arbitrary ' 
functions. i 

The basic equations to be solved are of 
the form ( 

dFga ^ XdPx . ( 

dPn ^ bPn (2) j 


X=incremental cost of received power 
Vmwhr 

bFz . 

^^=mcremental transmission losses at¬ 
tributable to plant n, mw/mw 

Since this equation is both implicit and 
nonhnear and since there will normally be 
a large number of such equations to be 
solved simultaneously, solution by ordinary 
m^ns is extremely difficult. 




dPn. ^dPn 


ir„-fuel cost of station », $/l,000 Btu 
dHn . 

* incremental heat rate, plant n, 
1,000 Btu/mw-hr 

then 

dHn X / V-A \ 

dPn V ) (5) 

m 

Since, for most economical loading of 
individual generating units within a station, 
the incremental heat rates of each generat¬ 
ing unit must be equal to the station 
incremental heat rate 

’^Hni' =Hm ^Hnq^ 

— j^l—(6) 


■incremental cost of generation, plant 
n, $/mwhr 


ffn®'“incremental heat rate, generatbg 
unit g, plant n, 1,000 Btu/mw-hr 

A method of solving this equation for 
Pn is shown in Fig. 4; this block diagram 
represents one of a number of station 
simulators. 

^ It is customary in using electronic 
differential analyzers to assume that the 
answers, in this case. Pi, Pj, ..., P«,' ..., 
are avaffable. From the left side of Fig. 4, 
the term within the brackets on the right- 
hand side of equation 6 is developed from 
a unit 'voltage and voltages r^resenting 
the individual station generations. The 
resultant sum is di'vided by Ki represented 
by a potentiometer, and multiplied by X 
through a potentiometer having a shaft 
common with an identical potentiometer in 
each of the station simulators. The 
voltage resulting from these last two 
operations represents the incremental heat 
rate, Hi, for the station according to 
equa'tion 5; it is applied to a set of electronic 
function generators each relating generating 
umt power to its incremental heat rate. 
Depending on which generators are con¬ 
nected and on 'the functions stored, a voltage 
is produced representing the station power 
for a particular value of X. This voltage 
and the voltages. developed by the other 
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station simulators are connected to the 
input terminals (left side of Fig. 4). 

The control of the computer is accom¬ 
plished in a manner indicated by the block 
diagram, Fig. 3; with this circuit, X auto¬ 
matically increases or decreases until the 
total computed generation is equal to the 
total required generation. 

Appendix II. Stabilization 
and Alarm 

Before the error correction and alarm 
circuit, one of which is installed in each 
cabinet, is discussed, it might be desirable 
to review a basic operation in electronic 
differential analyzers. Fig. 6 shows a 
circuit using three resistors and a d-c 
amplifier to sum two voltages. The three 
most important requirements of an amplifier 
used in this way are as follows: 


"l "o 


1. The gain of the amplifier is so great 
that no appreciable error is introduced by 
assuming that it is infinite; normal gains 
of such amplifiers are 100,000 to 200,000 
compared with net gains, with feedback, 
of about 0.1 to 10. 

2. Current into the amplifier (input- 
tube grid current) is so small that no 
appreciable error is introduced by asstiming 
that it is zero; normal input currents are 
about 6X10~“ amperes compared with 
normal signal currents of about 10 
amperes. 

3. The voltage at the input to the 
amplifier required to reduce the output 
voltage to zero (sometimes called zero 
drift) is so small tW no appreciable error 
is introduced by assuming that it is zero; 
normal zero drift with stabilization is about 
200 microvolts compared with nominal 
signal voltages of about 50 volts. 

Other characteristics of the auiplifier 
are that its output must be capable of 
going both positive and negative if problem 
variables may be of either sign; and that 
the incremental gain of the amplifier must 


be negative so that a resistor connected 
between output and input provides negative 
feedback. With these characteristics, for 
all finite output voltages, the voltage at 
the summing point is zero, 1 and 3; and 
aU the ciurent that fiows through input 
resistors flows through the feedback re¬ 
sistor, 2. The current that flows through 
Ri due to Cl is ei/Ri; the current through 
Ri is Bi/Ri. The current flowing through 
Ro is the sum of these two so that the 
voltage across Ro is proportional to the 
sum of the input voltages. But, since the 
end of Ro that is connected to the input 
terminal of the amplifier (summing point) 
is at zero voltage (ground), the voltage 
measured between the amplifier output 
terminal and ground is also proportional 
to the sum of the two input voltages. 

There is no difficulty in maintaining 
large amplifier gain, item 1, and low input 
current, item 2; however, because of the 
aging of vacuum tubes and other circuit 
components, there may be some amplifier 
drift, item 3. 

Fig. 6 shows a simplified schematic dia¬ 
gram of a circuit that will maintain the 
amplifier input terminal very nearly zero 
for all normal variations in component 
characteristics; furthermore, if the circuit 
is unable to maintain the required condi¬ 
tion, it flashes an alarm. 

The average value of the error at the 
summing point is sampled by a commutator 
approximately three times per second. 
The sampled value, which might be, say, 
100 microvolts, is amplified by about 
60,000. The amplified signal is applied to 
a second section of the commutator for 
detection and, after filtering, is used to 
change the amplifier bias to bring the 
summing-point voltage to zero. If, for 
any reason, tlie voltage at the summing 
point is large enough, perhaps one or two 
millivolts, the amplified error will be large 



Fig. 5. Computer method of summing two voltages 


Ro 




STATION NO.I OUTPUT (MW) 


Fig. 6. Simplified schematic of error correction and alarm circuit Fig. 7. Incremental heat rate, plant 1 
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STATION NO.2 OUTPUT (MW) 
Fig. 8. Incremental heat rate^ plant 2 



Fig. 9. Incremental heat rate, plant 3 


Table I. Transmission Loss Coefficients 



1 . 0.000589 

2 . 0.000104.0.000460 * 

^.—0.000108.0.000241.... .0.000246 


1. Units are, iiiw“i. 

2. The matrix is symmetrical, i.e., 


enough to light a neon bulb identified with 
that particular channel and, thus, with a 
particular computing amplifier. The pulse 
produced at the output of the neon bulb is 
used to initiate a master alarm circuit. 

C^e chaimel of the stabilizing system is 
used to check continuously and auto¬ 
matically the operation of the commutator 
and stabiHzing amplifier. A small test 
signal of about three millivolts is applied 


to a spare channel and, if the ampli fie d 
output fails to flash a separate neon bulb, 
trouble in the stabilizing system is indicated. 
Loss of pulses in this channel may be used 
to operate the alarm system. In this sense, 
the computing system is fail-safe. 

Appendix III. Application of 
Computer to 3-Station System 

A protot 3 T)e of the computer described 
in this paper was used to obtain economic 
dispatch curves for a 3-station system. 
Figs. 7, 8, and 9 show the incremental heat 
rates for stations 1, 2, and 3; in the proto¬ 
type computer, the simulator for station 2 
was the only one provided with switches 
for switching generating units in and out. 
Table I lists the values of the transmission 
loss coefficients used in this study. 


Fig. 10 shows the two different dispatches 
obtained when considering and neglecting 
transmission losses. Fig. 11 shows the 
change in dispatch due to a 6-per-cent 
change in fuel cost at station 2. Fig. 12 
shows the change in dispatch by considering 
the nonavailability of a generating unit at 
station 2. 
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Discussion 

H. Travers (Ohio Edison Company, 
Akxon, Ohio): The paper is particularly 
interesting in describing many standard 
components and computing circuits pre¬ 
viously developed and proved for applica¬ 
tions in other fields of industry and re¬ 
assembled and applied to this special prob¬ 
lem confronting tie power industry. 

The mathematics involved in this power- 
dispatching problem is familiar to com¬ 
puter people from other applications and 
the scope of the power system tends to 
introduce many variable parameters which 
makes automatic computer solutions of the 
resultant equations very desirable. 

In this application the problem of 
handling generating station incremental 
cost data has been solved in a direct manner. 
Provision is made for representing each 
individual generating unit’s incremental 
heat rate function independently. They by 
use of “off-on” switches the incremental 
heat rate cards corresponding to the units 
actually in operation at any one time are 
turned "on” and the computer automati¬ 
cally determines the correct cost-megawatt 
relationship needed for solving the co¬ 
ordination equations for economic dispatch. 
The indicating lights.associated with these 
cards make a convenient annunciator panel 
for quickly determining which generators 
are being included in the solution. 

The fuel cost multiplier dial for ea ch 
generating station can also be used for 
representing limitations due to high cooling 


water temperature and deterioration in 
boiler or turbine efficiencies. 

From discussions with the authors since 
the paper was written it is understood that 
each individual generating unit incremental 
heat rate card can be equipped with “high-” 
and “low-” megawatt limit setters. This 
provides means for determining more ac¬ 
curately correct dispatdies with equipment 
liimitations such as mill outages, etc. 

Tlie equipment as described in the paper 
is complete and self-contained for those who 
merely wish to plot out a set of dispatch 
curves for particular generating conditions 
and then hand these curves to their dis¬ 
patchers and let them operate accordingly. 

For those who wish to feed in tie-line 
powers automatically from slide wires and 
keep up to date on dispatch at all times by 
recognizing all of the variable parameters, 
it is necessary to provide a group of meters 
to read simultaneously all of the voltages 
representing generating station outputs. 

In the ultimate application where the 
computer actually assumes control and 
automatically sets the regulating points for 
each station in the user’s load control equip¬ 
ment, careful study must be given to the 
over-all system so as to provide: 1. ade¬ 
quate protection against excessive rate of 
response of generations, 2. adequate protec¬ 
tion against tube failures, 3. metering for 
monitoring the equipment to be certain of 
correct operation, and 4. provisions for 
keeping the power system control in opera¬ 
tion at times when the computer is out of 
service for maintenance, or for solving cost 


of power at tie-line points for economy inter¬ 
change transactions, etc. In many load 
control systems in use today these features 
can easily be incorporated with tlie ad¬ 
dition of relatively few standard devices 
which are readily available from the manu- 
factiurers of load control equipment. The au¬ 
thors are to be commended for familiarizing 
themselves with this power system problem. 


L. M. Haupt, Jr. (Agricultural and Mechani¬ 
cal College of Texas, College Station, Tex.); 
The need for a computer in the load dis¬ 
patcher’s office to solve the “loss equations” 
for economic dispatch is ably summarized. 
The loss equations at present in use are of 
similar form, although the coefficients may 
be different depending upon the approxima¬ 
tions and assumptions made. The solution 
for any given set of equations is the same 
regardless of how they are solved or the 
type of computer used. In other words, 
each set of equations has a unique solution. 

Any computer used should give a solution 
with an accuracy in line with the accuracy 
of the data from which the loss equations 
were obtained after the possible errors due 
to approximations and assumptions have 
been taken into account. Although de¬ 
sirable, there is actually no need for greater 
accuracy. 

Analogue computers, whether electronic 
or not, are adaptable to the solution of these 
loss equations. They may be designed with 
the required accuracy.- The solutions are 
easy to interpret. The computations are 
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fast and reliable. It should be possible to 
design such a computer, especially one of the 
electronic difiEerential-analyser type, that 
will take care of nonlinear characteristics or 
parameters, etc., and to design one that 
will give automatic dispatch. Apparently 
the one described is such a computer. The 
added feature of plotting various character¬ 
istics should be valuable. With the de¬ 
velopment of computers that satisfactorily 
solve dispatch equations, more study can be 
given to developing equations that do not 
include as many approximations and as¬ 
sumptions. 


C. D. Morrill and J. A. Blake: The dis¬ 
cussions are gratefully acknowledged. As 
Mr. Travers pointed out, each station sim¬ 
ulator can be equipped with high-and low- 
megawatt-limit setters for each of the cards 
representing incremental heat rates for 
individual generating units within a station. 


Later discussions with Mr. Travers have 
shown that, although this feature eliminates 
the requirement for separate high- and low- 
limit setters for the station simulators, it 
does not eliminate the desirability of such 
controls. It is desirable to have a station 
low-limit setter for area protection that 
operates independently of the particular 
generating units avmlable within a station. 
Thus, when a generating unit is taken out 
of service, and the corresponding push¬ 
button switch on the station simulator 
is opened, it is not necessary for the dis- 
pat^er to readjust the controls represent¬ 
ing the lower lii^ts of individual generators. 
The same argument applies to the need 
for separate station high-limit controls 
If, because of a transformer outege, the 
station high limit is less than the sum of the 
individual generator high limits, the com¬ 
puter must recognize this condition in¬ 
dependently of the generating units in 
service. 


Travers, in his discussion, also cited a 
need to consider the rate of response limita¬ 
tions before a dispatch computer is placed 
in the load-control loop. The equations 
the computer solves are steady-state eco¬ 
nomic equations. Thus, the transducers 
between the computer and the channpl s of 
the load-control equipment should provide 
smoothing or rate limiting or both. The 
problem should not be serious; failure to 
provide any smoothing would be somewhat 
equivalent to an overzealous dispatcher’s 
assistant who kept changing base or regula¬ 
tion point settings every few seconds. It 
has occurred to the authors that participa¬ 
tion or ratio controls provided with some 
load-control equipment could be used for a 
different purpose; they could be set in ac¬ 
cordance with each station’s economic 
ability to follow short-term load changes. 

Travers also mentions the need for pro¬ 
tection against tube failures. The prob¬ 
lem has two parts: detection and discon¬ 
nection. The method used to handle the 
first phase of this problem is described in 
Appendix II of the paper. The second 
phase can be provided in several ways, de¬ 
pending on the kind of load-control equip¬ 
ment used. One way is to open up the 
channel of raise-lower impulses in common 
with a contact on each of the other alarm 
circuits. If servos are used to connect the 
computer to load-control equipment, the 
power can be removed from the servo motors 
“freezing” the regulating points at their last 
values. Electronic versions of this “freez¬ 
ing” operation are also possible. These 
last methods also permit taking the com¬ 
puter out of the control loop for service or 
routine preventive maintenance, or for use 
by the engineers in certain system economic 
studies. 

The authors have discussed the utility of 
this computer with engineers in a number of 
power companies throughout the country. 
As a result, several changes have been made 
and optional alternatives provided. A 
digital voltmeter has been substituted for 
the meters to decrease the probability of 
reading errors. 

Variable resistors may be substituted for 
fixed resistors so that B constant may be 
changed on fairly short notice. Switching 
between two or more sets of B constants for 
on-peak or off-peak operation can also be 
provided. 

In the last paragraph of Professor Haupt’s 
discussion is a statement of what, to the 
authors, is one of the most important con¬ 
tributions made by computers. It seems 
likely that, if engineers and operating per- 
sormel can be relieved of some of the routine 
but necessary requirements of their jobs, 
long-range benefits through better planning 
and the development of improved ^ta and 
methods should greatly exceed those of the 
more obvious direct savings. 
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Automatic Load Shedding 

AIEE COMMITTEE REPORT 


I N RECENT years, there have been 
numerous system disturbances result¬ 
ing in serious load interruptions. Al¬ 
though there were several causes, the re¬ 
sult was the loss of generating capacity 
to the system or to a portion thereof. 
The excess of system load relative to the 
remaining system generation caused a 
drop in frequency and voltage, in turn 
resulting in loss of station auxiliaries.^ 
This led to a further loss of generating 
capacity, and ultimately to a major sys¬ 
tem shutdown. 

Some of the interruptions were caused 
by slow removal of system faults, causing 
system instability. Such trouble could 
have been avoided by the use of adequate 
protective equipment, including fast pri¬ 
mary relaying, backup protection, ade¬ 
quate circuit breakers properly main¬ 
tained, and in some cases high-speed re¬ 
closing. 

Some other major load interruptions 
occurred in spite of high-speed fault clear¬ 
ing. When a particular system, or a 
component part thereof, does not have 
sufficient reserve generation (either gen¬ 
erating units or transmission connec¬ 
tions), separation may cause distress re¬ 
gardless of the speed of fault clearing.* 
Load shedding may then be mandatory. 
It is likely that such situations will be¬ 
come more serious with the increase in 
size of generating units and with a tend¬ 
ency to give preferential consideration in 
the scheduling of load to the newer and 
larger units. 

Some interruptions may not have in¬ 
volved system faults at all, but in any CEise, 
if the excess load had been promptly re¬ 
moved, the system would have carried the 
remaining load, permitting more prompt 
restoration of service to the entire load. 

Although some of the following discus¬ 
sion undoubtedly encroaches on the terri¬ 
tory of the System Operations Subcom¬ 
mittee of the AIEE Committee on System 
Engineering, such discussion is believed to 
be essential to consideration of the de¬ 
vices used for load shedding. 

Need for Automatic Load Shedding 

The need for automatic load shedding 
depends on whether or not dispatchers 
and operators can act fsist enough in an 
emergency. The required speed of re¬ 
sponse of the operator is largely a function 


of the amount of excess load relative to 
generation or, more accurately, the result¬ 
ing rate of decay of frequency. 

The greatest rate of change of frequency 
would be expected when a small system 
with more load than generation loses its 
tie to a larger system. A typical example 
is an industrial plant with generation 
equal to only one-half of its total load, 
operating in parallel with a utility. Loss 
of the tie would result in 100 per cent (%) 
overload on the industrial plant’s genera¬ 
tors. Fig. 1 (extracted from reference 3) 
indicates that regardless of the type of 
machine or of the assumptions made in 
calculating the curves, a dangerously low 
frequency is reached mudi sooner than an 
operator could react. There is no ques¬ 
tion that automatic load shedding is re¬ 
quired for such a case, and that a fast- 
operating device is required, at least for 
the higher rates of change of frequency. 

With a large utility system, it is im¬ 
probable that the excess of load over 
generation, due to tie-line opening, would 
ever be greater than perhaps 33%, in 
which case it might be argued that there 
would be time enough for manual load 
shedding. However, for a severe overload, 
it is doubtful that manual load shedding 
would be fast enough to save the system. 
Fig. 2 is an example of frequency and volt¬ 
age conditions during an actual disturb¬ 
ance. About half of the system was shut 
down, and the entire systemmight easily 
have been lost. Had adequate measures 
been taken after a few seconds, there 
would have been no loss of generation or 
load. However, the first effective manual 
measures occurred 140 seconds after the 
start of the disturbance. 

To Split or Not to Split 

System splitting may in some cases be 
as necessary as load shedding and, in cer¬ 
tain special cases, may actually replace 
load shedding. 

System splitting is obviously necessary 
in the case of the small industrial operat¬ 
ing in parallel with the utility. Regard¬ 
less of the industrial load rektive to the 
industrial generation, the latter can easily 
be overloaded if a disturbance on the 
utility system leaves some utility load 
tied to the industrial system. Hence, it is 
essential to split the industrial system 
from the utility. 


System splitting can substantially re¬ 
place load shedding in certain special cir¬ 
cumstances. For example, one large 
utility has a remote hydrogenerating sta¬ 
tion which supplies tiie system through 
two long transmission lines, both of which 
are required to carry the load, and main¬ 
tain stability. Instability resulting from 
a tripout of one line is detected at the re¬ 
ceiving end, and the system is split (via 
carrier-current control) at several other 
locations so that the load left on the main 
system substantially matches the genera¬ 
tion of the mEiin system. Similarly, the 
load remaining on the separated hydro 
station matches its generation. If both 
lines are lost, then load shedding would 
be required; but this condition would not 
be detected by the out-of-step tripping 
relay in the lines. Therefore, some other 
detecting means would be required to 
achieve the same system separation. Fol¬ 
lowing the disturbance, the load that was 
shed could then be picked up from the 
remote generating station, and finally the 
two portions of the system res 3 mchro- 
nized. 

Although in the example of the miall 
industrial, system splitting was essential, 
and in the example of the large utility it 
was advantageous, system splitting will 
be disadvantageous in many cases for the 
following reasons: 

1. There may be no proper location for a 
split. Load shedding must then be used to 
maintain the system intact. 

2. It may be difficult to determine the 
proper location to split, either in the 
planning stage, or by automatic devices in 
actual operation. 

3. An incorrect split may accentuate the 
disturbance rather than relieve it. 

Reasons 2 and 3 may make automatic 
splitting imprsictical on large intercon¬ 
nections where automatic dispatching 
leaves different areas short of local gen¬ 
eration at different hours. 

Need for a Questionnaire 

Since there is little published informa¬ 
tion on load shedding,*'* the Committee 
decided upon a questionnaire tp determine 
such unknowns as the following: 
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1. Is there a predominant philosophy with 
respect to load shedding? 

2. Is load shedding generally necessary? 
Is its use increasing? Is its use decreasing? 
Why is it not used? 

3. What are the devices or combinations 
of devices that are used for load shedding? 

4. If underfrequency relays are used, how 
are they used? 

6. Is system splitting commonly used? 
What devices are used? 

6. Are available devices satisfactory? If 
not, why not? 

Seventy-nine questionnaires were dis¬ 
tributed, of which 52 (66%) were re¬ 
turned answered. 

Stumnaiy of Questionnaire 

I. Do you use any automatic load¬ 
shedding means on your system?, 
20 yes; 32 no 


A. Frequency relays, 16 

B. Rate-of-change-of-frequency ("in¬ 
ertia”)* relays, 1 

C. Power relays, 6 

D. Area load totalizer, 1 

E. Combinations of primary devices, 
3 (A and C); 1 (B and C); 1 (A and 
D) 

F. Other? Others included an under¬ 
voltage-underfrequency combination, 
directional overcurrent, under¬ 
voltage, induction-disc frequency re¬ 
lays modified to close on under- 
voltage, and thermal relays, 4 
answers 

III. If frequency relays are used for load 
shedding, are they used; 

A. To remove a single block of load at a 
certain frequency, with no inten¬ 
tional time delay?, 5 yes 

B. Same as A but with time delay?, 
7 yes 

C. To shed smaller blocks of load suc¬ 
cessively at different frequencies?, 
6 yes 


D. To shed smaller blocks of load at the 
same frequency but at successively 
longer times?, 3 yes 

E. Combinations of C and D?, 2 yes 

F. Other? "Underfrequency time-de¬ 
lay tripping is blocked by voltage 
relay.” Other comments involved 
manual load shedding, 5 answers 

IV. If you use system-separating means, 
what primary detecting devices are 
used? In this question, system sepa¬ 
ration should be primarily for load 
shedding, or for attempting to match 
load with generation. 

A. Overpower?, 1 yes 

B. Underfrequency?, 6 yes 

C. Power directional in combination, 
with underfrequency?, 4 yes 

D. Out-of-step-tripping relay?, 3 yes 

E. Other? Others included line pro¬ 
tective relays, undervoltage-under¬ 
frequency combination and voltage- 
controlled overcurrent relay with 
long time delay, 4 answers 

V. Do the devices of IV: 

A. Separate at the location of the 
detecting device?, 13 yes 

B. Separate at a distance by remote 
control?, 1 yes 

VI. If you have used load shedding in the 
past, and have abandoned it, please 
state why?, 9 answers 

"No longer needed” (various reasons), 6 
"Load dropping at unattended station 
caused longer outage than necessary,” 1 
"Unreliable relay operation,” 1 
"Other members of interconnection do 
not perform load shedding,” 1 

VIL If you now use load shedding, do you 
plan to: 

A. Extend its use?, 7 yes; 6 no 

B. Abandon it?, 2 yes; 6 no 

"Due to system growth, and obso¬ 
lescence of small power plants. ’ ’ * ‘Pres¬ 
ent trend toward unattended stations 
is making present method inadequate." 

VIII. If you do not now use load-shedding 
.devices: 

A. Do you plan to install them in the 
future?, 5 yes; 20 no 


A. To relieve system-wide overload?, 
8 yes 

B. To drop load on an overloaded 
portion of the system after an in¬ 
advertent separation?, 12 yes 

C. To cause a separation: 

1. Within your system, between pre¬ 
determined load areas, when one 
area becomes overloaded and net 
power is flowing out of it?, 2 yes 

2. At interconnections with other sys¬ 
tems, if your system is overloaded 
and furnishing power to the inter¬ 
connected system?, 6 yes 

D. Other (please explain), 4 answers 
Typical answers: "Drop one of the 
customer’s ftunaces if he thermally 
overloads ties.” "Drop load to keep 
transmission network intact.” 

II. What primary detecting devices do 
you use for load shedding? 



Fig. 2. Voltage and frequency versus time during an actual major system disturbance 
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1. If yes, for what purposes? 

"To relieve system-wide overload,” 
"To drop load on an overloaded 
portion of the system after an 
inadvertent separation,” "Main¬ 
tenance of system voltage,” "To 
meet N.W. Power Pool arrange¬ 
ments and prevent system break¬ 
up.” 

2. With what devices? 

6 answered frequency relays; 1, 
inertia relay; 1, undervoltage and 
1, out-of-step tripping. 

B. If you have considered automatic 
load shedding and have concluded 
not to use it, please give reasons, 
13 answers 

Typical answers: "Manual load shed- 
d^g considered adequate.” "Other 
members of interconnection do not use 
it." "Unnecessary load shedding de¬ 
trimental to service." "Not required.” 
"Too hot to handle policy-wise.” 
"We are still living right and carrying 
a large rabbit’s foot.” 

IX. If you use any load-shedding or 
system-separating means which you 
believe to be unique, please describe 
briefly, 2 answers 

"A power relay contact in series with a 
low-frequency contact on a frequency 
recorder (never did work—^probably too 
slow).” "When small industrial genera¬ 
tion is required to separate from the 
utility with which it normally is 
paralleled, we use a scheme which is 
superior to the frequency relay in my 
opinion. This scheme consists of an 
induction-type voltage relay connected 
in a nul voltage circuit which is a balance 
between the customer’s bus voltage and 
an independent source from the utility. 
The independent utility source may not 
always be available, but where the 
scheme can be used, it has many ad¬ 
vantages: 

1. The scheme is fast as it operates 
on the first swing. 

2. Setting is simple (relay can be set 
to operate for loss of either source 
or only for out-of-step voltage). 

3. Scheme is reliable as it only has to 
differentiate between zero voltage 
and a voltage (depending on the 
setting) which is normally just 
above the voltage due to loss of 
one source.” 

X. In your opinion, are available devices 
sufficient for your needs with respect 
to load shedding, system splitting, and 
combinations of the two?, 26 yes; 
7 no 

"Devices are available, but too ex¬ 
pensive.” 

XI. If yotir answer to Question X was 
"No,” please state wherein you 
believe available devices are in¬ 
sufficient for your needs, 10 comments 

"Not sufficiently accurate,” 2 
"Too difficult to calibrate,” 1 
"Too slow in operation,” 1 
"A field for a dependable device which 
will promptly recognize trouble and 
initia,te action without waiting for sub¬ 
stantial frequency drops,” 6 
"Not sufficiently dependable,” 1 
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Committee Notes on Questionnaire 

Because of the wide variety of answers 
received, it is difficult to establish general 
patterns. However, the results appear 
to indicate that closely knit utilities, 
which operate principally in the larger 
metropolitan areas, have developed little 
need for load shedding as yet. Most of 
the need has occurred where the trans¬ 
mission networks are extensive, especially 
when there is the danger of losing a siza¬ 
ble remote generating source. 

Apparently, there will be a modest in¬ 
crease in the use of load shedding, since 
those planning its initial use (five) out¬ 
number those planning to abandon it 
(one). 

Underfrequency relays, used alone, out¬ 
numbered aU other devices, 16 out of 20 so 
reporting. Also, when used in combina¬ 
tion with another device, underfrequency 
relays are the most common. However, 
there appears to be a need for a fast, de¬ 
pendable rate-of-change-of-frequency re¬ 
lay, 5 so reporting. 

One deterring factor in the use of auto¬ 
matic load shedding is the unattended 
station, because of the delay in re-estab¬ 
lishing customer service. However, one 
utility has reported the use of a frequency 
relay to reconnect the load when the fre¬ 
quency has returned substantially to nor¬ 
mal. Load should be restored in this 
manner on a staggered basis to avoid 
pumping. 

Another deterring factor is that all 
members of an interconnected system 
must use load shedding if the purpose is 
to keep the entire interconnected system 
intact. Load shedding on a small system 
is of no use if that system can be sub¬ 
jected to a portion of the load of a giant 
neighbor. In fact, one small utility 
abandoned load shedding for this reason. 
Apparently, the small utility had an 
agreement with its larger neighbor that 
the former would not open the intercon¬ 
nection during low-frequency and power- 
out conditions. 

Conclusions 

Most syrstems have not yet needed auto¬ 
matic load shedding. However, its use is 
gradually increasing and is usually insti¬ 
tuted after the first serious disturbance 
resulting in excess load compared to 
generation. 

A serious disturbance is likely to result 
in a rate of decay of frequency too rapid 
for flianual corrective measures to be suc¬ 
cessful. This is especially true when a 
small system with more load than genera¬ 
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tion loses its tie to a larger system. The 
rate of frequency decay may also be too 
fast for induction-disk frequency relays. 

System splitting, in conjunction with 
load shedding, may be essential, desirable 
or disadvantageous, depending upon the 
type of system involved and upon the 
specific reasons for the system trouble. 

The frequency relay is the most widely 
used device for load shedding, although a 
fast, dependable rate-of-diange-of-fre- 
quency relay would at least partially re¬ 
place the underfrequency relay. 

References 

1. Thb Effect of Frequency Reduction on 
Plant CAPAcrry and on Systbk Operation, 
H. A. Bauman, G. R. Hahn, C. N. Metcalf. AIEE 
Transactiotis, vol. 73-B, Feb. 1965, pp. 1032-37. 

2. The Effect of Frequency and Voltage, 
Richard Holgate. Ibid., pp. 1637-46. 

3. Application and Test of Frequency Relays 
FOR Load Sheddino, L. L. Fountain, J. L. Black- 
bum. Ibid., pp. 1660-04. 

4. Load Shedding by Unobrfrbqubncy Relays, 
J. S. Braddock. Electric Light and Power, Chicago, 
Ill., Oct. 1953, pp. 117-18. 

6. Inertia Relay "Anticipates" to Facilitate 
Reclosurb, j. T. Logan, J. H. Miles. Electrical 
World, New York, N. Y., Apr. 6, 1940, pp. 69-72. 




Discussion 

James T. Logan (Engineering Specialist, 
St, Petersburg, Fla.): To one who has been 
closely associated with problems involving 
high-speed switching for the past two 
decades, the need for reliable frequency- 
responsive control devices is genuinely 
appreciated. While pioneering tlie practice 
of high-speed circuit reclosure in the early 
1930’s, load shedding presented a major 
problem in connection with co-ordinating 
the operations of industrial plant by-product 
generating facilities with the utilities’ 
supplemental power sources. In such 
operations it is necessary, upon failtue of the 
utilities’ power source, to drop sufficient 
load in the plant to prevent "swamping” the 
local generating equipment. This requires 
high-speed switcliing; otherwise the local 
generators will be shut down, interrupting 
the entire plant operation. Similar prob¬ 
lems on utilities’ systems were encountered 
where the loss of a major interconnection 
or power source to fringe load areas left local 
generating units badly overloaded. 

To meet these emergencies, it was neces¬ 
sary to develop a rate-of-frequency change- 
responsive device known as an "inertia” re¬ 
lay. The response of this relay proved to be 
fast enough to avoid shutting down local 
generating equipment, by tripping a tie 
breaker between an essential bus to which 
the generators and essential feeders are 
connected and a nonessential bus with lesser 
important loads left connected to the sup¬ 
plemental power source. This high-speed 
tripping of the bus tie breaker not only left 
loads within capacity connected to the gen¬ 
erating units, but also permitted application 
of high-speed reclosure to the supplemental 
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A Frequency-time curve for load area where automatic load shedding was successfully applied 
B— ^Typical response curves of inertia relay 

• C—Calculated time-frequency characteristic envelope of 1,800-rpm condensing turbine gen¬ 
erator: H «=• 10, 33Vs% overload 

D—Calculated time-frequency characteristic envelope of 1,800-rpm condensing turbine gener¬ 
ator; H »! 10,100% overload 

E—Calculated time-frequency characteristic envelope of 3,600.rpm condensing turbine gener¬ 
ator: H 4.3,100% overload 


power Murce breaker (breaker reclosure 
without intentional delay), thereby prevent¬ 
ing an interruption to the feeders connected 
to the nonessential bus. Thus, the inertia 
relay, because of its reliable high-speed re¬ 
sponse, permitted loss of the supplemental 
power source from transient causes without 
interrupting service supplied from either the 
essential or nonessential busses. 

Included in Fig. 3 are a few of the char¬ 
acteristic response curves of the inertia re¬ 
lay. Superimposed on these curves are the 
envelopes of the time-frequency character¬ 
istics of turbine generators resulting from 
overloads. These envelopes are reproduc¬ 
tions of Fig, 1 in the paper. Judging from 
the replies to the questionnaire sent out by 
the committee, inertia relay is relatively 
unknown, even though there are many such 
relays performing well in service. 

In regard to the paper, it appears that a 
major reason for the future application of 
automatic load shedding and /or system 
splitting is ovo-looked; the dedining ratio 
between system or area loads and the size of 
generating units being installed today. It is 
not infrequent for some utilities to install 
generators with a capacity of from 26 to 
40% of the system or area demand. In 
such instances, it is uneconomical to operate 
suflScient spinning reserve, even if available, 
to protect against the loss of such ixnits. The 
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net result is that loss of so large a unit over¬ 
loads interconnections or other supplemental 
power sources to the extent that they are 
tripped out, leaving the area or system 
defident in generating capacity. In such 
emerg^des it may be necessary to curtail 
load in a matter of cydes, rather than 
seconds, to prevent widespread and pro¬ 
longed service failiues to the entire area. 

Where large interconnected systems are 
involved, the loss of gend-atiOn will not re¬ 
sult in an appredable change in frequency 
unless the load area involved becomes iso¬ 
lated due to loss of overloaded tie lines. 
Even in such cases, load shedding is essen¬ 
tial only if the rate-of-frequency decay is 
such as to indicate that the frequency will 
not become stable at some subnormal level, 
say 68 or 59 cydes. A case of trouble of this 
t 3 rpe has been described.* For troubles of 
this nature, flat-frequency rdays would be 
at a distinct disadvantage since, in the o ay 
referred to, it required 18 minutes to restore 
normal frequency—but without interrup¬ 
tion. Of the 16 inertia relays subjected to 
this disturbance, only one operated and that 
correctly, due to an out-of-step condition. 

The inertia rday is an antidpatory device 
since it re^onds to the ■ rate-of-frequency 
change only. If the rate-of-frequency de¬ 
cay is suffident to indicate loss of a power 
plant within a few seconds, unless rdieved 
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of overload, the relay can be set to respond 
to this impending shutdown within 1/4 to 1 
second. On the other hand, if the rate-of- 
frequency decay is slow enough to indicate 
that automatic switching is unnecessary, the 
relay will not respond. 

In reference to Fig. 3, if a system or load 
area should become defident in generating 
capadty to the extent that the rate-of-fre¬ 
quency decay is along the heavy line marked 
A, the inertia rday would close contact in 
0.46 second if set on the 30-degree tap. For 
a 90-degree setting, the relay would respond 
in 0.90 second. If, however, the rate-of- 
frequency is more gradual, indicating that 
self-recovery is possible, the relay would not 
respond. Also, for this particular decay, 
the relay would not respond for the 120-de¬ 
gree or any higher setting. 

It should be noted that the rday charac¬ 
teristics are wdl suited for two of the three 
rates of frequency decay shown by the 
turbine generator curves in Fig. 1. By 
changing the inertia element dampening, 
the rday could be made to respond to the 
1,800-rpm H-10 33V8% overload curve; 
however, I predict there will be much contro¬ 
versy over automatic load shedding for this 
rdativdy slow rate-of-frequency decay. 

The foregoing discussion is not intended 
as a promotional "plug” for the inertia re- 
lay, but merdy to point out that there is now 
available a device with characteristics al¬ 
most ideally suited for load-shedding pur¬ 
poses, but one which is rdativdy unknown. 

Fbfbrbncb 

1. Discussion by J. T. Logan of “A Nbw Frb- 
QUBNCY R.BLAY FOR POWBR-SySTBM ApFUCATIONS, 
H. J. Carlin, J. L .Blackburn. AIBB Transactions, 
vol. 68, 1044, p. 1421. 

A. J. McConnell (Project Committee Chair¬ 
man): Mr. Logan points out that the com¬ 
mittee report did not stress the importance 
of the increasing use of generating units 
which are large with respect to the total 
system generation. This is certainly an 
important factor, since the loss of such a unit 
would result in a greater rate of decay of 
frequency than would the loss of a smaller 
unit. 

In addition to its obvious advantage dur¬ 
ing a rapid rate of change of frequdicy, the 
inertia relay would appear to be advanta¬ 
geous whenever a slow frequency decay results 
in a minimum frequency from whidi the 
system can recover. The inertia relay would 
avoid uimecessary load shedding, whereas 
the underfrequency relay might shed load 
whra not necessary. On the other hand, 
the inertia rday might permit a slow reduc¬ 
tion of frequency to a dangerous level. 
Perhaps a combination of two rdays, one 
operating on rate of change of frequency and 
one operating at a low frequency, such as 66 
cydes per second, might provide the ideal 
combination. Of course, a single relay, 
combining those features, would be even 
more acceptable. 


Dbcbmbbr 1955 
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S]mopsis: A double-circuit 230-kv trans¬ 
mission line from the Garrison Dam power 
plant to Bismarck, N. Dak., and a single¬ 
circuit 230-kv transmission line from 
Bismarck to Jamestown, N. Dak., were 
recently constructed by the Bureau of 
Reclamation as a part of the proposed 
ultimate system to transmit power from 
the Federal power plants on the Missouri 
River to wholesale customers in the Missouri 
River Basin. The lines are designed for 
National Electrical Safety Code heavy¬ 
loading conditions with additional vertical 
strength in the crossarms to support the 
conductors with IVi-mch radial thickness 
of ice. The conductors used on both cir¬ 
cuits of the Garrison-Bismarck line are 
795,000-circular-mil (CM) steel-reinforced 
aluminum cable (ACSR), 26 All? st. The 
conductors on the Bismarck-Jamestown 
line are 964,000-CM ACSR, 54 Al/7 st. 
Two 1/2-inch high-strength-grade 7-wire 
class-A galvanized steel-strand overhead 
ground wires are used for the full length of 
each line. The design features of these 
transmission lines are typical of Bureau of 
Reclamation lines constructed since 1946. 

T he , Garrison-to-Bismarck and the 
Bismarck-to-Jamestown 230-kv trans¬ 
mission lines in North Dakota are a por¬ 
tion of the network of transmission lines 
being constructed by the Bureau of Rec¬ 
lamation to distribute federally gen¬ 
erated power to wholesale consumers 
within the Missouri River Basin. The 
Garrison-to-Bismarck line is a double¬ 
circuit line forming a portion of the main 
circuits interconnecting the power plants 
being constructed on the Missouri River 
by the Corps of Engineers, Department 
of the U. S. Army. The lines are being 
extended from Bismarck down the Mis¬ 
souri River to Fort Randall, S. Dak., and 
Sioux City, Iowa. Power plants are now 
under construction at the Garrison, Fort 
Randall, and Gavins Point dams. Future 
power plants are planned for construction 
at Oahe and Big Bend. The Bismarck-to- 
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Jamestown 230-kv line extends eastward 
from Bismarck, N. Dak., and forms a por¬ 
tion of a system planned to supply power 
to wholesale customers in eastern North 
Dakota and western Minnesota. The 
location of these transmission lines is 
shown in Fig. 1. 

Studies of the power system on the 
Bureau’s a-c network analyzer showed 
that the circuits between Garrison Dam 
and Bismarck should be capable of carry¬ 
ing a peak load of 300,000 kw and that a 
peak load of 225,000 would need to be 
transmitted from Bismarck to Jamestown. 
After a study of these requirements, the 
desired reliability of service and the costs 
of single- and double-circuit lines, it was 
decided to construct a 230-kv double-cir¬ 
cuit steel tower line from Garrison to 
Bismarck with six 795,000-CM ACSR 
conductors and two 1/2-indi galvanized 
steel overhead ground wires. It was 
decided that one 230-kv single-circuit 
steel tower line with three 954,000-CM 
ACSR conductors and two 1/2-inch gal¬ 
vanized steel overhead ground wires 
should be adequate for the Bismarck-to- 
Jamestown line. 

The Garrison-Bismarck transmission 
line consists of 60.0 miles of double-circuit 
line plus two single-circuit lines, each 2.66 
miles long. The single-circuit lines ex¬ 
tend from the switchyard at the Garri¬ 
son Dam power plant across the face of 
the dam to a point on the east side of the 
Missouri River where the two single-cir¬ 
cuit lines come to a single-double circuit 
tower and continue as a double-circuit 
line to the Bismarck Substation near 
Bismarck, N. Dak. Stngle-drcuit towers 
are used adjacent to the Washburn Sub¬ 
station on both sides, and adjacent to the 
Bismarck Substation to aid in changing 
the conductors from vertical to horizontal 
configuration. A typical double-circuit 
suspension-type tower is shown in Fig. 2. 
The Bismarck-Jamestown transmission 
line is a single-circuit steel-tower line, 
98.3 miles long, extending from the Bis¬ 
marck Substation, near Bismarck, to the 
Jamestown Substation near Jamestown, 
N. Dak. A typical singje-circuit sus¬ 
pension-type tower is shown in Fig. 3, 
These lines are now in s^ice transmitting 
power at 115,000 volts. They are 


scheduled for conversion to 230,000-volt 
operation as soon as the power plant at 
Garrison Dam is ready in 1955. The 
design features of these transmission lines 
are typical of Bureau of Reclamation 
lines constructed since 1940. 

Summary of Electrical and General 
Design Data 

Voltage: 230 kv. 

Length of line: Garrison-to-Bismarck, 
62.66 miles; Bismarck-to-Jamestown, 98.30 
miles. 

Types of structure: Garrison-to-Bismarck, 
double-circuit steel towers; Bismarck-to- 
Jamestown, single-circuit steel towers. 

Design loading: National Electrical Safety 
Code^ heavy-loading; vertical load due 
to 1 ^/ 2 -incli radial thickness of ice. 

Ruling span: Garrison-to-Bismarefc, 1,050 
feet; Bismarck-to-Jamestown, 1,150 feet. 

Insulators: Standard lO-inch diameter 

by 5®/* iiich .spacing, 15,0(K) pounds; 
suspension, single .string, 16 units; d(sul 
end, double string, 17 units per string; 
critical positive impulse flashover voltage 
for 1 V2x40-tnicro.seeoiid wave for 16 insula¬ 
tors, 1,425 kv. 

Conductors: Line, Garrison-to-Bismarck, 
six 796,000-CM ACSR, 20 Alf7 st; ultimate 
strength, 31,200 pounds; Bismarck-to- 
Jamestown, three 954,000-CM ACSR, 54 
Al/7 st; ultimate streiigtli, 34,200 pounds; 
overhe^ ground wires, two 1/2 inch 7-wire 
high-strengtti-grade clas.-; A galvanized 
steel; ultimate strength, 18,800 i>ounds. 

Maximum teiwion at full load conditions: 
Double circuit line conductor.**, 12,000 
pounds; single circuit line coiuluctors, 
12,000 pounds. 

Allowable reduced static tcn.sion in con¬ 
ductor caused by suspension insulator 
swing into ruling span with broken con¬ 
ductor in an adjacent span; Double cir¬ 
cuit, 8,500 pounds; single circuit, 8,500 
pounds. 

Overhead ground wires: Double circuit, 
7,000 pounds; single circuit, 7,000 pouiuKs. 
No reduction in .static tension in overhead 
ground wires is permissible because of 
short length of overhead ground wire 
suspension link. 

Final tension at 60" F, no wind: Double 
circuit line conductors, 6,500 pounds; 
single circuit line conductors, 5,000 pounds. 

Overhead ground wires; Double circuit; 
2,520 pounds; single circuit, 2,760 pounds. 

Final wire sag, no wind, at ruling span: 
Double circuit line conductors at 60 degrees 
Fahrenheit (F), 27.8 feet; at 120 F, 31.5 
feet; single circiiit line conductors at 00 F, 
36.6 feet; at 120 F, 40.4 feet. 

Overhead ground wires; Double circuit, 
at 60 P, 25.3 feet; at 120 F, 28.4 feet; 
smgle circuit, at 60 F, 31.3 feet; at 120 F. 
33.9 feet. 

Line clearance to stmctiires: As shown in 

Fig. 4. 
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Fi 9 . 1. Bureau of Reclamation 230.kv system in the Missouri River Basin 


Wire spacing at structures: As shovra in 
Fig. 4. 

Mid-span separation, conductor to over¬ 
head ground wire at 60 F at ruling span: 
Double circuit, 26.8 feet; single circuit, 
30.0 feet. 

Assumed tower footing resistance, 15 ohms. 
Isokeraunic level, 30. 

Probable outages per year due to lightning: 
Double circuit, 0.3 per circuit; single 
circuit, 0.6. 

Conductor clearance above ground at 
60 F; Uncultivated land, 31 feet; culti¬ 
vated land, 33 feet; railroads, 41 feet. 

Galloping conductor ellipses, see Fig. 6. 

Lightning Protection 

The lines are shielded for their entire 
length by two 1/2-inch 7-wire high- 
strength-grade class-.4 galvanized-steel 
strands, located to give a protective angle 
at the structure of 20 degrees or less for 
the outside conductors. The overhead 
ground wires are groxmded at each struc¬ 
ture through the suspension clamp or 
dead-end fitting, the tower steel body and 


6/8-inch by 10-foot copperweld ground 
rods. One ground rod is driven under 
each of the four tower footings and at¬ 
tached to the stub angle or the tower leg 
by soft copper wire. 

Loading Conditions 

A study of weather conditions in the 
central part of North Dakota indicated 
that the following conditions had been 
encountered. 

Icing conditions: Ice of 1/2 to 3/4 inches 
radial thickness covering eight 
during the 19 years previous to 1949; 
iVa-inch radial thickness of ice once during 
the 19 years. 

Wind velocities: During icing conditions, 
from 0 to 40 miles per hour with gusts Up 
to 65 miles per hour. The higher velocities 
are not likely to occur under extreme ifing 
conditions. 

During nonicing conditions, 0 to 60 milps 
per hour with gusts to 90 miles per hour. 
Temperature range: minus 30 F to plus 95 F. 

Local utilities in the area have de.«agnf»H 
their lines for National Electrical Safety 
Code heavy-loading conditions with oc¬ 
casional additional storm guying. There¬ 


fore it was decided to design these lines 
for National Electrical Safety Code 
heavy-loading conditions except that the 
vertical design load on the steel towers 
was increased to support the conductors 
and overhead ground wires with 1 V 2 -inch 
radial thickness of ice and 4-pounds-per- 
square-foot wind pressure at 0 F with all 
wires intact and a safety factor of 1.25 
based on the yield point of the steel. The 
permissible side swing of the conductors is 
determined with a 70-mile-per-hour 7.6- 
pound-per-square-foot wind on the bare 
conductors. 

Galloping Conductors 

The conductors on the Garrison-Bis- 
marck-Jamestown 230-kv lines are rela¬ 
tively heavy and the spans are long. 
Under these conditions, according to ar- 
tides Davison*'® and others,* it is safe to 
assume that the amplitude of galloping 
will not exceed approximately one-half the 
maximum conductor sag. Half-sag el¬ 
lipses for these lines are shown in Fig. 6. 
There is ample dearance for the half-sag 
ellipses. Conductor and overhead ground 
wire spacing was determined primarily 
by the dearance to structure requirements 
and the mid-span separation required be¬ 
tween conductors and overhead ground 
wire for lightning protection and switch¬ 
ing surge requirements. On the double¬ 
circuit towers, the center crossarms are 
extended 8 feet on each side to prevent 
contacts between conductors because of 
jumping when ice falls off one conductor, 
or from other causes. 

Conductor and Overhead Ground 
Wire Tensions 

Using the chosen conductors, designs 
for maximum loaded tensions of 12,000 
pounds in each conductor resulted in 
economical construction. This Tna-YiTritim 
tension results in normal unloaded con¬ 
ductor tensions of 5,500 to 6,600 pounds 
at 60 F, which is low enough to promote 
long life of the conductors but still high 
enough to limit the sag to values which 
permit the use of 1,050-foot ruling span 
for the double-circuit line and 1,150-foot 
ruling span for the single-circuit line with 
towers of reasonable heights. Increased 
tension would increase the weight of the 
towers required, even though less tower 
height would be necessary, for approxi¬ 
mately the same span lengths. Maxi¬ 
mum overhead ground wire tensions of 
7,000 pounds were chosen, resulting in 
normal tensions of only 2,500 to 2,760 
pounds at 60 F; thus decreasing the prob¬ 
ability of failure due to vibration fatigue. 
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Fig. 2. Doublc'^ircuit suspension-type tower 
Garrison-Bismarck 230-kv transmission line 


Corona Losses and Radio 
Interference 

The corona losses are somewhat less 
than 1.0 kw per 3-phase mile, now con¬ 
sidered an acceptable loss for lines of this 
voltage. The corona losses were calcu¬ 
lated by the method of Carroll and Rock¬ 
well.® The average elevation of the lines 
is 2,000 feet above sea level. The calcu¬ 
lated 3-phase fair weather corona loss per 
mile is 0.8 kw per circuit for the double¬ 
circuit line and 0.6 kw for the single¬ 
circuit line. The minimum conductor 
diameter on these lines is approximately 
1.1 inches; therefore radio interference 
from the lines is not expected to be ob¬ 
jectionable.® 

Insulation and Clearances 

Because lightning arresters are not 
used at transmission line structures, and 
because lightning strokes occurring on the 
line at some distance from a substation 
will be considerably attenuated before 
reaching the substation where lightning 
arresters are installed, it is desired to have 
the impulse insulation level higher for the 
transmission line than for the substation 
equipment. The wet flashover voltage 
of the insulation should be high enough to 
withstand switching surges. Test results 
with recommended safety factors applied 
indicate that standard insulators will 
withstand switching surge voltages of ap¬ 
proximately 70 per cent of the impulse 


flashover value.’ This is still somewhat 
higher than the rated 60-cycle wet flash- 
over value. On the suspension-type 
structures and at dead ends with jumper 
support insulators, the insulation from 
phase to ground con»sts of 16 standard 
10- by 5®/4-inch, 15,000-pound insulator 
disks. At dead ends without jumper 
support insulators, the phase-to-ground 
insulation is 17 standard insulator units. 
The average elevation of the lines from 
Garrison to Bismarck to Jamestown is ap¬ 
proximately 2,000 feet above sea levdl. 
The relative air density at 2,000 feet is 
0.93. The estimated lightning perform¬ 
ance wa scalculated by the AIEE Com¬ 
mittee method.® The isokeraunic level 
in North Dakota is approximately 30 
storm days per year. For design pur¬ 
poses the footing resistance was assumed 
to be 15 ohms though actual measure¬ 
ments of footing resistances average some¬ 
what less. Tlie maximum permissible 
stroke current before flashover at the 
structure is as follows: 

Double-circuit 1,060-foot spans, 160,000 
amperes 

Single-circuit 1,150-foot spans, 160,000 
amperes 

The maximum permissible stroke current 
before flashover at mid-span is as follows: 

Double-circuit 1,060-foot spans, 26.8-foot 
mid-span separation, 140,000 amperes 
Single-circuit 1,160-foot spans, 30.0-foot 
mid-span separation, 135,000 amperes 

The estimated lightning outages per 
year are 0.3 per circuit on the double- 
circuit line and 0.5 on the single-circuit 
line. These values indicate that good 
performance should be obtained from the 
lines and that there is relatively good co¬ 
ordination between the mid-span clear¬ 
ance and the structure insulation. 

The insulating value of insulators is 
directly proportional to the relative air 
density. The critical positive flashover 
value for 16 insulator units is 1,425 kv 
for a lV2x40-microsecond wave. There¬ 
fore the switching surge insulation is 
1,425(0.70) (0.93)=928 kv. The normal 
peak: line to neutral voltage is 187.5 kv 
for a 230-kv (rms) line. The switching 
surge insulation is thorefore 4.95 times 
the normal voltage. Maximum switch¬ 
ing surges are not expected to exceed 
three times normal voltage. 

A careful study of conductor side swing 
and clearances was conducted for these 
lines. It was decided that switching 
surge instdation should be maintained at 
the maximum expected wind and side 
swing; therefore all structures were loca¬ 
ted to maintain a minimum clearance of 5 
feet 6 inches from the conductor to the 
tower steel at 7.6 pounds per square foot 



Rg. 3. Single-circuit suspension-type tower 
Bisinarck-Jamestown 230-kv transmission line 


wind pressure on the bare conductors. 
The minimum expected insulation value 
of a 5-foot 6-mch air gap is 1,025 kv, which 
exceeds the switching surge insulation 
value of the 16-unit insulator string. At 
5-foot 6-inch clearance, the side swing on 
the DSH-type tower is 40.3 degrees, and 
on the 5fr-type tower, 38.2 degrees. Ex¬ 
perience has shown that the maxunmn 
winds and lightning are not likely to occur 
simultaneously. At approximately a 30- 
degree conductor side swing, the clearance 
from the conductor to tower steel is 7 feet 
6 inches, the impulse insulation of which 
co-ordinates well with that of 16 insula¬ 
tors for lightning strokes. 

Transpositions 

To maintain balanced conditions on 
the three phases of each circuit between 
Garrison and Bismardc and thus to insure 
proper relay operation, it was decided 
that one transposition barrel, and two 
transpositions, should be installed. The 
Washburn Substation is located about 
one-third of the distance from Garrison 
to Bismarck, therefore we decided that 
one transposition would be made at Wash- 
bum within the substation, and one trans¬ 
position of the rolling type on DTKH- 
type towers would be located midway 
between Washburn and Bismardk. To 
maintain a better balance between cir¬ 
cuits, opposite phasing is used on corre¬ 
sponding sections of the two circuits, e.g., 
ABC from top to bottom on one circuit 
and CBA from top to bottom on the other 
circuit. On the Bismarck-Jamestown 
line it was decided to install only one 
transposition, as this line is being ex¬ 
tended to Fargo, N. Dak. 
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Nomnagnetic Suspension Clamps 



At the relatively high currents expected 
to be carried on these lines, the losses in 
standard forged steel or malleable iron 
suspension clamps on the conductors are 
an appreciable amount. For example, at 
an average current of only 236 amperes, 
the loss in a standard ferrous suspension 
damp for 795,000-CM ACSR is 14 watts, 
whereas the loss in a good nonmagnetic 
damp is about 1 watt at the same current. 
At 4 mils per kilowatt-hour the annual 
value of the excess loss in each ferrous 
damp will be $0.4565. At higher cur¬ 
rents, the differences in losses become 
much greater. The extra cost for alumi¬ 
num alloy damps was $2 each (bid by the 
construction contractor); therefore, it 
was considered well worth while to use 
nonmagnetic suspension clamps. 

Structure Design 

Design criteria as listed in the following 
were set up for the Garrison-Bismarck 
and Bismarck-Jamestown steel towers: 


Steel Towers 


Vibration Dampers and Armor Rods 

Because of the importance of these 
lines and experience with vibration fail¬ 
ures on the overhead ground wires of 115- 
kv lines in the Missouri River Basin, it 
was dedded to use preformed galvanized 
sted armor rods at all suspension points 
on the overhead ground wires, and tapered 
aluminum armor rods at all suspension 
points on the ACSR conductors. In ad¬ 


dition, Stockbridge type vibration dam¬ 
pers are installed at both ends of all 
spans of the conductor and overhead 
ground wires. On the overhead ground 
wires, the first vibration damper adjacent 
to the suspension damps was located 3.1 
feet from the center of the damp to place 
it beyond the end of the preformed armor 
rods. If the second damper should be 
required, it will be 2.6 feet from the 
first. 



Procurement specification drawings and 
text for both lines were prepared on the 
basis of inviting bids on the bidder's own 
designs. Limitations and requirements 
were shown or stated to cover the follow¬ 
ing points for the several types of towers: 

1. Body hdghts, range and increment of 
leg extensions, type of extension framing 
(tension or compression), location of hori¬ 
zontal frames, typical cable attachment 
details, and provisions for climbing and 
bird protection. 

2. Mini m u m phase spacing, ground wire 
separation and cone of protection, and 
conductor clearances to sted, 

3. ^ Wind, wire, and special loadings, with 
criteria for application. 

4. Permissible unit stresses, column formu¬ 
las, inductance-reactance limitations. Unit 
stresses are shown in terms of basic yield 
point, with the invitation to employ high- 
strength steels wherever advantangeous. 

6. Provisions for full-scale tower tests 
before production-line fabrication. 

For the Garrison-Bismarck (double¬ 
circuit) line only, because of the urgency 
in getting the line tmder construction, it 
was necessary to carry actual design of tlie 
structures to ,a point suffident to permit 
earlier prociurement of stub angles under 
separate contract. 

The design loads were established con- 
dstent with the steel-tower data shown in 
the summary of steel-tower design re¬ 
quirements to follow, Longitudinal com¬ 
ponents of conductor tension for suspen¬ 
sion towers under broken-wire assump- 
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Table I. Garrison-Bismarclc Steel-Tower Design Requirements 


Siimmary of Steel-Tower Design 
Requirements 


Tower 

Type 


Line Angle 
Range, 
Degrees 


Maximam MuTimnm 
Stun of Sum of 
Adjacent Adjacent 
Maximum Spans at Spans at 

Single-Span 0 Degrees Mbiximam 
Length, Line Angle, line Angle, 
Feet Feet Feet 


Maximum 
Maximum Uplift at 
Maximum Distance Each Con- 

Distance Between ductor or 

Between Overhead Overhead 

Conductor Ground Wire Ground 
Low Points, Low Points, Wire, 
Feet Feet Pounds 


DSH .Oto 3, 

DSAH .3 to 16, 

DSAH-l* _0 to 3, 

DTH .Oto 30 

DTRUt.0 


1,600. 3,200. 

1,800. 3,600, 

1,800. 3,600. 

2,000.4,000 

.1,600.3,200 


2,100.1,600. 

2.100.2,000 

2 , 100 ... 2 , 000 . 

2,100.2,500 

.1.600 


2,000.1,500 

2,500.1,600 

.2,500.1,500 

3,000.1.600 

2,000.1,600 


* Same as DSAH, except with symmetrical crossarms. 

t Same as DSH, except only two crossarms on one side and one on the other, for use as a transposition 
tower. 


Table II. Bismarck-Jamestown Steel-Tower Design Requirements 


Tower 

Type 


Maximum 
Line Angle Single-Span 
Range, . Length, 
Degrees Feet 


Maximum 
Sum of 

Maximum 
Sum of 

Maximum 

Maximum 

Distance 

Maximum 
Uplift at 
Each Con- 

Adjacent 

Adjacent 

Distance 

Between 

ductor or 

Spans at 

Spans at 

Between 

Overhead 

Overhead 

0 Degrees 

Maximum 

Conductor 

Ground Wire 

Ground 

Line Angle, 

Line Angle, 

Low Points, 

Low Points, 

Wire, 

Feet 

Feet 

Feet 

Feet 

Pounds 


SH . 

.Oto 3... 

...1,600... 

...3,200.. 

SAH . 

. .3 to 15... 

...1,800... 

...3,600. 

5AH.1*... 

...Oto 3... 

...1,800... 

...3,000. 

TH . 

.. .Oto 30... 

.. .2,000... 

.. .4,000. 

DTRHf.,. 

...0 

.. .1,600... 

...3,200. 


2,300.1,600.2,000.1,600 

2,300.2,000. 2,600.1,600 

2,300.2,000.2,600.1,600 

2,300.'..2,500.3,000.1,600 

.1,600.2,000.1,600 


* Same as SAH except for symmetrical crossarms, 
t Transposition towers same as on double circuit line. 


tions axe based on the statically reduced 
values. Basic over-all factors of safety 
(based on 3 deld point of steel used) are as 
follows: 

Double circuit, all types 1.5. 

Single circuit, type SH 1.26; other types 1.6. 

Wherever required to assure meeting 
any more critical loading combinations 
and varying safety factors specified by 
the National Electrical Safety Code, loads 
were adjusted upward or a separate and 
independent load schedule was shown. 
Also, an independent load schedule was 
established on all towers for the intact 
condition (no broken wires) with IV 2 
inches of ice, 4-pound wind, and zero de¬ 
grees temperature, for a factor of safety of 
1.26. 

The towers furnished under the supply 
contract, designed and approved on the 
foregoing basis, successfully passed full- 
scale tests with very few minor changes 
in member sizes or details. 

Tower Footings 

A study of foundation conditions and 
the nature of soils found along these lines 


led to the adoption of three basic types of 
footings, all employing stub angles em¬ 
bedded in concrete. 

1. Auger type, undercut, or belled at the 
bottom, with concrete placed directly in 
excavation and cap-formed above grade. 
Designs of this type were provided for 
DSH, DTRH, DTRH-1. SH, SAH, and 
SAH-1 towers for use wherever feasible. 

2. Pad type with undercut, in hand 
excavation, with pad concrete placed 
directly in excavation and a formed stem 
poured above the pad. Designs of this 
type were provided for all towers, for use in 
tight soils either as an alternative to the 
auger type where foundation loading 
exceeded the capacily of any reasonably 
proportioned auger type. 

3. Pad tsrpe without undercut, in machine 
excavation with formed pad and stem. 
Designs of this type ware provided for all 
towers, for use wherever the nature of 
soil encountered precluded the use of 
types 1 or 2. 

All of these types were designed to resist 
the most critical combination of thrust or 
uplift with accompanying shears imposed 
by the supported tower under its design 
loading, with a safety factor at least 
equivalent to that of the tower. 


Garrison-to-Bismarck double-circuit line: 
Safety factor, 1.6 based on the yield point 
of the steel; unbalanced loading assump¬ 
tions equivalent to the following broken 
conductors at reduced static tension. 
Structure type: DSH for line angles 0 to 
3 degrees, two conductors or two overhead 
ground wires or any one conductor and one 
overhead ground wire, all on the same face; 
DSAH for line angles over 3 to 16 degrees 
inclusive, any combination of three wires, 
all on thd same face; DTH for all dead 
ends and line angles over 16 to 30 degrees 
inclusive, all conductors and overhead 
ground wires on the same face. 

For further data on the Garrison-to- 
Bismarck liae see Table I. 

Bismarck-to-Jamestown single-circuit line: 
Safety factors: for SH-typt towers, 1.25 
based on the yield point of the steel; for 
all other types, 1.5 based on the yield point 
of the steel. . 

Unbalanced loading assumptions equivalent 
to the following broken conductors at 
reduced static tension. 

Structure type: SH for line angles 0 to 
3 degrees, one conductor or one overhead 
ground wire; SAH for line angles over 
3 to 15 degrees inclusive, two conductors 
or two overhead ground wires or any one 
conductor and one overhead ground wire, 
all on the same face; TH for all dead ends 
and line angles over 16 to 30 degrees 
inclusive, all conductors and overhead 
ground wires on the same face. 

For further data on the Bismarck-to- 
Jamestown line see Table II. 
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Impulse Tests on Low-Volta3e \(^inclin3s 
or Distribution Transformers 

J. E. HOLCOMB 

MEMBER AIEE 


F or impulse testing of transformers 
the American Standards Assqpiatiori 
specifies a 1V2x40-microsecon1l wave.'^ 
Many distribution transformers have 
low-voltage windings rated 600 volts or 
less. These windings have very few 
turns and therefore very low impedance 
to impulse voltage waves. For thip 
reason an excessively large impulse gen¬ 
erator would be required to apply a 
IV 2 X 4 O microsecond wave from terminal 
to terminal of the winding. Even if an 
impulse generator of sufficient capacity 
were available, the application of a IV 2 X 
40-microsecond wave to the low-voltage 
winding would in many cases induce ex¬ 
cessively high voltages in the high-voltage 
winding. 

For these reasons the American Stand¬ 
ards Association permits the test to be 
made by connecting the low-voltage ter¬ 
minals together and applying the impulse 
from terminals to ground. This tests the 
insulation to ground but not the internal 
insulation of the winding. For a quality 
control test to do a thorough job it must 
include a test which will stress the turn 
and layer insulation in the low-voltage 
coil. Such a test has been included on a 
production basis in the quality control 
test since 1952. 

A comparison of the ratios of the im¬ 
pulse crest voltages to the 60-cycle rms 
operating voltages for oil-filled distribu¬ 
tion transformers is shown in Table I, 
which shows that the highest ratios (of 
basic impulse level to rms voltage) occur 
in the lowest voltage ratings. It follows 
that if a low-voltage winding is subjected 
to an impulse voltage with a crest value 
equal to the corresponding basic impulse 
insulation level (BIL) and if an electro- 
magnetically induced voltage equal to 
this value multiplied by the turn ratio 
should appear across the high-voltage 
winding, the latter winding would be 
subjected to a voltage f&.r in excess of its 
BIL. 


Paper 55-27, recommended by the AIBB Trans¬ 
formers Committee and approved by the AIBB 
Committee on Technical Operations for presenta¬ 
tion at the AIBB Pacific General Meeting, Butte, 
Mont., August 15-17, 1965. Manuscript sub¬ 
mitted October 19, 1954; made available for print¬ 
ing June 23, 1955. 

J. B. Holcomb is irith the General Blectric Com¬ 
pany, Pittsfield, Mass. 


The problem of protecting the high- 
voltage windings during impulse tests on 
low-voltage wSidings is a serious one. 
The terminal voltages can be controlled 
by the use of external impedances or even 
by short-circuiting the winding; but volt¬ 
ages between parts of the winding cannot 
always be controlled in this manner. 
In fact, in scone cases the internal voltage 
gradients may actually be increased when 
the winding is loaded by an impedance. 
Unfortunately, it is not always possible to 
predict what these voltage gradients will 
be for a particular transformer without an 
expensive and time-consmning investiga¬ 
tion. There is the added disadvantage 
. that on many transformers a short- 
circuited winding will drastically reduce 
fault detection sensitivity, and the test 
should not be simplified at the expense 
of this sensitivity. • 

The same comparison of the ratios of 
the impulse crest voltages to the 60-cycle 
rms operating voltages show that an im- 
ptdse test on the high-voltage winding will 
induce only very small voltages in the 
low-voltage winding and will not ade¬ 
quately test the latter winding. For 
these reasons a completely reliable quality 
control impulse test must include a test 
designed primarily to test the transformer 
low-voltage windings. 

Field Investigaiion Results and 
Transient Considerations 

Other investigators2>8 have shown that 
a large percentage of the lightning surges 
which arrive at transformers in service do 
so by way of the low-voltage lines. This 
emphasizes the desirability of a searching 
test on the low-voltage winding because 
in service it is almost as likely to be sub¬ 
jected to lightning surges as the high- 
voltage winding. 

These investigators* have shown that 
when lightning strikes in the vicinity of a 
transformer in service, the ground poten¬ 
tial is raised and the lig h tnin g currents 
flow outward on every possible path. If 
the midtap of the transformer low-voltage 
winding is connected to ground the surge 
currents will then flow outward through 
the two halves of the low-voltage winding 
so that the effect of these two currents 


might be expected to cancel out, leaving 
no net electromagnetic effect. In an ac¬ 
tual transformer the two halves of the 
low-voltage winding cannot occupy identi¬ 
cal locations; so there is never a perfect 
current balance or flux cancellation. In 
fact, the voltage induced in the high-volt¬ 
age winding by this surge current has been 
found to be similar to that induced by a 
short-tailed impulse wave applied be¬ 
tween terminals of the low-voltage wind¬ 
ing. 

Almost all consumer equipment (rated 
600 volts or less) has an insulation level 
which will not withstand impulse voltages 
of 25 kv for periods exceeding 1 or 2 
microseconds. Such equipment can be 
expected to flash over when impulse waves 
of longer duration are applied even if the 
voltage is considerably lower than 25 kv. 
Because of this and because the second¬ 
ary conductors between the distribution 
transformer and the constuners’ premises 
are usually short, seldom exceeding 1,000 
feet in length, it is unlikely that in service 
surges of 25-kv magnitude exceeding 1 
or 2 microseconds in length will be ap¬ 
plied to distribution transformer low-volt¬ 
age windings. 

The practice of applying short-tailed 
impulse waves between terminals of the 
low-voltage windings of distribution 
transformers on a production basis was 
started in 1952.* Since that time, many 
thousands of transformers have been 
tested and put into service. The very 
small number of customer complaints on 
transformers which have been tested in 
this manner indicate that a test of this 
type is very effective in eliminating faulty 
transformers, and that transformers that 
will withstand such a test will success¬ 
fully withstand surges which might be 
expected in service. 

Transient Behavior of Distribution 
Transformers 

A previous paper® states that when a 
rectangular traveling wave is applied to 
the high-voltage winding of a power trans¬ 
former, the voltages within the trans¬ 
former windings consist of four com¬ 
ponents: 

Table I. Comparison of Ratios 


Typical 

60-Cycle Ratio of Bit to 

Operating Typical Impulse Operating 

Voltage, RMS BIL, Kv Crest Voltage 


240.. 

480.. 

2.400.. 

4.800.. 

7.200.. 
13,200.. 


....30.. 

...30,. 

....60,. 

....75,. 

....95,. 

....96.. 


... 125 
... 62.5 
...25 
... 15.6 
... 13.2 
... 7.2 
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Fig. 1. Voltage Induced on 7,S00-volt 
winding of 10-kva 7,200 120/240-volt 
transformer when 0.5x1.5-microsecond wave 
is applied to 120-volt winding. Frequency 
of timing wave 50 kc per second, giving 
period of 20 microseconds 

A—With no fault B—^With 1-turn fault 


1. A voltage transmitted electrostatically 
to the low-voltage winding, depending on 
the relations of distributed capacitances of 
the low-voltage to the high-voltage winding 
and ground, and independent of the turn 
ratios. 

2. A free oscillation in the high-voltage 
winding, consisting of a number of space 
harmonics, and which, through the electro¬ 
magnetic and electrostatic fields, induces a 
corresponding forced oscillation in the low- 
voltage winding. 

3. A free oscillation in the low-voltage 
winding, depending on the distributed con¬ 
stants of the winding. 

4. A unidirectional voltage surge trans¬ 
mitted to the low-voltage winding by elec¬ 
tromagnetic induction which is very nearly 
directly proportional to the turn ratio and is 
independent of the distributed capacitance. 
It is a simple function of the short-circuit 
inductance of the transformer and of the 
surge impedances of external circuits. 

The same principles apply when the 
impulse voltage is applied to the low- 



Fig. 2. Voltage induced on 2/400-volt 
winding of 10-kva 2,400 120/240-volt trans¬ 
former. Same conditions and frequency as 
In Fig. 1 

A—With no fault B—With 1-turn fault 


voltage windings of distribution trans¬ 
formers. However, the voltage trans¬ 
mitted by the capacitance relationship 
from the low-voltage to the high-voltage 
winding is negligible. Also, because of 
the few turns in the low-voltage windings, 
the oscillations in this winding are negli¬ 
gible. The free oscillations in the high- 
voltage windings are of considerable im¬ 
portance since they affect the internal 
stresses in this winding. It is well known 
that the front of the induced wave is 
sloped off by the leakage reactance be¬ 
tween transformer windings. Because of 
the relatively slow rate of rise of this in¬ 
duced wave, its peak value may be con¬ 
trolled by shortening the length of the 
tail of the applied wave. Thus, by ap- 
pl 3 ring the proper wave shape to the low- 
voltage winding, the magnitude of the 
voltage wave induced in the high-voltage 
winding can be controlled even though 
the peak voltage of the applied wave is 
held at the level required by the American 
Standards Association. This provides an 
effective means of testing transformers 
because the insulation in all the windings 
can be properly stressed. However, be¬ 
cause the applied voltage wave is short 
the usual fault detection methods may 
not be applicable. 

Fault Detection by Induced 
Voltage Wave Method 

About 1940, considerable work was 
done experimentally to develop impulse 
test equipment which would apply im¬ 
pulses to the low-voltage windings of 
small pole-type distribution transformers. 
Testing circuits were used which would 
apply the proper crest voltages to the 
low-voltage winding and, by controlling 
the length of the applied wave, induce 
the proper voltage on the high-voltage 
winding. The induced voltage wave, 
viewed by means of a cathode-ray oscillo¬ 
graph, was used for the purpose of de¬ 
tecting failures. 

Because early data indicated the im¬ 
portance of a searching test on the trans¬ 
former-low-voltage windings, this test is 
included in the quality control impulse 
testing of distribution transformers.* As 
in the previous test, the induced voltage 
wave is observed by meansof the cathode- 
ray oscillograph, and thousands of tests 
have shown that it is a very sensitive 
and very reliable method of detecting 
failures. 

To show the sensitivity of this method 
of fault detection, simulated faults were 
made by wrapping one turn of insulated 
wire around the outer transformer wind¬ 
ing. This turn is loosely coupled to both 



Fig. 3. Voltage across an impedance in the 
neutral of a 10-kva 7,200 120/240-volt 
transformer when a 1 V2x40-micro$econd wave 
is applied to the 7,200-volt winding. For 
frequency of timing wave see Fig. 1 

A—^Wlth no fault B—^With 1-turn fault 


high-voltage and low-voltage windings. 
Because of the loose coupling, the fault is 
harder to detect than a 1-tum fault buried 
in either winding. Many tests have been 
made to verify this statement. Conse¬ 
quently the changes in wave shape shown 
in the oscillograms are somewhat smaller 
than would be the case when the smallest 
failure occurs in the transformer itself. 
The turn faults referred to in the succeed¬ 
ing paragraphs refer to these simulated 
turn faults. 

The reader is referred to the oscillo¬ 
gram in Fig. 1(A), in which is shown 
the voltage, wave induced on the high- 
voltage winding of a transformer rated 
10-kva 7,200 120/240 volts when a 0.5x 
1.5-microsecond wave is applied to the 
low-voltage winding. Fig. 1(B) shows 
this induced voltage wave when there is a 
1-tum fault in the transformer. In like 



Fig. 4. Voltage induced on the 120-volt 
winding of a 10-kva 7,200 120/240-volt 
transformer when a 1 V2x40-microsecond wave 
is applied to the 7,200-volt winding. For 
frequency of timing wave see Fig. 1 

A—^With no fault B—^With 1-turn fault 
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Fig. 5. Voltage across an impedance in the 
neutral of a 10-kva 2,400 120/240-voit 
transformer when a 1 V2x40-microsecond wave 
is applied to the 2,400>volt winding. For 
frequency of timing wave see Fig. 1 

A—With no fault B—With 1-turn fault 

manner Fig. 2(A) shows the voltage wave 
induced on the high-voltage winding of a 
transformer rated 10-kva 2,400 120/240 
volts when a 0.5x1.5-microsecond wave is 
applied to its low-voltage winding. Fig. 
2(B) shows this induced voltage wave 
when there is a 1-tum fault in the trans- 
fonner. A comparison of Fig. 1(B) with 
Fig. 1(A) and of Fig. 2(B) with Fig. 2(A) 
will illustrate the sensitivity of thig 
method of fault detection when tests of 
this type are made on small distribution 
transformers. 

Comparison of Fault Detection 
Methods When Testing High- 
Voltage Windings 

In 1944 the method of observing the 
voltage induced on a winding other than 
the one under test was studied and com- 



Fig. 6. Voltage induced on the 120-volt 
winding of a 10-kva 2/400 12/0240-volt 
transformer when a 1 V2x40-microsecond wave 
is applied to the 2,400-volt winding. For 
frequency of timing wave see Fig. 1 

A—-With no fault B—^With 1-turn fault 


pared to several other methods of fault 
detection.® It was found to be fairly 
sensitive in detecting distribution trans¬ 
former faults when a 1 V2x40-microsecond 
impulse was applied to the high-voltage 
winding and the voltage induced on the 
low-voltage winding was observed by 
means of the cathode-ray oscillograph. 
However, the neutral impedance method 
of failure detection proved to be far more 
sensitive for this application and conse¬ 
quently has been used almost exclusively. 

The relative sensitivities of the two 
methods are illustrated by Figs. 3 through 
6 inclusive. Fig. 3(A) is tlie voltage 
wave across an impedance between the 
ground and the neutral of a transformer 
rated 10-kva 7,200 120/240 volts when a 
lV2x40-microsecond wave is applied to 
the high-voltage winding. Fig. 3(B) 
shows this voltage wave when there is a 
1-turn fault in the transformer. Fig. 
4(A) shows the voltage wave induced on 
the low-voltage winding of this trans¬ 
former when a lV2x40-microsecond wave 
is applied to the high-voltage winding and 
Fig. 4(B) shows the same voltage wave 
when there is a 1-tum fault in the trans¬ 
former. 

Fig. 5(A) is the voltage wave across an 
impedance between ground and the neu¬ 
tral of a transformer rated 10-kva 2,400 
120/240 volts when a lV2x40-microsecond 
wave is applied to the high-voltage wind¬ 
ing, Fig. 5(B) shows this voltage wave 
when there is a 1-turn fault in the trans¬ 
former. Fig. 6(A) shows the voltage wave 
induced on the low-voltage winding of this 
transformer when a lV2x40-microsecond 
wave is applied to the high-voltage wind¬ 
ing and Fig. 6(B) shows the same wave 
when there is a 1-tum fault in the trans¬ 
former. A comparison of these oscillo¬ 
grams will show that the neutral imped¬ 
ance method of fault detection is the more 
sensitive of the two methods. 

Impulse Testing of Low-Voltage 
Windings of Large High-Voltage 
Distribution Transformers 

Another important group of distribu¬ 
tion transformers comprises those used 
to step down subtransmission voltages to 
distribution voltages. Many of these 
are single-phase transformers, usually 100 
to 500 kva with 22- to 66-kv primaries 
and 2.4- to 15-kv secondaries. In testing 
the secondary windings of these trans¬ 
formers many of the same problems are 
encountered as in testing the smaller 
pole-type transformers. However, th e 
physical spadngs between windings are 
much greater because of the insulation 
requirements, and the induced voltage 



Fig. 7. Voltage across an impedance in the 
neutral of a 333-kva 67,000 to 7,200-volt 
transformer when a 1.5x27-microsecond wave 
is applied to the 7,200-volt winding 

A—With no fault. Timing wave is omitted 
but sweeping speed is same as that in B 
B—^With 1-turn fault. Frequency of timing 
wave 10 Icc, giving a period of 100 micro¬ 
seconds 

waves on the high-voltage windings are 
not nearly so sensitive to faults as is the 
case for the small low-voltage trans¬ 
formers. Consequently, it may be desira¬ 
ble to use other fault detection methods 
when testing this type of transformer. 

Waves of fairly long duration can be 
applied to the low-voltage winding of this 
type of transformer without overstressing 
the high-voltage winding, even with its 
terminals isolated, and it is possible to use 
the neutral impedance method of fault 
detection. For this type of transformer, 
the oscillograms of Fig. 7 and 8 compare 



Fig. 8. Voltage induced on the 67,000-volt 
winding of a 333-kva 67,000 to 7,200-volt 
transformer with no fault when 1.5x27-micro- 
second wave is applied to 7^200i-volt winding. 
For frequency of timing wave see Fig. 1 

A—With no fault B—With 1-turn fault 
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the relative sensitivities of the neutral 
impedance and induced wave method of 
fault detection. 

Fig. 7(A) is the voltage wave across an 
impedance between ground and the neu¬ 
tral of a transformer rated 333-kva 67,000 
7,200 volts when a 1.5x27-microsecond 
wave is applied to the low-voltage wind¬ 
ing. Fig. 7(B) shows this same voltage 
wave when there is a 1-tum fault in the 
transformer. Fig. 8(A) is the voltage 
wave induced on the high-voltage wind¬ 
ing of this transfonner when the 1.5x27- 
microsecond wave is applied to the low- 
voltage winding. Fig. 8(B) is the in¬ 
duced voltage wave when there is a 1- 
tum fault in the transformer. In this 
case the induced voltage wave changes 
very little when failure occurs, and it is 
doubtful if a 1-tum failure could be de¬ 
tected with the use of this method. The 
voltage wave across the neutral impedance 
clearly shows that failure has occurred. 
This indicates that, when it is possible to 
apply a voltage wave of this duration, the 
neutral impedance method of fault detec¬ 
tion is the preferable method. It may 
still be the preferable method when waves 
of shorter duration are used, but further 


investigation is required to determine the 
mi nim u m wave length permitting its use. 

Conclusions 

1. In impulse testing of many ratings of 
distribution transformers having relatively 
high turn ratios, the standard 172 x 40 - 
microsecond wave cannot be applied be¬ 
tween terminals of the low-voltage winding 
because excessive voltages would be induced 
in the high-voltage winding. 

2. The magnitude of the voltage in duced 
in the high-voltage winding can be h p?1d 
within limits by reducing the duration of 
the voltage wave applied to the low-voltage 
winding. Therefore, the use of voltage 
waves of shorter duration than 172 x 40 
microseconds is recommended as an effec¬ 
tive means for impulse testing the low- 
voltage windings of such transformers. 

3. A voltage wave of short duration applied 
to the low-voltage windings of distribution 
transformers is an effective test for eliminat¬ 
ing defective transformers. 

4. A voltage wave of 1 or 2 microseconds 
duration is representative of the higher 
voltage surges applied to the transformer 
low-voltage wuiding terminals in service. 

6. When short-duration voltage waves are 
applied to the low-voltage winding, observa¬ 
tion of the voltage wave shape induced in 
the high-voltage winding provides a very 


sensitive method of detecting faults in trans¬ 
formers with high-voltage ratings of 16 kv 
and under. 

6. For transformers with high-voltage 
ratings above 16 kv, further investigation is 
required to determine whether the induced 
voltage detection method will have sufficient 
sensitivity or whether other methods, such 
as the neutral current or the applied voltage 
methods, should be used. 
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Discussion 

F. J. Vogel (Allis-Chalmers Manufactur¬ 
ing Cpmpany, Milwaukee, Wis.): The 
paper calls attention to several diffi culties in 
impulse testing both low-voltage windings 
and windings of low inductance. In such 
cases, use of a reasonably sized surge genera¬ 
tor results in a very short wave tail. Recog¬ 
nition of this fact permits various options, 
such as using a resistance to ground at the 
grounded terminal or short-circuiting the 
winding under test. The use of tests with 
short tails seemed to be deprecated. 
Actually, as pointed out by tlie paper, 
short-tailed waves do provide an adequate 
test. It is felt that these statements apply 
equally well to power transformers, and that 
a limiting capacitance of the surge generator 
would be desirable since currents similar to 
those in service would be obtained. A 
0.1-microfarad capacitance was suggested. 

As stated, short-circuiting the windings 
cannot be always done safely, and this 
method does not provide an adequate test. 
Connecting a series resistance also reduces 
the value of current neutral tests. Current 
neutral tests are as satisfactory with the 
shorter tail tests and are more realistic. 
The induced-voltage-test discussions in 
the paper are very interesting. In the case 
of high-voltage potential transformers, cur¬ 
rent neutral measurements were very srrigll, 
because of the exceeding high impedance, 
even with partial failures, and the current 
transmitted at the start of the impulse, be¬ 
cause of capacitance, was extremely large. 
Hence current neutral measurements did not 
seem very satisfactory. When the voltage 


induced in the low-voltage windings was 
measured, it was found that the capacitance 
current was reduced and that faults were 
located more successfully than with current 
neutral measurements. Voltage oscillo¬ 
grams were not always very sensitive. 
Thus, for some types of transformers in¬ 
duced impulse tests appear desirable. 


W. L. Teague and L. B. Rademacher (West- 
inghouse Electric Corporation, Sharon, Pa.): 
The use of voltage waves of very short dura¬ 
tion such as 1 / 2 x 172 microseconds for 
impulse-testing low-voltage windings of dis¬ 
tribution transformers may place a reason¬ 
ably severe stress across the winding. How¬ 
ever, with the mid-point grounded, and 
with the short duration of the surge, the 
insulation from coil-to-ground is stressed 
very little. It is true that when the stand¬ 
ard 1 72 X 40-microsecond wave is impressed 
across the low-voltage winding an exceed¬ 
ingly high voltage may be induced in the 
high-voltage winding and a large source of 
energy would be required to sustain the 40- 
microsecond tail. These facts have been 
recognized in the American Standards 
Association (ASA) Standards, and two 
alternate methods are provided for testing 
such low-impedance windings. 

Method 1. One method permitted by 
ASA Standards is to apply the surge to both 
ends of the winding simultaneously. This 
method of test for low-impedance distribu¬ 
tion transformer windings gives an excel¬ 
lent stress to the winding-to-ground insula¬ 
tion but a rather poor stress across the 
winding. This small stress across the wind¬ 
ing results because the relatively low imped¬ 


ance and high through capacitance of the 
winding tends to keep all the parts of the 
winding at the same potential. With a 
higher impedance and lower through 
capacitance, a greater voltage stress would 
be placed across, the winding. Fig. 9-11. 

Fig. 9 demonstrates how these charac¬ 
teristics of the low-voltage winding tend to 
bring the Xi bushing of the 240-volt winding 
of a 16-kva distribution transformer to the 
same potential as the Xi and Xs bushings 
which were surged simultaneously. The 
upper trace on the oscillogram is the applied 
wave while the lower trace is the voltage 
measured at the Xs bushing. The difference 
between the two races is the voltage applied 
across one half of the winding. After the 
crest is reached, the Xs bushing is at the 
same potential as the applied surge which 
thus gives the excellent stress to ground. 
In this example, about 10 per cent of the 
applied surge was across one half of the 
winding, and the full stress of the applied 
surge was placed on the windingrto-grotmd 
insulation. 

In Figs. 10 and 11, the effect of more turns 
in the winding is shown. The relatively 
smooth trace is the surge applied to the ends 
of a 2,400-volt winding. The oscillating 
trace is the potential at the mid-point of the 
winding. In this case 60 per cent of the 
applied surge was across one half of the 
winding. As in Fig. 9, the complete winding 
was given an excellent test to ground. It 
should be noted that the mid-point of the 
winding oscillates to 120 per cent of the 
applied wave. With other winding charac¬ 
teristics for this method of test the mid-point 
might oscillate higher. These facts must be 
recognized and provision made for the over- 
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Fig. 9. Surge applied to both ends of 240- 
volt winding. Timing sweep 15 microseconds 



Fig. 10. Surge applied to both ends of 2,400- 
volt winding.. Timing sweep 15 microseconds 



Fig. 11, Surge applied to both ends of 2,400- 
volt winding. Timing sweep 50 microseconds 


voltages. Fig. 11 is for the same condition 
as Fig. 10, except for the timing sweep used. 
The longer sweep was used for Fig. 11 to 
demonstrate how the oscillations are damped 
and the mid-point of the winding approaches 
the applied wave. 

Method 2, The other method permitted 
by ASA Standards is to apply the surge to 
one end of the winding with the other end 
grounded through a resistor not to exceed 
600 ohms. This method gives an excellent 
test to the winding-to-ground insulation 
and a good test to the insulation across the 
winding. The oscillograms in Fig. 12 show 
how the voltage is distributed across the 
winding and resistance. The upper trace is 
the voltage applied to the Xi bushing of the 
15-kva distribution transformer. The mid¬ 
dle trace is the voltage at the Xi bushing, 
and the lower trace is the voltage at the 
Xi bushing which is grounded through 200 
ohms. Approximately 60 per cent of the 
applied voltage is distributed across the 
winding for a short duration and then all 
the winding is stressed to ground to the 
approximate magnitude of the applied 
surge. 

The effect of more turns in the winding 
is demonstrated in Figs. 13 and 14 which are 
for a 2,400-volt winding of a distribution 
transformer. In this case, the stress across 
the winding is greater and is applied for a 
longer time. In Fig. 13, the upper trace is 
the applied wave while the middle and lower 
trace are the mid-point of the winding Xt 
and the end X groimded through 200 ohms, 
respectively. Initially, 96 per cent of the 
voltage is applied across the total winding 
and 70 per cent is applied between the line 
end and the mid-point of the winding. Fig. 
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Fig. 12. Surge applied to one end of 240- 
volt winding. Other end grounded through 
200 ohms. Timing sweep 15 microseconds 



Fig. 13. Surge applied to one end of 2,400- 
volt winding. Other end grounded through 
200 ohms. Timing sweep 15 microseconds 



Fig. 14. Surge applied to one end of 2,400- 
volt winding. Other end grounded through 
200 ohms. Timing sweep 50 microseconds 


14 is the same as Fig. 13, except with a longer 
sweep. It shows how the complete surge 
stress is applied to the winding-to-ground 
insulation. 

To detect faults developed during the two 
methods discussed the usual procedmre as 
described in the ASA Standards will apply. 
Since the first method of test places the 
emphasis on stressing the insulation to 
ground, the voltage oscillograms would be 
preferred. In the second method of testing, 
either or both voltage and current oscillo¬ 
grams may be used. 

In this paper the author has described 
another method of testing the low-voltage 
winding of distribution transformers. To 
stress the internal insulation of the winding, 
a compromise on the duration of the voltage 
and also the stress to ground at the mid¬ 
point of the winding is made. The first 
ASA method discussed emphasizes the test 
to ground, but makes some compromise on 
the stresses across the winding. A good test 
to ground is likewise made with the' second 
method while a much better test is given to 
insulation across the winding. Impulse 
testing is complicated, and for each particu¬ 
lar use the testing techniques should be 
thoroughly understood for best results. 


J. £. Holcomb t The interest shown by 
the discussers is greatly appreciated. Both 
discussions help to emphasize the fact that 
the impulse testing of transformers is ex¬ 
tremely complicated and that a thorough 
understanding of the testing technique is 
necessary. While it is relatively easy to 
develop and use testing methods for use with 
a particular transformer design, it becomes 


increasingly difficult as the variety of trans¬ 
formers to be tested increases. 

Test records for the production-line im¬ 
pulse test indicate that almost half of the 
larger kilovolt-ampere sizes of distribution 
transformers that are rejected fail because of 
defects in the low-voltage windings. On 
the other hand, for the smaller sizes less 
than 16 per cent of the rejections are due to 
defects in the low-voltage coils. These data 
apply only to layer-wound distribution 
transformers and cannot be extended to 
apply to power transformers, since, for 
thermal and mechanical reasons, the ct»re 
construction is entirely different. Tlie 
author has had no experience in the use of 
short-tailed impulse waves in testing power 
transfonners and cannot comment. 

Development work indicates tluit tiie 
impulse generator circuit used to produce 
the proper applied voltage wave shape may 
seriously alter the sensitivity of the induced 
wave method of faultdetection. Specifically, 
if the shunt resistance used to control tlie 
length of the tail of the applied wave is too 
low, this sensitivity is drastically reduced. 
This can be overcome by varying the im¬ 
pulse generator capacity but may be hard to 
achieve in practice if a large variety of trans¬ 
formers are to be tested. Therefore, the 
method may find its most useful application 
in production-line impulse testing where the 
equipment is set up to test a large number of 
transformers within a limited rating range. 

As Mr. Teague and Mr. Rademacher 
point out, the impulse voltage wraves of 
short duration applied to one low-voltage 
terminal of the transfonner with the mid¬ 
point grounded stresses the insulation be¬ 
tween coil and ground very little. However, 
in service most of these transformers are 
connected with the mid-point connected to 
ground and consequently the stresses this 
winding will be subjected to are similar to 
those described in the paper. Furthermore, 
a high-potential test of 10 kv is applied be¬ 
tween these low-voltage coils and ground 
during low-frequency tests. 

The short-tailed impulse test was selected 
because it was felt that the coil would be 
stressed as severely as possible without 
flashover of the bushing. It should be 
pointed out that the test voltage is applied 
to the Xi bushing with the Xi bushing 
grounded. A voltage equal in magnitude 
but of opposite polarity is induced, on the 
Xi terminal, so that the total voltage across 
the coil is twice that applied to the X 9 
terminal. In this way a voltage of 60 kv can 
be applied across the low-voltage coil after 
the transformer is assembled without flash¬ 
ing over the low-voltage bushings. 

One of the most important parts of any 
test is fault-detection sensitivity. The 
major objection to both of the methods 
described by Mr. Teague and Mr. Rade- 
macher is the questionable fault-detection 
sensitivity. It may be possible to detect 
some faults of small magnitude by careful 
comparison of voltage and current oscillo¬ 
grams when these testing methods are used 
but development work indicates that fault 
detection sensitivity is rather poor. Conse¬ 
quently,. these methods cannot be readiy 
applied to pole-type transformers which are 
produced in large quantities. However, for 
larger sizes of transformers, which do not 
noimally operate with the low-voltage mid¬ 
point grounded, these methods should be 
considered. 
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Power AutotransFormer Current 
Interruption with an Air-Break 
Disconnect Switch 

M. W. ANDERSON 

MEMBER AIEE 


T his paper covers the preliminary in¬ 
vestigation, field testing, and analysis 
of results incident to interruption of both 
exciting and paralleled load currents to a 
bank of power autotransformers by an 
air-break disconnecting switch. The in¬ 
terruptions were made on the high-volt¬ 
age side of a bank consisting of three 
^single-phase units, wye-connected, with 
solid grounding. The bank is triple 
rated, 90/120/150 mva at 220/115.5 kv. 
A delta-connected 13.2-kv tertiary wind¬ 
ing is provided for neutral stabilization 
and harmonic suppression. The air- 
break disconnecting switch is rated 1,200 
amperes at 196/230 kv, it is a triple-pole, 
single-throw, gang-operated switch with- 


would make the continuity of the bus 
essential; no longer could a bus section 
be taken out for clearance of a bank. 
Multiple connection to the transfer bus 
was out of the question, because protec¬ 
tive relaying would then be solely de¬ 
pendent upon backup from distance 
stations, and could involve major system 
disruption in case of a fault. 

The problem was to isolate the auto- 
transformer bank from its bus section 
without disturbing the power flow through 
that section. It must be accomplished 
without endangering equipment and per¬ 
sonnel and, if possible, with the existing 
disconnecting switches. 


of 3,880 volts for this electromotive force, 
with a current of 90 amperes in each 
primary before interruption. This cur¬ 
rent is the lowest normal daily load and it 
occurs in the early morning hours. 

Although the voltage due to trans¬ 
former impedance was subject to rigid 
calculation, there remained the analysis 
of transient effects due to arcing at the 
time of interruption. An examination 
of the literature was made for information 
concerning arc behavior and switch per¬ 
formance. Strqm^ quotes a value of 34 
volts per inch of contact separation on 
currents over 68.5 amperes. Slepian,* 
in an earlier paper, assigns a value of 50 
volts rms per centimeter for interruption 
of arcs under 1,000 amperes. A very 
complete report by Andrews, Janes and 
Andersson® gives the data from a series of 
tests of horn gap switches under a variety 
of conditions. Unfortunately, the volt¬ 
age levels were much lower than those 
under consideration. An extrapolation 
of their data confirmed the opinion that 
interruption of parallel load current might 
be possible. No information was foimd 
to indicate the amount of erosion which 
might be expected on arcing surfaces due 
to the currents involved. Although arc- 


out arcing horns. The paper is based 
upon performance of equipment of 
Seattle Lighting Department. 

The basic design of the high-voltage 
bus consists of three sections, one of whi^ 
is shown in Fig; 1 . A fourth section is 
also provided, without the autotrans¬ 
former bank, and with a single bus tie oil 
circuit breaker connecting the main and 
transfer busses. Space has been pro¬ 
vided for bank high-voltage breakers, 
which have not been installed because 
the low bus loading would permit the de¬ 
energizing of any one bus section without 
disrupting service. 

Owing to changes in the grid of the 
Northwest Power Pool, the bus loading 
was scheduled to increase by the addition 
of a large block of interdbange power. 
This power would enter near one end of 
the bus and flow by displacement nearly 
the full length of the station. This flow 

Paper 5S-623, recommended by the AIBE Trans¬ 
mission and Distribution Committee and approved 
by the AIDE Committee on Tedmical Operations ’ 
for presentation at the AIEB Pacific General 
Meeting, Butte, Mont., August 16-17, 1956, 
Manuscript submitted AprU 26, 1965; made avail¬ 
able for printing July 12, 1965. 
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of the Bonneville Power Administration, for his 
hdp in preparing for these tests and interpreting 
the results; and dso to thanfc Prof. P. R. Bergseth 
of the University of Washington for his assistance 
and guidance leading to the solution of voltage 
recording problems in. the tests. 


Preliminary Investigation 

The first solution would appear to be 
the direct action of opening the discon¬ 
nect switches to the banks. If a parallel 
path is available, one path may be inter¬ 
rupted and the load transferred to the 
alternate path. The difficulty of inter¬ 
ruption wiU depend upon the impedance 
to the increased load and upon the im¬ 
pedance of the path being interrupted. 
Bach path has a bank of autotransformers 
in series with it, and because of the im¬ 
pedance of the bank, there is a voltage 
drop and phase shift proportional to the 
current through the bank. If one bank 
is isolated on the high-voltage side, a 
voltage will appear across the disconnect¬ 
ing means equal to the sum of effects due 
to this impedance and the transient arc 
restrike during interruption. 

The effect of voltage drop through the 
bank may be partially compensated for 
by adjustment of the secondary taps of 
the bank to be isolated. By lowering the 
taps, the ratio of transformation, primary 
to secondary, is increased and the bank 
will drop the flow of reactive power. 
This, in turn, will step up to a higher 
voltage the primary electromotive force 
when the bank is disconnected. How¬ 
ever, the disconnect voltage will still be 
proportional to station loading because 
of the phase shift through the banks. 
Preliminary calculation indicated a value 


ing boms could be expected to protect 
the switch parts, their use seemed in¬ 
advisable because of restricted overhead 
clearances and the possibility of extended 
arc activity. 

It was then detemiined to investigate 
the possibility of interrupting the mag¬ 
netizing current. These banks of auto¬ 
transformers have a very low exciting 
current, averaging 1.73 amperes at rated 
line to line voltage, 220 kv. A survey of 
air-switch practice by an AIEE groups 
indicated that at least one utility was suc¬ 
cessful with interruptions of exciting 
current to an 83,000-kva bank of trans¬ 
formers at 220 kv, by means of an air- 
break switch. The current was about 3 
amperes, but no other details of the opera¬ 
tion were available. 

The reignition voltage for this opera¬ 
tion is very great, reaching an instanta¬ 
neous value of 179.5 kv in V 4 cycle after 
voltage zero. Complicating tte opera¬ 
tion is the fact that the current lags the 
voltage by 78.9 degrees. This puts the 
voltage crest at (Od — 78.9) or 11.1 de¬ 
grees after current zero. On a 60-cycle 
basis, this interval is about 514 micro¬ 
seconds. However, the greatest deion- 
izatioi^ ,and didectric recovery value 
is concentrated in the first microsec-^ 
ends,® after which the increase in di¬ 
electric strength is an exponential func¬ 
tion with an evfer-decreasing rate of 
rise. 
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Preliminary Tests 

Since there were few references to the 
conditions found in this problem, the 
next step seemed to be physical experi¬ 
mentation to determine the limits of safe 
operating procedure. Owing to the con¬ 
figuration of the system, it was possible 
to set up an isolated power circuit for the 
tests. Power would be furnished by a 
67,000-kva hydrogenerator and trans¬ 
mitted over an isolated line to the bank of 
autotransformers under test. - Control of 
the impressed voltage could be main¬ 
tained from 60 to 250 kv, without dis¬ 
turbing normal system operation. After 
conducting exciting current tests, the bus 
tie could be closed, and the bank paral¬ 
leled with the remainder of the station for 
parallel load current tests. 


Because of the ease with which the 
voltage could be controlled, it was de¬ 
cided to start the exciting current tests 
at 50 kv and proceed upwards by 25-kv 
steps to a point where arcing was danger¬ 
ous or switch spacings insufficient to put 
out the arc. For opening parallel load 
currents, arrangements were made to 
shift the 115-kv network to get tests at 
0, 50 and 90 amperes on the primary 
side of the bank. These tests would 
be conducted with the 220-kv bus in 
the normal operating condition, except 
that one bus tie breaker would be left 
open so that a single bus tie breaker could 
be used as backup for the test. 

A standard 6-element oscillograph was 
used, three elements of which recorded the 
voltage across the disconnect switch and 
three elements the currents at the time of 
interruption. For obtaining the voltage 
traces, adapters were fitted to the ca¬ 
pacitance taps of the 220-kv bushings of 
both the autotransformer and the bus 
tie oil circuit breaker. These taps were 
loaded with capacitors to give equal volt¬ 
ages and the two connections per phase 
fed to the control grids of an electronic 
voltage amplifier. The output of this 
amplifier was then used to drive the os¬ 
cillograph galvanometer. 

The final setup of equipment was com¬ 
pleted and exciting current interruptions 
were made at 50, 75, 100, 150, 200, 215, 
230, and 242 kv. Owing to the surpris¬ 
ingly low arc activity, the 220-kv bus 
was restored to normal, fully connected 
to the system, and an interruption was 
made at 230 kv, the bus voltage at that 
hour. 

The results of these first tests were very 
gratifying. The arcs observed were uni¬ 
formly thin and blue, with little thermal 


energy. The arc from the interruption 
at 242 kv, shown in Fig. 2, was about 5 
feet in length, well within the capabilities 
of the switch to open. The arc obtained 
from opening the exciting current to the 
bank from the fully closed bus was even 
less, being slightly more than 2 feet in 
length. Apparently the capacitance of 
the isolated line caused the extended arc 
in the earlier tests. 

Following these tests of exciting cur¬ 
rent interruptions, two banks of auto¬ 
transformers were paralleled on both 
primary and secondary sides, with the 
common secondary isolated from load. 
The disconnect switch was then opened 
and no visible arc seen. 

The loading on the secondary bus was 
then adjusted to give a current of 50 
amperes in the primary of each of the 
two banks in parallel. The interruption 
that followed gave evidence of being be¬ 
yond the safe operating range of the 
switch. While the arc length was rela¬ 
tively short, it was extremely bright and 
of large diameter. No examination of 
the switch was made after this test. 

The final test was made with all three 
banks in parallel. The primary current 
was about 100 amperes, but was reduced 
to 90 amperes when the taps of the bank 
to be de-energized were lowered to give 
unity power factor flow. The interrup¬ 
tion was then made, as shown in Fig. 3, 
and was very similar to the previous test, 
except that a few sparks of hot metal 
were visible on the fixed or jaw end of 
the switch. Because of the intense heat 
of the arcs and the probability of discon¬ 
nect switch damage, the tests were dis¬ 
continued. Both bus sections adja¬ 
cent to the switch were grounded and an 
examination of the disconnect made. 



Fis. 2. Exciting current interruption at 242 kv, isolated test system Rg. 3. Paralleled load current interruption at 90 amperes 

Anderson—-Power Autotransformer Current Interruption December 1955 









ZZO KV LINE 


ZZO KV line 


220 KV 


q TRANSFER i T 
»us M 

^ .. ^ 


. ^1 220 KV BUS 'I 




T 


90/120/150 MVA 
220/115 KV WYE 
AUTO-TRANSFORMER 
13.2 KV. DELTA 
TERTIARY 


Fjg. 4. 


115 KV I BUS 

instrumentation for Anal test; one 
phase only shown 


In the examination, smoke stains were 
found on the jaws and over the outer 
half of the blades. The only apparent 
damage incurred Was a few small pits on 
the outer jaw surfaces. The silver con¬ 
tacts of both jaws and blades seemed un¬ 
harmed in any way. Apparently there 
was no pitting on the blades because the 
• arc at interruption followed down the 
blades toward the hinge, a phenomenon 
common to all the tests. 

Final Tests 

The preliminary tests had indicated 
that the interruption of the autotrans- 
fotmer bank exciting currents was a safe 
operation, but several records were needed 
as proof of the physical phenomena ob¬ 
served. To obtain these records, the 
final tests were organized. 

The instrumentation is shown for one 
phase in Fig. 4. To obtain accurate rec¬ 
ords of any overvoltage condition, 
traces were taken of both bus and auto- 
transformer primary phase-to-ground 
voltages, as well as of the difference be¬ 
tween them. Traces were also taken of 
the three tertiary voltages, the exciting. 
currents and the circulating current 
within the delta tertiary. 

Since trouble had been experienced with 
the electronic voltage amplifiers used in 
the preliminary tests, it was decided to 
attempt a different approach to the 
problem of voltage recording. The 220- 
kv bushings are equipped with a capaci¬ 
tance tap for voltage measurements. 
However, these taps have an open-circuit 
voltage of 3,600 volts, and this voltage 
collapses to zero with a current drain of 
only 13.5 milliamperes. They are a 
source of low-current high-voltage energy. 
The galvanometers of the magnetic os¬ 
cillograph, on the other hand, require a 
smaU voltage and relatively high current. 

The difficulty is overcome by the use 
of a small, higli-tum ratio, radio-type 


transformer, which is paralleled with suf¬ 
ficient capacity to burden the tap to a 
voltage which will give the desired cur¬ 
rent for deflection of the galvanometer. 
Tests on a similar device indicated good 
ratio and phase-angle characteristics up 
to 10 kc in frequency. The transfonners 
used for the final tests had a ratio of 34 to 
1 and were checked for frequencies from 
20 to 2,000 cycles per second. 

For recording the small values of ex¬ 
citing current, 5/5 ampere wound-type 
5-kv current transformers were inserted 
in the neutral ends of the autotransformer 
windings. This required the removal 
of the power neutral bus, and to protect 
these current transfonners from inrush 
currents they were paralleled with un¬ 
fused 5-kv hook-stick operated switches. 
These switches were kept closed at all 
times except during each test. The 
tertiary current was measured by three 
current transfonners operated series pri¬ 
mary, parallel secondary, to give an ulti¬ 
mate ratio of 400/5 amperes. 

On the day of the test, equipment was 
assembled and all clearances obtained. 
Weather conditions were adverse, it was 
cold and windy with showers of mixed 
rain and snow. Because no difficulties 
had been experienced during the pre¬ 
liminary tests with interruptions of ex¬ 
citing current to the bank from the 
closed bus, all of tlie final tests were made 
in this manner without recourse to an iso¬ 
lated system. Arc activity and tlie duty 
on the disconnect switch appeared to be 
much less with this method of operation. 

In all, six interruptions were made. 
The test weather was variable, the first, 
third, fourth, and sixth tests were made 
with a moderate breeze blowing and light 
mixed rain and snow falling. The second 
test was made during a squall, with wind 
velocity estimated at 40 to 45 miles per 
hour and heavy snow falling. The fifth 


test was made in calm, with neither rain 
nor snow falling. 

The arc activity was much less than 
that associated with the preliminary tests. 
The maximum contact separation was a 
little more than 2 feet before final inter¬ 
ruption. Fig. 5 shows a typical inter¬ 
ruption. Figs. 6, 7, and 8 are the os¬ 
cillograms of tests 1, 2, and 3. The 
fourth, fifth, and sixth test oscillograms 
are not shown; they are essentially re¬ 
productions of the first test. 

On the second and third tests, restrikes 
followed by inrush currents occurred. 
Apparently, the arcs were blown out or 
otherwise extinguished for a fraction of a 
cycle, followed by restrikes on two phases 
and the inrush currents. The greatest 
magnitude of these currents was 8 am¬ 
peres peak value on the second test, 
which cannot be considered objection¬ 
able, although fully offset from the axis. 
On the third test, the restrike occurred 
on the phase formerly extinguished. In 
this case, phase 1 was nearly at crest 
when the restrike occurred, and phase 3 
followed. But with phases 1 and 3 con¬ 
ducting, phase 2 was energized through 
circulating current in the tertiary delta 
and there was not sufficient reignition 
voltage across the disconnect switch to 
start the arc. 

Verified in these tests was the fact 
that excitation for one phase was being 
carried by circulating current within the 
delta tertiary. The current traces for 
the delta show the characteristic third 
harmonic wave, but upon interruption of 
one phase, there is added a fundamental 
component. 

It will be noted that while 2-phase 
currents and ground can carry the bank 
3-phase excitation by means of a circulat¬ 
ing current within the delta tertiary, one 
phase alone cannot do so. With a single¬ 
phase quantity on the delta tertiary, the 


Fig. 5. Typical 
exciting current in¬ 
terruption from the 
bus, 226 kv 
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effective exciting impedance of the bank 
becomes twice the normal phase-exciting 
impedance, and the remaining current 
drops to half its previous value. This is 
verified by the oscillograms, as is the fact 
that all three bank voltages are part of a 
single-phase quantity. 

The impedance necessary to suppress 
the arc in the first phase to be extin¬ 
guished was much smaller than had been 
anticipated. These disconnect switches 
have blades which rotate about their 
longtitudinal axes to relieve the pressure 
of the fixed jaws against the flattened ends 
of the blades. The clearance at the 
time that the blades are fully rotated, 
before the lift out of the jaws is begfim, is 
about y 2 inch if the blades are perfectly 
centered in the jaw openings, which is 
usually not the case in the rather loose 
alignment of this type of switch. How¬ 
ever, this small gap was suflicient to 
cause the loss of ciurent to one phase, 
until the blade rubbed the jaws during 
withdrawal. Thus a short-phase inter¬ 
ruption is visible during the beginning of 
each test. 


The voltage across the switch was taken 
as the difference between bus and trans¬ 
former 220-kv bushing potentials. As 
the switch opened, each voltage cycle 
continued to increase over the previous 
one before reignition took place. After 
the arc was re-established, the voltage 
showed the characteristic high-frequency 
components of arc drop in free air. These 
voltages appeared to be inversely propor¬ 
tional to frequency, ranging from 16 kv 
rms at 900 cycles per second to 4 kv rms 
at 4,000 cycles. There were no overvolt¬ 
age conditions of any kind observed, the 
sine wave encompassing entirely the volt¬ 
ages observed. The average time of in¬ 
terruption of all tests was less than 31 
cycles on a 60-cycle-per-second basis. 

Conclusions 

There is no hazard to equipment and 
personnel from the interruption of auto¬ 
transformer exciting currents by an air- 
break disconnect switch, from a stable 
voltage source, on the equipment tested. 
While relatively few interruptions were 


made, the variety of conditions incident 
to the tests failed to reveal any abnormal 
or injurious conditions. It must be re¬ 
membered that two circumstances make 
the easy interruption possible; first, 
the delta-connected tertiary winding of 
the bank and, second, the low-impedance 
grounding of the neutral. Since these 
two conditions are a prerequisite to suc¬ 
cessful operation of the power autotrans¬ 
former bank, it is probable that these re¬ 
sults are applicable to similar equipment 
similarly arranged resulting in a great 
saving in substation design. 
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I N THE development of the power-line 
__ carrier art in this country, attention 
has usually been focused on the carrier 
frequency itself, with the hope that the 
side bands would take care of them¬ 
selves. This approach has been fairly 
successful. Nevertheless, the attempt 
to apply carrier-current communications 
in greater and greater quantity and over 
greater distances with concurrent demand 
for better quality and reliability has led 
to a number of application problems; and 
in the last few years, with the commercial 
development of the aperiodic coupler^ 
and Moynihan’s study of the effects of 
trapping with high-Q traps,* increased 
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attention has been given to the side 
bands which, after all, carry the in¬ 
telligence. 

Since the rate at which information can 
be transmitted over any communication 
system is proportional to the bandwidth, 
a systematic study of power-line carrier 
coupling, viewed as a problem of trans¬ 
mitting a frequency band of maximum 
width, rather than one or two discrete 
frequencies, should be of some interest 
to power-system communications engi¬ 
neers. Results will be presented in a 
perfectly general way, so that they can 
be applied to older traps and capacitors 
as well as to new ones. 

Bandwidth 

A circuit having a frequency response 
limited only at the high end by pre¬ 
scribed shunt capacities and series in¬ 
ductances, usually the unavoidable para¬ 
sitic elements, can be used at frequencies 


higher than its natural cutoff frequency 
by resonating each foequency-limiting 
branch with a suitable reactive element; 
but this process cuts off the response at 
lower frequencies so that the bandwidth, 
in cycles, is not changed. It is also 
theoretically possible, by using more 
complicated resonating networks, to 
break the passband into a number of 
sections which can be individually 
located as desired anywhere in the 
frequency spectrum. The fundamental 
restriction can be written as follows 

(wtti—toil) “too (1) 

where 

wmi, toil=the upper and lower limit fre¬ 
quencies respectively of the various 
bands 

too=the cutoff frequency of the network in 
its natural state 

This is called the conservation-of- 
bandwidtli principle.* As expressed here, 
however, the principle is rigorously 
established only when the treatment is 
subject to certain restrictions. The 
resonating networks must be 2-terminal 
networks of pure reactances and all 
frequency-limiting elements must be 
resonated the same way. If all restric¬ 
tions on treatment are abandoned, the 
principle is not disintegrated, it is just 
elasticized. Series and shunt peaking 
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Rg. 1 (left). 
Carrier engineer's 
view of transmis¬ 
sion line phase 
terminal 


networks, for example, are used in video 
amplifiers to square up the corners of the 
passband, thus extending the useful 
frequency range. Gain and bandwidth 
can be traded one for the other, as in 
stagger tuning to increase bandwidth, 
and the use of loosely coupled air-core 
transformers to increase gain at radio 
frequencies. Dissipative elements can 
be added to increase bandwidth at the 
expense of increased losses. 

Unfortunately, in coupling carrier fre¬ 
quency energy to high-voltage power 
lines, the frequency response is limited 
by series capacity and shunt inductance. 
Fig. 1, and the aforementioned principles, 
which have been well established for 
many years, do not apply directly. 
Here the limitation is an economic one. 
The shunt inductance and series capaci¬ 
tance can easily be increased by putting 
traps in series and capacitors in parallel, 
but this is expensive, and so are traps 
and capacitors designed with higher 
than usual inductance and capacitance. 

* To see how the bandwidth is limited 
for a system with specified series capaci¬ 
ties and shunt inductances, write, say, 
the loop equations for the network using 
Laplace transform theory with p as the 
complex freq uency variable. The variable 
terms in these equations will all be of 
one of these forms: Kai, Kt,pi, or Kei/P, 
where the Ka’s represent resistances, the 
represent inductances, the isle’s 
represent reciprocal capacities, and the 



R2=5 


R2=5 


Fig. S. Example of transformation used to 
establish bandwidth principle 


Vs are current. 

Let the equations be transformed by 
putting p—l/q. The typical terms be¬ 
come Kai, Kbi/q, and Keqi. If q — 
is then regarded as the complex fre¬ 
quency variable, the new equations will 
represent a network of the same configura¬ 
tion, but now the KVs (and correspond¬ 
ing branches) are reciprocal capacities and 
the Ke's are inductance. In other words, 
in going from the p-plane to the g-plane, 
all capacitors in the original network 
have been changed to inductors, and vice 
versa. Since the equations in the q- 
. plane represent a network limited, then, 
by shunt capacitie and serie in¬ 
ductances, the principle of conservation 
of bandwidth can be applied as expressed 
in equation 1 




( 2 ) 


One can now transform the equations 
and network back to the p-plane (^== 
o-\-jca), taking the foregoing property 
along; and, noting that points on the 
0-axis in the g-plane are the negative 
reciprocals of corresponding points on 
the co-axis in the ^-plane, obtain the fol¬ 
lowing from equation 2 






an (Ouij 


coo 


(3) 


Since the sum in equation 2 was 
taken over the positive real-frequency 
axis in the ^-plane, equation 3 will apply 
to the negative real-frequency axis in 
the p-plane. Because of the S 3 nnmetry 
of the positive and negative real-fre¬ 
quency axes, however, for the positive 
co-axis 






an co«i 


/ «o 


(4) 


This is the principle of conservation 
of bandwidth for networks limited by 
series capacities and shunt inductances. 
As in the previous case, the principle is 
found to be flexible to a certain extent 
if fussy restrictions are avoided. It 


might be well to point out, however, 
that, existing 2-frequency tuning panels 
and line traps do nothing to increase the 
bandwidth. They just break it up into 
two chunks. 

If all the bandwidth is taken in a 
single band, equation 4 can be reduced to 
the following form 


ZTTCJQ 

where 


(5) 


S^the bandwidth,' cycles per second 
t«>m=»Vw^i=the band mean frequency 

In a network limited in frequency 
response by certain prescribed shunt 
inductances and series capacities, the 
bandwidth is proportional to the square 
of the band mean frequency. 

This principle can also be established 
independently in a manner analogous to 
that used by Bode to establish the well- 
known bandwidth principle for networks 
limited by shunt capacities and series 
inductances.® The method outlined in 
the foregoing, while perhaps the more 
difficult to follow, serves to emphasize 
the comparison between the two types of 
networks and indicates that the extensive 
empirical knowledge about bandwidth 
which has been accumulated for networks 
limited by shunt capacities and series 
inductance can be adapted for applica¬ 
tion to the much less common networks 
exemplified by the problem of power-line 
carrier coupling. A numerical example 
illustrating the foregoing development is 
given here for a typical network having 
series capacity and shunt inductance; 
see the upper circuit of Fig. 2. No units 
are assigned to the various quantities; 
the transformation does not have a com¬ 
plete ph 3 rsical interpretation and the 
process must be regarded as a mathe¬ 
matical manipulation. 

The loop equations for the upper 
circuit of Fig. 2 are 

r dh dh 

10Z.+Jm+2^-2-=10 

I rt dll 


BLOCKING COIL 



REACTIVE 

MATCHING 

NETWORK 


Fig. 3, Suggested circuit for developing 
resonating netwoiics for blocking coil 
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The Laplace transformation puts these 
equations in terms of the complex fre¬ 
quency variable p 


{5-\-2p)Iz~2pIi — 0 

Now transforming with P=^\/q_ 

( 10+g+?)4_?/2 = io 
\ 3/ ? 

By inspection it can be seen that these 
are the equations of the lower circuit of 
Fig. 2, a circuit having shunt capacity 
and series inductance. 

Solving for /a 


■(?«) 


(-10-bg) 


Confining attention to the real-fre¬ 
quency axis in the g-plane (g=p+i<^) 


15--0*-f26i0 

At <^=0.61, the response is down 3 
decibels. Applying the principle of con¬ 
servation of bandwidth for this network 


<^u) =<^o*= 0.61 


Now to find the bandwidth law for the 
upper circuit of Fig. 2, simply transform 
back to the />-plane 


Wui/ 


This equation can be applied on either 
the positive or the negative real-frequency 
axis. 

The frequency 0)0 in equations 3, 4, 
and 5 is the cutoff frequency of the net¬ 
work in its untreated high-pass condition. 
Although the time-honored 3-decibel 
figure was used in the example, the 
foregoing principles will apply for any 
arbitrary method of determining coo, as 
long as the same method is used in deter¬ 
mining the co«’s and coj’s. The rest of this 
article will be concerned with elementary 
networks containing only one frequency- 
limiting reactor, either a shunt inductor 
or a series capacitor; in each case coo 
will be defined as the frequency at which 
the reactance of the frequency-limiting 
element equals a resistance not differing 
greatly from the input or output im¬ 
pedance of the network. If this re¬ 
sistance is 500 ohms, for example, coo 
for a 0.002-microfarad capacitor would be 
10* radians per second (160 kc). For 


a 0.25-millihenry coil, coo would be 
2X10® radians per second (320 kc). 
The value of B determined from equation 
5 using this definition of coo will be called 
the nominal bandwidth and the corre¬ 
sponding limit frequencies will be called 
the nominal band limits. 

Line Traps 

If it were not for the switching behind 
the trap, Fig. 1, the blocking coil and 
coupling capacitor could be considered 
as a single network and matching and 
tuning networks could be determined 
accordingly. (The term “blocking coil” 
will be used to refer to the line trap minus 
its resonating network.) But even though 
the line is connected to the bus at least 
99 per cent of the time, the bus impedance 
itself will change as other lines and 
transformers are switched. Transformers 
will appear on the bus as capacitors, 
provided they are ph 3 rsically close to the 
bus (close in comparison with a quarter- 
wave length at carrier frequencies), but 
line impedances will probably vary 
widely. Trap reactance has commonly 
been relied on to block transmission of 
carrier to the bus, but it is quite likely 
that the trap reactance will series-reso- 
nate with the bus reactance at certain 
frequencies in the passband, causing 
great attenuation, and Moynihanhas sug¬ 
gested, after studying the problem, that 
the Q of traps be reduced to increase the 
resistance component of the trap im¬ 
pedance.* 

Therefore, the trap should be resonated 
so that the resistive component of its 
impedance will be as high as possible over 
the passband, with no reliance whatever 
placed on the reactive component. One 
method of attacking this problem is to 
use the following artifice. Imagine the 
blocking coil removed from the line. 
Fig. 3, shunt it with a resistor R, and 
attempt to construct a network of pure 
reactances which will match this combi¬ 
nation, considered as a load, over as 
wide a band as possible to a generator 
whose internal impedance is purely 
resistive and adjustable to any value R'. 
An estimate of the band over which it 
may be possible to do this can be obtained 
immediately from equation 6. In this 
case wo is taken as the frequency at which 
the coil reactance equals the resistance R. 




By=the nominal bandwidth 
L=the blocking coil inductance 
/i»=win/2ir=the band mean frequency, 
cycles per second 


Assuming that the required network 
has been constructed, connect to it 
instead of a generator just the matching 
resistor R', and then return to the con¬ 
nection between resistor R and the 
blocking coil. Since only reactive ele¬ 
ments have been crossed, it will be found 
that the resistor R is also matched to the 
network over the same band. Resistor 
R can be removed. The blocking coil 
and the network will now show a constant 
resistance R over the band By. 

Of course it is only possible to do this 
approximately, although the error can 
probably be reduced as much as desired 
by using more complex reactive networks. 
Fig. 4 shows a blocking coil with a 2-stage 
resonating network and some of the 
impedance curves which can be obtained. 
These and other curves in this paper 
are presented as functions of the fre¬ 
quency function u so that they can be 
used for all values of wo and w^. The 
function u has the following properties: 
It has the value zero for the band mean 
frequency and the values —1 and +1 
for the lower and upper limit frequencies 
respectively of the nominal band By/ 
it has the values —Ui and -\-u\ for the 
limit frequencies of any other band of 
width ByWi with the same mean fre¬ 
quency Wot. The curves of Fig. 4 show 
the impedance only in the lower portion 
of the band. The resistive and reactive 
components of the impedance of this and 
other networks which will be presented 
are even and odd functions respectively 
of the function «, so that the values on 
the other side of the band can be de¬ 
termined from S 3 mmetry. 

The expression for the impedance of 
the network of Fig. 4 is 

z _ 1 -xi-^+w) 


Z=* the impedance of the entire network 
_w_ 

w / 

coo “ Ri/Bi 
k^Li/(Ri»Cz) 

COOT* “ 1/Ll Cl = 1/Z.8 Co 

If ^ = 0, then I, 2 =l/C 2 —0; the res¬ 
onating network reduces to a single 
stage and the circuit is that of the con¬ 
ventional single-frequency trap. The 
resistor Rz is usu^y not physically 
present, however, and Bo in the equiva¬ 
lent circuit wiU represent the loss com¬ 
ponents of the coil and capacitor. It 
is about 10,000 ohms for the traps in 
common use. The nominal bandwidth 
for this resistance, assuming a blocking- 
coil inductance of 250 microhenrys, is 
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3-stase resonating network 


only 1,600 cycles at 100 kc, so Fig. 4 
shows only a little over one-third of the 
lower half of a 6-kc band. It can be 
shown that the resistance of the single¬ 
frequency trap at the band-limit fre¬ 
quencies increases as Ra is decreased 
until the nominal band, as defined in 
equation 6, equals the actual band, after 
which it decreases. The best value of 
Ri for the conventional single-frequency 
trap, then, can be obtained from equation 
6 by putting Bjf equal to the actual band¬ 
width. The resistance of the trap at the 
band limits is, from Fig. 4, half of the 
value of so determined. By adding the 
second stage with ^ = 1 to the resonating 
network, the minimum resistance of the 
trap in the same band is doubled. Or, 
if the widest possible band should be of 
interest, the addition of a second stage 
to the resonating network will double 
the frequency band over which a speci¬ 
fied minimum resistance can be main¬ 
tained. 

By adding a third stage to the resonat¬ 
ing network, still greater control of the 
characteristics of the trap is obtained. 
The curve shown in Fig. 6 was selected 
for constant resistance and increased 
bandwddth, With parameters as shown, 
the band over whidb the trap can main¬ 
tain a specified minimum resistance is 
increased another 18 per cent. Probably 
other values of the parameters would 


give somewhat greater bandwidth at the 
expense of greater variation in resistance. 
The equation for the trap with a 3-stage 
resonating network is 

Ri l+Cu^+Du*+k2*k3^^ 
where 

u=—{ “ 

A =l-{-k3—ka 

1 -f-2fe3-|-^j®— 2^2 

kt^Li/Li 

=l/CACi) = l/CZjCj) = l/(LgC,) 

Coupling Capacitor 

The matching networks to be pre¬ 
sented here for the coupling capacitor 
are analogous to the networks shown 
for the blocking coil. The terminating 
resistor may represent the output im¬ 
pedance of- the final radio-frequency 
power amplifier. It is assumed that this 
can be adjusted to any desired value 
vrith a suitable output transformer. 
The drain coil and the potential-device 
network will be ignored. They have 
high impedances and do not have a 
very great effect on the network at carrier 
frequencies. 


There is not as much flexibility in 
designing the coupling capacitor network 
as in the trap network. This is because 
an attempt is made either to match the 
capacitor network to the line and the 
trap impedances in parallel at the 
transmitting end, or to match the line 
to the trap and capacitor networks in 
parallel at the receiving end; in resonat¬ 
ing the trap there was no need to match 
anything. Where the bandwidth of 
the trap is inversely proportional to 
resistance, the bandwidth of the capacitor 
network is directly proportional to its 
matching resistance. 

Fig. 6 shows the circuit and impedance 
curves for the capacitor with a 2-stage 
matching network. The circuit is 
essentially the same as that given re¬ 
cently by Kring^s and Woodworth.^ 
The equation is 

£ l+jujl-k+kht^) - 
Ri 

where 



Wo —1/(2?2 Ci) 
k=R2^Ci/L2 

W;»* = l/(XiCl)-l/(L8Ci) 

The conventional single-frequency linp 
tuner ((72=1/1.2=0) is obtained by again 
putting ^=0, and the impedance curves 
for this network are also showm in Fig. 6. 
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Fig. 6. Circuit end universal impedance curves for coupling capacitor 
with 2-stage matching network 


Fig. 7. Mismatch loss curves 


Assuming that the desired bandwidth 
B and the resistance Rjf to be approxi¬ 
mated with the capacitor network (whose 
actual impedance is Z in the foregoing 
equation) are known, the nominal band¬ 
width Bit based on can be calculated. 
If B is less than 0.4 Bjf, as it may well 
be on lower voltage lines, conventional 
single-frequency tuning with Rn = R^ may 
as well be used. If B is greater than 0.4 
Bjj, assume for the moment that i? 2 = 
Rff, in which case the nominal band¬ 
width Bjfi determined with reference to 
resistor R^ is equal to Bjf. Plot the point 
u—B/Bjf^—B/Bif on the line R/Ri^l. 
This value of u represents the actual band 
limits when J? 2 =i?jv Connect this point 
to the origin with a straight line. For 
any other value of J? 2 , the actual band 
limits will correspond to the value of 
u at the point of intersection of this line 
with the horizontal line R/R^—Rn/Ri. 
The reason for the change is that the 
scale of u changes with a change in R^ 
and R% has to be adjusted to obtain the 
best match. Now to sdect the best 
2 -stage matching network tiy various 
values of Rn/Rz, selecting for each a 
value of k which will give the most 
uniform mismatch loss over the actual 
band with limits determined by the 
diagonal line. Since the reactive mis¬ 
match is always at its worst at the band 
limit, it is best to select a k which will 
give a good resistance match at this point. 


At the band mean, the mismatch will 
be purely resistive. If B=Bjf, for 
example, the diagonal line is at 46 degrees 
and i?jv/i? 2 = 0 . 74 , fe= 0.8 will give about 
a 35-per-cent resistance mismatch at 
the band mean and about a 40-per-ceht 
reactance mismatch at the actual band 
limit. 

Mismatch loss curves axe of some help 
in obtaining a uniform mismatch loss 
over the desired band. A set of curves 
is shown in Fig. 7. The expression for 
the mismatch loss in decibels is 

“ —J 

where 

i?o-|-j-X’o=>the generator impedance 
RL+jXL=th& load impedance 

For mismatch loss less than 1 decibel, 
the following approxhnation gives the 
loss within 6 per cent 

RiRa 

Ra 

Because the capacitor circuit of Fig. 6 
and the trap circuit of Fig. 4 are mutually 
inverse networks, the curves of Fig. 4 
can be read as admittance curves fca: the 


capacitor circuit of Fig. 6 . Values of 
u and k determined with reference to 
the capacitor circuit apply directly to 
the curves of Fig. 4, the curves being 
read as GR^ and BRi where 1/Z= 
G-\-jB. Similarly, the curves of Fig. 6 
can be read as admittance cmves for the 
trap circuit of Fig. 4. 

Two sets of curves for the 3-stage 
capacitor network are shown in Fig. 8 . 
For these curves u and a>o have been 
based on R^ rather than R^, so that the 
value of u corresponding to actual 
band limits does not change as Rt is 
changed. The parameters kz—OS, kt — 
0.6, and a=1.4 were selected to give 
approximately constant mismatch loss 
over a band 1.3 times the nominal 
band. Within this band the mismatch 
loss stays within the limits of 0.12 to 
0.16 decibels. The parameter values 
^ 2 = 0 . 9 , ^ 3 = 0 . 66 , and a= 1.2 were se¬ 
lected to give approximately constant 
mismatch loss over a band 0.9 times the 
nominal band. Within this band the 
mismatch loss is about 0.04 dedbd. 
Wider bandwidths can undoubtedly be 
obtained with increased but not excessive 
variation in mismatch loss. 

The equation for the 3-stage capacitor 
network is 

Z a+ju(A +Bu^+ki^k3^*) 

Rif~ 1+Cu^Wkihi* 

where 
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the use of X/=« the velocity of propaga¬ 
tion, the expression n=Lf/v is obtained. 


i2Ar“the resistance to be approximated 



o>o = 1/{RnCi) 


Stage tuning, as shown in Fig. 9. The 
analysis is difficult, however, and the 
symmetiy is lost. 


Now the velocity of propagation on open- 
wire lines is high and constant, hence 

dn L 


^ =n 1 — aiki 

C= 2fe) 

ki = Rf^Ci/Li 
kt = Cl/C% 
ct—Ri/Rif 

co„* = l/CLiCi) = l/CLjCj) = l/ClaCj) 

If «m is put at infinity in the circuit of 
Fig. 8, then Zi=C2=Za=0, and the 
circuit becomes that of the aperiodic 
coupler introduced in this country a few 
years ago. It is unlikely that the param¬ 
eters have the same values but, other¬ 
wise, ^e curves would apply. However, 
positive values of « how correspond to 
negative frequencies, so the only curves 
of practical interest are those obtained 
by symmetry for negative u. The 
nominal lower band limit is, of course, 
the cutoff frequency wo. 

It is probably quite practical to match 
coupling capacitors to a band-pass charac¬ 
teristic by using the drain coil for first- 


'C0UPUN6 CAPACITOR 

Hf- 




-LINE IMPEDANCE 



DRAIN COIL 


XMTR- 


Ffg. 9. Coupling capacitor with S-$tage 
matching network using drain coil for first 
stage 


Application • 

It is believed that the problem of 
matching a power transmission line at 
carrier frequencies has not been com¬ 
pletely understood. Fig. 10 shows the 
impedance to ground over a portion of 
the carrier-current spectrum of the 
center conductor of a flat 230-kv steel- 
tower transmission line, with 796,000- 
circular-mil steel-remforced aluminum- 
cable conductors on 28-foot 10-inch 
spacing and overhead ground wires all 
the way. The conductor was shunted 
at the local end with a 2-frequency trap 
and a 0.001-microfarad coupling capacitor 
with tuning circuits groimded out, as 
shown in Fig. 11. The capacitor then 
shows a low admittance in comparison 
with the line over most of the carrier 
spectrum and the trap shunting ^ect 
is negligible at and near its resonant 
frequencies of 57 and 135 kc. The most 
striking feature shown in the curve is 
the wide periodic variation in the im¬ 
pedance. Because the variations are 
regular, it seems logical to assume that 
they are caused by reflections from a 
discontinuity in the line a di s ta nce L 
from the local terminal. The distance 
to the discontinuity in number of wave 
lengths is n—L/X, where X is the wave 
length at a given frequency and, with 


From the graph it is seen that n is 
changing by one-fourth wave length 
every 640 cycles. Assuming a velocity 
of 98 per cent of the speed of light 

_ dn ^ 

— miles 
df 

Since the line is 69.9 milp.s long, it is 
clear that the reflections come from the 
remote terminal. Yet the other end of 
the line was terminated, not in a short or 
open circuit but in a line trap, capacitor, 

• and tuning unit tuned in the conventional 
manner to 57 and 135 kc. 



Fig. 11. Test circuit used td obtaiii curve in 
Fig. 10 
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Conventional tuning methods usually 
employ the transmitter or an oscillator 
as an energy source and the tuning panel 
is adjusted for maximum current into 
the line at the carrier frequency. This 
results in a perfect match with the energy 
source at the carrier frequency, but it 
is not the best match for the band nor 
does it ever result in a characteristic im¬ 
pedance termination unless the remote 
end of the line has already been termi¬ 
nated in the line characteristic impedance 
Z* or is far enough away so that the 
reflected wave is greatly attenuated. 
Neither of the latter conditions is likely 
to prevail on a powert ransmission line. 

The problem can be seen more clearly 
by examining the impedance of a trans¬ 
mission line which is not characteristically 
terminated, as a function of frequency. 
This impedance will travel in a circle in 
the complex impedance plane enclosing, 
but never passing through the point 
Zj. The radius of the circle is given by 



aL =the attenuation of the line, nepers 
Zo=the terminating impedance 

The center of the circle has the same 
angle as Z* and amplitude V(|-2^ii!|*+ 
is*). The line impedance will travel 
once around the circle each time the line 
length changes by a half wave length. 
The impedance of the line of Fig. 10 
will travel around the circle five times 
in a 6-kc band. The best compromise 
match is the conjugate of Z*, and for this 
condition, in fact, mismatch loss is the 
same for all points on the circle. By 
matching to the line impedance at a 
single frequency, one matches only to 
some point on the Circumference, and this 
side will be a rather poor match for 
points on the other side of the circle. 

To obtain a high-quality carrier chan¬ 
nel, then, it will be necessary to find the 
characteristic impedance of the line and 
determine the desired characteristics of 
the terminating networks by calculation. 
At the receiving end, the trap and capaci¬ 
tor networks in parallel should approxi¬ 
mate the line characteristic impedance. 
Of course, the impedance of the trap 
circuit vmes with switching and it will 
be necessary to assume some compromise 
value. At the sending end the capacitor 
network should match the line and the 
trap circuit in parallel. If transmission 
alternates in direction, as with the 
pre^nt singlerfrequency carrier equip- 



Fig. a. Bridge circuit for impedance 
meesurements 


ment, a reasonable compromise is to 
adjust the capacitor networks to ap¬ 
proximate the line characteristic im¬ 
pedance at both ends. It is possible to 
obtain a better match for both the line 
and the transmitter in this case by adding 
resistance in series with the coupling 
capacitor. 

Checks on the adjustment of the 
capacitor network should be made look¬ 
ing in at the high side of the coupling 
capacitor. This point will usually not 
be accessible; the network can still be 
checked, however, by substituting for 
the coupling capacitor a dummy with 
the same capacity. It may prove de¬ 
sirable to add a dummy drain coil too. 

Traps have always been a problem. 
Since the present designs use variable 
taps connected on the inside of the 
blocking coil for the fine adjustment, 
to retune a trap it is not only necessary 
to take the line out of sendee but usually 
a line crew and winch truck must be 
called out also to lower the trap to the 
ground. There is no apparent reason 
why the elements of the resonating net¬ 
work should not be housed in a small 
container which could either be inserted 
in the blocking coil or attached directly 
to the line conductor with a hotstick. 
The adjustment of the resonating net¬ 
work could then be changed by removing 
it from the line and connecting it to a 
dummy blocking coil. 

Knowledge of the characteristic im¬ 
pedance is necessary for engineering 
high-quality broad-band channels. Since 
the attenuation of power lines at carrier 
frequencies is very low, the characteristic 
impedance will be a nearly pure resistance 
determined by line geometry. Equations 
for the impedance of low-loss lines in 
air have been developed from field 
theory® 

Rp ^276 \ogto(d/r) (IS) 

138 logxo(d!/r) (16) 

The first equation applies to 2.-wire 
lines where r is the conductor radius, 
and d is the separation. The second 


equation applies to coaxial lines and d 
and r are the radii of the outer and inner 
conductors respectively. The former 
will probably be fairly accurate for phase- 
to-phase coupling of carrier current. It 
seems likely that the phase-to-ground 
use of the center conductor of a flat 
line with overhead ground wires will 
approach the coaxial case. At any rate 
it should be possible to develop equations 
of the form K logio(d/r) for the charac¬ 
teristic impedance, where K and the 
method of finding an equivalent d 
depend only on the configuration of 
conductors and are independent of scale 
and conductor size. 

In appl 3 ring broad-band coupling 
methods, it will frequently be necessary 
to measure complex impedance. A bridge 
for measurements at carrier-current fre¬ 
quencies has recently become available 
commercially. The homemade bridge 
circuit of Fig. 12 will also appeal to 
many carrier people, since most of them 
already own the major components. It 
is necessary to determine the complex 
impedance by calculation. The author 
has found that the output transformer on 
the Hewlett-Packard oscillator has a 
very good balance for measurements at 
the impedance levels ordinarily en¬ 
countered in carrier work. At any rate, 
the transformer balance can always be 
checked by balancing the bridge, re¬ 
versing connections to the two outside 
legs of the transformer, and rebalancing. 
The circuit as shown is used for measur¬ 
ing impedances with negative phase 
angle. For impedances with positive 
phase angle, the capacitance decade is 
placed in parallel with the unknown. 

Networks similar to those developed 
in the foregoing can probably be applied 
to improve the passband characteristics 
of 2-frequency tuning panels and traps 
where difiiculties in paralleling receivers 
and transmitters make it necessary to 
take the bandwidth in two sections. 
The analysis is difficult, however, and 
the problem is left to those who have the 
opportunity to attadc it experimentally. 

Conclusions 

The design and construction of high- 
quality broad-band carrier channels will 
cost more in time, effort, and investment 
than the systems in use in this country 
at present. Even so, power-line carrier 
will continue to be a most attractive com¬ 
munication method for the electric power 
industry, especially where long distances 
make the alternatives of microwave or 
ph 3 reical telephone lines a very expensive 
proposition. 
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The power system communications 
engineer designing a broad-band carrier 
channel will probably wish for blocking 
coils of somewhat higher inductance 
than the present coils (about 260 micro- 
henrys), especially if he attempts to 
keep trap resistance two or three times 
the line impedance. But if he cannot 
have them at reasonable cost, he will do 
without, perhaps sacrificing bandwidth 
or quality, sometimes putting two traps 
in series, or adding a second capacitor 
behind the trap. The second capacitor, 
if resonated to show a low impedance 
over the band, will reduce the variations 
of impedance caused by switching and 
permit resonating the trap to a lower 
resistance and a broader band. Perhaps 
the best expedient, however, is to go to 
higher frequencies. A 260-microhenry 
trap with a 3-stage resonating network 
can maintain 1,000 ohms over an 18-kc 
band at 100 kc, or over a 74-kc band at 


200 kc. In the past, the lower frequen¬ 
cies have been favored because of lower 
attenuation but. Cheek and Moynihan, * 
after a comprehensive study of carrier- 
frequency noise on power lines, concluded 
that the lower noise levels at high fre¬ 
quencies would probably compensate 
for the higher attenuation in most cases. 

In applying broad-band coupling, the 
communications engineer will want broad¬ 
band class-A final radio-frequency power 
amplifiers for the sending end of his 
chan n el so that he can combine the 
outputs of his older transmitters without 
worrying about the effects of mutual 
loading. He will also want modulator 
panels for translating the frequency of 
wide bands at by-passes, so that he can 
apply amplification without causing sing¬ 
ing. And when broad-band power 
amplifiers and frequency translators are 
available, he will wish to consider, the 
single-side-band multiplexing systems 


brought to a high state of development 
over a period of many years in the tele¬ 
phone industry. 
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Apparatus Noise Measurement 

R. J. WELLS 

NONMEMBER AIEE 


A lmost all noise measurement tech¬ 
niques and test codes used for meas¬ 
uring the noise of electrical equipment are 
based on the 1960 American Standard 
Association test code for apparatus noise 
measurement.^ This is now considered 
obsolete, and is being revised to conform 
to latest techniques by the ASA writing 
group Z24-W-25. The new code will 
undoubtedly have a great impact on 
noise measurement procedures used with 
electrical apparatus. Since the code 
will not be in print for a year or two, it is 
hoped that the information presented in 
this paper will serve as a guide in the 
measurement of apparatus noise in the 
interim before such publication. It should 
a,id particularly in the current emphasis 
of the concept of total sound power. 

The main tasks set by the subcom¬ 
mittee are: 

1. Procedures for the measurement of 
total radiated acoustic power. 


Paptt 5S-72S, recommended by the AIEE Rotating 
Machinery Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Pall General Meeting, Chicago, 
111., October 3-7, 1966. Manuscript submitted 
June 6, 1966; made available for printing August 
13| 1955* 
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2. Procedures for the measurement of 
sound pressure level at specified locations. 

To date, most of the work of this group 
has been concerned with the measurement 
of total acoustic power, the primary sub¬ 
ject of this paper. Only objective meas¬ 
urements are being standardized, though 
subjective criteria are being studied by 
other exploratory groups. Also, a sepa¬ 
rate exploratory group is studying the 
problem of noise measurements which 
are hampered by the presence of high- 
velocity air streams. 

Sound Power Measurement 

Most test codes have been concerned 
only with the measurement of sound pres¬ 
sure levels at specified locations. Such 
data are usually inadequate and seldom 
offer a fair means of comparison of the 
noise of different types of machines. It 
is much like giving the voltage output of a 
generator without specifying the load or 
the available power. Also, slight modifi¬ 
cations in a machine may change the 
sound pressure level at one point by 
several decibels without appreciably af¬ 
fecting the total radiated power. A sound 
power specification is a much more funda¬ 
mental quantity than a sound pressure 
level. Actually, at distances somewhat 
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removed from a machine, the sound level 
in a given room is almost solely depend¬ 
ent on the sound power output. Also, 
once the sound power is known, it is pos¬ 
sible to compute the sound pressure level, 
within engineering accuracy, at any speci¬ 
fied location in a given enclosure. 

There are several methods of sound 
power measurement under consideration. 
However, at the outset it should be 
pointed out that any such measurement 
should at least be made in octave band- 
widths. Almost all sound criteria in cur¬ 
rent use are based on octave-band 
analyses rather than mere weighted net¬ 
work levels. In certain cases, it may be 
necessary to employ even more narrow 
bands. 

Free Field Measurements 

A space integration of the total sound 
power radiated into a free field is perhaps 
the most basic approach to sound power 
measurement. This may be accom¬ 
plished by means of a point-by-point sur¬ 
vey of the sotmd pressure over the surface 
of a h 3 rpothetical sphere, .or hemisphere, 
surrounding the device under test. The 
radius of such a sphere, and the locations 
of the various microphone positions, are 
of some importance though they are not 
highly critical since the same acoustic 
power must pass through all concentric 
spheres. In general, however, the radius 
chosen should be such as to avoid the 
near sound field, where reactive condi¬ 
tions exist, and the microphone positions 
should be spaced as uniformly as possible 
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Fi 0 . 1 . Automatic 
equipment for the 
'free-field integration 
of total sound power 
in use in the General 
Electric anechoic 
room in Schenec¬ 
tady 


over the surface of the test sphere. With 
regard to the first condition, a radius 
equal to twice the maximum dimension 
of the machine, or not less than 3 feet, is 
considered as about a minimum. The 
point arrays indicated in reference 6 have 
been suggested by the General Radio 
Company to meet the second objective. 
The number of points chosen depends 
upon the directivity of the source. For 
the higher octave bands if accuracy is 
desired, it is advisable to use the 20-point 
array. In many cases a certain degree of 
symmetry may be present. If desired, 
such symmetry may be utilized to mini¬ 
mize the number of measurement posi¬ 
tions required. 

Acoustic directivity increases markedly 
at the higher frequencies. Hence, a large 
number of microphone positions may be 
required to obtain an accurate average 
for a band of 4,800 to 9,600 cycles per 
second (cps). Perhaps it would be best 
not to specify fixed locations as standard 
microphone positions, but rather to set 
down rules from which optimum positions 
may be chosen for different types of ma¬ 
chines. In fact, one of the basic advan¬ 
tages of the sound power approach to 
noise specification is the test flexibility in 
this respect. Actually, fixed discrete 
microphone positions are not required, 
and the use of automatic rotating devices 
may be preferable. In one such equip¬ 
ment which tests at General Electric 
have indicated to be satisfactory, the 


noise source is rotated on a turntable while 
the microphone travels along a 90-degree 
arc about an axis perpendicular to the 
turntable axis. As a result, the micro¬ 
phone effectively traverses a spiral path 
about the noise source. To weight the 
output signal in proportion to the incre¬ 
mental zone of the test sphere, a cosine 
potentiometer may be employed. An 
alternative possibility is the use of a 
cosine drive on the traveling microphone. 
The microphone signal is, of course, fed to 
an integrating or averaging circuit and 
then to a meter. 

Regardless of what microphone posi¬ 
tions are used, the objective is simply to 
obtain an average sound pressure level 
over the chosen test surface. Better 
still, assuming sound intensity to be pro¬ 
portional to the square of the sound pres¬ 
sure—as it should be in a free field—the 
average intensity may be obtained with 
automatic equipment by squaring the 
signal before averaging it. Given the 
average sound intensity, the total radiated 
sound power, in watts, may be obtained 
simply by multiplying the intensity by 
the area of the test surface. 

To summarize, the following relations 
are obtained 


sound pressure level=L 3 


“20 logic 


P 

0.0002 


in decibels referred to 0.0002 microbars (1) 
where 


/>“rms sound pressure, microbars 


sound intensity=7 =*— 10 watts per 
pc 

centimeter* (2 ) 

assuming spherical wave, where 

density of medium (air), centimeter- 
gram-second units 

c=velocity of sound in medium, centimeter- 
gram-second imits 

If I represents the average sound intensity 
over an area S, centimeter®, then the total 
power radiated through this surface is 

ir=75 watts (3) 

For purposes of calculation, it is often 
convenient to express sound power as a 
level. The reference base of 10"^® watts 
appears to be most common, though it 
has not been standardized to date. With 
this reference level 

W 

sound power level=Lto = 10 logic- (4) 

10 “^® 

in decibels referred to 10““ watts. These 
relations may be combined in the form 

7-»=Lp+10 log 5-0.5 (5) 

where S is now expressed in square feet, 
and Lp represents the average sound 
pressure level, preferably the rms average 
level for greatest accuracy. 

If preferred, equation 6 may be written 
in terms of W, the total sound power in 
watts, as 

10 logic W"=Ip+10 log 5-130.5 (6) 

Reverberant Field Measurements 

An alternative approach to sound power 
measurements involves the use of a rever¬ 
beration room. In a large reverberant 
enclosure, the sotmd pressure level due to 
a given sound source is essentially inde¬ 
pendent of position. Thus, for any par¬ 
ticular reverberant room, the average 
sound level is determined solely by the 
acoustic power of the sound source. 
Hence, assuming that the room is properly 
calibrated, the sound power being de¬ 
veloped by an apparatus may theoret¬ 
ically be obtained from a single sound 
level measurement. In practice, the 
sound is never perfectly diffused, so the 
use of the average sound level for several 
locations is preferable,*'® 

Again, with the reference base of 10”®® 
watts, the sound power level may be 
determined from the average sotmd pres¬ 
sure level by means of the relation 

L,c “1,4-10 log R-6.5 (7) 

where R is a constant dependent only 
upon the absorptive properties of the 
room. In terms of watts, equation 7 
takes the form 
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10 logio W^Lp-\-10 log 22-136.6 (8) 

The constant R may be computed from 
the theoretical relation 


1—a 
where 


(9) 


a=*sA = total absorption in room, sabines. 
A =» total surface area of room, square feet, 
a = average absorption coefficient of room 
surfaces. 

A measurement of the reverberation tim<» 
of the room will' suffice to determine, a 
and a from 


0.049 V 


0.049 V 0.049 V 


-/4 1n(l-a) sA 


( 10 ) 


where 

reverberation time=time required for 
a 60-decibel drop in sound level, 
seconds, 

volume of room, cubic feet. 

In the opinion of the writer, however, a 
superior method is to make use of a stand¬ 
ard source of known sound power output. 
This procedure requires but a minimum 
of equipment and eliminates what other¬ 
wise appears to be a source of systematic 
error, namely, the existence of increased 
sound levels near the walls and corners 
of the roora.^ The known sound power 
source may be a standard machine, the 
sound power of which has been accurately 
determined by a free-field integration 
procedure, or from a test in a calibrated 
reverberation room such as the Riverbank 
room or the Bureau of Standards room. 
An alternative sotmd source is a loud¬ 
speaker of high acoustic impedance driven 
by octave bands of a monitored electrical 
noise signal. In either case, the standard 
source is sounded in the room to be cali¬ 
brated and the difference between the 
average sound pressure level and the 
known sound power level is determined by 
octave bands. 

The accuracy of sound power measure¬ 
ments in a reverberation room is in 
general limited by the degree of sound dif¬ 
fusion within the room and by the con¬ 
stancy of its calibration. The degree of 
diffusion is a function of the room dimen¬ 
sions and absorption, and the character 
of the noise itself. For low frequencies a 
large room is required. The minitniitTi 
frequency for which a reasonable state of 
diffusion exists in a rectangular room may 
be estimated* from 


fmla’ 


10 Wf 


( 11 ) 


where A/ is the bandwidth of the noise in 
cycles per second, or in the case of a very 
wide-band noise, it may be taken as the 
bandwidth of the sound analyzer being 
used. Moreover, the room dimensions 
should be approximately but not exactly 
equal. Thus, for work with pure tones 
down to a frequency of about 120 cps 
dimensions of 20 by 25 by 30 feet might be 
chosen. As might be deduced from equa¬ 
tion 11, broad-band noise will tend to be 
more uniformly diffused than pure tones. 
Hence, where strong, pure tones are pres¬ 
ent, it may be necessary to use quite a 
few measurement points in order to ob¬ 
tain a good space average. This may be 
accomplished by moving the microphone 
along a circular arc through the room, 
and using electronic equipment to ob¬ 
tain an integrated average level.® An 
alternative procedure has been used 
at the National Bureau of Standards. 
This involves the placement of nine 
microphones in a random pattern in the 
middle of the room, the outputs of the 
microphones all being connected in series 
parallel. Rotating or fixed vanes, or dif¬ 
fusers, may also be employed to improve 
the response of a reverberation room. 
Usually a large rotating vane with a fixed 
microphone position will have an effect 
like one with a fixed vane and a rotating 
or multiple microphone system. 

The constancy of the room calibration 
is, of course, dependent upon the con¬ 
stancy of the contents of the room. For 
this reason, few, if any, people should be 
permitted within the room during tests. 
However, an additional source of error is 
the fact that, at the higher frequencies, a 
considerable portion of the total absorp¬ 
tion in a rather live room is due to molec¬ 
ular absorption in the air itself. Since 
such absorption varies with the atmos¬ 
pheric conditions, and if high accuracy is 
required above about 2,000 cps, care 
should be taken to maintain constant 
conditions of temperature and humidity. 

Sbmi-Revbrberaot Field 
Measurements 

High quality free-field or reverberation 
rooms are rather expensive test facilities. 
Many people interested in noise are there¬ 
fore forced to make their measurements in 
factory or laboratory areas where the 
walls, etc., are neither acoustically dead 
nor completely reflecting. In such an en¬ 
closure the sound level does not follow the 
inverse square law, 6-decibel drop per 
doubling of distance, in the neighborhood 
of the microphone positions, as it should 
in a free-field. Neither is the sound level 
essentially independent of location as it 
should be in a truly random or rever¬ 


berant field. However, since measure¬ 
ments must often be made under such 
conditions, an outline of a procedure by 
which the data may be obtained in as 
accurate a way as possible has been sug¬ 
gested. 

The recommended procedure is as fol¬ 
lows. First, microphone positions that 
would be satisfactory in a free field are 
chosen. Then the noise of one machine 
is measured by two methods: 

1. In the test room. 

2. In a free field, perhaps outdoors on a 
calm, quiet day, with the machine sus¬ 
pended or mounted as it would be in the 
test room. No reflecting surface, other 
than the ground should be within 100 feet. 
The microphone positions should duplicate 
those used in the test room. 

The room coefiicient R should then be 
computed for each octave band from 

r> 45 

, (Lpt-Lpo\ . 

Antilogiol —j -1 

where 

5=area of surface defined by the micro- 
phone positions, square feet. 

Lpf “average sound pressure level in test 
_ room under calibration. 

Lyo “average sound pressure level in free 
field. 


If desired, this one machine may now 
be set aside as a standard noise and later 
used to evaluate other rooms, in which 
event, the octave-band free-field sound 
power spectrum should be computed from 

logxo 5—0.5 (13) 


The sound power level of any machine 
under test in a room calibrated as indi¬ 
cated may now be determined from 


Lfg^Lpi —10 logio 


{5+1}-“* 


( 14 ) 


decibels referred to 10““ watts. This 
must be computed for each octave band, 
and the powers in the various bands 
should be added to obtain the over-all 
sound power level. 

The method outlined has the advantage 
of requiring no tests and no decisions re¬ 
garding the state of the sound field 'within 
the test chamber. The initial presump¬ 
tion was that the room is neither a free 
field nor a truly reverberant room. How¬ 
ever, if the room is actually free-field, to a 
distance corresponding to the microphone 
positions, 'then the values for R, as com¬ 
puted from equation 12, “will be infinite. 
Equation 14 then reduces to the free-field 
equation 6. Conversely, if the room is 
highly reverberant 
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so equation 14 reduces to equation 7. 
Thus, the free-field and reverberant-field 
methods are seen to be but special cases 
of the more general method applicable to 
semireverberant rooms. In general, how¬ 
ever, measurements made in semirever¬ 
berant sound fields are less accurate than 
those made under either of the other two 
conditions. One of the primary reasons 
for this is local effects at some of the 
microphone positions caused by reflec¬ 
tions from nearby walls and other ma¬ 
chines. Such errors may be minimized 
by using as open a test area as possible. 

Presentation of Data and Criteria 

Sound power data are probably best 
presented as a sound power level octave- 
band spectrum. However, to provide a 
basis of comparison with previous sound 
pressure level measurements and stand¬ 
ards, the data may also be presented as 
computed free-field average levels at a 
specified distance. If the machine nor¬ 
mally rests on a hard floor, this computa¬ 
tion may be made from the hemispherical 
radiation relation 

— —20 logio r—7.5 (16) 


where r is the specified distance in feet. 
For a freely suspended machine or a small 
hand-held device the spherical radiation 
relation 

logio r-10.6 (17) 

should be employed. 

Sound control criteria are usually speci¬ 
fied in terms of octave-band sound pres¬ 
sure levels at the location of interest. 
However, as previously mentioned, once 
the sound power spectrum is known, the 
average sound pressure spectrum at a 
given radius from the machine may be 
computed for any enclosure with known 
acoustical properties. Equation 14, 
solved for Lpu may be used for this pur¬ 
pose. Once this computation is made, 
the acceptability of the machine noise 
may be ascertained by comparison with 
suitable tolerance criteria. Such criteria 
may be based on deafness risk,®*’ speech 
interference,®'’ sound level ranks,®"® loud¬ 
ness,®"^’ etc. It is also possible to express 
criteria directly in terms of the sound 
power delivered to the area in question.’® 
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Synopsis; A new nontracking butyl insula¬ 
tion which will not carbonize even under 
severe surface contamination has been 
applied to 15,000-vplt outdoor instrument 
current transformers, and makes practical 
still higher voltage outdoor butyl designs. 
The discovery of a novel principle’ to over¬ 
come the susceptibility of organic materials 
to carbonization and tracking and the 
application of this principle to butyl rubber 
have enabled this major advance to be 
made. 


F or many years outdoor instiument 
transformers as well as most other 
outdoor electric apparatus have em¬ 
ployed metal casings, porcelain bushings, 
and appropriate gasketing means to 
prevent loss or contamination of the 


insulating media. The desire to provide 
a more trouble-free construction re¬ 
quiring greatly reduced maintenance has 
led to the use, in recent years, of 1-piece 
homogeneous insulation systems which 
combine the functions of insulating and 
casing in one material such as molded 
butyl or cast epoxide resin.®-® 

The application of molded butyl for 
low- and medium-voltage instrument 
transformer insulation has advanced 
steadily since 1948.®*®“® More than 
150,000 molded butyl transformers are 
now in service on electrical utility systems 
all over the country. These include 
indoor transformers at 600 to 15,000 
volts and outdoor transformers at 600 
to 5,000 volts. 


European manufacturers have been 
very active in the development of cast 
epoxide resin transformers for higher 
voltages, but the application has been 
limited to indoor service. The addition 
of porcelain skirts to cast resin bushings 
and transformers has been found neces¬ 
sary to withstand severe outdoor weather¬ 
ing conditions.® 

Above 5,000 volts the outdoor use of 
organic insulators has not been prac¬ 
ticable where the atmospheric con¬ 
tamination is excessively severe. In 
atmospheres containing salt fog and/or 
dust and industrial contaminants, con¬ 
ducting deposits are formed on the 
surface of the exposed insulation material. 
Leakage currents result which produce 
surface arcing with localized tempera¬ 
tures as high as 2,000 to 3,000 degrees 
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tion at the AIEE Fall General Meeting, Chicago, 
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Fig. 1. Hy-Bute/60 current transformer for 
15,000-volt outdoor applications 


centigrade. Repeated, arcing breaks 
down the organic components of the 
insulation to form a carbonaceous residue. 
As there is insufficient oxygen available 
for effective oxidation, the carbon ac¬ 
cumulates and forms as a conducting 
path. When the arcing conditions are 
severe, even porcelain bushings will 
crack and chip from thermal shock and 
will no longer be able to serve as in¬ 
sulators. 



Fig. 2. Conventional 15,000-volt outdoor 
current transformer utilizins metal case and 
porcelain bushing 


New Outdoor Material-Hy-Bute/OO 

The development of a nontracking 
butyl insulation based on the application 
of the internal oxidation mechflni.gin 
has been successfully accomplished. ^ 
This mechanism, which is activated by 
high temperatures, is built into the 
butyl rubber. It is believed that the 
oxidation mechanism takes place con¬ 
currently with any breakdown of the 
organic components from the localized 
arcing so that no free carbon is formed. 

This material as applied to instrument 
transformers has been designated as 
Hy-Bute/60. It retains the outstanding 
electrical, physical, and chemical proper¬ 
ties of conventional butyl^®: resistance 
to ozone and corona, tearing and abra¬ 
sion, acids and alkalies as well as high 
dielectric strength and excellent heat¬ 
aging properties. In addition to its 
nontracking characteristics, Hy-Bute/60 
is superior to conventional butyl with 
respect to thermal conductivity and is 
self-extinguishing by the American So¬ 
ciety for Testing Materials D635-44, 
flammability test.^ 

15,000-Volt Outdoor Transfoimers 

Instrument current transformers utiliz¬ 
ing Hy-Bute/60 have b^n designed 
and built for 15,000-volt outdoor ap¬ 
plication, Fig. 1. The molded butyl 
construction results in a transformer 
substantially smaller and lighter tha n 
previous conventional designs such as 
shown in Fig. 2. In addition, it eliminates 
the hazard of porcelain breakage and the 
necessity of periodic maintenance to 
prevent corrosion. 

The complete adequacy of Hy-Bute/60 
for this service has been established by 
extensive laboratory and field testing on 
5,000-volt transformers. Included are 
highly accelerated surface creepage tests 
in salt-fog chambers and at severe sea- 
coast locations. Similar tests are under 
way on 15,000-volt designs, with pre¬ 
liminary results after several hundred 
hours indicating equivalent outstanding 
performance. The following is a detailed 
description of these test procedures as 
well as the results obtained to date on the 
5,000-volt designs. 

Accelerated Laboratory Tests 

Laboratory equipment for testing 
these transformers under extremely ac¬ 
celerated conditions consists of a vented 
stainless-steel chamber. Fig. 3, con¬ 
tinuously supplied with a dense fog of 
10-per-cent NaCl and 1.2 per cent MgCl 



Fig. 3. Laboratory salt-fog chamber for 
accelerated creepage tests 


(both salts have approximately four times 
the concentration normally found in sea 
water). The MgCl contributes to the 
severity of the test by caking the salts 
on the transformer surface. The sample 
transformers can be energized continu¬ 
ously at any desired test voltage. Table 
I shows the results of tests in the labora¬ 
tory salt-fog chamber on 5,000- and 
15,000-volt porcelain bushings, 5,000- 
volt outdoor current transformers insu¬ 
lated with conventional butyl, and similar 
transformers insulated with Hy-Bute/60. 

All samples were tested at 5,000 volts 
including the 15,000-volt porcelain bush¬ 
ings. Figs. 4 through 7 show typical 
samples after exposure to this test. 
The cracking, chipping, and ultimate 
failure of the porcelain bushings (49 
hours for the 5,000-volt bushings and 
432 hours for the 15,000-volt bushings) 
emphasize the severity of the test. The 
conventional butyl failed in 107 hours 
by the expected tracking mechanism 
while the Hy-Bute/60 showed no signs 
of tracking after 1,400 hours. 



Fig, 4. Conventional 5/000-voli porcelain 
bushing after 49 hours at 5,000 volts in 
laboratory salt-fog test 
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Table I. 5,000-Volt Salt-Fog Tests 


Tested Hours on Test Results 

Porcelain bushings 

5,000-volt design.3.less than 80.cracked and chipped 

15,000-volt design.3.less than 500.cracked and chipped 

5,000-volt ciurent transformer 

Conventional butyl .6. less than lio. carbonized track and failures 

Hy-Bute/00.7.over 1,200.no trackings 


Table II. Atmospheric Conditions at Test Locations 


Location of Test 


Company 


Atmospheric Condition 


San Francisco, Calif.Pacific Gas and Blectric.salt fog 

Los Angeles, Calif.Southern California Edison.salt fog 

Philadelphia, Pa.General Electric service shop.industrial smoke 

Denver, Colo.General Electric service shop.high altitude 

Seattle, Wash.General Electric service shop.heavy rain 

Houston, Tex.General Electric service shop.humid, high temperature 

Miami, Fla.Florida Power and Light.humid, high temperature 

El Paso, Tex.El Paso Electric Company.dry, high temperature 

Fairmont, W. Va.Monongahela Power Company.industrial smoke 

Minneapolis, Minn.General Electric service shop.snow, low temperature 

Lynn, Mass.General Electric plant.rain, snow, industrial smoke 


Table III. 5,000-Volt Service Tests at San Francisco 


S,000-Volt 

Current Transformers 


Hours on Test 


Standard butyl.6.1,100 to 2,600. 

Hy-Bute/60.. 6. 8,000 


. failure by carbonized track 
. no damage (test still in progress) 


Outdoor Service Tests on Complete 
Transformers 

Since 1962 several electrical utilities 
have been co-operating with the General 
Electric Company in a program of 
critical evaluation of various types of 


atmospheres found throughout tlie coun¬ 
try. The test locations shown in Table 
II were selected as being typical of areas 
in which transformers may be used. 
Six butyl transformers were installed 
and operated at each location without 
any cleaning or other normal main¬ 
tenance. 


The conclusions drawn from this study 
were that the atmospheric conditions 
most conducive to creepage attack were 
those involving salt fog and spray. Very 
severe conditions of this sort exist in 
certain areas on the West Coast, such 
that precautions in the design and main¬ 
tenance of all outdoor electric apparatus 
used in these locations are necessary. 
Adequate insulator performance is main¬ 
tained by the use of oversize bushings 
and regular cleaning programs. The 
initial West Coast installation in the 
test program was within 100 yards of 
the ocean at the Rodondo steam plant 
of the Southern California Edison Com¬ 
pany. Further investigation disclosed 
an even more severe condition at the 
Pacific Gas and Electric test area at 
Seal Rock, San Francisco. This in¬ 
stallation is located in a ravine open to 
the ocean so that the prevailing westerly 
winds funnel the salt fog and spray into 
the test area; see Fig. 8. 

Table III shows the results to date of 
the San Francisco tests on 5,000-volt 
outdoor transformers identical to those 
tested in the laboratory. Tests were 
operated at 5,000 volts both in the 
laboratory and at San Francisco. Con¬ 
ventional butyl-insulated transformers 
at Seal Rock showed visible creepage 
damage in less than 100 hours. Ultimate 
failure was by surface tracking in 1,100 
to 2,600 hours as compared to 40 to 110 
hours in the accelerated laboratory test 
chamber. Hy-Bute/60-insulated trans¬ 
formers show no damage of any kind 
after 8,000 hours. This test is still in 
progress and additional Hy-Bute/60 tests 
have been established in other areas. 



Fig. 7. Hy-Bute/60 5,000-Yolt current trans¬ 
former after 1,400 hours at-5,000 volts in 
laboratory salt-fog test 
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Fig. 8. Pacific Gas and Electric test area 
at Seal Rock, San Francisco 


High-Current Arc-Over Tests 

Under certain conditions, outdoor 
electric insulators are subjected to high- 
current power arc overs. These arc 
overs may be initiated by excessive 
localized sparking in contaminated at¬ 
mospheres or, more frequently, by high- 
voltage line surges resulting from light¬ 
ning strokes.® The damage is occa¬ 
sionally serious enough to necessitate 
replacement of the insulator before 
service can be restored. 

Arc-over tests were conducted with 
currents ranging from 5,000 to 75,000 
crest amperes on both Hy-Bute/60 
transformers and porcelain bushings ar¬ 


ranged to have equivalent flashover 
distances. Fig. 9 shows the results of 
these tests. No carbonization was ob¬ 
served on any of the Hy-Bute/60 samples, 
and laboratory tests detected no effect 
on the electrical characteristics of the 
insulation. The only damage was a 
very slight smface erosion. At 10 to 
20,000 amperes, the glaze on the porce¬ 
lain bushings was partially destroyed 
and the skirts were cracked and chipped. 

Conclusion 

The successful development of non¬ 
tracking Hy-Bute/60 has made possible 
the construction of butyl-molded instru¬ 
ment transformers for outdoor applica¬ 
tions at 15 kv and above under the most 
severe atmospheric conditions. The elimi¬ 
nation of metallic casings, porcelain 
bushings, and gasket seals effects a 
substantial reduction in size and weight 
and reduces maintenance to a negligible 
factor. 
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Developins li'on Loss Curves for Small 
Motors from Motor Tests 
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taken on sample motors. It should be 
pointed out that this curve gives not only 
iron loss caused by the steel itself but also 
includes losses in the through bolts arid 
losses caused by various manufacturings 
methods such as riveting of the core and 
application of frame. 

Procedure 


A METHOD is outlined for obtaining 
motor iron loss curves in watts per 
cubic inch versus maximum flux density 
from induction motor tests. The curve 
is a valuable design tool for predicting 
motor performance. 

Discussion 

During the past decade, the designer of 
small motors has been constantly on the 
alert for ways and means of reducing the 
labor and material cost of his product. A 
direct approach to the problem of reducing 
material cost is to reduce the volume of the 


active magnetic material in the motor. 
This approach is limited, of course, by the 
ventilation system, noise limitations, and 
efficiency requirements. Consequently , a 
trend to less expensive grades of electric 
steels has resulted. 

For existing designs, a change in steel 
can be made on the basis of a series of 
direct comparison tests. This method is 
not satisfactory for a new design since the 
general electrical charactaistics are not 
known. 

The basic problem confronting the de¬ 
signer is to develop a method of obtaining 
a motor iron loss curve from test data 


A sample 4-pole split-phase motor was. 
used to obtain the motor iron loss curve 
of Fig. 1. This curve is in the -form of 
watts loss per cubic inch versus maximum 
flux density. 
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Fig. 1. 


Motor iron 
loss 


To obtain the desired iron loss curve, 
only full-load and locked saturation tests 
are required. From these tests, a separa¬ 
tion of losses can be made by the method 
outlined by Veinott^ for as many values of 
line voltage as desired. The usual proce¬ 
dure for taking a full-load saturation test 
is to vary the terminal voltage from ap¬ 
proximately 127 to 73 per cent of rated 
voltage while holding rated frequency, 
torque, and full-load temperature. For 
the purpose of this paper, however, the 
range of voltage variation should be ex¬ 
tended as far as motor limitations will 
permit to cover the widest possible range 
of flux density. The flux density in each 


part of the circuit is, of course, a function 
of the line voltage and can be calculated 
from punching constants. 

The purpose of the ^paration of losses 
is to obtain total motor iron loss as a func¬ 
tion of maximum stator tooth density. 
At this point, it is convenient to convert 
total motor iron loss to iron loss per inch 
of core length by dividing the total motor 
iron loss by the length of the core in the 
test motor; see Fig. 2. This curve is a 
valuable design aid in this form, but is 
valid only for motors with the same stator 
and rotor punching, the same number of 
poles, and the same air gap as in the test 
motor. 


To obtain a general iron loss curve from 
the aforementioned curve, it is necessary 
to separate the rotor surface loss from the 
total motor iron loss. Many small motor 
designers prefer the method developed by 
Johns from work by Spooner and Kincaid* 
for calculating rotor surface lo.ss; see 
Appendix I. A rotor surface loss curve 
calculated by this method is shown in Fig. 
2. A coefficient of 2.3 was assumed for 
the steel used in the test motor. This 
assumption may be subject to question; 
however, it is a function of the grade of 
steel being used and is an empirical quan¬ 
tity based upon considerable experience 
in working with various grades of steel. 
Since standard small motor design proce¬ 
dures consider total motor iron loss to 
consist of only stator tooth loss, stator 
iron loss, and rotor surface loss, total sta¬ 
tor iron loss per inch of stack is repre¬ 
sented by the difference between the 
ordinates of the two curves in Fig. 2. 
This difference has been plotted as Fig. 3. 

The remaining problem is to convert 
this curve of total stator iron loss per inch 
of stack length into a general curve of 
watts per cubic inch versus maximum flux 
density. The following were drawn from 
the test motor stator punching dimensions 

B,c=0.872F,« (1) 

F„=2.35F,, (2) 

where 

Bge, 5* {=maximum flux • densities in the 
stator core and stator teeth re¬ 
spectively 

Vsc, volumes of iron in the stator 
core and stator teeth respectively 



C—^Stator iron loss D—Stator iron loss as f(B,{0 
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Table I. Accuracy Check of Method 


Accuracy 


Density, Watts 

Slilolines Loss per 
per Inch* Inch* 


Iron Watts 

Volume, Loss per 
Inch* Inch 


Total Iron 
Loss for 

1-Inch Stack Difference, 
from Pig. 2 Per Cent 


The accuracy of the method described 
is easily verified by comparing total motor 
iron loss per inch of stack from Fig. 2 with 


Stator teeth. 80 . 0.90.2.86 

Stator core. 69.8. 0.67.6.706! 

Rotor. 

Total iron loss. 

Stator teeth. 90 .1. is!!!!!!! !2!86 ! 

Stator core. 78.6.0.85.6.706! 

Rotor. 


2.67 

4.49 

4.0 


11.06 

3.32 

5.70 

6.2 


Total iron loss. 


Stator teeth.100 .l.ss!!!!!!! !2!86 

Stator core. 87.2_....1.09.6.706 

Rotor. 

. Total iron loss. 

Stator teeth.110 .!!! 2! 12........ 2.86 

Stator core. 96.0.1.39.!!! o!706 

Rotor. 


14.22 

4.43 

7.31 
0.6 

18.34. 

6.06 

9.32 
8.2 


Total iron loss. 


Stator teeth.120 .S.Os!!!!!!! !2!86 

Stator core.104.8.1.79.6!706 

Rotor. 


23.58 

8.72 

12.00 

10.1 


Total iron loss. 


30.82 


10.6 


13.6 


17.9 


23.3 


30.5 


4.3 


4.6 


2.5 


1.2 


1.0 


Total stator iron loss per inch of stack 
can be written simply as 

= ( 3 ) 

where Wa and Wat- are watts loss in the 
stator teeth and stator core respectively 
per inch of stack. 

Since the stator iron loss curve was 
plotted as a function of maximum stator 
tooth density, it is obvious that the loss 
represented by every point on the curve is 
made up of the sum of the average loss in 
the stator teeth at the •mfl.vi'niiiTn density 
indicated and the average loss in the 
stator core at 87.2 per cent of this maxi¬ 
mum density; see Appendix II. Conse¬ 
quently, the loss in the stator core can be 
written as a function of the loss in the 
stator teeth by using the relationships 
established by equations 1 and 2 plus one 
assumption. This assumption is that the 
ratio of the total stator iron loss at a 
maximum density of 100,000 lines per 
square inch to the total stator iron loss 
at a maximum density of 87,200 lines per 
square inch from the curve of Fig. 3 will 
be the same as the ratio of the average loss 
per cubic inch when the maximum density 
is 100,000 lines per square inch to the 
average loss per cubic inch when the 
maximum density is 87,200 lines per 
square inch. Fturther, a similar relation¬ 
ship must also be assumed for every point 
on the curve of Fig. 3. This reasoning 
permits one to write that, in general 



The exponent n in this equation is a vari¬ 
able. For practical purposes, however. 


n can be assumed to be a constant for a 
particular range of the curve and can be 
evaluated as accirrately as desired. The 
author found that curve A in Fig. 3 could 
be approximated fairly accurately by 
assuming the iron loss to be a function of 
audFjt* in the ranges indicated 
in the following 

Bst\n=2) for 0 ^85,000 lines per 

square inch 

for 85,000<F„^ 115,000 lines 
per square inch 

Bat^n^A) for 116,000<B„^ 160,000 lines 
per square inch 


By substituting equations 1, 2, and 4 
into equation 3 


Wa = ir,t-t-2.36(0.872)"JF„ (5) 


Simplifying and solving for watts loss 
in the stator teeth results in 


Wat = 


Wa 

14-2.35(0.872)’* 


( 6 ) 


Since Wat represents the watts loss in 
the stator teeth per inch of stack, it follows 
that Wat represents watts loss for a specific 
volume of steel. In this particular case, 
the volume of steel in the stator teeth per 
inch of stack is 2.86 cubic inches. Equa¬ 
tion 6 can therefore be converted to watts 
per cubic inch by dividing by 2.86, or 

watts loss per cubic inch=. 


2.86 [14-2.36(0.872)”] ^ ^ 

This is the equation used to convert 
curve A in Fig. 3 to the general form of 
watts per cubic inch; see Fig. 1. 


Wr—WBtVaf^'WBcVac’^WvLotoT ( 8 ) 

where 

1Fb<= watts loss from Fig. 1 at maximum 
stator tooth density 

TFbc= watts loss from Fig. 1 at maximum 
stator core density 

l^Rotor =rotor surface loss from Fig. 2 

Such a verification is tabulated in 
Table I for maximum densities in the 
stator teeth of 80, 90, 100, 110, and 120 
kilolines per square inch. As can be 
noted, this check results in a maximum 
difference of 4.6 per cent, which is less 
than 1 watt per inch of stack. The ac¬ 
curacy of the iron loss curve in Fig. 1 has 
also been verified by comparing the cal¬ 
culated motor core loss with tested motor 
core loss with equally satisfactory results 
on production motors of two frame sizes. 

Conclusions 

It is recommended that this method be 
used in place of the Epstein test to obtain 
a general motor iron loss curve because of 
the excellent results obtained plus the fact 
that an experience factor must be applied 
to the Epstein test data to obtain an 
equivalent curve. The experience factor 
is needed to account for losses in the 
frame, rivets, and through bolts. For 
general motor design, however, a satura¬ 
tion curve for induction motors must be 
obtained by some other method such as 
the Epstein test. 

Appendix I. Calculation of 
Rotor Surface Loss 


The following is an equation developed 
by F. Johns from work of Spooner and 
Kincaid for rotor surface losses in induction 
motors 


TFRotor=*2.3X10-*XB„*-3( ^Y’“x 


(X>')2.06v'5i 




where 


5maximum gap density, kilolines per 
square inch 
/“frequency 
^ “poles 

2?'“inside diameter of stator 
“number of primary slots 
c“Stator slot opening 
A “Single air gap (mechanical) 

1^“ width of stack 

* This is an empirical quantity which varies with 
the type of steel used. Its normal range is from 
0.9 to 2.0. 
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Appendix II. Calculation of 
Density 


The flux at any point in the core and 
teeth of an induction motor may be con¬ 
sidered to follow a sine wave in time. Al¬ 
though the density along any gfiven tooth 
varies sinusoidally in time only, the dis¬ 
tribution of flux among the teeth of a pole 
varies sinusoidally from a maximum in 
the tooth or teetih at the center of each 
pole to a minimum in the tooth or teeth 
midway between poles. Consequently, the 
average density in the stator teeth is 


average Bst = 


Ast 


where 


(9) 


“maximum flux per pole 
.<4si=the area of iron normal to the flux 
path in the stator teeth per pole 


The maxiinura density in the stator 
teeth is obtained by dividing equation 9 by 
0.637, or 


Bgt 


0.637Agt 


( 10 ) 


since the ratio of the average value of a 
sine wave to its maximum value is 0.637. 

The flux density in the stator core varies 
in both time and space because of the 
time variation of flux and the sinusoidal 
distribution of flux among the teeth. The 
maximum density in the stator core is, 
therefore. 


(11) 

Age 

where Age is twice the stator core area 
obtained from the product of radial depth 
below slot in the stator and the stator 
stack length. 
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Metadyne Transients 

K. A. FEGLEy 

ASSOCIATE MEMBER AIEE 


T he name metadyne has been given 
by Pestaiini^ to a whole class of d-c 
machines. As defined by Pestarini, “A 
metad 3 me is a machine provided with an 
armature, having a commutator upon 
which bear at least three brushes per cycle 
of the machine, commutation being in¬ 
dependent of the main winding of the 
stator or any eventual magnetic member 
acting upon the armature. ’ ’ An ordinary 
d-c shunt, series, or compound motor or 
generator would not be a metadyne since 
it has only two brushes per 360 electrical 
degrees or cycle. 

Metadynes may be designed to operate 
as motors, generators, d-c transformers 
(converting electric energy at one voltage 
and current value to electric energy at a 
different voltage and current value) or in 
a combination of functions. The steady- 
state characteristics of metadynes are 
described by Pestarini.^ 

The definition of a metadyne is inclu¬ 
sive enough to apply to both constant- 
current and constant-voltage machines. 
However, control-type constant-voltage 
rotating generators are usually referred to 
by trade names, such as amplid 5 me, roto- 
trol, regulex, magnavolt, etc., and the 
designation metadyne is reserved for ma¬ 
chines with a constant-current or nearly 
constant-current characteristic. These 
constant-current machines have cross- 


Paper 55-108, recommended by the AIEE Rotating 
Machinery Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Fall General Meeting, Chicago, 
Ill., October 3-7. Manuscript submitted October 
13, 1954; made available for printing July 18, 
1955. 

K. A. Fboley is with the University of Penn¬ 
sylvania, Philadelphia, Pa. 


fields, two fields lying 90 electrical de¬ 
grees from one anothar. Cross-field ma¬ 
chines were described by Rosenberg® as 
early as 1904. Riaz® has analyzed the 
transient response of the simple metad 3 nie 
generator under the assumption of no 
saturation and negligible eddy-current ef¬ 
fects. His stability analysis also neglects 
the effect of the main field winding. 

It is the purpose of the present paper to 
analyze the transient behavior of the 4- 
brush constant-speed metadyne generator. 
The analysis presented indudes considera¬ 
tion of eddy currents and saturation. 
The effects of parameter changes and 
winding additions are determined, mak¬ 
ing the analysis applicable to many meta¬ 
dyne connections. 

Summary of Results 

The results are discussed in six parts: 

1. Stability of the metadyne generator: 
Metadyne generator instability may occur. 
Stable operation, however, is easily ob¬ 
tained. The effect of machine parameters 
on stability is examined. 

2. Method of damping: The two methods 
of damping suggested by Pestarini,* re¬ 
sistance damping and series-winding dwnp- 
ing, are examined. In addition, a new 
method of metadyne generator damping 
is presented. This new method permits 
rapid adjustment of the damping for each 
new load condition. It is also superior to 
other methods in that it has no effect on 
the steady-state operation of the metadyne 
generator. 

3. Speed of response: The speed of re¬ 
sponse of the metadyne generator is very 
rapid when compared to the response of 
either a separately excited d-c generator 
or an amplidyne. The amplidyne has 


three circuits, each with its own time 
constant. The effective time constant for 
the complete amplidyne is always larger 
than the largest circuit time constant. 
The effective time constant of a metadyne 
generator can be much shorter than the 
time constant of any of the circuits in the 
metadsme. The effect of circuit resistance 
and inductance on the speed of response of 
the metadyne generator is determined. 

4. Effect of eddy currents: Short-circuited 
stator windings are used to represent eddy- 
current paths. In a metadyne generator 
that has all the iron in the magnetic circuit 
laminated, eddy currents have only a small 
effect on the transient response. When not 
minimized by laminating the iron, eddy 
currents may be important and their 
damping effect may be beneficial. 

6. influence of additional windings: The 
simple metadyne generator has a single 
separately excited stator winding. Other 
independently excited stator windings may 
be added to the simple metadyne generator 
to modify the steady-state operation. The 
effect of these additional windings on the 
transient response of the metadyne genera¬ 
tor is examined. 

6. Effect of saturation: The peak 

transient flux in a stable metadyne genera¬ 
tor may be many times as large as the 
steady-state flux. Transient saturation, 
therefore, may be an important considera¬ 
tion even though steady-state saturation 
does not occur. The effect of parameter 
changes on the amount of transient satura¬ 
tion is examined. The influence of transient 
saturation on metadyne generator response 
is discussed. 

Many of the results were obtained from 
a differential anal 3 Fzer study of the meta- 
djme generator, compared with experi¬ 
mental data, and were found to give a 
good check. 

Comparison of Several Machines 

To understand the operating charac¬ 
teristics of the metad 3 me generator, it is 
helpful to compare the metadynei with 
other d-c machine connections. Fig. 1 (A) 
show's a separately excited d-c generator. 
A change in the input voltage will cause a 
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FiS* 1 • Comparison of some commutator 
machines 

A—D-c generator 
B—^Two d-c generators in cascade 
C—^Amplidyne 
D—^Metadyne generator 
E ^T^wo d-c machines in cascade with negative 
Feedbacic 

corresponding change in the voltage in¬ 
duced in the armature circuit. When a 
large power gain is required, two d-c 
generators may be connected in cascade 
as shown in Fig. 1(B). 

The amplidyne of Fig. 1(C) gives two 
stages of power amplification without us¬ 
ing two separate machines. The flux set 
up by the excitation current in the stator 
field winding produces a rotational elec¬ 
tromotive force (emf) in the armature 
winding. One pair of armature brushes 
is short-circuited and carries armature 
current. The armature reaction flux 
caused by the current in the short-cir¬ 
cuited path lies 90 electrical degrees from 
the field flux. It will therefore produce 
a maximum rotational emf between a 
pair of brushes placed 90 electrical de¬ 
grees from the short-circuited brushes. 
The second pair of brushes carry load 
current. A stator compensating winding 
also carries load current. The magneto¬ 
motive force (mmf) of the compensating 
winding is equal in magnitude and oppo¬ 
site in direction to the mmf caused by the 
load current in the armature winding. 
The output voltage of the amplidyne is 
proportibnal to the input voltage. 

The metadyne generator of Fig. 1(D) 
is ideritical to the amplidyne except for 
the elnmnation of the compensating 
windmg. In this case the load current 
armature reaction mmf opposes the exci- 

1180 


tation current mmf and the output cur¬ 
rent is proportional to the input voltage. 
Large changes in the load resistance have 
little effect on the load current. 

The metad 3 me generator is equivalent 
to two d-c generators in cascade with 
negative feedback from the output of the 
second generator to the input of the first. 
This arrangement is shown in Fig. 1(E). 

Nomenclature 

determinant of the impedance matrix 
«=instantaneous current 
current matrix 

JC * speed-voltage coefficient. For example, 
the speed-voltage induced in the d 
winding due to ig amperes in the q 
winding is JCgtg volts 

L«self-inductance or leakage inductance 
when the subscript X is added 
If “mutual inductance between the two 
windings designated by the subscripts 
iV“metadyne speed; also effective number 
of winding turns 
/>=the operator d/dt 
R “resistance 
<“time 

r=a time constant 
»“a voltage matrix 
F=* direct voltage 
y=s admittance matrix 
impedance matrix 
0“flux 

Subscripts 

even numbers = direct-axis stator windings 
odd numbers “quadrature-axis stator wind- 
ings 

1 “fictitious winding for eddy currents or 

an independently excited or short- 
circuited stator winding 

2 “main excitation winding 

3 “amplifying winding connected in series 

with the q winding and producing a 
mmf in the same direction as the 
mmf of the q winding 

4 “damping winding connected in series 

with the q winding and lying in the 
direct axis 

5 “damping winding connected in series 

with the d winding and ly ing in the 
quadrature axis 


6 “fictitious winding for eddy currents or 
an independently excited or short- 
circuited stator winding 
8“amplifying winding connected in series 
with the d winding and producing a 
mmf in the same direction as the 
mmf of the d winding 
direct-axis armature (rotor) winding or 
direct-axis magnetic circuit 
g™ fictitious winding for eddy currents in 
the load. The field winding of a 
d-c machine with a solid iron frame 
was used for some experimental work. 
The eddy-currents in the load are 
important in this case 
X“a leakage inductance 
»“load circuit 

5“quadrature-axis armature winding or 
quadrature-axis magnetic circuit 
total direct-axis armature winding cir¬ 
cuit. This subscript is used to 
denote total quantities in the circuit 
that includes the d winding, e.g., 
if the d, 5, and 8 windings only are 
connected in series, 

total, quadrature-axis armature winding 
circuit. This subscript is used to 
denote total quantities in the circuit 
that includes the q winding, e.g., 
if the q, 3 and 4 windings only are 
connected in series, 

Metadyne Equations 

The metadyne generator studied on the 
differential analyzer is shown in Fig. 2. 
For the assumptions of constant meta¬ 
dyne speed and no saturation, the meta¬ 
dyne equations for the circuit of Fig. 2 are 

0 ~PM2td2+(Rs+pLt)ia—p(Ma-\- 

Mta)ia~‘pMAtip 

0’=—p{M3a-fM2d)i2—p(Mt8+Mta)it+ 
iRcc+K6+pLa)i„-(K3+K,- 
pMcifi)ip iKi-hpMi6)ii — pMngig ( 1 ) 


Fig. 2.. The mete-* 
dyne generator 
studied on the dif¬ 
ferential analyzer 
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0 “ ” (-^2+ P-^24)/2 — (■K’G+/)Jlf46)«6 + 

0 =« — pMngict-\-{,Rg'\'PLg)ig 

where 

i?a “i?8+i?8+J'?rf+i?« 

R^—Rh-^-Ra-^tRq 

La='Z.s+Lg+I<d+in+2il/8tf (2) 

Lfi7=Lg+Li-\-Lg-\-2Miq 

^aP — ^^48 + Mid ~ Mig — Msi 

Equation 1 can be written by inspec¬ 
tion. The metadyne equations can also 
be written in the matrix form 


The impedance matrix Z for the simple 
metadyne generator is 


Rj-f-j&Z/j 
— pMia 

— pMia 
Ret-^-pLa 

-Kb 

-K2 

Kcc 

Rb+PLq 


The subscripts o- and jS refer to the circuits 
that include the d and q windings re¬ 
spectively. The impedance matrix of 
equation 6 is applicable to metadyne gen¬ 
erators both with and without amplifying 
windings, damping windings and/or a 
load impedance. 

The determinant of the impedance 
matrix is 


perfect coupling, the left-hand side of 
equation 8 can then never become zero 
and sustained oscillations will not occur. 

The assumption of perfect coupling is 
not re^stic and oscillations may occur 
in the metadyne generator. Shifting the 
brushes from the neutral position and/or 
the addition of a stimulating winding (a 
winding that, with respect to a given 
closed circuit, sets up a flux due to the 
brush current flowing through it, and so 
induces a rotational emf in the given cir¬ 
cuit in the same direction as the brush 
current) may also cause oscillations. 

Fig. 3 shows the relationship between 
the field circuit resistance and the load 
circuit resistance required to give stable 
operation, other machine parameters 


R 2 +PU 

pMzi 

—p{M2f\-Mu) 

—pMu 

pMti 

/?0 + pifl 

— p(^Mai-\~ Mid) 

—pMu 

—p{:Mn-\‘Mu) 

—p(.Mt»-\-M(a) 

Ra-^Ki-{-pLa 

— (Ki +Kg — pMaO ) 

—{Ki-^pMu) 

—Kt—pMid, 

Kd+Kp-\-pMetp 

Rp'i'Ki+pLB 


• 

—pMu 

P{Mlg + Mu) 



— pMng 



The mipedance matrix Z can be con¬ 
veniently obtained from Kron’s^ “primi¬ 
tive machine" and a “connection" matrix, 
or it can be written by inspection. 

The currents in the several circuits of 
the metadyne are given by the matrix 
equation 


where the admittance matrix Y is the 
inverse of Z. 

In Appendix I the metadyne equations 
are given as prepared for the differential 
analyzer. They are written in integrad 
form and the assumption of no saturation 
is removed. 

Stability of the Metadyne Generator 

The stability of the metadyne genera¬ 
tor can be investigated by applying 
Routh's® stability criterion to the deter¬ 
minant of the impedance matrix. The 
labor involved in appl 3 ring Routh’s cri¬ 
terion increases sharply as the order of 
the determinant increases. The criterion 
is applied to the simple metadyne genera¬ 
tor with a single main field winding and 
no other independently excited stator 
windings. The presence of amplifying 
and damping windings does not change 
the order of the determinant and does not 
greatly increase the labor of applying the 
criterion. The addition of independently 
excited stator windings or eddy-current 
paths, howevef, does increase the order of 
the determinant; 


D Mict>Lp)+pKLiL^Lp+ 

LiLpRd -irLeiLpRi — Mia^Rp)-^ 

PiRiRc,Lp’^R,R^L^-hRaRpLi+ (7) 

K^KfiLt “ MictKiK^ •\-Kf^K.p;Ri -(- 

RctRpRz'^(ip^’\~hp^'\rcp-\‘d 

Routh’s criterion applied to this cubic 
equation leads to the following require¬ 
ments for stability: 

1. The determinant coefficients a, b, c, 
and d must all be different from zero and 
have the same sign. 

2. y=(bc—ad)/b must be different from 
zero and have the same sig^n as the de¬ 
terminant coefficients a, b, c, and d. 

Since a, b, c, and d are always positive 
for the simple metad 3 me generator, it is 
only necessary to investigate the y term. 

The metadyne generator is on the 
threshold of instability when y is zero. 
Inserting the machine parameters into the 
equation for y and equating y to zero 
results in 

{R'iRfJ^p'^RgR.^cf’^RaRp[^'\- 

Kc^pU-M2aKiKB)-L^UL^- 

Mid,%KaKBRi-\-RaRBRi)^0 m 

If there is perfect coupling between the 
d and 2 windings in the simple metadyne 
generator with no auxiliary windings, the 
machine is completely stable. With per¬ 
fect coupling, is equal to 

zero. The only other term with a nega¬ 
tive sign in equation 8 is M 201 K 2 KB and it 
is never greater tian ATaA^/jLg. If there is 


-(Ki+pMii) 
PiMiQ+Mu) 
Rj+pLi 


— PMng 


Rg-\-pLg 


being constant and preassigned. All 
other parameters being constant, the 
minimum load circuit resistance required 
for stability increases and then decreases 
as the field circuit resistance is increased. 
For usual values of field resistance, the 
minimum load circuit resistance required 
for stability, increases for an increase in 
the load circuit inductance or the short- 
circuited quadrature-axis armature cir¬ 
cuit inductance. 

For very large values of field circuit re¬ 
sistance, there is little danger of insta¬ 
bility since the required minimum load 
circuit resistance is small. An unstable 
metadyne generator can also be made 
stable by increasing the resistance of the 
short-circuited quadrature-axis armature 
circuit, decreasing the speed of the driving 
machine or adding damping windings. 
Fig. 4 shows the effect of the speed of the 
driving machine on the minimum resist¬ 
ance necessary for stability. 

Methods of Damping 

Three possible methods for damping 
the metadyne generator a.fe: 

1. Series-winding damping: a stator wind¬ 
ing in the direct-axis carrying quadrature- 
axis armature current (direct-axis damping) 
or a stator winding in the quadrature-axis 
carrying direct-axis armature current (quad¬ 
rature-axis damping). 

2. Resistance damping: resistance in 
either the short-circuited quadratiure-axis 
armature circuit or in the load circuit. 
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3. Short-circuited stator winding damp¬ 
ing: a short-circuited stator winding in 
the direct-axis. 

Series-Winding Damping 

Either direct-axis damping or quadra¬ 
ture-axis damping will reduce the tran¬ 
sient peaks of the load current, Whether 
^ect-axis or quadrature-axis damping 
is better is therefore dependent on other 
considerations. 

Figs. 5, 6, and 7 show the effect of 
series-winding damping on the steady- 
state mmf in both axes j the damping is 
expressed in per cent, where 100-per-cent 
damping corresponds to a damping wind¬ 
ing with the same number of effective 
turns the armature winding in the same 
axis. 

With a constant voltage applied to the 
excitation winding, direct-axis damping 
decreases the steady-state mmf in both 
axes, while quadrature-axis damping de¬ 
creases the steady-state mmf in the 
quadrature axis and increases the Trimf 
in the direct axis. 

If the steady-state load current is to 
reniain the same after the addition of 
series-winding damping, the excitation 
voltage Vi must be increased. Wititi con¬ 
stant load current, direct-axis damping 
does not affect the steady-state tmnf in 
either axis; while quadrature-axis damp¬ 


ing has no effect on the steady-state i-ntrif 
in the quadrature axis but does cause an 
increased steady-state mmf in the direct 
^s. Because of the relatively small 
steady-state mmf in the direct axis how¬ 
ever, the effect of damping on this minf 
need not be an important consideration. 

The ratio of the steady-state minf in 
the quadrature axis to the mmf in the 
direct axis is normally considerably 
greater than unity. Fig. 7 shows the de¬ 
pendence of this ratio on direct-axis resist¬ 
ance and quadrature-axis damping. 
Direct-axis damping has no effect on this 
ratio. 

Since the quadrature-axis mmf is 
greater than the direct-axis mmf, care 
must be exercised to avoid saturation in 
the quadrature axis. Damping windings 
take space on the stator structure and 
leave that space unavailable for iron. 
To avoid reducing the iron cross section 
in the quadrature axis, the damping wind¬ 
ing may be placed in the direct axis. It 
is not necessary, however, that the pole 
arc for a direct-axis pole and a quadrature- 
axis pole be the same. The ratio of the 
direct-axis pole arc to the quadratmre- 
axis pole arc may be chosen after deciding 
where to place the damping winding. 

Fig, 8 shows the effect of series-winding 
damping on the quadrature-axis arma- 
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ture current and the direct-axis armature 
current; see Appendix II for numerical 
data relating to differential analyzer runs. 

With direct-axis damping, the direct- 
axis armature current and the quadrature- 
axis armature current decrease slightly 
and in the same ratio for a constant exci¬ 
tation voltage. If the load current is held 
constant by increasing the excitation volt¬ 
age, the quadrature-axis current will also 
be restored to its original value. With 
quadrature-axis damping the direct-axis 
armature current is decreased and the 
quadrature-axis armature current, in¬ 
creased. Holding the load current con¬ 
stant by increasing the excitation current 
results in a larger quadrature-axis arma¬ 
ture current and larger losses. 

The choice between direct-axis damp¬ 
ing and quadrature-axis damping depends 
upon the particular application. For a 
majority of cases, direct-axis damping 
will probably be the best choice. 

Resistance Damping 

The additional loss introduced with 
resistance damping is the principle dis¬ 
advantage of this t 3 qpe of damping. 
Metad 3 me generators usually operate with 
a low load voltage and a high load cur¬ 
rent. The addition of resistance to the 
load circuit is therefore particularly un¬ 
desirable. The addition of resistance to 
the load circuit also increases the current 
in the quadrature-axis armature circuit 
and. causes addition^ loss in the circuit. 
This increase in quadrature-axis arma¬ 
ture Current was also noted for quadrature' 
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Fig. 5. Effect of series-winding damping on the quadrature-axis mmf. 
The curves are based on the following parameters 

K 2 =5/000 volts per ampere 
Kd = Kd=100 volts per ampere 
R 2 =5/000 ohms 
V 2=100 volts 
R/s=10 ohms 


axis series-winding dainping. In that 
case, the increased current did not cause 
an increase in the quadrature-axis nunf 
or flux. With resistance damping, how¬ 
ever, the quadrature-axis mmf and flux 
increase as the damping resistance in the 
load circuit is increased. 

Damping resistance in the quadrature- 
axis armature circuit does not cause an 
increase in the quadrature-axis mmf or 
flux and the losses caused by this damp¬ 
ing resistance are usually lower than with 
load circuit resistance damping. These 
lower losses are because of the lower cur¬ 
rent in the quadrature-axis armature cir¬ 
cuit. In Fig. 9 the effect of resistance 
damping on the quadrature- and direct- 
axis armature currents can be noted. 


-( DAMPING IN q AXIS ) 

-( QAMPING IN d AXIS ) 



Fig. 6. Effect of series-winding damping on the direct-axis mmf. The 
fixed parameters are the same as for Fig. 5 


winding with a time constant longer than 
the time constants of the other metadyne 
generator circuits (load circuit, source 
circuit, and short-circuited armature cir¬ 
cuit) increases the damping of the tran¬ 
sient currents. If the short-circuited 
stator winding is placed in tlie quadrature 
axis, it also increases the peak value of 
the transient current in the quadrature- 
axis armature winding. With a short- 
circuited stator winding in the direct 
axis (excitation axis), however, the damp¬ 
ing effect is obtained without an increase 
in the peak transient current in either 
armature circuit. A short-circuited sta¬ 
tor winding in the direct axjs is therefore 
useful as a damping winding. 

The effect of a short-circuited stator 
winding in either axis is shown in Figs. 10 
and 11. The transient currents for 
curves c in Fig. 10 are almost critically 
damped. The short-circuited stator wind- 


Resistance damping in either circuit has 
an adverse effect on the speed of re¬ 
sponse of the metadjme. Resistance 
damping causes a decrease in the natural 
frequency of the oscillatory component of 
the underdamped transient current and 
an increase in the time constant of the 
overdamped current. Series-winding 
damping, on the other hand, causes an in 
crease in the natural frequency of oscilla¬ 
tion. A comparison of Figs. 8 and 9 
shows the time constant to be better with 
series-winding damping than with resist¬ 
ance damping. 

Short-Circuited Stator Winding 

Damping 

The addition of a short-circuited stator 
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PERCENT DAMPING IN QUADRATURE AXIS 

Rg. 7. Effect of quadrature-axis damping on the ratio of quadrature- 
axis mmf to direct-axis mmf. The Axed parameters are the same as 
given for Fig. 5 


ing time constant necessary to achieve this 
damping is over eight times the field cir¬ 
cuit time constant and Ti>Tc>Tfi. 

The speed of response is slower with 
short-circuited stator winding damping 
than with series-winding damping. This 
disadvantage is offset by lower losses. 
Since the short-circuited damping wind¬ 
ing carries current only during the tran¬ 
sient period, the losses this winding in¬ 


fo .12 ,14 

TIME- SECONDS 

Rg. 9. Differential analyzer solutions for metadyne currenb showing 
the effect of resistance damping 


Curve 

Hee, Ohms 

Rft, Ohms 

a. 

b. . 






d. ■ ■ 







troduces are small in a metadyne genera¬ 
tor not subject to a rapidly and contin- 
u^y changing excitation voltage. Short- 
circuited stator-winding damping has no 
effect on the steady-state operation of the 
machine. 




With series-winding damping, a modifi¬ 
cation in the damping characteristic can 
only be achieved by use of a tapped 
lumping winding or with inductive or re¬ 
sistive shunts. The first method is 
limited to a few steps of control and the 



Id 

(0 2 
UI 

o: 

UI 

0. 

Z I 
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TIME-SECONDS 

Fig. 8. Differential analyzer solutions for metadyne currents showing 
the effect of series-winding damping 

Curved—No damping 
Curve b—Direct-axis damping 
Curve c—Quadrature-axis damping 
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•08 .10 
TIME^ SECONDS 

A l' *‘*'“‘'®'** currents showing 

the effect of a short-circuited stator winding in the direct axis 

Curve a—stator winding 

Curve b ^Winding time constant, 0.04 second 
Curve c—Winding time constant, 6.35 seconds 
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TIME-SECONDS 



Fig. 11. Differential analyzer solutions for metadyne currents showing 
the effect of a short-circuited stator winding in the quadrature axis 

Curve a—No stator winding 

Curve b—^Winding time constant, 0.02 second 

Curve c—^Winding time constant, 0.04 second 


second method is cumbersome and ex¬ 
pensive. With short-circuited stator 
winding damping, control can readily be 
achieved by adding a variable resistor to 
the circuit. A trial-and-error process is 
then satisfactory to determine the re¬ 
quired amount of resistance for a given 
application. 

Speed of Response 

The negative feedback inherent in the 
metad 3 nae generator results in very quick 
response at the expense of power gain. 
The time constant for the entire metadyne 
may be smaller than any or all of the time 
constants of the several circuits. Such 
rapid response cannot be obtained from 
d-c generators or amplidynes. 

The speed of response of a normal sep¬ 
arately excited d-c generator is limited by 
the field circuit time constant or the 
armature circuit time constant, which¬ 
ever is larger. An amplidyne with per¬ 
fect compensation is limited in speed of 
response by the time coristant of the field 


TIME- SECONDS 

Fig. 12. Differential analyzer solutions for metadyne currents showing 
the effect of eddy currents 

Eddy-current paths time constant 
Curve a—0.005 second 
Curve b—0.01 second 
Curve ct-0.02 second 
Curve d—0.04 second 


circuit, the load circuit, or the short- 
circuited path, whichever is largest. 

The time constant for the complete 
metadyne generator varies with changes in 
machine parameters, load circuit param¬ 
eters, and source circuit parameters. 
Inspection of the roots of the dieteTminant 
of impedance matrix, equation 7, for many 
sets of parameters shows the dependence 
of the time constanton circuit parameters. 

Equation 7 can be written in the non- 
dimensional form 

where 

S^p/<an 

- 

2c4n a 


In factored form equation 9 becomes 
(s*-|-25wrS-)-ti>r*)(s-|-o'^<>r) (10) 

where 

8=the damping coefficient of the oscillatory 
component 

(r=the apparent damping coefficient of the 
nonosdUatory component 
wr—the undamped natural frequency of 
the oscillatory component 

With Be and h known, 8 and a can be 
read directly from the cubic chart de- 
vdoped by Y. J. Liu.® The nondimen- 
sional undamped natural frequency wr and 
the dimensional undamped natural fre¬ 
quency can be calculated from the 
equations 


Table I. Effect of Parameter Changes 


Parameter Change, Holding All 
Other Parameters Constant 


Increase speed of drive motor....... 

Increase .. 


Change in Undamped Change in Natural 
Change in Dam^g Natural Frequency Prequency 

CoefScient 6 wnwr («n«p){l—#*)*/* 


Increase L. 


Increase 22^ and L^, LeJ^a consent., 
Increase Rpaad Lp, constant.. 

Increase Ra and Lt, Za/M* oonst^t..,. 


.., .decrease... 

















..... r.. .increase 











and (11) 

Table I indicates the effect on the 
damping ratio 8, the undamped natural 
frequency wnw, and th e damped natural 
frequency 8* of various param¬ 

eter changes. As is illustrated by Fig. 
3, the effect of an increase in a parameter 
value may be dependent on the absolute 
value of a parameter. Table I is based 
on the following base parameters values; 
the range of parameter variation is indi¬ 
cated in parentheses. 

Ki—50 volts per ampere (60 to 200) 
Jrj=»60 volts per ampmre (60 to 200) 

K% =2,600 volts per ampere (2,500 to 10,000) 
Ra =19.6 ohms (10 to 200) 

J?/j=10 ohms (1.0 to io) 
i?*=l,000 ohms (1,000 to 6,000) 
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Fif. 1 3 (left). 
Differential analyzer 
solutions for meta- 
dyne currents show- 
ins the effect of 
saturation 

Curve a—No satura¬ 
tion 

Curve b—^Satura¬ 
tion in quadrature 
axis 

Curve c—Saturation 
in both axes 


Ira»=1.0 henrys (0,1 to 2.0) 
henrys (0.1 to 2.0) 

Xa«260 henrys (260 to 1,000) 

Mid‘=4.5 henrys (4.6 to 4.76) 

Effect of Eddy Currents 

Two short-circuited stator windings, 
one in the direct axis and one in the quad¬ 
rature axis, can be used to represent the 
eddy-current paths in the iron of meta- 
dynes and other rotating machines if 
all the iron in the magnetic circuit is 
laminated. The time constant of these 
fictitious windings is chosen to be the 
same as the time constant for the eddy- 
current paths. 

Eddy currents in a metadyne genera¬ 
tor that has all of the iron • structure 
Imninated have little effect on the trans- 
sient behavior. Adequate lamination 
yields a time constant for the fictitious 
eddy-current winding that is small com¬ 
pared to the time constants of the real 
windings. 



MAGNETOMOTIVE FORCE IN QUADRATURE AXIS 


Fig. 14. Quadrature-axfs saturation curve 
used for Fig. 13b and c 
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Although the effect of the eddy cur¬ 
rents is relatively slight in the metadyne 
gen^ator, rt may be an undesirable effect 
in that it delays the response of the load 
current to changes in the excitation cur¬ 
rent. Fig. 12 shows the quadrature- 
axis armature current and the direct-axis 
armature current (load current) in the 
metadyne generator for several eddy-cur¬ 
rent path time constants. The period of 
the damped oscillations in both kxes is 
increased when an increase is made in 
the time constant for the eddy-current 
paths. The damping of the transient 
components is practically constant for the 
range of time constants used for Fig. 12. 
Larger eddy-current path time constants 
do cause increased damping of the tran¬ 
sient currents. 

bifluence of Additional Windings 

^ The simple metadyne generator has a 
single separately excited stator winding. 
Other metadyne generator configurations 



MAGNETOMOTIVE FORCE IN DIRECT AXIS 


Fig. 15. Direct-axis saturation curve used 
for Fig. 13c 
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TIME-SECONDS 

Fig. 16. Comparison of differential analyzer 
solutions with an experimentally determined 
current transient 

Curve a Experimentally determined transient 
Curve b Differential analyzer solution with 
eddy currents neglected 
Curve c Differential analyzer solution with 
eddy-current effects included 


use additional independently excited 
stator windings. These additional stator 
windings make possible a wide variety of 
steady-state characteristics for the meta¬ 
dyne generator. 

Eddy currents have the same effect on 
the transient behavior of the metadyne 
as a pair of short-cu'cuited or independ¬ 
ently excited stator windings with the 
corresponding time constant. As dis¬ 
cussed earlier, the effect of eddy currents 
on the transient behavior is small since 
the time constant for the eddy-current 
paths is small. Additional independently 
excited stator windings, however, are 
likely to have time constants compar¬ 
able to the time constant of the main 
field winding and the time constants of 
the armature circuits. Independently 
excited stator windings with these larger 
time constants have more than a negligi¬ 
ble effect on the transient behavior. The 
additional stator windings may lie in one 
^s only. If the additional stator wind¬ 
ings do lie in both axes, it is unlikely that 
they will have equal time constant. 
Figs. 10 and 11, referred to previously, 
show the effect of a short-circuited or 
independently excited stator winding in 
one axis only. 

Effect of Saturation 

In normal design, the flux density in 
the frame of a metadyne is lower than in 
any other part of the magnetic circuit. 
An increase in the circuit mmf to greater 
than - normal value will cause saturation 
first in. the armature teeth. Further In¬ 
creases in the circuit mmf will cause the 
stator poles and armature core to satu¬ 
rate. Thus a large increase in the circuit 
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mmf results in a greatly increased nunf 
drop across the teeth but only a small 
change in the mmf drop in the frame of 
the metadyne. 

If saturation does not occtu in the 
frame of the metadyne. the only part of 
the magnetic circuit common to the 
direct and quadrature axes, it is permis¬ 
sible to use separate and independent 
saturation curves for these two axes. 
This was done for the differential analyzer 
runs of Fig. 13. Figs. 14 and 15 show the 
saturation curves used in obtaining Fig. 
13. 

Steady-state saturation in machines 
used for control purposes is usually un¬ 
desirable and therefore these machines 
are designed to operate at low flux densi¬ 
ties. In under damped machines the 
transient flux densities may become much 
larger than the steady-state flux densities. 
This is especially true of the direct-axis 
flux density where the steady-state nunf 
is small. For example, for curve c 
of Fig. 10, the peak flux in the direct 
axis is almost ten times as large as the 
steady-state direct-axis flux and for 
curve a of Fig. 9, the peak direct-axis 
flux is over 50 times as large as the steady- 
state flux in the direct axis. The ratio of 
the peak quadrature-axis flux to the 
steady-state quadrature-axis flux is ap¬ 
proximately 2 for both of the cases just 
cited. 

The following changes (holding other 
machine parameters and the excitation 
voltage constant) increase the peak flux 
in the direct axis in an underdamped sys¬ 
tem: 1 ; increasing 2 . increasing 
3. decreasing the speed of the drive 
motor; 4. removing amplifying windings 
in the direct axis; 5. removing amplify¬ 
ing windings in the quadrature axis; 6 . 
removing the series damping winding in 
the quadrature axis; 7. decreasing Ri] 
8 . increasing Rs", and 9. increasing Z,«. 

The peak flux in the quadrature axis 
is increased in an underdamped system by 
the following changes (holding other 
machine parameters and the excitation 
voltage constant): 1 . increasing i?«; 2 . 
decreasing Rp;Z. decreasing the speed of 
the drive motor; 4, increasing i?i; 5. in¬ 
creasing Rt ; and 6 . increasing 

Transient but not steady-state satura¬ 
tion in the direct axis, obtained by de¬ 
creasing the iron cross section in the direct 
axis, causes: 1 . a reduced peak value of 
it; 2. a reduced peak value of %; 3. a re¬ 
duced peak value of iq; 4. a reduced peak 
value of <l>a; 5. a reduced peak value of 
<f>Q ; and 6 . an increased time constant. 

The corresponding transient quadra¬ 
ture-axis saturation causes: 1 .. a reduced 
peak value of * 4 ; 2 . a reduced peak value 


of %; 3. an increased peak value of ig] 4. a 
reduced peak value of 5. little change 
in 4>d] and 6 . an increased time constant. 

The increased damping that occurs 
with transient saturation in either axis is 
desirable. The only undesirable effect 
of direct-axis transient saturation is a 
somewhat increased time constant. Tran¬ 
sient quadratiue-axis saturation is unde¬ 
sirable in that it increases the time con¬ 
stant and increases the peak value of the 
quadrature-axis armature ciurent. 

Experimental Check 

Metadyne generator current transients 
were experimentally determined with the 
aid of an oscillograph. A close check 
was obtained between experimentally de¬ 
termined transients and differential an¬ 
alyzer solutions. Fig. 16 shows a com¬ 
parison of the load current transient de¬ 
termined experimentally and by use of 
the differential analyzer. This figure 
also shows that the effect of eddy cur¬ 
rents is negligible in this case. 


Appendix I. Metadyne 
Equations in Integral Form 


Equations 1 for the metadyne generator 
can be written in integral form and modi¬ 
fied to allow the inclusion of magnetic 
circuit saturation. Equations 12 give the 
modified equations in integral form. These 
equations can readily be shown to corres¬ 
pond to equations 1 by differentiating each 
equation with respect to time and inserting 
the definitions of equations 13 and 14. 


Fi/ C 

H '=‘—— I 
Ra J 

*a “ — A — We<i>d 


ii = —AiJ'i\dt— Wi4>q 

id’= — AdJ''iddi-\-GdJ*<f>tdt-^Aia^iidt~\~ 

AqdJ'it4^-\-Wd<l>d+Wid4>d+Bpdit ( 12 ) 

iq = —AqJ'iqdt-\-GqJ'^ddt-{-A 2 qJ'ildt-\- 
Aqq^ ipdt— AaQj^iddt-\-Wiq<l>d~ Wq<l>q 


. . r . j, I ^ng . 

tg^—AqJ 'tgdt-t—j^ H 

4>d and ^q are functions f of the total mmf 
in the direct and quadrature axis respec¬ 
tively, so that 


^d “/(IVifa+iVst#— Ngid — Nd'^d~Rtiq) (13) 
-4-1784+A"?*?” Ajitf) 

also 

Lax -Ri 

IT. 

L 2 X Rq 

A -Ra+Qt 

Ra L«x 


Ao = -P 


Lax Rj 


A 


R, Lg 

Lax Rp-\-Qi 

'“Ra L^X 

Mno 
LaX 

SqAdi 


Gd^ 


Ra+^a 

SdAfi 


' Rp+Qi 
SdNd—Kd 
S,Nq=^Kq 
iSdNi+Q2)=Ki 
{SdNi'i-Qi)—R* 

(5tfi\fo+^#) 

(SdN2+Q»)=K2 

(SqNt+Q,)=Kr 

(5gl73+Qa)=Rs 

(,SqNi-{-Qi)=Ks 

(L2X+17aS)=La 

(L4X + 174*)=L4 

(Lax+17#*)= Lb 
(Ld-K+m^Ld 
L«x=(Lax+Lsx+Ltfx +Lnx) 
L/jx = (Lsx +L4X+Lgx) 
real time, seconds 


(14) 


La/Ra 


Lix 

TVa"— 


Wf 


Wd' 


Lex 

Ns-\-Nd 

B' ' ■ 

LaX 

Nz + Nq 
L/jx 


L/SX 
N, 


Wgd = 


Lec\ 


Appendix II. Numerical Data 
for the Test Machine and 
Differential Analyzer Runs 


All experimental work was done on an 
amplidyne rated at 115 volts, 3.25 amperes 
and 3,450 rpm. The machine was driven 
at a constant speed of 3,600 rpm. The 
parameters of the test machine for the 
differential analyzer and experimental runs 
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Table II. Param etera for Test Machine, Per-Unit Basis 


Fig. 


Xd Ed Ki x:, E, 




Saturation* Damjiingt 


8a. 

86..... 

Sc . 

9a. 

06. 

Oa. 

9i . 

10a. 

106. 

10c. 

11a. 

116. 

11c. 

12a. 

126. 

12c..'... 

12rf. 

18o..... 

186. 

18c. 

16a, 166... 
16c. 
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. 1 ... 
. 1 ... 


1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 
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Rc 

Ri 

Rt 
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1 
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1 
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..1.. 
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I 

.0.226. 
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1 
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Vm 
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+ _. j. .. - iwcr lo rigs, la ana respectively. 

t Series damping windings with •/«, as many effective turns as the armature winding in the d or g axis are indicated by, 
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shown in the figures are given on a per-unit 
basis in Table II. The base values are 

-Kg=69.0 volts per ampere 

=51.0 volts per ampere 

-Ki =22.4 volts per ampere = 0,95KtVLi/Lg 

Ki =2,250 volts per ampere 

.K«=23.2 volts per ampere =0.95KaVWL<t 

Li~0.155 henry 

.£^=1.06 henrys 

Xn ='0.233 henry 

Xff=0,130 henry 

Xa =*0.393 henry 

Xp =0.130 henry 

Xi =0,026 henry 


X 2=220 henrys 
X« =0.026 henry 
-R«=20.0 ohms 
i?/j=6.20 ohms 
-Ki=10.0 ohms 
i? 2 =2,910 ohms 
jR«=10,0 ohms 
Rf = 10.0 ohms 

metadyne speed=iV=3,600 rpm 

The mutual inductance terms are cal¬ 
culated from the equations 

MiQ =0.96'\/XiXj henry 

•1I42#=0.96 ‘\/LsLt henry 

Afjg=0.96-\/XaXg 


■34((g=0.96'\/X»Xg henry 
•^j»n=0.96\/XjXa henry 
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Sonance Design of Large Induction 

Motors 

R. L. WALL 

ASSOCIATE MEMBER AIEE 


M otor noise must be reduced to 
ever lower levels to meet the new 
demands of motor users, in line with the 
public’s desire for quieter environments. 
The increasing awareness of noise is 
largdy caused by the progressive mech¬ 
anization of present-day living where 
intimate contact with noise-producing 
machines is inevitable, and by the em¬ 
phasis in recent years on the psyiological 
and psychological effects of noise on 
people. 

At present, there is no reasonable sound 
level that can be set which will ensure 
that, if the noise produced by a motor is 
below this level, it will be satisfactorily 
quiet in all applications. Acceptable 
sound levels and characteristics must be 
determined for each type of application 
and, in some cases, for individual motors. 
For determining the acceptable noise 
levels there is a need for a meaningful, 
standard method of evaluating motor 
noise. This is a basic problem, as funda¬ 
mental and important as the reduction of 
motor noise itself. 

Sources of Noise in Motors 

The physical factors that make an in¬ 
duction motor a machine for converting 
electric energy into mechanical energy 
also make it a machine for converting 
this energy into acoustical energy. The 
problem of sonance design is to reduce 
the acoustical efficiency of these ma¬ 
chines so that they will produce less 
noise. Induction motor noise may be 
classified in three main groups: 

1. Magnetic noise. 

2. Mechanical noise. 

3. Aerodynamic noise. 

All three kinds of noise are generally 
produced by any , motor, and any one 
kind may be predominant depending 
upon the type of motor. 

Paper 55-724, recommended by the AIBB Rotating 
Machinery Committee and approved by the 
AIBB Committee on Technical Operations for 
presentation at the AIBB Fall General Meeting, 
Chicago, HI., October 8-7, 1955. Manuscript 
submitted June 7, 1965; mt^e available for print¬ 
ing July 22, 1965. 

R. L. Wall is with the Gknaral Blectric Company, 
Schenectady, N. Y, 


Magnetic noise is produced by me¬ 
chanical vibration of the motor frame or 
components, where the vibromotive force 
is supplied by the magnetic fields of the 
motor. The noise produced by the slot 
hannonics is generally the most objec¬ 
tionable magnetic noise, since this has a 
relatively high frequency. It is caused 
by radial motions of the stator in nodal 
patterns of four, six, or more nodes. The 
frequencies and pole structures of the 
most bothersome force waves in large 
motors can be calculated from the follow¬ 
ing equations^ 

Frequency of force 

wave, cycles per Number of nodes 
second (cps) in force wave 

(2R-25-4P) (1) 

^^^^2^/ (2R-25H-4P) (3) 

where 

i?=number of rotor slots 
,S« number of stator slots 
P=number of pairs of poles in motor 
winding 

yssslip 

/“power line frequency, cps 

N,-N 
' Ns 

where 


actual rotor speed, revolutions per 
minute 

By knowing the frequencies and num¬ 
ber of poles of these forces and the vibra¬ 
tory diaracteristics of the stator and 
frame, it is generally possible to avoid the 
coincidence of a forcing frequency and an 
objectionable resonance. Noise from this 
source can be controlled by present-day 
design methods and is not a serious prob¬ 
lem in large induction motors. 

Mechanical noise in induction motors 
is caused by rotor unbalance, bearings, 
and the effects of mechanical fits and toler¬ 
ances. Noise produced by mediamcal 
vibration resulting from the forces pro¬ 


duced by an unbalanced rotor can be 
minimiz ed by careful rotor balancing and 
generally is not a major problem. 

Bearings are scnnetimes a source of 
noise, especially where ball or roller bear¬ 
ings are used. The bearings themselves 
do not radiate much noise but the forces 
produced by the bearings act on the bear¬ 
ing housings and endshields and cause 
them to vibrate and so to produce noise. 
In most cases, this is not forced vibration 
but resonant vibration that is impact- 
excited. Some of the factors that affect 
ball-bearing noise are lubrication, cleanli¬ 
ness of the bearing, surface finish of the 
balls and races, radial and axial dearances, 
the fits between the inner race and shaft 
and the outer race and housing, and align¬ 
ment. 

Mechanical tolerances and fits do not 
cause noise directly unless they are such 
that rattles are produced. They do af¬ 
fect magnetic noise if they produce an 
unsymmetrical air gap or tilt the rotor 
with respect to the stator, or if the rotor 
or stator are out of round. They also af¬ 
fect mechanical noise by causing misalign¬ 
ments. 

Like magnetic noise, mechanical noise 
can be minimized by good design and 
manufacturing techniques. Also, like 
magnetic noise it usually is not a serious 
problem in large motors. 

Aerod 3 mamic noise is often the pre¬ 
dominant noise produced by large induc¬ 
tion motors. This is a broad dassifica- 
tion that indudes fan noise, air-fl.ow noise, 
and the noise produced by the siren ac¬ 
tion of radial rotor and stator ducts. 

Fans produce a broad-band type of 
noise that is not objectionable unless high 
intensities are involved. It is possible to 
have predominant individual frequendes 
that occur at the fundamental fan blade 
frequency, and/or its harmonics. This 
usudly occurs when an improper fan is 
used for the job or when the fan runs too 
dose to irregular, stationary objects. 

Numerous tests on motors have diown 
that, where fan noise is predominant, the 
sound energy produced varies approxi- 
matdy as the fifth power of the peripheral 
vdodty of the fan blade tips. All types 
of fans of the same capadty do not make 
the same amount of noise, but the fans 
on a high-speed motor can produce objec¬ 
tionable sound levds even when optimum 
designs are used. 

To reduce the noise produced by motors 
where fan noise is predominant, the most 
desirable course to follow is reduction of 
the noise at the fan itself. To an extent 
this can be accomplished by the design 
and selection of the fan to do a particular 
job. The dedgn of the fan is often af- 
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Fij. 1. Sketch showing source of duct noise. 
Air flows through radial rotor and stator ducts 
that causes siren effect 


fected by other considerations, and the 
net result may be that the fans still pro¬ 
duce too much noise, and it is impractica¬ 
ble to reduce further the noise at the fan 
itself. 

In motors having radial ducts in the 
rotor and stator for ventilation, the pre¬ 
dominant noise is often that produced by 
the siren action of these ducts. This 
noise is more objectionable than fan 
noise in that it is a pure-tone high-fre¬ 
quency noise. Fig. 1 shows how this 
noise is produced. The air flowing in 
the stator ducts is periodically turned on 
and off by the passing of rotor ducts and 
bars. This gives rise to a noise at a fre¬ 
quency of the number of rotor bars times 
the running speed in revolutions per 
second. To reduce this noise the siren 


has to be made as inefficient as possible 
but, at the same time, there are certain 
air-flow requirements to be maintained. 

In spite of good design practices, if noth¬ 
ing additional is done to reduce the aero¬ 
dynamic noise, objectionable noise may 
be produced by large motors. It is then 
necessary to employ other means of re¬ 
ducing this noise to satisfactory levels. 
One such method is the use of dissipative- 
type mufllers. These mufilers are con¬ 
structed in such a way that the air enter¬ 
ing and leaving the motor must make a 
series of 90-degree and/or 180-degree 
bends. This duct work may be lined 
with sound-absorbing material and can 
be effectively used to reduce aerodynamic 
noise. 

As an example, the effectiveness of 
acoustic treatment of the air intakes and 
exhausts of a 4-pole open dripproof 
motor of several thousand horsepower 
will be considered. The predominant 
noise produced by this motor without tlie 
acoustic treatment was duct noise. The 
rotor of this machine produces a pure 
tone noise at about 2,300 cps. The aver¬ 
age over-all sound pressure level (SPL) 
of the noise produced by the motor with¬ 
out the mufflers was 98 decibels (db) re 
0.0002 dynes per centimeter* at a dis¬ 
tance of 5 feet from the motor. By defi¬ 
nition 

SPL =20 logio — 

Po 

where 

Pi=the sound pressure in question 
Po=a standard reference pressure of 0.0002 
dyne per centimeter* 

The average level produced by the 
motor with the mufflers was 86 db under 
the same conditions. Although signifi¬ 
cant, these numbers alone do not ade- 


Table I. Octave Band Frequency Analyses 


1. !Motor 2. Motor Difference 
Octave Banda, Without With Between 

Cps Mufflers Mufflers 1 and 2 

Over-all SPL, Decibels 

98 86 12 

re 0.0002 
Dynes per 
Centimeter^ 

Distribution of Sound Energy, Db 


20 to 75... 

...81. 

..77. 

. 4 

75 to 150... 

...86. 

..81. 

. 5 

150 to 300... 

...88. 

..80. 

. 8 

300 to 600... 

...85. 

..70. 

.15 

600 to 1.200... 

...87. 

..68. 

...... 19 

1,200 to 2,400... 

...94. 

.76. 

.18 

2,400 to 4,800... 

...91. 

..73. 


4,800 to 9,600... 

...84. 

.62. 

.22 


quately describe the noise produced by 
the motor with and without the mufflers. 
The octave band frequency analyses. 
Table I, show the distribution of the 
sound energy over the frequency spectrum 
for the two conditions and also the dif¬ 
ference between the two conditions. 

For these tests the motor was running 
at no load on rated line voltage and fre¬ 
quency, and the measurements were made 
in essentially free field conditions. The 
reduction of 18 db or more obtained for 
all frequencies above 600 cps was emi¬ 
nently satisfactory. 

These data are useful, but are not tlie 
complete story on the noise-producing 
characteristics of the motor. They rep¬ 
resent the noise the motor would pro¬ 
duce under a given set of conditions. It 
must be recognized that the noise this 
motor will actually produce may vary 
considerably, depending on its acoustic 
environment. It is therefore desirable to 
rate the noise produced by the motor on 
a sound power basis because the sound 
power produced is essentially unaffected 



Fig. 2.- Location of microphone positions for noise measurements on 
motor without mufflers 



Fig. 3. Location of microphone positions for noise measurements on 
motor with mufflers 
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by environment, whereas the SPL is 
environment-sensitive. The sound power 
produced determines the latent ability of 
a motor to produce noise. Through the 
use of sound power data the distance fac¬ 
tor usually associated with noise measure¬ 
ments is eliminated, and these data can 
be used to predict the noise that will be 
produced under a variety of conditions. 
Sound power data also provide a better 
means of comparing the noise produced 
by motors of various sizes and shapes. 

In this motor the dissipative mufflers 
are contained in a removable cover. To 
evaluate the effectiveness of the noise- 
reducing treatment, the over-all sound 
power level (PWL), and octave power 
levels of the noise produced by the motor 
with and without the cover were deter¬ 
mined. The difference in the physical 
size and shape of the motor with and with¬ 
out the cover was such that two different 
measurement procedures were necessary. 
Figs. 2 and 3 show the arrangement of the 
measuring points for each test. 

In the test without the cover, 14 meas¬ 
uring points were used, all of which were 
located 9 feet from the geometrical center 
of the motor. The points lie on a hypo¬ 
thetical hemisphere that completely en¬ 
closes the motor. The points are ar¬ 
ranged in three planes, and the average 
over-all and octave levels at each plane 
were used to compute the power levels in 
its corresponding zone. The power levels 
in each zone were combined to obtain the 
total power levels. PWL is computed 
using 

PWL=SPL+\Q logio 5-0.5 
where 

PPPZ.=sound power level, db re 10“^* watt 
5'PZ,=the average sound pressure level, 
db re 0.0002 dyne per centimeter* 

5=the area of the enclosing area, feet* 

By definition, 

Wi 

PWL=^101og,o — 

Wo 

where 

PPi«=the sound power of the sound source 
in question, watts 

Wo—the standard reference power of 10“'* 
watt 

For the test with the cover, 26 measur¬ 
ing points were used and located as shown 
in Fig. 3. Because of practical limita¬ 
tions it was not possible to maintain the 
hemispherical relationship used in the test 
on the motor without the cover. The 
over-all and octave power levels were de¬ 
termined using the previously described 
procedure. Table II shows the sound 
power data of the noise produced by the 
motor with and without the mufflers. 


Table II. Sound Power Data 


Sound Power 

1. Motor 2. Motor Difference 

in Octaves, 

Without 

With 

Between 

Cps 

Mufflers 

Mufflers 

1 and 2 


Total Sound Power, 

Watts 


0.293 

0.033 

0.260 


Distribution 

of Sound Power, 



Watts 


20 to 75. 

...0.011_ 

.0.005... 

.0.006 

76 to 150. 

...0.022_ 

.0.013... 

.0.009 

150 to 300. 

...0.033.... 

.0.009... 

.0.024 

300 to 600. 

...0.016_ 

.0.001... 

.0.016 

000 to 1,200. 

...0.023_ 

.0.001... 

.0.022 

1,200 to 2,400. 

...0.112.... 

.0.004... 

.0.108 

2,400 to 4,800. 

...0.066_ 

.0.002... 

.0.064 

4,800 to 0,600. 

...0.010.... 

.0.000... 

.0.010 


PWL or sound power, watts^ can be 
calculated from the equation 

PWL = 10 log watt 
or 

PWL = 10 log W-l-130 

where W is the sound power in watts of 
the noise source in question. The total 
PWL without mufflers is 10 log 0.293-|- 
130 = 124.7 or 125 db; the total PWL with 
mufflers is 10 log 0.033+130 = 115 db. 

A comparison of the sound power data 
is perhaps more indicative of the dif¬ 
ferences between the two conditions than 
are SPL data. For instance, the total 
sound power in the 1,200 to 2,400-cps 
octave band that contains the duct noise 
frequency was reduced from 0.112 to 
0.004 watt or by a factor of 28. This 
corresponds to a reduction of 14 db re 
10“^® watt. The average SPL of this 
octave was reduced 18 db re 0.0002 dyne 
per centimeter®. From the equation for 
computing PWL using SPL it would be 
expected for the db PWL to be reduced 
by the same amount. However, the 10 
log 5 term of the equation was not the 
same for both conditions. For the tests 
with the muffler it was larger; nor was 
the sound energy distribution in space 
the same, hence the difference is ac¬ 
counted for. A difference such as this is 
significant when comparing the noise 
output of various madiines or determin¬ 
ing noise reduction. If only SPL were 
used, this difference would go unnoticed. 
The motor shown in Fig. 4 is typical of 
the size and type that receive extensive 
acoustic treatment. 

Noise Measurement Standards 

It is generally conceded that the basic 
reason for making noise measurements is 
to obtain information that will allow to 
predict people’s response to the noise in a 
certain location, under certain conditions. 



Rg. 4. Typical size and type of motor in 
which dissipative mufflers are used to reduce 
aerodynamic noise 


For this reason, it is important that noise 
measurements made in accordance with 
standard codes should furnish informa¬ 
tion that can be used to make these pre¬ 
dictions. 

It should be remembered that the 
data obtained from standard tests do not 
necessarily indicate the acceptability of 
the noise. These data merely furnish 
part of the information required to deter¬ 
mine whether or not a motor will meet 
certain noise requirements. The present 
noise measurement standards call for the 
measurement of over-all SPL at several 
points located at various positions around 
the machine and at a certain distance 
from the machine. The noise produced 
by rotating machines is complex in nature 
and is composed of many frequencies. 
Even to begin to evaluate this type of 
noise, it is necessary to determine, the dis¬ 
tribution of the sound energy over the 
audible frequency spectrum. For most 
work, octave band analyses provide a 
sufficiently detailed picture of the fre¬ 
quency distribution. These data are re¬ 
quired to use the noise evaluation criteria. 

The inclusion of octave band measure¬ 
ments in the present standards is perhaps 
the most important immediate need. 
Going further into the problem, another 
need can be seen. That is the need for 
the rating of machine noise by the ma¬ 
chine’s latent ability to produce noise and 
not the noise produced under a given set 
of conditions. The sound power, as a 
function of frequency, produced by a ma¬ 
chine is a true rating of the machine’s 
noise-produdng ability. The sound 
power produced for constant operating 
conditions is essentially independent of 
acoustic environment, and it is not neces- 
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sary to specify at what distance from the 
machine the noise was measured. With 
these data, the noise that will be produced 
in a variety of acoustic environments qqti 
be predicted. 

The importance of noise control is ob¬ 
vious, and noise measurements are often 
an important part of any noise-control 
problem. The advantages of the latest 
noise-measurement techniques and noise- 


evaluation criteria, as described in this 
article, make desirable the inclusion of 
such practices in standard noise meas¬ 
urement codes. 
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Aluminum in Heavy Current Conductors 
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FELLOW AIEE 


tube, as the thickness of the tube is 
increased, the a-c resistance first de¬ 
creases very rapidly, reaches a TniTiiTniim , 
and then for greater thicknesses actually 
increases. The a-c resistance of a solid 
rod is higher than that of a tube of the 


I N ORDER that a conductor material 
may be considered in the design of 
heavy current busses, its characteristics, 
both mechanical and electrical, must be 
known. Useful data on tubes of both 
copper and aluminum are given in Table 
I. Even though the conductivity of 
aluminum is lower than that of copper, 
the disadvantage is not in proportion. 
Lower conductivity results in a better 
skin effect ratio, so that in an aluminum 
conductor the cross section is used more 
effectively. Aluminum and copper con¬ 
ductors should be designed so that they 
will not be called upon to run at total 
temperatures above 100 degrees centi¬ 
grade (C) continuously. Temperatures 
above this value may result in annealing. 
Joints of aluminum conductors require 
more careful attention than those of other 
materials, but with a joint properly de¬ 
signed completely satisfactory perform¬ 
ance may be expected. 

Data for Round Tubular Conductors 

In Appendix I data are given on round 
tubes. The perimeter is of interest in 
estimating the dissipation of heat. Sec¬ 
tion modulus is useful in estimating 
fiber stress under mechanical load and the 
self geometric mean distance (self GMD) 
is of interest when inductance and 
reactance are of concern. All these are 
independent of the material of the con- 
■ ductor; each is a function of dimensions 
only. Table I includes weight and re¬ 
sistance data for aluminum and also for 
copper. While present interest is es¬ 
pecially in aluminum, data on copper 
may be of use for comparison. Re¬ 
sistance data for aluminum tubes are 


given at 70 C and at 86 C. The 70 C 
data are for use where it is felt that 
advantage cannot be taken of the extra 
allowable temperature rise for silvered 
contact surfaces or the equivalent. Data 
for 85 C are for use where advantage is 
taken of this extra allowable temperature 
rise. The choice of 86 C rather tTifl-n qq 
C, allowable under certain AIEE rules, 
is based on the author’s strong feeling 
that 86 C is as close as dangerous tem- 
p^ature should be approached. This 
will be discussed later. 

A-C Resistance of Tubes 

Data in Table I mre for copper of 
98-per-cent conductivity and for alu¬ 
minum of the electrical conductor (EC) 
grade of 61-per-ceut conductivity. For 
rough calculation, the resistance data 
may be converted to a new conductivity, 
as for instance, 57 per cent, by direct 
ratio; however, such a conversion will 

result in but an approximate value for the 

a-c resistance. In general, a-c resistance 
computed for the new conductivity on 
this direct ratio basis -will probably be 
higher than the actual resistance at the 
new conductivity. The ratio Rae/Roe 
is a function of the resistivity of the 
material. Corresponding to a higher 
value of resistivity is a better distribution 
of the current over the cross section, so 
that conductor cross section is more 
effectively used. Hence the a-c resist¬ 
ance of a conductor is not directly 
proportional to the resistivity of the 
matmial. 

When the a-c resistance data in Table 
I are plotted in the form of curves, it is 
noted that for a given outside diameter of 


same outside diameter over a wide range 
of tube thickness. There is a thioknpsfi 
for which the a-c resistance of a tube of 
particular outside diameter is a TniuifniiTn 
For both copper and aluminum, thick¬ 
nesses for which a-c resistances per foot 
of tube reac^ minirna are the same, 
regardless of outside diameters. For 
copper this optimum thicTm«>,«t,s is 0.6 
inch, and for EC aluminum it is 0.7 inch 
approximately. In commercial design, 
the thickness of the tube would probably 
be hdd to a value somewhat less thgu 
these optimum values, because the curves 
are flat- in the neighborhood of the 
optimum values. For copper, one would 
think roughly of 0.4 inch as the maxi¬ 
mum to be considered and for alumi¬ 
num, about 0.66 inch. Because of 
the better skin effect ratio of aliiTniTm-m ^ 
the cross section of the aluminum 
conductor is used more effectively, and 
it is sometimes possible to design for a 
conductor of aluminum with the same 
outside diameter as one of copper, 
both "with the same resistance per foot. 

Maximum Safe Temperature 

A length of conductor in a heavy cur¬ 
rent bus must function in a dual capacity. 
Obviously, it has to be a ^tisfactory 
conductor, and when there is a fault on 
lie circuit, forces act on the conductor 
and the conductor must function as a 
structural member. Particularly vwth 

Paper 55-261, recouiinended by the-AIEE Switch- 
jw Committee and approved by the AIEE Com- 
mittee on Tec hn i ca l Operatioiu for pr^entation at 
the AIEE Electrical Utilization of Aluminum Con¬ 
ference, Pittsburgh, Pa., March 15-17, 1966 
Manuscript submitted December 16, 1964; made 
available for printing April 20, 1966. 

William Dbans is with the I-T-E Circuit Breaker 
Company, Philadelphia, Pa. 


1192 


Dmns—'Aluminum in Heavy Current Conductors December 1955 




Table I. Properties of Bus Conductors-~^ound Tubes 








Copper 





Aluminum 



Cross 




At 20 C 

At 85 C 


At 70 C At 85 C 


Thick- 

Sec¬ 

tion, 

Section 

Modulus, 

Inches* 

Self 

GMD, 

Inches 

Weight, 
Pounds 
per Foot 

Sdo Baa 


Rio Rm 


Weight, 
Pounds 
per Foot 

Rle Rao 

Rdo Rao 


ness. 

Inches 

Square 

Inches 

Microhms 
per Foot 

Rao/Rdo 

Microhms 
per Foot 

Rae/Rle 

Microhms 
per Foot 

Microhms 
Rao/Rdo per Foot 

Rao/Rdo 

0.10. 

0.16. 

. 1.07.. 
. 1.58.. 

.. 0.88.. 
.. 1.27.. 

..1.72.. 

..1.70.. 

.. 4.14. 

.. 6.12. 

.7.71..7.78. 
.5.21..5.24. 

D, 3.5; 
..1.01.. 
..1.01.., 

Perimeter 11.00 Inches 
..9.67.,9.69....1.00 
..6.65.,6.57....1.01... 

. 1.85... 

10.17..10.20. 

...1.01....10.69..10.72... 

,1.01 

0.20. 

.2.07.. 

.. 1.62.. 

..1.69.. 

.. 8.03. 

.3.97..4.02. 

..1.01.. 

..4.98..5.03. 

...1.01... 

.. 2.43.. 

7.75.. 7.79. 

...1.01.... 8.14.. 8.18... 

.1.01 

0.25. 

. 2.55.. 

.. 1.94.. 

..1.67.. 

.. 9.89. 

.3.23..3.31. 

..1.03.. 

..4.05..4.12. 

..1.02... 

.. 2.99... 

6.29.. 6.35. 

...1.01..,. 6.61.. 6.67... 

.i.or 

0.30. 

. 3.02.. 

.. 2.23.. 

..1.65;. 

.. 11.69. 

.2.73..2.86. 

..1.06.. 

..3.43..8.54. 

..1.03... 

. 3.54... 

6.33.. 5.40. 

...1.02.... 6.59.. 5.67... 

.1.02: 

0.35. 

. 3.46.. 

.. 2.49.. 

..1.64.. 

.. 13.42. 

.2.38..2.58. 

..1.09.. 

..2.98..3.15. 

..1.06... 

. 4.06... 

4.64.. 4.75. 

...1.03.... 4.87.. 4.97... 

.1.02: 

0.40. 

. 3.90.. 

.. 2.72.. 

..1.62.. 

..15.10. 

.2.11..2.40. 

..1.14.. 

..2.65..2.89. 

..1.09... 

. 4.57... 

4.12.. 4.28. 

...1.04_ 4.33,. 4.49... 

.1.04 

0.45. 

. 3.11.. 

.. 2.93.. 

..1.61.. 

.. 16.71. 

.1.91..2.31. 

..1.21.. 

..2.40..2.73. 

..1.14... 

. 5.06... 

8.73.. 3.96. 

,,.1.06.... 3.91.. 4.12... 

.1.06 

0.50, 

. 4.71.. 

.. 3.11.. 

..1.69.. 

.. 18.26. 

.1.75..2.29. 

..1.31.. 

..2.19..2.63. 

..1.21... 

. 5.62... 

3.41.. 3.70. 

...1.09.... 3.58.. 3.86... 

.1.08 

0.55. 

. 5.10.. 

.. 3.28.. 

..1.68.. 

.. 19.76. 

.1.62..2.29. 

..1.42.. 

..2.03,.2.64. 

..1.30... 

. 5.97... 

3.16.. 3.54. 

...1.13. 3.31.. 3.70... 

.1.12 

0.60. 

. 6.47.. 

.. 3.42.. 

..1.66.. 

.. 21.18. 

.1.61..2.32, 

.1.64.. 

..1.89..2.60. 

..1.38... 

. 6.41... 

2.94.. 3.44. 

...1.17..,. 3.09., 3.67... 

.1.16 

0.65. 

. 5.82.. 

.. 3.55.. 

..1.65.. 

.. 22.55. 

.1.42..2.34. 

..1.66.. 

..1.78..2.60. 

..1.47... 

. 6.82... 

2.76.. 3.38. 

...1.23..,. 2.90.. 3.49... 

.1.20 

0.70. 

. 6.16.. 

.. 3.66.. 

..1.54.. 

.. 23.86. 

.1.34..2.37. 

..1.77.. 

.1.68..2.63. 

..1.67... 

. 7.22... 

2.61.. 3.35. 

..1.29.... 2.74.. 3.46... 

.1.26 

0.80. 

. 6.79.. 

.. 3.84.. 

..1.51.. 






. 7.95... 

2.37.. 3.35. 

...1.42.... 2.49.. 3.44... 

.1.39 

0.90.. 

. 7.35.. 

.. 3.98.. 

..1.49.: 






. 8.62... 

2.19.. 3.38. 

...1.55.... 2.30.. 3.48... 

.1.52 

0.10.. 

0.15.. 

. 1.23.. 
. 1.81.. 

.. 1.17.. 

.. 1.68.. 

..1.97.. 

..1.96.. 

. 4.75.. 

. 7.03.. 

.6.72..6.78.. 
.4.54..4.56.. 

D, 4.0; 
..1.00.. 
..1.01.. 

Perimeter 12.57 Inches 
..8.44.,8.46....1.00 
.6.70..5.72....1.01... 

. 2.13... 

8.85.. 8.88. 

..1.01..., 9.30.. 9.33,,, 

.1.01 

0.20.. 

.. 2.39.. 

.. 2.16.. 

..1.94.. 

. 9.25.. 

.3.45..3.49.. 

..1.01.. 

.4.33..4.37. 

.,1.01... 

. 2.80... 

6.73.. 6.76. 

..1.01.... 7.07.. 7.10... 

.1.01 

0.25.. 

. 2.96.. 

.. 2.60.. 

..1.92.. 

. 11.41.. 

.2.80..2.86.. 

..1.03.. 

.3.61..3.57. 

..1.02... 

. 3.46... 

6.45.. 5.50. 

,.1.01..., 6.73.. 5.78... 

.1.01 

0.30.. 

. 3.49.. 

.. 3.00.. 

..1.90.. 

. 13.51.. 

.2.36..2.48.. 

..1.06.. 

.2.96..3.06. 

,.1.03... 

. 4.09... 

4.61.. 4.68. 

..1.02.... 4.84.. 4.91... 

.1.02 

0.35.. 

. 4.01.. 

.. 3.37.. 

..1.89.. 

. 15.66.. 

.2.05..2.24.. 

..1.09.. 

.2.58..2.72. 

..1.06... 

. 4.70... 

4.00.. 4.10. 

,.1.08,,.. 4.20.. 4.30... 

.1.03 

0.40.. 

. 4.52.. 

.. 3.71.. 

..1.87.. 

. 17.63.. 

.1.82..2.08. 

..1.14.. 

.2.29..2.60. 

..1.09... 

. 5.30... 

3.65.. 3.69. 

.,1.04.... 3.78,. 3.86... 

.1.04 

0.45.. 

. 6.02.. 

.. 4.02.. 

..1.86.. 

. 19.45.. 

.1.64..2.00.. 

..1.22.. 

.2.06..2.35. 

..1.14... 

. 5.88... 

3.20.. 3.40. 

..1.06.... 3.36.. 3.65... 

.1.06 

0.50.. 

. 5.60.. 

.. 4.29.. 

..1.84.. 

. 21.31.. 

.1.60..1.98.. 

..1.82.. 

.1.88.,2.28. 

,.1.22... 

. 6.44... 

2.92.. 3.18. 

..1.09.... 3.07,. 3.32... 

.1.08 

0.55.. 

. 5.96.. 

.. 4.55.. 

..1.83.. 

. 23.10.. 

.1.38..1.98.. 

..1.43,. 

.1.73..2.26. 

..1.30... 

. 6.99.,, 

2.70., 3.04. 

..1.13.,,. 2.83.. 3.17... 

.1.12 

0.60.. 

. 6.41.. 

.. 4.77.. 

..1.81.. 

. 24.83.. 

.1.29..1.99.. 

..1.65.. 

.1.61,.2.24. 

..1.39... 

. 7.61... 

2.51.. 2.95. 

,.1.18,.,. 2.63.. 3.06... 

.1.16 

0.65.. 

. 6.84.. 

.. 4.98.. 

..1.80.. 

. 26.51.. 

.1.20..2.02.. 

..1.67.. 

.1.61..2.24. 

..1.48... 

. 8.02... 

2.35.. 2.90. 

..1.24,... 2.47.. 2.99... 

.1.21 

0.70.. 

. 7.26.. 

.. 5.16.. 

..1.78.. 

. 28.12.. 

.1.14..2.04.. 

..1.80.. 

.1.42..2.26. 

..1.69... 

. 8.51... 

2.21.. 2.88. 

..1.30_ 2.33., 2.96... 

.1.28 

0.80.. 

. 8.04.. 

.. 6.47.. 

..1.76.. 






. 9.43... 

2.00.. 2.87. 

..1,45.... 2.10.. 2.96... 

.1.41 

0.90.. 

. 8.77.. 

.. 5.71.. 

..1.73.. 



. 



.10.27... 

1.83.. 2.91. 

..1.59.... 1.98.. 2.99... 

.1.55 

0.10.. 

0.15.. 

. 1.38.. 

. 2.05.. 

.. 1.49.. 

.. 2.16.. 

..2.22.. 

..2.20.. 

. 6.36.. 

. 7.94.. 

.6.96..6.97.. 
.4.02..4.04.. 

D,4.S; 

..1.00.. 

.,1.01.. 

Perimeter 14.14 Inches 
.7.48,.7.49,...1.00 
,5.04,.6,06....1.01.... 

. 2.40... 

7,84., 7.86. 

..1.01.... 8.23.. 8.26... 

.1.01 

0.20.. 

. 2.70.. 

.. 2.78.. 

..2.18.. 

. 10.47.. 

.8.05..3.13.. 

,.1.01.. 

.3.83..3.86. 

..1.01... 

. 3.17... 

6.96.. 5.98. 

..1.01,... 6.26.. 6.28... 

.1.01 

0.25.. 

. 3.34.. 

.. 3.36.. 

..2.17.. 

. 12.94.. 

.2.47..2.63.. 

,.1.03,. 

,3.10..3.15. 

.,1.02... 

. 3.91... 

4.81.. 4.86. 

..1.01.... 6.06.. 6.10... 

.1.01 

0.30.. 

. 3.96.. 

.. 3.90.. 

..2.15.. 

. 16.34.. 

.2.08..2.16.. 

.,1.05.. 

.2.61..2.70. 

..1.03... 

. 4.63... 

4.06.. 4.12. 

,.1.02.... 4.26.. 4.32... 

.1.02 

0.35.. 

. 4.66.. 

.. 4.40.. 

..2,14.. 

. 17.68.. 

.1.80..1.96.. 

..1.09.. 

.2.27..2.39. 

.,1.06... 

. 5.35... 

3.52.. 3.61. 

.,1,03..., 3.70.. 3.78... 

.1.03 

0.40.. 

. 5.15.. 

.. . 4.86. . 

..2.12.. 

. 19.97.. 

.1.60..1.83.. 

.,1.16.. 

.2.01..2.19. 

..1.10... 

. 6,04... 

3.12.. 3.24. 

.,1.04..., 8.28,. 3.40... 

.1.04 

0.45.. 

. 6.73.. 

.. 6.28.. 

..2.11.. 

. 22.19.. 

.1.44..1.77.. 

..1,23.. 

,1.81..2.07. 

..1.16... 

. 6.71... 

2.81.. 2.98. 

..1.06.... 2.95.. 3.11... 

.1.06 

0.60.. 

. 6.28.. 

.. 5.67.. 

..2.09.. 

. 24.35.; 

.1.31..1.76.. 

..1.33... 

.1.65..2.01. 

..1.22... 

. 7.37... 

2.66.. 2.79. 

..1.09.... 2.69.. 2.91... 

.1 09 

0.65.. 

. 6.83.. 

.. 6.03.. 

..2.07... 

. 26.45.. 

.1.21..1.74.. 

..1.44.. 

.1.62..1.98, 

..1.31... 

..8.00,., 

2.36.. 2.66. 

..1.13_ 2,47.. 2.78... 

1.12 

0.60.. 

. 7.35.. 

.. 6.36.. 

..2.06... 

. 28.49.. 

.1.12..1.75.. 

.,1.56... 

.1.41..1.97. 

..1.40... 

. 8.62... 

2.19.. 2.68.. 

..1.18.... 2.30,. 2.67... 

1.16 

0.65.. 

. 7.86.. 

. 6.66.. 

.2.06,.. 

. 30.46.. 

.1.05..1.76.. 

..1.68... 

.1.32..1.97. 

..1.60... 

. 9.21... 

2.04.. 2.66.. 

..1.24..,. 2.16.. 2.62... 

1.22 

0.70.. 

. 8.36.. 

. 6.93.. 

.2.03... 

. 32.38.. 

.0.99..1.78.. 

..1.81... 

.1.24..1.98. 

..1.60... 

. 9.80... 

1.92.. 2.52.. 

..1.31.... 2.02.. 2.60... 

1.29 

0.80.. 

. 9.30.. 

. 7.40.. 

.2.00... 






.10.90... 

1.73,. 2.51. 

..1.46.... 1.82.. 2.58... 

1.42 

0.00.. 

.10.18.. 

. 7.79.. 

.1.98... 

. 





.11.93.,, 

1.68.. 2.55.. 

..1.62.... 1.66.. 2.62... 

1.68 

0.10.. 

0.15.. 

. 1.54.. 

. 2.29.. 

. 1.85.. 

. 2.69.. 

.2.47... 

.2.45... 

. 5.97.. 

. 8.86.. 

.6.36..6.36.. 
.3.60..3.62.. 

D, 5.0; 
..1.01... 
..1.01... 

Perimeter 15.71 Inches 
.6.72..6.73....1.01 
.4.52..4.54_1.01.... 

. 2.68... 

7.03,. 7.05.. 

..1,01.... 7.38.. 7,40... 

1.01 

0.20.. 

. 3.02.. 

. 3.48.. 

.2.43... 

. 11.69.. 

.2.73..2.76.. 

..1.02... 

.3.43..3.46.. 

..1.01.... 

. 3.54... 

5.33.. 5.35.. 

..1.01.... 5.59.. 6.62... 

1;01 

0.26.. 

. 3.73.. 

. 4.22.. 

.2.42... 

. 14.46.. 

.2.21..2.26.. 

..1.03... 

.2.84..2.88.. 

..1.02.... 

. 4.37... 

4.31.. 4.34.. 

..1.01.... 4.62.. 4.66... 

1.01 

0.30.. 

. 4.43.. 

. 4.91.. 

.2.40... 

. 17.17., 

.1.86..1.96.. 

..1.05... 

.2.33..2.41.. 

..1.03.... 

. 6.19... 

3.63.. 8.68.. 

..1.02.... 3.81.. 3.87... 

1.02 

0.36.. 

. 6.11.. 

. 6.56.. 

.2.39... 

. 19.81.. 

.1.61..1.76.. 

..1.10... 

.2.02.,2.14.. 

..1.06.... 

. 6.99... 

3.14.. 3.22.. 

..1.03.... 3.30.. 3.38... 

1.03 

0.40.. 

. 6.78.. 

. 6.16.. 

.2.37... 

. 22.40.. 

.1.42.1.64.. 

..1.16... 

.1,79..1.96.. 

..1.10.... 

. 6.78... 

2.78.. 2.89.. 

..1.04.... 2.92.. 3.03... 

1.04 

0.45.. 

. 6.43.. 

. 6.72.. 

,2.35... 

. 24.93.. 

.1.28..1.69.. 

..1.24... 

.1.61..1.84.. 

..1.16.... 

. 7.54... 

2.50.. 2.66.. 

..1.06.... 2.62.. 2.77... 

1.06 

0.50.. 

7.07.. 

. 7.24.. 

.2.34... 

. 27.39.. 

.1.17..1.66.. 

..1.34... 

.1.46..1.79.. 

...1.23.... 

. 8.29... 

2.27.. 2.48.. 

..1.09.... 2.39.. 2.59... 

1.09 

0.56.. 

7.69.. 

. 7.78.. 

.2.32... 

. 29.80.. 

.1.07..1.65.. 

,.1.46... 

.1.35,.1.77,. 

..1.32.... 

. 9.01... 

2,09.. 2.37.. 

..1.13..., 2.20.. 2.47... 

1.13 

0.60.. 

8.29.. 

. 8.18.. 

.2.31... 

. 32.14.. 

.0.99..1.66.. 

..1.67... 

.1.25.,1.76., 

,.1.41..., 

. 9.72... 

1.94.. 2.29.. 

..1.18.... 2.04.. 2.37... 

1.17 

0.66.. 

8.88.. 

. 8.59.. 

.2.30... 

. 34.42.. 

.0.93..1.58.. 

.,1.70... 

.1.16..1.76,. 

..1.61.... 

.10.41... 

1.81.. 2.26.. 

..1.25.... 1,90.. 2.33... 

1.23 

0.70.. 

.9.46.. 

. 8.97.. 

.2.28... 

. 36.64.. 

.0.87..1.60.. 

.:i.83,.. 

.1.09..1.76.. 

,.1.61.... 

.11.08... 

1.70,. 2.24.. 

..1.32.... 1.79.. 2.31... 

1.29 

0.80.. 

.10.66.. 

. 9.66... 

.2.25... 






.12.37... 

1.62.. 2.28.. 

..1.47.... 1.60,. 2.29... 

1.44 

0.90.. 

.11.69.. 

. 10.21... 

.2.23... 






.13.69... 

1.38.. 2.26.. 

..1.63..,. 1.46.. 2.32... 

1.60 

0.10.. 

0.15.. 

1.70.. 

2.62.. . 

. 2.25.. 

. 3.28.. 

.2.72... 

.2.70... 

. 6.67.. 

. 9.77.. 

4.85.. 4.87.. 

3.27.. 3.29.. 

D, 5.5; 
..1.01... 
..1.01... 

Perimeter 17.28 Inches 
.6,09..6.10....1.01 
.4.10..4.12...,1.01.,.. 

. 2.96... 

6.37.. 6.89.. 

..l.bl.... 6.69.. 6.71... 

1.01 

0.20.. 

3,33... 

. 4.26... 

.2.69... 

. 12.91.. 

2.47..2.60.. 

..1.02... 

.3.10..8.13.. 

..1.01.... 

. 3.90... 

4.82.. 4.86.. 

..1,01.... 5,07., 6,09... 
..1.01.... 4.09.. 4,13... 

1.01 

0.25.. 

4.12... 

. 6.18... 

.2.67... 

. 15.98.. 

2.00..2.05.. 

..1.08... 

,2.61,.2.55.. 

..1,02.... 

. 4.83... 

3.90.. 3.98.. 

1.01 

0.30.. 

4:90... 

. '6.04... 

.2.66... 

. 18.99.. 

1.68..1.77.. 

..1.06... 

.2,11..2.18.. 

..1.08.,.. 

. 6.74... 

3.28.. 3.83.. 

..1.02.... 3.44.. 3.49... 

1.02 

0.36.. 

6.66... 

. 6.86... 

.2.64... 

. 21.94.. 

1.46..1.58.. 

.,1.09... 

.1,83..1.93.. 

..1.06..,. 

. 6.64... 

2.84.. 2.91.. 

..1.03.... 2.98.. 3.05... 

1.03 

0.40.. 

6.41... 

. 7.62.. 

.2.62... 

. 24.84.. 

1.29..1.47.. 

,,1,16... 

.1,61.,1.77.. 

..1.10.... 

. 7.61... 

2.51.. 2.61.. 

..1.04.... 2.63.. 2.78... 

1.04 

0.45.. 

7.14... 

. 8.34... 

.2.61... 

. 27.67.. 

1.16..1.42.. 

..1,23... 

.1.45..1.66.. 

..1.15.... 

. 8.87... 

2.26.. 2.39.. 

..1.06..., 2.36.. 2.60... 

1.06 

0.50.. 

7.86... 

. 9.01.. 

.2.59... 

. 30.43.. 

1.06..1.39.. 

..1.32... 

.1.32..1.62.. 

..1.23,... 

. 9.21... 

2.05.. 2.24.. 

..1.10.... 2.15.. 2.83... 

1.09 

0.55.. 

8.55... 

. 9.64... 

.2.57... 

. 33.14.. 

0.96..1.89.. 

..1.45.,. 

.1.21..1.60.. 

..1.32.... 

.10.02... 

1.88.. 2.13.. 

..1.14.... 1.97,. 2.22... 

1.13 

0.60.. 

9.24... 

. 10.23... 

.2.56... 

: 36.79.. 

0.89..1.40., 

..1.68... 

.1.12..1.68.. 

..1.42.... 

.10.83... 

1.74.. 2.06.. 

..1.19.... 1.83.. 2.14... 

1.17 

0.66.. 

9.90... 

. 10.78... 

.2.64... 

. 38.38.. 

0.83..1.41.. 

..1.70... 

,1.04..1.68.. 

..1,61,... 

.11.61... 

1.62.. 2.03.. 

..1.26..., 1.70,. 2.09... 

1.23 

0.70.. 

10.66... 

. 11.29... 

.2.53... 

. 40.90.. 

0.78..I.44.. 

.,1.84... 

,0.98.,1.69.. 

..1.62.... 

.12.37... 

1.52.. 2.02.. 

.1.33.... 1.60.. 2.08... 

1.30 

0.80.. 

11.81... 

. 12.21... 

.2.50... 






.13.85... 

1.36.. 2.01.. 

..1.48.... 1.43.. 2.06, ..• 

1.45 

0.90.. 

13.00... 

. 12.99... 

.2.47... 






.16.24... 

1.24.. 2.04.. 

..1.66..,. 1.30.. 2.09... 

1.61 
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Table I Continued 







Copper 



Aluminum 



Cross 




At20C 

At 85 C 


At 70 C 

At 85 C 

Thick- 

Sec¬ 

tion, 

Square 

Inches 

Section 

Self 

Weight, 

Rde Rao 

Rdfl Ru) 

Weight, 
Pounds 
per Foot 

Rdo 

Rdo Rao 

ness. 

Inches 

Modulus, 

Inches* 

GMD, 

Inches 

Pounds 
per Foot 

Microhms 

per Foot Rao/Fda 

Microhms 

per Foot Rae/Rd« 

Microhms 

per Foot Rao/Rdo 

Microhms 

per Foot Rac/Rde 


0 . 10 .. 

0.15.. 

0 . 20 .. 

0.25.. 

0.30.. 

0.35.. 

0.40.. 

0.45.. 

0.50.. 

0.55.. 

0.60.. 

0.65.. 

0.70.. 

0.80.. 

0.90.. 


. 1.85. 
. 2.76. 
. 3.64. 

. 4.52. 

. 5.37. 

. 6 . 21 . 

. 7.04. 

. 7.86. 

. 8.64. 

. 9.42. 
.10.18. 
.10.93. 
. 11 . 66 . 
.13.07., 
.14.42.. 


0 . 10 . 

0.15. 

0 . 20 . 

0.25. 

0.30. 

0.35. 

0.40. 

0.45.. 

0.50.. 

0.55.. 

0.60.. 

0.65.. 

0.70.. 

0.80., 

0.90.. 


0 . 10 .. 

0.15.. 

0 . 20 . 

0.25.. 

0.30.. 

0.35.. 

0.40.. 

0.45,, 

0.60.. 

0.65.. 

0.60.. 

0 . 66 .. 

0.70.. 

0.80.. 

0.90.. 


. 2 . 02 . 
. 2.99. 
. 3.96. 
. 4.91. 
. 5.84. 
. 6.76. 
. 7.67. 
. 8.55. 
. 9.43. 
.10.28. 
. 11 . 12 . 
.11.95. 
.12.75, 
.14.38. 
.16.83. 


2.69. 

8.98. 

5.11. 

6.23. 

7.29. 

8.30. 

9.24. 
10.14. 
10.98. 
11.77. 
12.52. 
18.22. 
13.88. 
15.07.. 
16.11.. 


3.17. 

4.64. 

6.05. 

7.39. 

8 . 66 . 

9.87. 

11 . 02 . 

12 . 11 . 

13.14. 

14.12. 

15.04. 

16.92. 

16.74., 

18.25., 

19.69., 


..2.97. 

..2.95. 

..2.94. 

..2.92. 

..2.90. 

..2.89. 

..2.87. 

..2.85. 

..2.84. 

..2.82. 

..2.81., 

..2.79., 

..2.78., 

..2.75.. 

,.2.72.. 


..3.22. 
..3.20. 
..8.19. 
..8.17. 
..3.15. 
. .3.14. 
.. 8 . 12 . 
.. 8 . 10 . 
..3.09. 
..3.07. 
..3.06. 
..3.04. 
..3.03. 
,.3.00. 
.2.97. 


7.18.. 

10 . 68 .. 

14.12.. 

17.60.. 

20.82.. 
24.07.. 

27.27.. 

80.40.. 

33.48.. 

36.40.. 

39.44.. 

42.33.. 

45.17.. 


.4.44. 

.2.99. 

.2.26. 

.1.82. 

.1.53. 

.1.33. 

,1.17. 

1.05. 

.0.95. 

0 . 88 . 

0.81. 

0.75. 

0.71. 


.4.45. 

. 8 . 01 . 

.2.29. 

.1.87. 

.1.61. 

.1.44. 

.1.34. 

.1.30. 

.1.27. 

.1.27. 

.1.28. 

. 1 . 20 . 

.1.81. 


7.79., 

11.60.. 

15.34.. 
19.02.. 

22.64.. 

26.20.. 

29.70.. 

38.14.. 

36.52.. 

39.84.. 

43.10.. 

46.29.. 

49.43.. 


.4.09. 

.2.75. 

.2.08. 

. 1 . 68 . 

.1.41. 

. 1 . 22 . 

.1.07. 

.0.96. 

.0.87. 

.0.80. 

.0.74. 

.0.69. 

.0.65. 


.4.11. 

.2.77. 

. 2 . 11 . 

.1.72, 

.1.48. 

.1.33. 

,1.23. 

.1.19. 

.1.14. 

.1.17. 

.1.18, 

.1.19. 

. 1 . 20 . 


D, 6.0; 
.. 1 . 01 . 
.. 1 . 01 . 
.. 1 . 02 . 
..1.08.. 
..1.05., 
.,1.09., 
..1.16., 
..1.23.. 
..1.33., 
..1.46., 
..1.58., 
..1.72., 
..1.85., 


D. 6.S: 
.. 1 . 01 .. 
.. 1 . 01 .. 
. 1 . 01 .. 
.1.03.. 
.1.06,. 
.1.09.. 
.1.15.. 
,1.24.. 
.1.80,. 
.1.46.. 
.1.69., 
.1.72.. 
. 1 . 86 .. 


Perimeter 18.85 Inches 

..6.58. .5.69_1.01 

..3.75..3.76....1.01,. 

..2.84..2.86_1.01.. 

..2.29..2.33_1.02.. 

..1,92..1.99_1.08.. 

..1.66,.1.76_1.06.. 

..1.47..1.61_1.10.. 

..1.32..1.51_1.16.. 

..1.20..1.47_1.23.. 

..1.10..1.46_1.33.. 

,.1.02..1.44_1.42., 

..0,96..1.44_1.62.. 

..0.89..1.45_1.68.. 


Perimeter 20.42 Inches 


.5.14..5.16.. 

..1,01 

.3.46..8.47.. 

..1,01. 

.2.61..2.63.. 

..1.01. 

.2.11..2.14.. 

..1.02. 

.1.77..1.83,. 

.1.03. 

.1.58..1.62.. 

.1.06. 

.1.36..1.48.. 

.1.10. 

.1.21..1.39.. 

.1.16. 

.1.10..1.36.. 

.1.23. 

.1.01..1.34.. 

,1.38. 

.0.93.,1.83.. 

.1.43. 

.0.87..1.32.. 

.1.58. 

.0.81..1.33.. 

.1.84. 


.. 3.23. 
. 4.27. 
. 5.29. 
. 6.30. 
. 7.28. 
. 8.25. 
. 9.20. 
.10.13, 
.11.04. 
.11.93. 
.12.81. 
.13.66. 
.15.32. 
.16.90. 


. 3.51. 
. 4.64. 
. 6.76. 
. 6.85. 
. 7.98. 
. 8.08. 
. 10 . 02 . 
.11.05. 
.12.06. 
.18.03. 
.14.00. 
.14.95. 
.16.79. 
.18.66, 


5.83.. 

4.41.. 

3.56.. 

2.99.. 

2.59.. 

2.28.. 
2.05.. 
1 . 86 .. 

1.71.. 

1.58.. 

1.47.. 

1 . 88 .. 

1.23.. 

1 . 11 .. 


5.84.. 

..1.01... 

. 6.12.. 

6.14.. 

..1.01 

4.43.. 

..1.01... 

. 4.63.. 

4.65.. 

..l.OI 

8.59.. 

..1.01... 

. 3.74.. 

3.77.. 

..1.01 

3.04.. 

.1.02... 

. 3.14.. 

3.19.. 

..1.02 

2.65.. 

.1.08... 

. 2.72,. 

2.78., 

..1.03 

2.38.. 

.1.04... 

. 2.40.. 

2.49.. 

..1.04 

2.18.. 

.1.07... 

. 2.15.. 

2.28.. 

,,1.06 

2.04.. 

.1.10... 

. 1.95.. 

2.12.. 

..1.09 

1.94.. 

.1.14... 

. 1.79.. 

2.02.. 

..1.13 

1.87.. 

.1.19... 

. 1.66.. 

1.94.. 

.1.17 

1.85.. 

.1.26... 

. 1.55.. 

1.90.. 

.1.23 

1.84.. 

.1.83... 

. 1.45.. 

1.89.. 

.1.31 

1.83.. 

.1.49... 

. 1.29.. 

1.88.. 

.1.45 

1.85.. 

.1.66... 

. 1.17., 

1.90.. 

.1.62 


. 2.17... 

. 3.69. 

.,8.47... 

. 8.40.. 

.3.80 

.3 

81. 

. 3.23... 

. 5.41. 

..3.45... 

. 12.51.. 

,2.65 

.2 

57. 

. 4.27... 

. 7.06, 

..3.44... 

. 16.66.. 

.1.93 

,1 

95. 

. 5.30... 

. 8.64. 

..3.42... 

. 20.54.. 

.1.55 

.1 

59. 

. 6.32... 

. 10.14. 

..8.40... 

. 24,47.. 

.1.30 

.1 

37. 

. 7.81... 

. 11.68. 

..8.39... 

. 28.33.. 

.1.13 

.1 

23. 

. 8.29... 

. 12.95. 

..8.37... 

. 32.14.. 

.0.99 

.1, 

14. 

. 9.26... 

. 14.26. 

.,3,35... 

. 36.88.. 

.0.89 

.1. 

09. 

.10.21... 

. 15.50.. 

..3,34... 

. 39.56.. 

.0.81 

.1. 

08. 

.11.15... 

. 16.68.. 

,.3.32... 

. 43.19.. 

.0.74. 

.1. 

08. 

.12.08... 

. 17.80,. 

..3,31... 

. 46.75,, 

.0.68. 

.1. 

09. 

.12,97... 

. 18.87., 

.,3.29... 

. 50.25.. 

.0.64. 

.1. 

10. 

,13,86... 

. 19.88.. 

..3.28... 

. 53.69.. 

.0.60. 

.1. 

11. 

.15.58... 

. 21.75.. 

.,3.25... 




D, 7.0; 

.. 1 . 01 .. 

.. 1.01 _ 

..1.01....2,42..2.44. 

..1.03-1.95..1.98. 

..1.06-1.64..1.69. 

,.1.09....1.41..1.50. 

,.1.16-1.25..1.37. 

..1.23... 

,.1.34... 

.1.46... 

.1.60... 

.1.74... 

.1.87... 


5.37.. 

5.38.. 

..1.01., 

. 6.64. 

. 5.66.. 

..1,01 

4.06.. 

4.08.. 

..1.01.. 

. 4.26. 

. 4.28.. 

..1.01 

3.27.. 

3.30.. 

.,1.01.. 

. 3.44. 

. 3.47.. 

..1.01 

2.76.. 

2.79.. 

..1.02.. 

. 2.89. 

. 2.93.. 

..1.02 

2.38.. 

2.44.. 

..1.03.. 

. 2.60, 

, 2.65,. 

..1.02 

2.10.. 

2.18,. 

..1.04.. 

. 2.20, 

. 2.29.. 

..1.04 

1.88.. 

2.00.. 

..1.07.. 

. 1.97. 

. 2.09.. 

..1.06 

1.71., 

1.87., 

..1.10.. 

. 1,79, 

. 1.96.. 

..1.09 

1.56., 

1.78., 

..1.14.. 

. 1.64. 

, 1,85,. 

..1.13 

1.46.. 

1.72.. 

..1.19.. 

. 1.62, 

, 1,78., 

,.1.17 

1.86.. 

1.69.. 

..1.26.. 

. 1.41. 

. 1.76.. 

..1.24 

1.26,, 

1.68.. 

..1.34.. 

. 1.32. 

, 1,73.. 

..1.31 

1.12.. 

1.67.. 

..1.49.. 

. 1.18. 

. 1.72.. 

..1.46 

1.02.. 

1.70.. 

..1.67.. 

. 1.07. 

, 1.74.. 

..1.63 


Perimeter 21.99 Inches 
.4.77..4.78, 


.1.12.,1.28... 
.1.01..1.26... 


. 0 . 86 .. 1 . 22 ., 


,17.25., 


23.42. 


,3.21., 


.1.01 

.1.01.. 

.. 8.78.. 

. 4.98.. 

4.99.. 

..1.01, 

.1.01.. 

.. 6.01.. 

. 3.76.. 

3.78.. 

..1.01, 

1.02.. 

., 6.21.. 

. 3.03.. 

3.06.. 

..1.01, 

1.03.. 

.. 7.40.. 

. 2.64.. 

2.69.. 

..1.02, 

1.06.. 

.. 8.57.. 

. 2.20.. 

2.26.. 

..1.03. 

1.10.. 

.. 9.72.. 

. 1.04.. 

2.02.. 

..1.04, 

1.16., 

..10.85.. 

. 1.74.. 

1.85.. 

..1.07. 

1.24.. 

..11.97.. 

. 1.67.. 

1.73.. 

..1.10. 

1.33.. 

..13.06.. 

. 1.44.. 

1.64.. 

..1.14. 

1.43.. 

..14.14.. 

. 1.33.. 

1.59.. 

..1.19. 

1.53,. 

..16.20.. 

. 1,24.. 

1.67.. 

..1.26. 

1.65.. 

..16.24.. 

, 1,16,. 

1.65.., 

..1.34. 


..18.26.. 

. 1.03.. 

1.66.., 

..1.60. 


..20.22,. 

. 0,93.. 

1.56.. 

..1.68. 


0 . 10 . 

0.15. 

0 . 20 . 

0.25. 

0.30. 

0.35. 

0.40. 

0.45. 

0.50. 

0.55. 

0.60. 

0.65...13.99. 
0.70... 14.95. 


. 2,33... 

. 4.24.. 

..3.71.., 

. 9, 

. 3.46... 

. 6.24.. 

..3.70.., 

. 13. 

. 4.59... 

. 8.15.. 

..3.69.. 

, 17. 

. 5.69... 

. 9.99.. 

,.3.67,, 

. 22. 

. 6,79... 

. 11.76., 

..3.66.. 

. 26. 

7.86... 

. 13.43.. 

..3.63.. 

. 30. 

8.92... 

. 15.04.. 

..3.62.. 

. 34. 

9.97... 

. 16,58.. 

..3.60.. 

. 38. 

11.00... 

. 18.06.. 

..3.59.. 

, 42. 

12,01,,, 

. 19.46.. 

..3.67.. 

. 46. 

13.01... 

. 20.80.., 

.,3.66.. 

. 50. 


22.08. 

23.29. 


.3.54. 

.3.53. 


54.21., 

67.95. 


.3.54. 

;2.38. 

.1.80. 

.1.46. 

. 1 . 21 . 

.1.05. 

.0.92. 

.0.83. 

.0.76. 

.0.69. 

. 0 . 68 . 

.0.59. 


0.80. 

..16.84. 

.. 25.56. 

..8.49., 



0.90. 

..18.66. 

.. 27.60. 

..3.46,. 



0.10. 

.. 2.48. 

.. 4.84. 

,.3.97.. 

.. 9.62, 

..3 

0.15. 

.. 3.70.. 

.. 7.13,, 

..3.95.. 

.. 14.33. 

..2. 

0.20. 

.. 4.90.. 

.. 9.32.. 

..3.93.. 

.. 18.99. 

..1. 

0.25. 

., 6.09.. 

.. 11.44.. 

..3.92.. 

. 23.59. 

.1. 

0.30. 

.. 7.26.. 

.. 13.47,. 

,.3,90.. 

. 28.12. 

.1. 

0.36. 

.. 8.41.. 

.. 15.42.. 

..3.88.. 

. 32.59. 

.0. 

0.40. 

. 9.55.. 

.. 17.29.. 

..3.87,. 

. 37.01. 

.0. 

0.45. 

.10.67,. 

.. 19.08.. 

..3.86.. 

. 41.36. 

.0. 

0.50. 

.11.78.. 

.. 20.80.. 

. .3.84.. 

. 45.65. 

.0. 

0.55. 

.12.87.. 

.. 22,45.. 

..3.82... 

. 49.88. 

.0. 

0.60. 

.13.95.. 

.. 24.03.. 

..3.81... 

. 54.05.. 

.0. 

0.65.. 

.15.01.. 

.. 25.54.. 

..3.79... 

. 58.16.. 

.0. 

0.70.. 

.16.05.. 

.. 26.98.. 

.3.77... 

. 62.21,. 

.0. 

0.80.. 

.18.10., 

.« 29.68.. 

.3.74... 



0.90.. 

,20.07.. 

. 32.13.. 

.3.71... 


• • e 


.3.55. 

.2.39. 

.1.82. 

.1.49. 

.1.28. 

.1.14. 

.1.06. 

.1.03. 

. 1 . 00 . 

. 1 . 01 , 

, 1 . 01 . 

.1.03. 

.1.04. 


Perimeter 23.56 Inches 
.4.45. .4.46_1.01 


..3.33. 

..2.24. 

..1.70. 

..1.39. 

..1.19. 

..1.07. 

..0.98. 

..0.95.. 

.,0.94., 

..0.94.. 

,.0.95.. 

,.0.96.. 

.0.96.: 


D, 7.5; 
.. 1 . 01 .. 
. 1 . 01 .. 

.1.01-2.26 

.1.03_1.82 

.1.05_1.52 

.1.09-1.32 

.1.15-1.16 

.1.24-1.04 

.1.38_0.94 

.1.47_0.86 

.1.60-0.80 

,1.74....0.74 
.1.88-0.69 


D, 8.0; Perimeter 25.13 Inches 

.1.01-4.16..4.18_1.01 

,1.01-2.79..2.81_1.01.., 

.1.01....2.11..2.13....1.01.., 

.1.03-1.70..1.73_1.02... 

,1.05....1.43..1.47_1.03... 

.1.09-1.23..1.30_1.06... 

.1.15-1.08..1.19_1.10... 

.1.24-0.97..1.12....1.16... 

.1.36,,..0.88..1.09....1.24... 

,1.48 - 0.80..1,07...;1.33... 

.1.60 - 0.74. .1.06_1.44... 

.1.74....0.69..1.06....1.64... 
.1.88 - 0.65..1.07_1.66... 


5.23. 

3.95. 

3.18. 

2.67. 

2.31. 

2.04. 

1.82. 

1.65., 

1.51., 

1.40., 

1.30., 

1 . 22 ., 
1.08.. 
0.98., 


5.24., 

3.97., 

3.21., 

2.71.. 

2.36.. 

2 . 11 .. 

1.98.. 

1.80.. 

1.71.. 

1.64.. 

1.61.. 
1.60.. 

1.59.. 

1.61.. 


. 1.01 

.1.01 

. 1.01 

.1.02 

.1.03 

.1.04 

.1.06 

.1.09 

.1.13 

.1.18 

.1.24 

.1.31 

.1.47 

.1.64 


.1.01.. 

.. 4.06., 

. 4.64.. 

4.66.. 

,.1.01... 

. 4.87.. 

4.89.. 

. ,1.01 

.1.01.. 

.. 5.38.. 

. 3.60.. 

3.52.. 

..1.01... 

. 3.68.. 

3.70.. 

. .1.01 

.1.02.. 

.. 6.67.. 

. 2.82.. 

2.85.. 

..1.01... 

. 2.96.. 

2.99.. 

. .1.01 

.1.04.. 

.. 7.96.. 

. 2.87.. 

2.41.. 

..1.02... 

. 2.49.. 

2.52.. 

. .1.02 

.1.06.. 

.. 9.21.. 

. 2.04.. 

2.10.. 

..1.03... 

. 2.15.. 

2.20.. 

..1.03 

.1.10.. 

..10,46., 

. 1.80.. 

1.88.. 

..1.04... 

. 1.89.. 

1,97.. 

.1.04 

.1.15.. 

..11.68., 

. 1.61.. 

1.72.. 

..1.07... 

. 1.69.. 

1.79.. 

. .1.06 

.1.24.. 

..12.89.. 

1.46.. 

1.60,. 

..1.10... 

. 1,63.. 

1.67.. 

. .1.09 

.1.33.. 

.,14,08.. 

1.34.. 

1.52.. 

..1.14... 

. 1.41.. 

1.59.. 

. .1.13 

.1.43.. 

..15.24., 

1.24.. 

1.47.. 

..1.19... 

. 1.30.. 

1.52.. 

..1.18 

.1.54.. 

..16.40.. 

1.15., 

1.45.. 

..1.27... 

. 1.21.. 

1,60.. 

. .1.24 

.1.66.. 

..17.63.. 

.1.08.. 

1.44.. 

..1.34... 

. 1.13.. 

1.48.. 

.1.31 


..19.74.. 

0.96.. 

1.44.. 

..1.51... 

. 1.00.. 

1.47.. 

.1,47 


..21.87.. 

0.86.. 

1.46.. 

..1.69... 

. 0.91.. 

1.49.. 

.1.65 


. 4.34.. 
. 5.74.. 
. 7.13.. 
. 8.51.. 
. 9.86.. 
.11.19.. 
.12.61.. 
.13.81., 
.16.09.. 
.16.36.. 
.17.69.. 
.18.82.. 
. 21 . 21 .. 
.23.53.. 


4.34.. 

3.28.. 

2.64.. 

2 . 21 .. 

1.91.. 

1 . 68 .. 

1.61.. 

1.36.. 

1.25.. 

1.16.. 
1.07.. 
1 . 00 .. 
0.89.. 
0.80.. 


4.36.. 

..1.01.. 

. 4.56.. 

4.58.. 

..1.01 

3.29.. 

..1.01... 

. 3.44.. 

3.46.. 

..1.01 

2.66.. 

..1.01... 

. 2,77.. 

2.80.. 

..1.01 

2.26.. 

..1.02... 

. 2.33.. 

2.36.. 

..1.02 

1.96.. 

..1.03... 

. 2.01.. 

2.05.. 

..1.03 

1.75.. 

..1.04... 

. 1.77.. 

1.84.. 

..1.04 

1.60.. 

..1.07... 

. 1.58.. 

1.67.. 

..1.06 

1.50.. 

..1.10... 

. 1.43.. 

1.56.. 

..1.09 

1.42.. 

..1.14... 

. 1.31.. 

1.48.. 

..1,13 

1.37.. 

..1.19... 

. 1.21.. 

1.42.. 

..1.18 

1.36.. 

..1.27... 

. 1.13.. 

1.40.. 

..1.24 

1.35.. 

..1.85... 

. 1.05.. 

1.38.. 

..1.32 

1.34.. 

..1.51... 

. 0.93.. 

1.37.. 

..1.47 

1.36.. 

..1.69... 

. 0.84.. 

1.39.. 

..1.66 
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Table I Continued 



Copper 


Aluminum 


Cross 

At 20 C 

At 85 C 

At70C 

At 85 C 


Thick¬ 

Sec¬ 

tion, 

Section 

Modulus, 

Self 

GMD, 

Weight, 

Pounds 

Rle Rao 

Rdo Ru 

Weight, 

Pounds 

Rdo Rao 

Rdo Rae 

ness, 

Square 

Microhms 

Microhms 

Microhms 

Microhms 

Inches 

Inches 

Inches^ 

Inches 

per Foot 

per Foot 

Rao/Rdo per Foot 

Rao/Rda per Foot 

per Foot 

Rao/Rdo per Foot Rao/Rdo 









D.8.5; 

Perimeter 26.70 Inches 








0.10. 

.. 2.64.. 

.. 5.48.. 

..4,21.. 

.. 10.23. 

..3.14. 

, .3.16. 

...1.01.. 

..3.95, 

.3.96.. 

..1.01 








0.16, 

.. 3.94.. 

.. 8.07.. 

..4.20.. 

.. 15.26. 

..2.09. 

.2.11. 

...1.01.. 

..2.63, 

.2.64.. 

..1.01... 

.. 4.61.. 

. 4.08.. 

4.09.. 

..1.01.. 

.. 4.29.. 

4.30.. 

..1.01 

0.20. 

.. 5.22.. 

.. 10.67.. 

..4.19.. 

.. 20.21. 

..1.68. 

.1.60. 

...1.01.., 

..1.98. 

.2.00.. 

..1.01... 

.. 6.11.. 

. 8.08.. 

3.10.. 

..1.01.. 

.. 3.24.. 

3.26.. 

..1.01 

0.25. 

.. 6.48.. 

., 12.98.. 

..4.17.. 

.. 25,11. 

..1.27. 

.1.31. 

...1.03.^. 

..1.60. 

.1.62., 

..1.02... 

.. 7,60.. 

. 2.48.. 

2.60.. 

..1.01.. 

.. 2.60., 

2.63.. 

,.1.01 

0.30. 

.. 7.73.. 

.. 16.30.. 

..4.15.. 

.. 29.95. 

.,1.07. 

,,1.13. 

...1.05.. 

..1.34. 

.1.38.. 

..1.03,., 

.. 9.06,. 

. 2.08.. 

2,11.. 

..1.02.. 

.. 2.18.. 

2.22.. 

,.1.02 

0.35. 

.. 8.96.. 

.. 17.64.. 

..4.13.. 

.. 34.73. 

..0.92. 

.1.01. 

...1.09.. 

..1.16. 

.1.22.. 

..1.06... 

..10.60.. 

, 1.79.. 

1.84.. 

.,1.03.. 

.. 1.88.. 

1.93.. 

..1.03 

, 0.40. 

..10.18.. 

.. 19.69.. 

.,4.12.. 

.. 39.45. 

..0.81. 

.0.93. 

...1.16.. 

.,1.02. 

.1.12.. 

..1.10... 

..11.93.. 

. 1.68.. 

1.66.. 

..1.04.. 

.. 1.66.. 

1.72.. 

..1.04 

1 0.45. 

..11.38.. 

., 21.76.. 

..4.10.. 

,. 44.10. 

..0.72. 

.0.90. 

...1.26,., 

..0.91, 

.1.05.. 

..1.15... 

..18.84.. 

. 1.41.. 

1.60.. 

,.1.07.., 

.. 1.48.. 

1.67.. 

..1.06 

0.50. 

..12.57.. 

.. 23.76.. 

..4.09.. 

.. 48.69. 

..0.66. 

.0.87., 

...1.33.. 

..0.82. 

.1.02.. 

..1.24... 

..14.73.. 

. 1.28.. 

1.40.. 

..1.10.. 

.. 1.84.. 

1.46.. 

..1,09 

0.55. 

..13.74.. 

.. 25.66.. 

..4.07.. 

.. 53.23. 

. .0.60. 

.0.88. 

...1.47... 

..0.75. 

.1.01.. 

..1.33... 

..16.10.. 

. 1.17,. 

1.33.. 

..1.14.., 

1.28.. 

1.39.. 

..1.13 

0.60. 

..14.89.. 

.. 27.49.. 

..4.06.. 

.. 67.70. 

..0.66. 

.0.90. 

...1.61... 

..0.70. 

.1.00.. 

..1.44... 

..17.45.. 

. 1.08.. 

1.29.. 

..1.20.., 

.. 1.18.. 

1.33.. 

..1.18 

0.65. 

..16.03.. 

.. 29.25.. 

..4.04.. 

.. 62.12. 

..0.61. 

.0.90., 

...1.76... 

..0.66. 

.1.00.. 

..1.64... 

..18.79.. 

. 1.00.. 

1.27.. 

..1.27.., 

.. 1.06.. 

1.31.. 

..1.25 

0.70. 

..17.15.. 

.. 30.94.. 

..4.02.. 

.. 66.47. 

..0.48. 

.0.91., 

...1.89... 

..0.60. 

.1.01.. 

..1.66... 

..20.10.. 

. 0.94.. 

1.26.. 

..1,35.., 

.. 0.08.. 

1.30.. 

.,1.32 

0.80. 

..19.33.. 

.. 34.11.. 

..3.99.. 








..22.66.. 

. 0.83.. 

1.26.. 

..1.61.., 

,. 0,87.. 

1.29.. 

..1.48 

0.90. 

..21.49.., 

.. 37.02., 

..3.96.. 








..25.19., 

. 0.76.. 

1.27.. 

..1.70.., 

. 0.79.. 

1.30.. 

,,1.66 








D,9.0; 

Perimeter 28.27 Inches 








0.10. 

.. 2.80.. 

.. 6.15.. 

..4.47.. 

.. 10.84. 

..2.94. 

.2.95., 

...1.01... 

.3.70. 

.3.71.. 

..1.01 








0.16. 

.. 4.17.., 

.. 9.08.. 

..4.45.. 

.. 16.16. 

..1.97. 

.1.99., 

...1.01... 

.2.48. 

,2.49.. 

..1.01... 

.. 4.89.. 

. 3.86.. 

8.86.. 

,.1.01.., 

,. 4.06,. 

4.06.. 

,.1.01 

0.20. 

.. 5.63.. 

.. 11.90., 

..4.43.. 

.. 21.43. 

..1.49. 

.1.61., 

...1.01... 

.1.87. 

.1.89.. 

..1.01... 

.. 6.48.. 

. 2.91.. 

2.92.. 

..1.01... 

,. 3.06.. 

3.07.. 

.,1.01 

0.25. 

.. 6.87.., 

.. 14.63.. 

..4.42.. 

.. 26.63. 

,,1.20, 

,1.23.. 

...1.03... 

.1.51. 

.1.53., 

.,1.02... 

.. 8.06.. 

. 2.34.. 

2.36.. 

..1.01... 

. 2.46.. 

2.48.. 

..1.01 

0.30. 

.. 8.20.., 

.. 17.26.. 

..4.40.. 

.. 31.78. 

..1.00. 

.1.06., 

...1.06... 

.1.26. 

.1.30.. 

..1.08... 

.. 9.61.. 

. 1.96.. 

1.99.. 

..1.02... 

,, 2.06.. 

2.09.. 

..1.02 

0.35., 

.. 9.51.., 

.. 19.80,. 

..4.38.. 

.. 36.86. 

..0.87, 

.0,94., 

...1.09... 

.1.09. 

.1.16., 

,.1.06... 

..11.16.. 

. 1.69.. 

1.78., 

..1.03... 

,. 1.77.. 

1.82.. 

..1.03 

0.40., 

..10,81.., 

.. 22.25.. 

..4.37,. 

.. 41.88. 

..0.76. 

.0.88.. 

...1.15... 

.0,96. 

.1.05.. 

..1.10... 

..12.67.. 

. 1.49.. 

1.66.. 

..1.04... 

.. 1.66.. 

1.62.. 

..1.04 

0.45., 

..12.09.. 

.. 24.61.. 

..4.35.. 

.. 46.84. 

..0.68. 

.0.84.. 

...1.24... 

.0.86. 

.0.99.. 

..1.15... 

..14.17.. 

. 1.33.. 

1.42,. 

..1.07... 

. 1.40.. 

1.48.. 

..1.06 

0.60, 

..13.35.., 

.. 26.89.. 

..4.34., 

.. 51.74. 

..0.62. 

.0.83.. 

...1.85.., 

.0.78. 

.0.96.. 

..1.24... 

..15.66,. 

. 1.20.. 

1.32.. 

..1.10... 

. 1,26.. 

1.38.. 

..1.09 

0.56. 

..14.60.., 

.. 29.08.. 

..4.32.. 

.. 56.58. 

..0.66. 

.0.83.. 

...1.47... 

.0.71. 

.0.95.. 

..1.33... 

..17,11.. 

. 1.10.. 

1.26.. 

..1.14... 

. 1.16.. 

1.31.. 

..1.13 

0.60., 

..15.83.., 

,. 31.19.. 

..4.30.. 

,. 61.36, 

..0.62. 

.0.83., 

...1.60.., 

,0.66. 

.0.94.. 

..1.44... 

.,18.66.. 

. 1.02.. 

1.21.. 

..1.20... 

. 1.07.. 

1.26.. 

..1.18 

0.65., 

,.17,06... 

,. 33,22.. 

..4.29.. 

.. 66.07, 

,.0,48. 

.0.84.. 

..1.76,., 

.0.61. 

.0.94.. 

..1,66... 

,.19.98.. 

. 0.94.. 

1.20.. 

..1.27... 

. 0.99,. 

1.23,. 

..1.25 

0.70., 

,.18.25... 

, 35.18.. 

..4.27.. 

., 70.73. 

.,0,46, 

,0,86.. 

..1.89... 

.0.67. 

.0.96,. 

..1.67... 

..21.71.. 

. 0.88.. 

1.19,. 

..1.36... 

. 0.93.. 

1.22,. 

..1,32 

0.80., 

.20.61... 

. 38.86.. 

..4.24.., 








..24,15.. 

. 0.78.. 

1.18.. 

..1.62... 

. 0.82.. 

1.21.. 

..1,48 

0.90.. 

.22.90... 

. 42.26,. 

..4,21,., 



. 




. 

..26.84.. 

. 0.70.. 

1.20.. 

..1.70... 

. 0.74.. 

1.23.. 

.,1.67 








B,9.Si 

Perimeter 29.85 Inches 








0.10.. 

, 2.95... 

. 6.87,. 

..4.72... 

,. 11.44., 

,.2.79. 

.2.80.. 

..1.01... 

.3.60. 

.3.61... 

.,1.01 








0.16,, 

. 4.41... 

. 10.14.. 

..4.70.,, 

.. 17.07.. 

..1.87. 

.1.88.. 

..l.Ol... 

.2.36. 

.2.36.. 

..1.01... 

.. 6.16., 

. 3.66.. 

3.66.. 

..1.01... 

. 3.83.. 

3.84.. 

.,1.01 

0.20.. 

. 6.84... 

. 13.31,, 

..4.68... 

22.64,, 

,.1.41, 

.1.43.. 

..1.01... 

.1,77. 

.1.79.. 

..1.01... 

.. 6.86.. 

. 2.75.. 

2.76.. 

..1,01... 

. 2.89.. 

2.90.. 

..1.01 

0.25.. 

. 7.27,., 

. 16.37.. 

..4,67... 

,. 28.15,. 

..1.13. 

.1.16.. 

,.1.08... 

.1.42. 

.1,46.. 

..1.02... 

.. 8.51.. 

. 2.21.. 

2.23.. 

..1.01... 

. 2.32.. 

2.34.. 

..1.01 

0.30.. 

. 8,67... 

. 19.33.. 

..4.65... 

.. 33.60.. 

..0.96. 

.1.00.. 

..1.06... 

.1,19. 

.1.23.. 

..1.03... 

..10.16.. 

. 1.85.. 

1.88.. 

..1.02... 

. 1.96.. 

1.98.. 

..1.02 

0.36,, 

,10.06... 

. 22.20.. 

..4.64... 

.. 38.99.. 

.0.82. 

.0.89.. 

..1.09... 

.1.03. 

.1.09.. 

..1.06... 

..11.79,. 

. 1,60.. 

1.64.. 

..1.03... 

. 1.68.. 

1.72.. 

..1.03 

0.40.. 

.11.44,,, 

. 24.97,. 

..4.62... 

,. 44.31.. 

,.0,72, 

.0.83,. 

..1.16... 

.0.91. 

.0.99.. 

.,1.10... 

..18,40,. 

. 1.41.. 

1,47.. 

..1.04... 

. 1,48.. 

1,63.. 

..1.04 

0.45.. 

.12.80... 

. 27,64., 

..4.60.,, 

.. 49.58.. 

..0.64. 

.0.80.. 

,.1.24... 

.0.81. 

,0.93.. 

..1.15... 

..14,99.. 

. 1.26.. 

1.34.. 

..1.07... 

. 1,32.. 

1.40.. 

..1.06 

0.50.. 

.14.14... 

. 30.23,, 

,.4.69... 

,. 54.78,, 

,.0,68. 

.0.79.. 

,.1.35... 

.0.73. 

,0:91.. 

..1.24... 

..16.67.. 

, 1.14.. 

1.26.. 

.,1.10... 

. 1.19.. 

1.30.. 

..1.00 

0.55.. 

.16.46... 

. 32.72.. 

,.4.67... 

. 59.92.. 

,.0.53. 

,0,78,. 

..1.47... 

.0.67. 

.0.89.. 

..1.34... 

..18.12.. 

. 1.04.. 

1.19.. 

..1.14... 

. 1.09.. 

1,23.. 

..1.13 

0.60.. 

.16.78... 

. 35,13,. 

..4.66... 

. 65.01.. 

,.0.49. 

.0.79.. 

..1,61... 

.0.62. 

.0.89.. 

..1.44... 

..19.66.. 

, 0.96.. 

1.15.. 

..1.20... 

. 1.01.. 

1.19.. 

..1.18 

0.65.. 

,18.07... 

, 37.45.. 

..4.54... 

. 70.03.. 

.0.46. 

.0.80.. 

..1.76... 

.0.67. 

,0.89., 

..1.66... 

..21.18.. 

. 0.89.. 

1.13.. 

..1.27... 

. 0.93.. 

1.16.. 

..1.25 

0,70., 

.19.35... 

. 30.69.. 

.,4.62... 

. 74.99.. 

.0.43. 

.0.80.. 

..1.89... 

.0.64. 

.0.89.. 

..1,67... 

..22.68.. 

. 0.83.. 

1.12.. 

..1.35... 

. 0.87.. 

1.15.. 

..1.32 

0.80.. 

.21,79... 

, 43,76.. 

..4.49... 








..26.63.. 

. 0.74., 

1.12.. 

..1.62... 

. 0.78.. 

1.16.. 

..1.48 

0.90.. 

.24.32... 

. 47.85,, 

.,4.46... 






. 


..28.50.. 

. 0.66.. 

1.13.. 

..1.71... 

. 0.69.. 

1.16.. 

..1.67 








D, 10.0; 

Perimeter 31.42 Inches 








0.10.. 

. 3.11... 

. 7.62., 

..4.97... 

. 12.06., 

.2.65. 

.2.66.. 

..1.01... 

.3.32. 

.3.33... 

.1.01 








0.16.. 

, 4.64... 

, 11.26.. 

..4.95... 

.. 17.99.. 

.,1.77. 

.1.78.. 

.,1.01... 

.2.23. 

.2.24.. 

..1.01... 

.. 5.44.. 

. 3.46.. 

8.47.. 

..1.01... 

. 3.64.. 

3.66.. 

..1.01 

0.20,. 

. 6.16... 

, 14.79.. 

..4.94... 

.. 23.86.. 

..1.34. 

.1.36.. 

..1.01... 

.1.68. 

.1.70.. 

..1.01... 

.. 7.22., 

. 2.61.. 

2.62.. 

..1.01... 

. 2.74., 

2.75.. 

..1.01 

0.26,. 

. 7.66... 

. 18.21.. 

..4.92... 

. 29.67,. 

.1.08. 

.1.10.. 

..1.02... 

.1.36. 

.1.37,. 

.1,02... 

.. 8.97.. 

. 2,10.. 

2.12.. 

..1.01... 

. 2.20.. 

2 .22.. 

..1.01 

0.30.. 

, 9.14... 

. 21.63., 

..4,90... 

, 35.43.. 

.0.90. 

.0.96.. 

..1.06... 

.1.13. 

.1.17,. 

.1.03... 

..10.71.., 

, 1.76.. 

1.79.. 

..1.02... 

. 1.85.. 

1.87.. 

..1.02 

0.36., 

,10,61... 

, 24.74., 

..4.89... 

. 41.12.. 

.0.78. 

.0.86.. 

..1.09... 

.0.98. 

.1.03.. 

.1.06... 

..12.44,., 

, 1,61.. 

1.56.. 

..1.03... 

. 1.59.. 

1.63.. 

..1.03 

0.40.. 

.12.06... 

. 27.84.. 

, .4.87... 

. 46.75,. 

,0.68. 

.0.79., 

..1.15... 

.0.86. 

.0.94.. 

.1.10... 

..14.14... 

. 1.33.. 

1.39.. 

..1.04... 

. 1.40.. 

1.46.. 

..1.04 

0.45.. 

.13.50... 

. 30.85.. 

..4.86... 

. 62.32.. 

.0.61. 

.0.76,. 

..1.24... 

.0.77. 

.0.88.. 

.1.15... 

..15.82.., 

, 1.19.. 

1.27.. 

..1.07... 

. 1.25.. 

1.33.. 

..1.06 

0.60.. 

.14.92... 

. 33.76,. 

. .4.84... 

, 57.83., 

.0.56. 

.0,75.. 

..1.36... 

.0.69. 

.0.86.. 

.1.24... 

..17.49... 

. 1.08.. 

1.18.. 

..1.10... 

. 1.13.. 

1.23.. 

. .1.09 

0.55.. 

.16.33... 

. 36.58.. 

. .4.82.,. 

. 63.27., 

.0.61. 

.0.74,. 

.,1.48... 

.0.63. 

.0.86.. 

.1.34... 

..19.14... 

. 0.98.. 

1.12.. 

..1.14... 

. 1.03.. 

1.17.. 

..1.13. 

0.60,. 

.17.72... 

. 86.30.. 

. .4.80... 

. 68.66.. 

.0.47. 

,0.76.. 

..1.61... 

.0.68. 

.0.84.. 

.1.44... 

..20.77... 

. 0.91.. 

1.09.. 

..1.20... 

. 0.95.. 

1.12.. 

..1.18 

0.65.. 

.19.09... 

. 41.93.., 

.4.79... 

. 73.99,. 

.0.43. 

.0.76.. 

..1.76... 

.0.54. 

.0.84., 

.1.66... 

..22.38... 

. 0.84.. 

1.07.. 

..1.27... 

. 0.88.. 

1.10.. 

..1,25 

0.70., 

,20.46... 

, 44.47.., 

..4,77... 

, 79,26.. 

0.40. 

.0.76,. 

.,1.90... 

.0.51. 

.0.85.. 

.1.68... 

..23.97... 

, 0.79.. 

1.06.. 

..1,36... 

. 0.83.. 

1.09.. 

..1.32 

0.80.. 

.23.12... 

. 49.30... 

,.4.74... 








..27.10... 

, 0.70.. 

1,06.. 

..1.52... 

. 0.78.. 

1.09,. 

..1.49 

0.90.. 

.26.73... 

. 63.79... 

,.4.71,., 








..30.16... 

. 0.63.. 

1.07.. 

..1.71... 

. 0.66.. 

1.10.. 

..1.67 








D, 10.5; 

Perimeter 32.99 Inches 








0.10.. 

, 3.27... 

. 8.41... 

,.6.22... 

. 12.66.. 

.2.62. 

.2.63.. 

.,1,01... 

.3.16, 

.3.17.. 

.1.01 








0.16.. 

. 4.88... 

. 12.44... 

,.6.20,,, 

. 18.90.. 

.1.69. 

.1.70.. 

..1.01... 

.2.12. 

.2.13., 

,1.01,., 

.. 5.72... 

3.29.. 

3.30.. 

..1.01... 

. 3.46.. 

8.47,. 

..1.01 

0.20,. 

. 6.47... 

. 16.35... 

,6.19... 

. 25.08.. 

,1.27. 

.1.29.. 

,.1.01... 

.1.60. 

.1.61.. 

.1.01... 

,. 7.59... 

2.48.. 

2.49.., 

..1.01... 

. 2.61.. 

2.62.. 

..1.01 

0.26.. 

. 8.05... 

. 20.15... 

,.6.17... 

, 31,19.. 

.1.02, 

,1,06,. 

..1.08... 

.1.29. 

.1.31.. 

.1.02... 

.. 9.43... 

2.00.. 

2.01.. 

..1.01... 

. 2.10.. 

2.12.. 

.,1.01 

0,30.. 

. 9.61... 

. 23.83... 

.6.16... 

. 37.25,. 

.0.87. 

.0.90,. 

..1.05... 

.1,08. 

.1.11.. 

.1.03... 

..11.27... 

1.67.. 

1.70... 

,.1.02... 

. 1.76.. 

1.78.. 

.,1.02 

0.35.. 

.11.16... 

. 27.41... 

.6.14... 

. 43.25.. 

.0.74, 

.0.81.. 

..1.09... 

.0.93. 

.0.98.. 

.1.06... 

..13.08... 

1.44.. 

1.48... 

..1.03... 

. 1.61.. 

1.55.. 

..1.03 

0.40.. 

.12.69... 

, 30.87... 

.6.12... 

. 49.18.. 

,0.66. 

.0.76.. 

..1.16... 

.0.82. 

.0.90.. 

.1.10... 

..14.88... 

1.27.. 

1.32.., 

,.1.04... 

. 1.33.. 

1.38.. 

..1.04 

0.45.. 

.14.21... 

. 34.24... 

.6.10,., 

. 55.06.. 

.0.58. 

.0.72.. 

..1.26... 

.0.73. 

.0.84.. 

.1.16... 

..16.66... 

1.13.. 

1.21.., 

,.1.07... 

. 1.19.. 

1.26.. 

..1,06 

0.50.. 

,16.71... 

. 87.49,,. 

.5.00... 

i 60.87.. 

.0,53. 

.0,71,. 

.,1,36... 

.0.66. 

.0.82.. 

.1.24... 

..18.41... 

1.02.. 

1.12.., 

..1.10... 

. 1.08.. 

1.17.. 

..1.09 

0.55.. 

.17.19... 

. 40.65... 

.6.07. 

. 66.62.j 

.0.48. 

.0.71., 

..1.48... 

.0.60. 

.0.81.. 

.1.34... 

..20,16... 

0.94.. 

1.07.., 

..1.14... 

. 0.98.. 

1,11.. 

..1.13 

0.60.. 

.18.66... 

. 43.71... 

.6.06... 

. 72.31.. 

.0.44. 

.0,71., 

..1.61... 

.0,56. 

.0.80.. 

.1.44... 

..21.87... 

0.86.. 

1,03.., 

,.1.20... 

. 0.91,. 

1.07.. 

..1.18 

0.65.. 

.20.11... 

. 46.67... 

.5.04... 

. 77,94.. 

.0.41.. 

,0.72.. 

..1.77... 

,0.62. 

.0.80.. 

.1.65... 

..28,67... 

0.80.. 

1.02... 

..1.27... 

. 0.84.. 

1.05,. 

..1.25 

0,70.. 

.21.56... 

. 40.53... 

.6.02... 

. 83.51.. 

.0.38.. 

.0,73.. 

..1.91... 

.0.48. 

.0.80.. 

.1,68... 

..25.26... 

0.76.. 

1,01.., 

,.1.36... 

, 0.78., 

1.04,. 

..1.33 

0.80.. 

.24.38... 

. 54.09... 

.4.99... 








..28,67... 

0.66.. 

1.01,., 

,.1.63... 

. 0.69.. 

1.03.. 

..1.49 

0.90.. 

.27.14... 

. 60.08..^. 

.4.06... 








..31.81... 

0.69.. 

1.02.. 

..1.72... 

. 0.62,. 

1.04.. 

..1.68 
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Table I Continued 


Copper 


Alominttm 


Thick- 

Cross 

Sec¬ 

tion, 

Section, 

Self 

ness. 

Square 

Modulus, 

6MD, 

Inches 

Inches 

Inches* 

Inches 


0.10. 

. 3.42.. 

. 9.25.. 

..5.46. 

0.15. 

. 5.11.. 

. 13.68 . 

..5.45. 

0.20. 

. 6.79.. 

. 17.99.. 

..5.43. 

0.25. 

. 8.44.. 

. 22.19.. 

..5.42. 

0.30. 

.10.09.. 

. 26.26.. 

.,5.40. 

0.35. 

.11.71.. 

. 30.22.. 

..6.39. 

0.40. 

.13.32... 

. 34.06.. 

..5.38. 

0.45. 

.14.92... 

. 37.80.. 

..6.35. 

0.50. 

.16.49.. 

. 41.42.. 

..5.34. 

0..55. 

.18.06... 

. 44.94.. 

..5.32. 

0.60. 

.19.60... 

. 48.55.. 

. .5.31. 

0.65. 

.21.14.. 

. 51.66.. 

. .6.29. 

0.70. 

.22.65... 

. 54.87.. 

. .5.27. 

0.80.. 

.25.64... 

. 60.99.. 

..6.24. 

D.90.. 

.28.56... 

.66.73.. 

..5.21. 


D.IO 

.. 3.58. 

.. 10.12. 

...6.72. 

0.15 

.. 5.36. 

.. 14.98. 

...5.70. 

0.20 

., 7.10. 

.. 19.72. 

...5.68. 

0.25 

.. 8.84. 

.. 24.32. 

...5.67. 

0.30 

..10.56. 

.. 28.81. 

...5.65. 

0.35 

..12.26. 

.. 33.17. 

...5.64. 

0.40 

..13.96. 

.. 37.41. 

...5.62. 

0.46. 

..16.62.. 

.. 41.53. 

..5;60. 

0.50. 

. .17.28.. 

.. 45.54. 

..5,59. 

0.55. 

. .18.62.. 

.. 49,44. 

. .5.57. 

0.60. 

. .20.55.. 

.. 53.23. 

..5.55. 

0.65. 

..22.16.. 

.. 56.91. 

. .5.54. 

0.70. 

..23.75.. 

.. 60.48. 

..5.52. 

0.80. 

..26.89.. 

.. 67.31. 

..5.49. 

0.90. 

..29.97.. 

.. 73.73. 

..5.46. 

0.10. 

.. 3.74.. 

.. 11.03. 

..5.96. 

0.15. 

.. 5.58.. 

.. 16.34. 

.,5.95. 

0.20. 

., 7.41.. 

.. 21.51. 

..5.94. 

0.25. 

.. 9,23.. 

. . 26.56.. 

..5.92. 

0.30. 

. .11.03 .. 

.. 31.47,. 

..5.90; 

0.35. 

..12.81., 

,. 36.25. 

..5.88; 

0.40. 

.,14.68.. 

.. 40.91.. 

.,5.87. 

0.45. 

..16.83.. 

., 45.23., 

..5.85. 

0.50. 

..18.06.. 

.. 49.00.. 

,.5,84. 

0.55. 

..19.78., 

,, 54.16., 

..5.82. 

0.60. 

. .21.49.. 

.. 58.34.. 

..5.81. 

0.66. 

.23.18.. 

,. 82.41., 

..5.79. 

0.70. 

.24.85.. 

,. 66.36.. 

,.5.77. 

0.80. 

.28.15.. 

. 73.94., 

.,5,74.. 

0.90. 

.31.88.. 

, 81.09,. 

,.6.71.. 

0.10. 

. 3.90.. 

. 11.98.. 

..6.22.. 

0.15. 

. 5.82.. 

. 17.76.. 

,.6.20.. 

0.20. 

. 7.73.. 

. 23.39.. 

..8,18.. 

0.25. 

. 9.62., 

. 28.89.. 

,.6.17., 

0.30.. 

.11.50.. 

. 34.25.. 

..6.16,. 

0.36.. 

.13.36.. 

. 39.48.. 

.,6.14.. 

0.40.. 

.16.21,.. 

. 44.57.. 

..6,12,. 

.0.45.. 

.17.04.., 

. 49.54.. 

..6.10.. 

0.60.. 

.18.85... 

. 54.38.. 

,,6.09., 

0.56.. 

.20.65... 

, 59.10.. 

..6.07., 

0.60.. 

.22.43... 

. 63.69.. 

.6.06.. 

0.65.. 

.24.20... 

. 68.16.. 

.6.05.. 

0.70.. 

.25.95... 

. 72.52.. 

,6.02,. 

0.80.. 

.29.41... 

. 80.88.. 

.5.99.. 

0.90.. 

.32.80... 

. 88.80.. 

.5.96., 

0.10.. 

. 4.05... 

. 12.97.. 

.6.46.. 

0.15.. 

6.06. .. 

, 19.23... 

.6,45.. 

0.20.. 

8.04... 

, 25.35. . 

.6.43.. 

0.25.. 

.10.01... 

. 31,32... 

.6.42.. 

0.30.. 

11.97... 

37.15... 

.6.40.. 

0.35.. 

13.91... 

42.84... 

.6.39.. 

0.40.. 

16.83... 

48.39... 

,6.37.. 

0.45.. 

17.74... 

53.81... 

.6.35.. 

0,50., 

19.64... 

59.09... 

.6.84. .. 

0.55.. 

21.51... 

64,25... 

.6.32... 

0.60 . 

23.37... 

69.28... 

.6.30. .. 

0 .66... 

25.22... 

74,18... 

.6.29. .. 

0,70... 

27.05... 

78.95... 

.6.27... 

0,80... 

30.66.... 

88.14... 

.6.24... 

0.90... 

84.21_ 

96,86... 

.6,21. ., 



At 20 C 

At85C 

Weight, 

Pounds 

Rdo Rao 

Rla Rac 

Microhms 

Microhms 

per Foot 

per Foot Raa/Rdo 

per Foot Rao/Rd( 



At 70 C 

At 85 C 

Weight 

Pounds 

Rdc Rao 

Rdc Rae 

Microhms 

Microhms 

per Foot 

per Foot Rao/Rio 

per Foot Rao/Rde 


D, 11.0; Peruneter 34.56 Inches 


13.27. 

..2.40. 

.2.41.. 

..1.01.. 

..3.02. 

.3.03.. 

..1.01 




19.81. 

..1.61. 

.1.62.. 

..1.01.. 

..2.02. 

.2.03.. 

..1.01.. 

.. 6.09.. 

. 3.14.. 

3.16 

26.30. 

. .1.21. 

.1.23.. 

..1.01.. 

..1.62. 

.1.64.. 

..1.01.. 

.. 7.95.. 

. 2.87.. 

2.38 

32.72., 

. .0.98. 

.1.00.. 

..1.03.. 

..1.28. 

.1.25.. 

.,1,02.. 

.. 9.90.. 

. 1.90.. 

1.92, 

39.08., 

..0.82. 

.0.86.. 

..1.05.. 

..1.03. 

.1.06.. 

..1.03.. 

..11.82.. 

. 1.69.. 

1.62, 

45.38.. 

..0.71. 

.0.77. . 

..1.09.. 

..0.88. 

.0.94.. 

.*1.06.. 

..18.72.. 

. 1.87.. 

1.41, 

51.62.. 

. .0.62. 

.0.71. . 

..1.15.. 

..0.78. 

.0.85.. 

..1.10.. 

..16.61.. 

. 1.21.. 

1.26, 

57.79.. 

. .0.55. 

.0.69.. 

..1.24.. 

..0.69. 

.0.80.. 

..1,16.. 

..17.48.. 

. 1.08.. 

1.16, 

63.91.. 

.0.50. 

.0.68.. 

..1.36.. 

..0.63. 

.0.78.. 

..1.24.. 

..19.33.. 

. 0.97.. 

1.07. 

69.97.. 

. .0.46. 

.0.68... 

..1.48.. 

..0.57. 

.0.77.. 

..1.34.. 

..21,16.. 

. 0.89.. 

1.02. 

75.96.. 

.0.42. 

.0.68.. 

..1.62.. 

..0.53. 

.0.76.. 

..1.46.. 

..22.98.. 

. 0.82.. 

0.98: 

81.90.. 

.0.39. 

.0.69.. 

..1.77.. 

..0.49. 

.0.76.. 

..1.56.. 

..24.77.. 

. 0.76.. 

0.97. 

87.77.. 

.0.36. 

.0.70.. 

..1,92.. 

..0.46. 

.0.77.. 

. .1.68.. 

..26.55.. 

. 0.71., 

0.96. 








..30.05.. 

. 0.63.. 

0.96. 








.88.47.. 

, 0.56.. 

0.97. 


D, 11.5; Perimeter 36.13 Inches 


13.88. 

.2.30..2.81.. 

..1.01.. 

..2.89..2.90.. 

..1.01 




20.73. 

.1.54..1.55.. 

..1.01.. 

..1.93..1.94.. 

..1.01.. 

.. 6.27.. 

. 3.00. 

3.01. 

27.51. 

.1,16..1.18.. 

..1.01.. 

..1.46..1.47.. 

..1.01.. 

.. 8.82.. 

. 2.26. 

2.27. 

34.24. 

.0.93..0.96.. 

..1.03.. 

.,1.17..1.19.. 

..1.02.. 

..10.36.. 

. 1.82. 

1.84. 

40.90. 

.0.78..0.82.. 

..1.05.. 

..0.98..1.01.. 

..1.03.. 

..12.87.. 

. 1.62. 

1.55. 

47.51. 

.0.67..0.74.. 

..1.10.. 

..0.84..0.90.. 

..1.06.. 

..14.37.. 

. 1.81.. 

1.36. 

54.05. 

.0.59..0.68.. 

..1.16.. 

..0.74..0.82., 

..1.10.. 

..16.36.. 

. 1.16.. 

1.20. 

60.54. 

.0.53..0.66.. 

..1.25.. 

..0.66..0.76.. 

..1.16.. 

..18.31.. 

. 1.08.. 

1.10. 

66.95. 

.0.48..0.65.. 

.1.36.. 

. .0.60..0.74.. 

.,1.24.. 

..20.25.. 

. 0.93.. 

1.02. 

78.32. 

.0,44..0.64.. 

,.1.48.. 

..0.55..0.73.. 

..1.34.. 

..22.17.. 

. 0.86.. 

0.97. 

79.62. 

.0.40..0.65.. 

.1.62,. 

. .0.60..0.73.. 

..1.45.. 

..24.08.. 

. 0.78.. 

0.94. 

85.85.. 

.0.87..0.66.. 

.1.78.. 

..0.47..0.73.. 

..1.66.. 

..26.97.. 

. 0.73.. 

0.93. 

92.03. 

.0.85..0.66.. 

.1.91.. 

..0.44..0.73.. 

..1.68.. 

..27.84.. 

. 0.68.. 

0.92. 






..31.52.. 

. 0.60.. 

0.92. 






..35.13.. 

. 0.64.. 

0.93. 


D, 12.0; Perimeter 37.70 Inches 


. 14.49. 

..2.20. 

,2.21.. 

..1.01.. 

..2.76, 

,2,77.. 

.,1.01 




. 21.64. 

..1,48. 

.1,49.. 

..l.Ol.. 

. .1.85, 

.1.86.. 

..1.01.. 

... 6.54.. 

. 2.88. 

. 2.89. 

. 28.73. 

..1.11. 

.1,13.. 

.1.01.. 

. .1,39, 

.1.41.. 

..1.01.. 

.. 8.60.. 

. 2.17. 

. 2.18. 

, 35.76. 

. ,0.89. 

.0,92.. 

..1.03,. 

..1.12. 

,1.14.. 

..1.02.. 

..10.82., 

. 1.74. 

. 1.76. 

. 42.73. 

. ,0.75. 

.0,78.. 

.,1.05.. 

. .0.94. 

.0.97.. 

..1.03,. 

.,12.92.. 

. 1.46. 

. 1.48. 

. 49.64. 

..0.64. 

,0.70.. 

..1.09.. 

..0,81. 

.0.85.. 

..1.06.. 

.,15.01.. 

. 1.26. 

. 1.29. 

. 66.49. 

. .0.57. 

.0.65.. 

..I.U.. 

..0.71. 

.0.78.. 

..1,10.. 

..17.08., 

, 1.10. 

. 1.16. 

. 63.28. 

..0.61. 

.0.63.. 

.,1.24. . 

.,0.64, 

.0.74.. 

,.1.16.. 

..19.14.. 

. 0.98. 

. 1.06, 

, 70.00. 

. .0.46. 

.0.62.. 

..1.35.. 

..0.57. 

,0.70.. 

.,1.23.. 

..21.17.. 

. 0.89. 

0.98. 

. 76.66. 

. .0.42. 

.0.62.. 

. .1.48.. 

..0.52. 

.0.70.. 

..1.33.. 

..23.19.. 

, 0.81. 

. 0.93. 

. 83.27. 

..0.38. 

.0,62.. 

..1.62.. 

. .0.48. 

,0.60.. 

.,1.44.. 

..26.19.. 

. 0.76. 

0.90. 

. 89.81. 

..0.36. 

.0.63.. 

..1.76,. 

..0.45. 

.0.70.. 

..1.66.. 

..27,16.. 

. 0.69. 

0.89. 

. 96,29. 

. .0.33. 

.0.64.. 

. .1.92.. 

. .0.42. 

.0.70.. 

..1.68.. 

..29.12.. 

. 0.66. 

0.88. 




. 



. 

..82.99.. 

. 0.67. 

0.87. 




.. 




..36.78.. 

. 0.51. 

0.89. 




D, 12.5; 

Perimeter 39.27 Inches 




, 15.10.. 

,2.11., 

.2.12.. 

,.1.01... 

.2.66. 

.2.66.. 

.1.01 




. 22.55.. 

,.1.42. 

.1.43.. 

..1.01... 

.1.78. 

.1.79.. 

..1.01.. 

.. 6.82.. 

. 2.76.., 

2.77. 

. 29,95.. 

,.1.07. 

.1.08.. 

..1.01... 

.1.84. 

.1.35.. 

..1,01.. 

... 9.06.. 

. 2.08.. 

2.09. 

. 37.28.. 

.0.86., 

.0.88.. 

,.1.03... 

.1.08. 

.1.09,. 

..1.02.. 

..11.28.. 

. 1.67.. 

1.69. 

. 44.56., 

.0.72., 

.0.76.. 

..1.05... 

.0,90. 

.0.93,. 

.1.04.. 

..13.48.. 

. 1,40.. 

1.42. 

. 61.77.. 

.0.62., 

,0.67.. 

..1.09... 

.0.77. 

.0.82.. 

..1.06.. 

..16.66.. 

. 1.20., 

1.24. 

, 58.92.. 

.0.54., 

,0.62.. 

..1.15... 

.0.68. 

.0.75.. 

.1.10.. 

..17.83.. 

. 1.06., 

1.10. 

66.01.. 

.0.48.. 

,0.60.. 

..1.24... 

.0.61. 

.0.70.. 

.1.16.. 

..19.97.. 

. 0.94.. 

1.01. 

78.04., 

.0.44.. 

,0.59.. 

..1.86... 

.0.55. 

.0.67.. 

.1.23.. 

..22.09.. 

. 0.86., 

0.94. 

80.01.. 

.0.40.. 

.0.69.. 

..1.48... 

.0.50. 

.0.67.. 

.1.33,. 

.i24;20.. 

i 0.78.. 

0.89. 

86.92.. 

.0.37.. 

0.69.. 

..1.62... 

.0.46. 

.0.66.. 

.1.44.. 

..26.29.. 

.0.72.. 

0.86. 

93,77., 

.0.34.. 

,0.60.. 

..1.77... 

.0.43. 

.0.67.. 

.1.66., 

..28.36.. 

. 0.66.. 

0.86. 

100.56.. 

.0.32.. 

0.61.. 

..1.92... 

.0.40. 

.0.67,. 

.1.68.. 

..30.41,. 

. 0.62.. 

0.84. 








..84.46.. 

. 0.55.. 

0.84. 








.,38.44.. 

. 0.49.. 

0.85. 


D, 13.0; Perimeter 40.84 Inches 


. 15.70. 

..2.03.,2,03.. 

,,1,00. 

..2.56..2.56.. 

..1.01 




. 23.46. 

..1.36..1.37.. 

,.1.01. 

..1.71..1.72.. 

..1.01.. 

.. 7.10.. 

. 2.66. 

2.66, 

. 31.16. 

..1.02,.1,04., 

..1.01. 

..1.29..1.80.. 

..1.01.. 

.. 9.48.. 

. 2,00. 

2.01, 

. 38.80. 

..0.82..0.85.. 

..1.03. 

..1.03..1.05.. 

..1.02.. 

..11.74.. 

. 1,61. 

1.62 

. 46.38. 

..0.69..0.72.. 

..1.06, 

..0.86..0,89.. 

..1.03.. 

..14.03.. 

. 1,84. 

1,86, 

. 53.90. 

..0.59..0.66.. 

..1.09. 

,.0.74..0.79.. 

.1.06.. 

..16.80.. 

. 1.16. 

i.l9, 

. 61.36. 

,.0.62,.0.60.. 

..1.16. 

..0.65..0.72.. 

..1.10.. 

,.18.56.. 

. 1.02. 

1.06, 

68.76., 

. .0.46.,0.58.. 

.,1.25. 

..0.68,.0.67.. 

..1.16.. 

;.20.79.. 

. 0.91. 

0 . 97 ' 

76.09., 

,.0.42.,0.67.. 

..1.36. 

..0.58.,0.66., 

.,1.28.. 

..23.01,; 

. 0.82. 

0.90. 

83.36.. 

,,0.38..0.57., 

..1.49. 

..0.48..0.64.. 

..1.88.. 

..26.21.. 

. 0,76. 

0.85. 

90.67.. 

.0.36..0.67.. 

,,1.63. 

..0.44..0.64.. 

.,1.44.. 

..27.89.. 

. 0.69. 

0.88. 

97.72.. 

.0.33..0.58.. 

..1.76. 

..0.41..0.64.. 

..1.56.. 

..29.66., 

.0.64. 

0.81. 

104.82.. 

.0.31..0.69.. 

..1.93. 

..0.38..0.65.. 

..1.69.. 

..31.70.. 

. 0.60. 

0.81. 






..85.94.. 

. 0.53. 

0.81. 






,.40.10.. 

. 0;47. 

0.82. 


1.01.. 

. 3.30. 

3.31.. 

..1.01 

1.01.. 

. 2.49. 

2.50.. 

..1.01 

1.01.. 

. 2.00. 

2.02.. 

.,1,01 

1.02.. 

, 1.67. 

1.70.. 

.,1.02 

1.03.. 

. 1.44. 

1.48.. 

..1.08 

1.04.. 

. 1.27. 

1.32.. 

..1.04 

1.07.. 

, 1.13. 

1.20.. 

..1.06 

1.10.. 

. 1.02. 

1.12.. 

..1.09 

1.14.. 

. 0.94. 

1.06.. 

..1.18 

1.20.. 

. 0.86. 

1.02.. 

..1.18 

1.28.. 

. 0.80. 

1.00.. 

..1.25 

1.36.. 

, 0.76. 

0.99.. 

..1.33 

1.53.. 

. 0.66. 

0.98.. 

..1.49 

1.72.. 

. 0.59. 

0.99.. 

..1.68 


,1.01.. 

. 3.15.. 

, 3.16., 

..1.01 

.1.01.. 

. 2.38.. 

2.89., 

..1.01 

.1.01.. 

, 1.91.. 

1.93.. 

..1.01 

,1.02.. 

. 1.60.. 

1.62.. 

..1.02 

1.03.. 

. 1.38., 

1.41.. 

..1.03 

1.04.. 

. 1.21.. 

1.26.. 

..1.04 

1.07.. 

. 1.08.. 

1.15.. 

..1.06 

1.10.. 

. 0.98.. 

1.07.. 

..1,10 

1.14., 

. 0.89.. 

1.01.. 

..1.13 

1.20.. 

. 0.82.. 

0.97.. 

..1.18 

1.28.. 

. 0.76., 

0.95.. 

..1.25 

1.36.. 

, 0.71.. 

0.94., 

..1.83 

1.53.. 

. 0,63.. 

0.94.. 

..1.49 

1.78., 

. 0.56., 

0.96.. 

..1.69 


.1.01.. 

. 8.02.. 

3.03.. 

..1.01 

.1.01.. 

. 2.28.. 

2.29.. 

..1.01 

1.01.. 

. 1.83.. 

1.85.. 

..1.01 

.1.02.. 

. 1.63.. 

1.56.. 

..1.02 

1.03.. 

. 1.32.. 

1.35.. 

..1.03 

1.04.. 

. 1.16.. 

1.20.. 

..1.04 

1.07.. 

. 1.03.. 

1.10.. 

..1.06 

1,10.. 

. 0.94.. 

1.02.. 

..1.09 

1.16.. 

, 0.86.. 

0.97., 

..1.13 

1.20.. 

. 0.79.. 

0.93.. 

..1.18 

1.28.. 

. 0.73;. 

0.91.. 

..1.25 

1.86.. 

. 0.68.. 

0.90.. 

..1.33 

1.58.. 

. 0.60.. 

0.90.. 

..1.60 

1.73.. 

. 0.64.. 

0.91.. 

..1.69 


1.01.. 

.. 2.90.. 

2.91.. 

..1.01 

1.01.. 

.. 2,18.. 

2.19.. 

..1.01 

1.01.. 

.. 1.75.. 

1.77.. 

..1.01 

1.02., 

.. 1.47.. 

1.49.. 

..1.02 

1.03.. 

.. 1.26.. 

1.30.. 

..1.03 

1.04.. 

.. 1.11.. 

1.15,. 

..1.04 

1.07.. 

.. 0.99.. 

1.05.. 

..1.06 

1.10.. 

.. 0.90.. 

0.98.. 

..1.09 

1.15.. 

..0.82.. 

0.98.. 

..1.13 

1.20.. 

.. 0.75.. 

0.89.. 

..1.18 

1.28.. 

.. 0.70.. 

0.87.. 

..1.25 

1.86.. 

.. 0,65.. 

0.86.. 

..1.33 

1.53.. 

.. 0.67.. 

0.86.. 

..1.50 

1.73.. 

..0.62., 

0.87.. 

..1.69 


.1.01.. 

.2.79.. 

2.80. 

..1.01 

.1.01,. 

. 2.10.. 

2.11. 

..1.01 

.1.01.. 

. 1.69.. 

1.70. 

..1.01 

.1,02.. 

. 1.41.. 

1.43. 

..1.02 

.1.03.. 

. 1.21.. 

1.24. 

.,1.03 

.1.05.. 

. 1.07.. 

1.11. 

..1.04 

.1.07.. 

. 0.96.. 

1.01.. 

..1.06 

.1.10.. 

. 0.86.. 

0.94.. 

..1.09 

.1.15.. 

. 0.79.. 

0.89.. 

..1.13 

.1.20.. 

. 0.72.. 

0 85.. 

..1.19 

.1.28.. 

. 0.67., 

0.84: 

.,1.26 

.1.86.. 

. 0.63.. 

0,83.. 

..1.38 

.1.54.. 

. 0.55.. 

0.88.. 

..1.50 

.1.74.. 

. 0.49.. 

0.84. 

..1.69 
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Table i Continued 



Copper Alaminum 


^ At 20 C At 85 C At 70 C At 85 C 


Thick¬ 

ness, 

Sec¬ 

tion, 

Square 

Section, 

Modulus, 

Seif 

OMD, 

Weight, 

Pounds 

Hdo Rae 

Rdo Raa 

Weight 

Pounds 

Rdo Rae 

Rdo Rao 

Microhms 

Microhms 

Microhms 

Microhms 

Inches 

Inches 

Inches* 

Inches 

per Foot 

per Foot 

Rac/Rdo per Foot 

Rno/Rde per Foot 

per Foot Rao/Rdo 

per Foot Rao/Rdo 


0.10. 

O.IS. 

. 4.21.. 

. 6.29.. 

. 14.03.. 
. 20.77.. 

.,6.72.. 
..6.70.. 

.. 16.31. 
.. 24.38. 

.1.96..1.97.. 
..1.31..1.32.. 

D. 13.5; 
..1.01.. 
..1.01.. 

Perimeter'42.41 Inches 

.2.46..2.46_1.00 

.1.64..1.66....1.01... 

.. 7.37., 

. 2.55. 

2.66.. 

..1.01... 

2.68. 

2.69.. 

..1.01 

0.20. 

. 8.36.. 

. 27.38.. 

. .6.69.. 

.. 32.38. 

.0.99..1.00.. 

..1.01... 

.1.24..1.26,. 

..1.01... 

.. 9.79.. 

. 1.92.. 

1.93.. 

,.1.01... 

2.02. 

2.03.. 

..1.01 

0.25. 

.10.41.. 

. 33.85.. 

. .6.67.. 

.. 40.33. 

.0.79..0.81.. 

. .1.03.. 

.0.99..1.01.. 

..1.02... 

,.12.20.. 

. 1.54.. 

1.56.. 

..1.01... 

1.62. 

1.64.. 

..1.01 

,0.30. 

.12.44.. 

. 40.16.. 

..6.65.. 

.. 48.21. 

.0.66..0.70.. 

..1.05.. 

.0.83..0.86.. 

..1.04... 

..14.68.. 

. 1.29.. 

1.31.. 

..1.02... 

1.36. 

1.38.. 

..1.02 

0.35. 

.14.46.. 

. 46.34.. 

..6.63.. 

.. 56.03. 

.0.67..0.62.. 

..1.10... 

.0.72..0.76.. 

..1.06... 

..16.95,. 

. 1.11.. 

1.14.. 

,.1.03.,. 

1.17, 

1.20., 

..1.03 

0.40. 

.16.46.. 

. 52.36.. 

..6.62.. 

.. 63.79. 

.0.50..0.58.. 

..1.16... 

.0.63..0.69.. 

..1.10... 

..19.29.. 

. 0.08.. 

1.02., 

..1.05... 

1.03. 

1.07.. 

..1.04 

0.45. 

.18.45.. 

. 58.25.. 

;.6.60.. 

.. 71.49. 

.0.45..0.56.. 

..1.25... 

.0.56..0.65.. 

..1.16... 

..21.62.. 

. 0.87.. 

0.93.. 

..1.07... 

0.92. 

0.97.. 

..1.06 

0.50. 

.20.42.. 

. 64.00.. 

..6.59.. 

.. 79.13. 

.0.40..0.55.. 

..1.36... 

.0.51..0.62.. 

.,1.28... 

..23.93.. 

. 0.79.. 

0.87.. 

..1.10... 

0.83. 

0.90.. 

..1.09 

0.55. 

.22.38.. 

. 69.62.. 

..6.57;. 

.. 86.71. 

.0.37..0.56.. 

..1.49.. 

.0.46..0.62.. 

..1.33... 

..26.22.. 

, 0.72.. 

0.82.. 

..1.16... 

0.76. 

0.85.. 

,.1.13 

0.60. 

.24.32.. 

. 76.10.. 

..6.56.. 

.. 94.22. 

.0.34..0.55.. 

..1.63.:. 

.0.43..0.61.. 

..1.44... 

..28.60.. 

. 0.66.. 

0.79.. 

..1.20... 

0.70., 

0.82.. 

,.1.18 

0.65. 

.26.24.. 

. 80.44.. 

..6.54.. 

..101.68. 

.0.32..0.56.. 

..1.78... 

.0.40..0.62,. 

..1.66... 

..30.76,. 

. 0.61.. 

0.78.. 

,.1.28... 

0.64. 

0.81.. 

.,1.25 

0.70. 

.28.15.. 

. 85.66.. 

..6.52.. 

..109.08. 

.0.29..0.57.. 

..1.93... 

.0.37..0.62.. 

..1.69... 

..32.09.. 

. 0.57.. 

0.78.. 

..1.36... 

0.60. 

0.80.. 

.,1.33 

0.80. 

.31.92.... 95.71.. 

..6.49., 






..37.41,. 

. 0.50., 

0.77.. 

..1.64... 

0.53.. 

0.79.. 

..1.60 

0.90. 

.35.63.. 

..106.27.. 

..6.46.. 






..41.75.. 

. 0.46,. 

0.78.. 

..1.74... 

0.47.. 

0.80.. 

..1.70 

0.10. 

0.15. 

. 4.37.. 

. 6.53.. 

. 15.07.. 

. 22.36.. 

..6.97.. 
..6.96.. 

.. 16.92. 
.. 25.29. 

.1.89..1.90.. 
.1.26.,1.27.. 

D, 14.0; 
..1,01... 
..1.01... 

Perimeter 43.98 Inches 
.2.37..2.37....1.00 
.1.58..1.59....1.01... 

.. 7.66.. 

. 2.46.. 

2.47.. 

..1.01... 

2.59.. 

2.60.. 

..1.01 

0.20. 

. 8.67.. 

. 29.49.. 

..6.94.. 

.. 33.60. 

.0.95..0.96.. 

, .1.01... 

.1.19..1.20.. 

..1.01... 

.10.16.. 

. 1.85.. 

1.86.. 

. .1.01... 

1.96.. 

1.96,. 

,.1.01 

0.25. 

.10.80.. 

. 36.47.. 

..6.92.. 

.. 41.85. 

.0.76..0.78.. 

,,1.03... 

.0.96..0.98.. 

..1.02... 

,.12.66.. 

. 1.49.. 

1.60.. 

..1.01... 

1.66.. 

1.58.. 

..1.01 

0.30. 

.12.91.. 

. 43.30.. 

..6.90.. 

.. 50.03. 

.0.64..0.67.. 

..1.05... 

.0.80..0.83.. 

..1.04... 

..15.13.. 

. 1.24.. 

1.26.. 

..1.02... 

1.31.. 

1.33.. 

..1.02 

0.35. 

.15.01.. 

. 49.97.. 

..6.89.. 

.. 58.16. 

.0.66..0.60.. 

.,1.10... 

.0.69,.0.73,. 

..1.06... 

..17.59.. 

. 1.07.. 

1.10,. 

..1.08... 

1.12,. 

1.16.. 

.,1.08 

0.40. 

.17.09.. 

. 56.50.. 

..6.87.. 

.. 66.22. 

.0.48..0.56.. 

..1.16... 

.0.61,,0.67.. 

..1.10... 

..20.03.. 

. 0.94.. 

0.98.. 

..1.05... 

0.99.. 

1.03.. 

..1.04 

0.45. 

.19.16.. 

. 62.87.. 

..6.85.. 

.. 74.23. 

.0.43..0.54.. 

..1.25... 

.0.54..0.68.. 

..1.16... 

..22.45.. 

. 0.84.. 

0.90.. 

. ,1.07... 

0.88.. 

0.94.. 

..1.06 

0.50. 

.21.21.. 

. 69.11.. 

..6.84.. 

.. 82.17. 

.0.39..0.53.. 

.,1.36... 

.0.49..0.60.. 

.,1.23... 

.24.85.. 

. 0.76.. 

0.83.. 

. .1.10... 

0.80.. 

0.87., 

..1.09 

0.55. 

.23.24.. 

. 75.20.. 

.,6.82.. 

.. 90.06. 

.0.36..0.53.. 

..1.49... 

.0.46..0.69.. 

..1.33... 

..27.24.. 

. 0.69., 

0.79.. 

. .1.15... 

0.73.. 

0.82.. 

..1.14 

0.60. 

.25.26.. 

. 81.16.. 

..6.80.. 

.. 97.88. 

.0.33..0.53.. 

..1.63... 

,0.41..0.69.. 

,.1.44... 

..29.60.. 

. 0.64.. 

0.76.. 

. .1.20... 

0.67.. 

0.79.. 

..1,18 

0.65. 

.27.26.. 

. 86.97.. 

..6.79.. 

..105.64. 

.0.30..0.54,, 

..1.78... 

.0.38..0.69.. 

..1.56... 

..31.95.. 

. 0.59.. 

0.76.. 

..1.28... 

0.62.. 

0.78.. 

.,1.25 

0.70. 

.29.25.. 

. 92.64,, 

. .6.77., 

..113.34. 

.0.28..0.55.. 

..1.94... 

.0.35..0.60.. 

,.1.69... 

..34.28.. 

. 0.66,, 

0.75.. 

..1.36... 

0.58.. 

0.77,. 

,,1.33 

0.80. 

.33.18.. 

.103.60.. 

..6.74.. 






..38.88.. 

. 0.49,. 

0.75.. 

.,1,64... 

0.51.. 

0.76,. 

..1.60 

0.90. 

.37.04., 

.114.04.. 

..6.71.. 






..43.41.. 

. 0.44.. 

0.76.. 

,.1.74... 

0.46.. 

0.77.. 

..1.70 

0.10. 

0.15. 

. 4.52.. 

. 6.76.. 

. 16.18.. 

. 24.46.. 

..7.22.. 

..7.20.. 

. 17.53. 

. 26.20. 

.1.82..1.82.. 
.1.22.,1.23,. 

D, 14.5; 
..1.00... 
.,1.01... 

Perimeter 45.55 Inches 
.2.28..2.29....1.01 
.1.53..1.64.,..1.01... 

. 7.93.. 

2.38.. 

2.39.. 

..1.01... 

2.60.. 

2.50.. 

..1.00 

0.20. 

. 8.99.. 

. 31.68.. 

..7.18.. 

. 34.82. 

.0.92..0.93,. 

..1.01... 

.1.15..1.16.. 

.1.01... 

.10.53,. 

1.79.. 

1.80.. 

..1.01... 

1.88.. 

1.89.. 

.,1,01 

0.25. 

.11.19.. 

. 89.20.. 

.,7.17.. 

. 43.37. 

.0.74..0.76.. 

..1.03... 

,0.92..0.94.. 

.1.02... 

,13.12.. 

1.44.. 

1.46.. 

..1.01... 

1.61.. 

1.52.. 

..1.01 

0.30. 

.13.38,. 

. 46.55.. 

..7.16., 

, 51.86. 

.0.62.,0.65,. 

.,1.05... 

.0.77..0.80.. 

.1.04... 

.15.69.. 

1.20.. 

1.22.. 

..1.02... 

1.26.. 

1.28.. 

.,1.02 

0.35. 

.16.66.. 

. 53.74., 

,.7.14.. 

. 60.29. 

.0.53..0.58.. 

.,1.10... 

.0.67..0.70.. 

.1.06... 

.18.24.. 

1.03.. 

1.06,. 

..1.03... 

1.09.. 

1.11.. 

..1.03 

0.40. 

.17.72., 

, 60.78.. 

,,7.12.. 

, 68.66. 

.0.47.,0.54.. 

..1.16... 

,0.68..0,66.. 

.1,10,., 

.20.77.. 

. 0.91.. 

0.95.. 

..1.06... 

0.96.. 

0.99.. 

..1.04 

0.45. 

.19.86., 

. 67.67.. 

,.7.11,. 

. 76.97. 

.0.42..0.52.. 

..1.26... 

,0.62..0.60,. 

.,1.16... 

.28.28.. 

0.81.. 

0.86.. 

..1.07... 

0.85.. 

0,90., 

..1.06 

0,50, 

.21.99.. 

, 74.41.. 

..7.09.. 

. 85.22. 

.0.38.,0.51.. 

.,1.36... 

.0.47..0.68,. 

,.1.23... 

,26.77., 

0.78.. 

0.81., 

..1.10... 

0.77.-. 

0.84.. 

..1.09 

0.55. 

,24.11., 

, 81.00.. 

..7.07.. 

. 93.40. 

.0.34.,0.51., 

.,1.49... 

,0.43..0.57.. 

,.1.33... 

..28.25.. 

. 0.67.. 

0.76., 

..1.16... 

0.70.. 

0.79.. 

..1.14 

0.60.. 

.26.20., 

. 87.44., 

..7.06.. 

.101.53. 

.0,32..0.51.. 

.,1.63... 

.0.40.,0.67.. 

.1,44... 

.30.71., 

0.62.. 

0.74.. 

.,1.20... 

0.65,. 

0.76.. 

..1.18 

0.65.. 

.28.28.. 

, 93,74., 

,.7,04.. 

.109.59.. 

.0.29..0.52.. 

,.1.79... 

.0.37,.0.67.. 

.1,57... 

.33.15.. 

0,57.. 

0.73,. 

..1.28... 

0.60.. 

0.75.. 

..1.26 

0.70.. 

.30.35.. 

, 99,90,, 

.,7.02., 

,117.60,. 

.0.27..0.53.. 

..1,94... 

.0.34..0.68,. 

.1,69... 

.36,57.. 

0.63.. 

0.72.. 

..1.37... 

0.56.. 

0.74.. 

..1.83 

0.80.. 

.34.43.. 

,111.80,, 

,,6.98., 






..40.35.. 

. 0.47.. 

0.72.. 

..1.54... 

0.49.. 

0.74., 

..1.60 

0.90,. 

.38.45.. 

,123.16., 

.,6,96.. 






.46.07,. 

, 0.42.. 

0.73,. 

..1.74... 

0.44.. 

0.76.. 

..1.70 


respect to its ftmctioning as a structural 
member, maximum temperature of opera¬ 
tion is of importance. Investigation 
shows that 100 C (the temperature 
of boiling water) is to be regarded as 
the maximum temperature at which the 
conductor material should be allowed 
to run continuously, and this applies 
to copper and to aluminum. When 
exposed continuously for a long time 
to temperatures very little above 100 
C, copper and aluminum may become 
completely annealed. Indeed, anneal¬ 
ing may occur if the conductor is run for 
very long times at even lower tempera¬ 
tures. An actual temperature of 90 G 
is allowable under certain AIEE rules. 
It is the author’s preference to limit the 
temperature for conductors used in 
heavy current busses to 86 C. It might 
be argued that coincidence of maximum 

December 1955 


load and maximum ambient is rare, but 
it may be pointed out that heavy current 
busses are often used as generator leads. 
They are expected to be used at close to 
rating day in and day out, so that in 
such applications it is quite probable that 
because the loading is high continuously 
the ambient may be very high at the 
same time and for long periods. 

The aluminum companies have de¬ 
veloped an aluminum alloy of the heat 
treatable type which certainly is better 
mechanically than the EC grade of 
aluminum, and may be at least the equal 
of usual copper. This alloy has a con¬ 
ductivity in the neighborhood of 67 per 
cent, but the difference in conductivity 
between this 67 per cent and the 61 per 
cent for EC aluminum is not especially 
alarming in view of arguments outlined 
previously. This alloy sounds attractive. 


because a higher unit stress is allowable, 
and data so far available indicate that it 
will maintain its mechanical character¬ 
istics satisfactorily when continuously 
at temperatures somewhat above 100 C. 
For similar reasons, the silver bearing 
coppers are also interesting. 

Joints 

Somewhere in a bus, joints are neces¬ 
sary between lengths of conductors. 
Welding techniques successfully applied 
to aluminum open possibilities for treat¬ 
ing these joints. By these welding proc¬ 
esses it is possible to make a very 
satisfactory flexible connector by welding 
aluminum laminations endwise to a 
solid piece, the latter to be used for con¬ 
nection to the main conductor. In such 
a connector, effective use of aU lami- 
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nations is provided without the handicap 
of high resistances between laminations 
possible in other forms. The terminal 
members of such connectors may be 
connected to the lengths of conductors 
either by bolting or by welding. Where 
welding is possible in the field, both ends 
of these connectors may be welded, one 
to one length of conductor and the other 
end to the next length. Or, where it is 
not, one end of each coimector may be 
welded in the factory to one end of one 
conductor, and the other end may be 
bolted to the next length of conductor 
in the field. 

Proper attention is necessary to bolted 
joints in general, but with EC aluminum 
a bolted joint must receive special 
attention. For a satisfactory bolted 
joint, pressure over the area of contact 
between the two conductor members 
must be held as high as possible contin¬ 
uously, and if, in addition, the joint can 
be made airtight so that the atmosphere 
will be absolutely excluded, a thoroughly 
satisfactory joint may be expected. No 
discussion will be attempted regarding 
silvered versus nonsilvered surfaces, nor 
the use of compounds, but some discus¬ 
sion seems to be in order regarding the 
maintenance of satisfactory unit pressure 
at the contact surfaces. The unit pressure 
must be maintained satisfactorily, even 
with variations in dimensions of the 
conductor material, due perhaps to 
temperature changes. This indicates 
that the bolt should be so applied as not 
to have a fixed distance between the faces 
of its head and nut. One way to ac¬ 
complish the desired result is to use 
Belleville washers with bolts. When 
such washers are used, it is necessary to 
use a bolt of larger size than wotdd be 
used for a rigid bolt and washer connec¬ 


tion. The resistance of a joint varies 
inversely and approximately hyperboli- 
cally with the unit pressure. For equal 
resistances of contacts, unit pressures 
must be equal. When a simple bolt and 
rigid washer are used, the area of contact 
of the contacting surfaces is annular in 
shape, of a diameter about equal to 
the effective diameter of the head of the 
bolt. A bolt can produce a certain force, 
and that bolt force, divided by the 
annular area, gives the unit pressure. 
When a Belleville washer is used, the 
effective area of. contact between the 
members is again annular and of a di¬ 
ameter approximately equal to the di¬ 
ameter of the Belleville washer. This 
area of contact is higher than the area 
of contact for a simple bolt and rigid 
washer. Therefore, to get the same 
unit pressure, a larger bolt is necessary. 

For slow changes in current magni¬ 
tude, conductor material and bolts 
follow approximately the same tempera¬ 
ture versus time curve, and if there is 
not too great a difference in coefficients 
of linear expansion, the pressure will 
not change substantially. However, on 
rapid changes of loading and, partic¬ 
ularly, a rapid change corresponding to 
the heavy current of a short circuit, the 
conductor material itself is heated rapidly 
by the high current, and it takes time 
for heat to be transmitted to the bolt. 
With a simple bolt, there would result a 
very high unit pressure which is likely 
to produce permanent deformation of 
the conductor material due to cold 
flow. Then, when the joint cools, the 
conductor material shrinks but the bolt 
does not, and a loose joint may be the 
result. With the Belleville washer or its 
equivalent, it is possible for the conductor 
material to increase in thickness and to 


decrease. These changes in thickness 
simply deform the Belleville washers 
more or less, so that more nearly con¬ 
stant unit pressure may be expected. 

Housings 

As material for the housing of a high 
current bus, whether segregated, nonseg- 
regated, or isolated phase type, aluminum 
seems to be ideal. It has a relatively 
high conductivity and is light in weight. 
Its high conductivity minimizes the. 
PR of the currents induced in the hous¬ 
ing of proper thickness, and therefore 
minimizes the temperature rise. This 
is important because the temperature of 
the housing measures the height of the 
thermal dam over which the heat must 
flow on its way from the conductor to 
surroundings. 

Appendix I. Data For Round 
Tubes 

Table I contains data regarding round 
tubular conductors of outside diameters 
from 3.6 to 14.6 inches, and tliicknesses in 
0.06-inch increments. Copper and alumi¬ 
num are covered. The data were com¬ 
puted; tests on samples confirmed the 
computations. The data include: 

1. Pertinent to conductor dimensions: 

a. Outside diameter and perimeter. 

b. Thickness. 

c. Cross section. 

d. Self GMD. 

2. Pertinent to copper: 

a. Weight per foot. 

b. Rie> Root and Rac/Rde at 20 C. 

c. R^, 

Raei and Rae/Rde at 86 C. 

3. Pertinent to alxtminum: 
a. Weight per foot. 

b' Rdof Rfiet and R^^^fR^ at 70 C. 
c. Rig, Rgg, and Rac/Rde at 85 C. 

In Table I and Rao/Rdo are for 60 
cycles per second. 


Discussion 


K. T. Ashdown, Nathan Swerdlow (General 
Electric Company, Philadelphia, Pa.): The 
information given in Mr. Deans’ paper on 
the a-c resistance and other data on round 
tubes, both copper and aluminum, is very 
interesting and helpful to the industry. 

In the closure of his paper, Mr. Deans 
questions the advisability of silver plating 
aluminum conductors at selected points. 
He states that because the silver did not 
cover the entire surface of the aluminum, 
there was a danger of corrosion setting in at 
the edge of the. silver plate. 

In a 1952 pap^i presented at New Or¬ 
leans and another* at New York in 1963, 
data were given to show the effectiveness 
of the silver-plating system developed by 


the company with which the authors are 
associated. The danger of corrosion at the 
edge of the silver plating is eliminated by 
the proper plating procedure. Such a 
procedure insures that the zinc strike ex¬ 
tends well beyond the edge of the silver 
plate. This together with a coating of zinc- 
chromate-bearing grease applied to the 
entire silvered area, precludes the possi¬ 
bility of any corrosive action between the 
silver and the aluminum. Fig. 1 shows 
the results of silver-plated aluminum samples 
prepared as described and exposed to 100- 
per-cent humidity for 1,000 hours. These 
sa m ples showed no evidence of corrosion. 
Thus, laboratory results together with our 
field experience have proved that there need 
be no hesitancy in applying silver plate to 
only those portions of an al uminum con¬ 
ductor where a joint is to be made. 

With regard to the merits of silver 


plating vs. nonsilver plating, refer to the 
closure of our paper, "The Use of Aluminum 
in the Construction of High-Capacity 
Busses." 

Another point raised by Mr. Deans was 
^e use of Belleville washers. Mr. Deans 
incorrectly stated that in a paper^ by one of 
the authors it was implied that joints made 
with Belleville washers were inferior to 
those made without these washers. Table 
IV of reference 2 together with Table I of 
the closure to that paper shows the results 
of cycling tests. The point that is em¬ 
phasized by these tables is that there is no 
improvement in performance of the silver- 
plated joint when Belleville washers are 
used instead of flat washers with lock wash¬ 
ers. An important point to remember with 
respect to changes in pressure on silver- 
plated stttfaces is that the silver-plated 
joint is less sensitive to pressure changes 
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Fig. 1. Silver-plated aluminum bus bar after 
1,000 hours of exposure to 100-per-cent hu¬ 
midity. A portion of the protective covering 
has been removed to show excellent condition 
of bar. Arrow points to edge of silver-plated 
surface 


than unplated joints especially in aluminum 
conductors. Thus, pressure changes as¬ 
sociated with temperature cycling of 
silver-plated aluminum joints have rel¬ 
atively small effect on the contact re¬ 
sistance of the joint. 

Mr. Deans is also concerned over op¬ 
erating aluminum conductors at tem¬ 
peratures over 85 C. In a paper* by 
G. W. Sticldey and C. 0. Smith of the 
Aluminum Company of America, there is 
given a series of curves (Figs. 8 and 10) 
which show the strength of conductor 
grades of aluminum at various tempera¬ 
tures. A study of the curves together 
with the authors’ conclusion no. 10 show 
that the tensile strengtli of the aluminum at 
“slightly elevated’’ temperatures (100 C) 
has little, if any, harmful effect upon its 
tensile strength. This fact is further 
minimized by the safety factor which is 
tised in the* proper application of these 
conductors. Furthermore, the type of 
nonsilvered connections for aluminum con¬ 
ductors of heavy current buses as advocated 
by Mr. Deans automatically limits the 
total operating temperature of these con¬ 
ductors to 70 C in accordance with Industry 
Standards (American Standards Associ- 
tion, AIBE, National Electrical Manu¬ 
facturers Association). With the data pre¬ 
sented in Reference 3 and if silver-plated 
connections are used, aluminum conductors 
can be applied on the basis of 90 C.operating 
temperature as set forth by Industry 
Standards. 

Rbpbrbncss 

1. Apfucation of Aluminum Channel Conduc¬ 
tors FOR Station Bus, E. J. Casey, Nathan Swerd- 
low. AIEE Transactions, vol. 71, pt. Ill, Decem¬ 
ber 1952, pp. 1004-09. 
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C. P. Xenis (Consolidated Edison Company 
of New York, Inc., New York, N. Y.): I 
would like to supplement and confirm some 
of the points Mr. Deans has made concern¬ 
ing bolted connection equipment with 
Belleville washers. Mr. Deans referred to 
a symposium in New Orleans where I pre¬ 
sented the results of extensive tests on 
bolts in which we found excellent support 
for the statement that Belleville wafers 
seem to make the difference between 
success and failure. 

I was exposed to the same comments 
Mr. Deans has made, that one author 
produced some test results showing that 
the Belleville washers were catastrophic 
and gave him terrible results; so there was 
a contradictory presentation there. Of 
course, there was no time to analyze bis 
work. In the meantime, we have used 
thousands of these connections with Belle¬ 
ville washers and we have 2 to 4 years of 
experience. 

I had a survey made of those connections 
and had them checked, and they are all 
just as good as they were the day they 
were put in. The contact resistances are 
extremely low, and the results are excellent. 

Mr. Deans gave an excellent explanation 
as to why Belleville washers do a good job. 
I would like to add one more technical 
detail to that, at least one of the explana¬ 
tions I had why the results are so good. 
That is, if you refer to history a little bit, 
around 1938 or 1939, they used a lot of 
aluminum in Germany and there are a 
large number of articles which were written 
on that subject. 

The Germans were aware of creep, 
therefore in order to provide the cushioning 
effect they were looking for, they used coil 
springs on their connections, not the Belle¬ 
ville type, but a regular coil spring of 
rather large size. 

The idea was to limit the amount of 
exerted pressure in order to limit the amount 
of creep. Most of those joints were not 
success^l. The reason was that the springs 
were so strong and of such length that 
creep did occur and the spring followed it. 
But there was such a tremendous amount 
of follow-up that creep continued and tlie 
spring kept pressing with the result that 
there was a tremendous amount of creep 
until unbalanced conditions were reached. 

It is for that reason tliat some people 
were suspicious of springs in making 
aluminum connections, but the Belleville 
washer, in addition to spreading .the 
pressure evenly, as Mr. Deans very clearly 
explained, does another thing: When you 
apply the Belleville washer, and let us 
say you fllatten it or practic^ly flatten it, 
you are exerting the maximum pressure. 
Let us assume that there is a slight amount 
of creep. The Belleville washer will tend 
to open up slightly and appreciably reduce 
the pressure. In other words, if you 
develop any creep, you automatically 
reduce the pressure until you reach a pres¬ 


sure which is perfectly correct to maintain 
good contact and not cause any further 
creep. It is an automatic adjustment, and 
we know that if you have the right pressure 
you can avoid further creep. That, I 
think, is one of the explanations for the 
excellent performance with Belleville wash¬ 
ers. 

Our experience is based also on steel 
bolts, and I am saying this without extensive 
tests, that even if we were to use aluminum 
bolts I still would want to use Belleville 
washers with them. 


R. R. Cope (Aluminum Company of Amer¬ 
ica, New Kensington, Pa.): I simply 
thought it would be worthwhile to point 
out some of Alcoa’s thinking with respect 
to the high-strength aluminum bus con¬ 
ductor to which Mr. Deans referred. 

We actually think in terms of two prod¬ 
ucts. We are producing what we call our 
no. 2 EC bus conductor in a T-6 temper and 
in a T-8 temper. It is a magnesium- 
silicide-type alloy and in the T-6 temper, 
we can guarantee 65-per-cent conductivity; 
in the T-8 temper where we get somewhat 
higher strength, we can guarantee 57-per¬ 
cent conductivity. Now, the method used 
for producing tixe number 8 EC T-8 is 
different from simply extruding the no. 
2 EC T-6 and for that reason, the 57-per¬ 
cent conductivity alloy takes a premium 
price. 

I think what is eventually going to 
happen is that most builders of a dis¬ 
tribution bus conductor, for instance, are 
going to buy the 65-per-cent conductivity 
alloy, having the best economic combina¬ 
tions of high strength and high conductivity. 

It will be that some will want a conduc¬ 
tivity between 66 per cent, which is available, 
and 61 per cent, with the EC grade. I 
think those people who will need that higher 
conductivity will simply pay the higher 
price and purchase that commodity. 


G. E. Heberlein (I-T-E Circuit Breaker 
Company, Philadelphia, Pa.): There was 
some mention made of the use of aluminum 
bolts for creating pressure in making 
electric connections in aluminum assem¬ 
blies. 

I want to caution some people by an 
experience that I had where I learned 
something that I will not forget too easily. 
A number of years ago we were building 
some outdoor structures of aluminum for 
one of the power companies. The power 
company requested that we use aluminum 
bolts to avoid possible corrosion. 

And I, not reluctantly at all, thought 
that was a good idea. After agreeing, we 
went back to the plant and made up some 
assemblies, and since we used 1/2-ihch 
aluminum bolts, and 1/2-inch galvanized 
steel bolts in our structures and in our 
joints, we thought we ought to do a 
little bit of testing on the 1/2-inch alu¬ 
minum bolts by comparision. 

In bolting together, as I remember it, 
either 3/8- or 1/2-inch conductor with 
aluminum bolts (these figures are rather 
vague now, but they will indicate somewhat 
the proportion of what I am trying to bring 
out in this discussion) we used a galva¬ 
nized bolt with a yield on the order of 
36,000 pounds per square inch, and without 


December 1955 


Deans—Aluminum in Heavy Current Conductors 


1199 



















lubrication. We tightened them with a 
torque wrench, as I believe, on the order of 
60 foot-pounds. We had high-strength 
aluminum bolts by comparison that bad 
the same yield point. 

I found that we would twist those off at 
36 foot-pounds, so even though we were 
presumably tightening the joint and elon¬ 
gating the bolt as a spring at a much lower 
tension, the bolts were failing. 

Then, I realized what the difficulty was. 
In a bolt which is used in combined torsion 
and tension, as the aluminum bolt was, its 
lack of elongation in torsion did not permit 
the compressive loading or the extending 
of the bolt that is equivalent to the galva¬ 
nized steel bolt and even though the alu¬ 
minum bolts were as strong, they could not 
be used. 

We tried lubrication. I do not recall 
whether we used no-oxide, graphite, or 
something else, but we found that effect 
still prevalent, so I had to go back and ask 
the power company if we could use galva¬ 
nized bolts and they agreed. 


C. J. Hartman (Commonwealth Associates, 
Jackson, Mich.): In his use of BellevUle 
washers, what does Mr. Deans tbinlr about 
the use of a flat washer in connection with 
the Belleville washer in order to be sure to 
distribute the load? 


William Deans: Mr. Xenis was good 
enough to discuss the paper, and I thinV 
the only comment I could make is to tfiftnir 
him, and amen. 

I am glad to know we could have some 
conductivities between 65 and 61 per cent, 
though to me that is not very important. 
Whether it is 66 or 57, I do not care too 
much. The a-c resistance is not propor¬ 
tion^ to the resistivities of the materials, 
but it has to do with the distribution of the 
current over the cross sectional area, and 
resistivity is not too importiint so long 
as we know what it is going to be. 
Then we can design. 

I do not think there is anything I can add 
to Mr. Heberlein’s discussion. 


With respect to Mr. Hartman’s comment, 
I would not like to use a flat washer with a 
Belleville washer. I hope somebody from 
the Navy is present because this remark 
will be pertinent to those inspectors. 

If you have two overlapping parts of bars 
and you bolt those together, please do not 
ever expect that your area of contact is 
obtained by multiplying the width by the 
length of that overlap. It is not. 

The area of contact is that which is 
produced by the compression effect of the 
bolts. It is annular in shape, and is the 
Mea as affected by the bolts. You get very 
little pressure in the regions between bolts. 

If you use a flat washer in combination 
with a Belleville washer, you will have the 
advantage of the Belleville washer, but 
there is the disadvantage that you in¬ 
crease the area of contact by the flat 
washer and therefore, in order to get the 
. same unit pressure as you would without 
the flat washer, you will have to use a 
larger bolt. 

If you want to use simply a single big 
bolt, then it might be possible to consider 
a flat washer in combination with a Belle¬ 
ville washer. 

Mr. Xenis’ discussion prompts me to 
make a comment here and that is, do 
not put a Belleville washer on some ex¬ 
isting bolt combination and then expect 
successful results. A joint is a matter of 
design and that design includes the bolt and 
tae characteristics of the Belleville washer 
in proper balance with due respect to the 
necessary unit pressure. You want to get 
unit pressure as high as possible to min¬ 
imize the resistance of the joint, and limit 
it so as to prevent creep. 

This is not with respect to Mr. Hartman’s 
discussion and maybe I am anticipating 
something which should be a comment on 
Mr. Swerdlow’s paper, but the discussion 
by K. T. Ashdown and Nathan Swerdlow 
introduces the subject of what you do 
to the surfaces which you bring into 
contact. I avoided it in the paper, but I 
caimot help remarking here that I do not 
believe silver plating is necessary, and in 
fact, I believe that you are introducing an 
element of danger when you do put silver 
on the surface. I am talking of aluminum. 
There is a tendency to analyze aluminum 


on the basis of our experience with copper. 
Let us be coturageous and look at al uminum 
as a new material which has its peculiar 
characteristics and let us treat it separately 
from' copper. Let us not tie our minds to 
copper except within a restricted field 
because you can not predict the reactions 
of an American by analyzing the reactions 
of a fellow in the South Pacific, and it is 
the same thing •with aluminum and copper. 
Let us think of aluminum as g-luminum 
My main objection to silver on aluminum, 
and please understand I am talking about 
high-current busses where we have inter¬ 
mittently placed areas of silver pla ting , 
is that you are leaving yourself open to 
trouble from corrosion, because of the high 
difference in potential between aluminum 
and silver. Also, it is necessary that the 
silver be quite carefully deposited on the 
aluminum in order that you may have a 
successful silver plating. 

I stress that I am talking about inter- 
mittmitly placed silver. Where aluminum is 
applied in switchgear or in bus ways, and 
you silver plate the whole surface, you 
have practically eliminated danger from 
corrosion because all you are exposing to 
the atmosphere is silver. 

Bight now, there are many (four or five) 
compounds which have been developed and 
found highly successful. 

The Aluminum Company of America 
has developed a special kind of compound. 
Bumdy has developed another special 
kind of compound, and if you do not like 
the special ones, you can iise the common 
grebes like No-Ox-Id, Grade A Special, the 
California Oil people’s compound, or even 
plain vaseline. 

^ The compounds are open to one objec¬ 
tion, and that is that the surfaces so treated 
may collect dust on the way to the job; 
therefore, preparation should be done on 
the job. 

In the paper, it is stressed that conductor 
temperature should be limited to well under 
100 C. It is perhaps not clear that this is 
necessa^ where one wants to use physical 
characteristics that might suffer from expo¬ 
sure to temperature. Of course, if one de¬ 
signs to physical characteristics of the an¬ 
nealed state, conductor temperatme is 
relatively unimportant. 
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Design 


Experiences With the Use of Aluminum 
in Windings for Dry-Type 
Power Transformers 


E. W. TIPTON 

MEMBER AIEE 


I N 1951 the supply of copper was crit¬ 
ically ^ort and the demand for trans¬ 
formers and other electric machinery 
using large amounts of copper was high. 
More transformers were needed than 
could be btult with the copper allotted 
for that purpose. As a result, it was only 
natural that designers had a strong in¬ 
centive to look for a substitute for copper. 
The only real possibility was, and is, 
aluminum. In contrast 'to reports of 
dwindling high-grade copper-ore sup¬ 
plies, aluminum ore is plentiful and the 
production facilities for aluminum were 
^eatly expanded during the war. The 
effect of the relative cost of aluminum 
and copper was such that even before 
the postwar shortage of copper, designers 
had been investigating the use of alumi¬ 
num for electrical conductors. 

Reasons for Application to Dry-Type 
Transformers 

So far as transformers are concerned, 
dry-type power transformers offered cer¬ 
tain advEintages in the use of aluminum 
windings. The lower conductivity of 



METHOD OF WELDING TAP TO CONOUaOR 


WELO 



METHOD OF WELDING MULTI- 
STRAND COIL LEAD TO BUS BAR 


Fis. i. Welded aluminum jointf 


aluminum results in larger coils and a 
bigger core. In a liquid-filled trans¬ 
former it may call for more insulation, 
more oil, and a larger and more expensive 
tank. The case of a dry-type trans¬ 
former is of a simple light-weight con¬ 
struction and its size is frequently deter¬ 
mined by the size of steel-clad switchgear 
with which dry-type power-center trans¬ 
formers are co-ordinated in appearance. 
A somewhat larger core-and-coil structure 
does not add greatly to the cost of the 
case. Dry-tjrpe power transformers use 
class B insulation and a minimum of solid 
insulating materials. The principal in¬ 
sulator is air. Consequently, a small in¬ 
crease in the size of the core and coils 
only sUghtly increases the cost of insu¬ 
lation. One other consideration is that 
dry-type transformers are installed in¬ 
doors. This eliminates one of the more 
serious problems in the use of aluminum 
windings because in such applications 
there are no aluininum-to-aluminum or 
aluminum-to-copper connections which 
are subjected to the moisture of outdoor 
weather. 

Basis of Design 

As a result of these considerations, it 
was decided to build a number of dry- 
type power transfcamers with aluminum 
windings which would rdease an amount 
of copper for other types of transformers. 
In all a total of over 100 transformers in 
ratings from 225 to 3,000 kva were built 
with aluminum windings. The complete 
conducting circuit from terminal to termi¬ 
nal in both high- and low-voltage wind¬ 
ings was made of aluminum. This con¬ 
struction eliminated all copper-to-alumi- 
num joints except those from the trans¬ 
former terminals to the customer’s leads. 
No attempt was made to determine per¬ 
formance levels which would result in 
the most economical deagn with alumi¬ 
num. All the transformers were designed 
to meet the guarantees of no-load loss, 
full-load loss, and impedance which ap¬ 
plied to transformers of the same rating 
when wound with copp«. 


The principal electrical property affect¬ 
ing the use of aluminum is its conduc¬ 
tivity which is only 61 per cent of that 
for a copper conductor of the same cross 
section. Keeping the winding resistance 
per unit len^ the same as a copper con¬ 
ductor requires a wire 28 per cent greater 
in diameter and 64 per cent greater in 
cross-section area. Table I dhows other 
relations based on an aluminum conductor 
of the same resistance per unit length. 
Since the actual design of the transformer 
was on the basis of equal losses the cross- 
sectional area of the aluminum conductors 
averaged 1.68 times the area of its copper 
equivalent. The use of a larger con¬ 
ductor results in more space being re- 


LOAD 



total pounds LOAD 


Fig. 2. Contact resistance as a function of 
pressure with aluminum bars 

quired for the winding. This, in turn, 
gives a longer average length of turn. 
Also, the larger winding requires a larger 
opening in the iron which lengthens the 
mean turn of the iron circuit. To com¬ 
pensate, a larger iron section must be 
used to keep the iron loss the same as in 
the copper-wound transformer and this 
stai further increases the length of the 
winding. To compensate for these fac¬ 
tors a larger aluminum wire than the 
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formers Committee and approved by the AIBB 
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tion at the AIBB Fall General Meeting, Chicago, 
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Table I. 


Comparison of Aluminum and Copper Conductors Having Equal Resistance Per 
Unit Length 


Copper 


Aluminum 



theoretical size of wire must be used. 

Mechanical Properties—Effect on 

Design 

One mechanical property of aluminum 
of importance in its use for windings is its 
density which is only 30.2 per cent of the 
density of copper. Since the volume of 
material for equal resistance is 164 per 
^nt one would expect an aluminum wind¬ 
ing to weigh 49.5 per cent of an equivalent 
copper winding. On the basis of meeting 
the same over-all performance as ex¬ 
plained in the preceding paragraph, the 
actual weight averaged nearly 54 per cent 
of the copper winding it replaced. 

As shown in Table 11 the mechanical 
stren^ of aluminum at room tempera¬ 
ture is considerably less than that of 
copper. At 250 degrees centigrade (C), 
corresponding to winding temperatures 
■under short-circuit conditions, it has 
only one sixth the strength of copper. 
When loaded as a beam as are conduc¬ 
tors in a pancake coil the span between 
supports can be only 40 per cent as great 
for equal strength. However, in a de- ■ 
sign with equal resistance per unit length, 
the aluminum conductor has a diameter 
28 per cent greater and a section modulus 
2.13 times as great. In such a winding 
the span between spacers can be 85 per 
cent of the span used in copper windings. 
For transformers of the size being dis¬ 
cussed, up to 3,000 kva, the tensile 
strengtli of aluminum is not a serious 


handicap. In veiy large transformers 
where the repulsion between inner and 
outer windings on short drcuit becomes 
high the tensile strength naight become a 
problem. 

Other mechanical properties of im¬ 
portance are corrosion resistance and 
melting point. These properties have a 
controUing effect on the problem of join¬ 
ing aluminum conductors which will be 
discussed in a later paragraph. 

Thermal Properties—^Effect on 

Design 

The thermal conductivity of aliuninum, 

like its electrical conductivity, is less 
than that of copper, being about 59 per 
cent. This is not an important factor 
in trMsfoimer design since the thermal 
drop in the winding material is a negligible 
part of the winding-temperature rise. 
On the basis of equal loss for unit length 
of conductor the aluminum winding has 
an advantage because the wattage per 
square inch of surface is only 78 per cent 
as great as in a copper winding. 

Comparison of Aluminum and 
Copper-Wound Transformers 

Table III gives a comparison between 
100 transformers built with aluminum 
conductors and 100 copper-wound trans¬ 
formers of similar ratin^^. Some of the 
ratios vary slightly with kilovolt-amperes 
but the figures given are the average for 


Table II. Mechanical Strength of Aluminum and Copper 




Aluminum 

— 

Copper 


Hard 

Annealed 

Hard 

Annealed 

Tensile strength (psi) 25 C... 
Tensile strength (psi) 260 C . 





Yield strength (psi) 25 C*.. 
Elongation per cent in 2 inches.. 









* 0.2 per cent offset. 


all units. In weight, the aluminum- 
wound transformers are 3 per cent heavier 
in active material with 22 per cent more 
steel and 46 per cent less conductor weight. 
They are also somewhat larger in dimen¬ 
sions, being 7.6 per cent higher and ap¬ 
proximately 9 per cent greater in each 
floor space dimension. 

Joints—General 

One of the serious problems in the man¬ 
ufacture of aluminum windings is that of 
making joints. Copper conductors 
be easily and quickly resistance-brazed 
without fluxes to make a good noncorro¬ 
sive joint having low resistance and good 
mechanical strength. For aluminum, 
because of its lower melting point of 
650 C compared with 1,074 C for copper, 
there is no comparable brazing method. 
Also, because of the rapidity with which 
aluminum oxidizes in air an acid flux is 
required which is difficult to remove 
after brazing. Aluminum can be joined 
to aluminum using inert-arc gas-welding 


A. SILVER, plated ALUMINUM TO SILVER PLATED ALUMINUM 

B. SILVER PLATED ALUMINUM TO SILVER PLATED COPPER 


'AX 4 BARS WITH 
USING BELLEVILLE 


FOUR 'W bolts 
SPRING WASHERS 



Fig. 3. Bolted aluminum joints resistance 
versus temperature cycles 


techniques. Considerable skill is re¬ 
quired because of the fluidity of the alumi¬ 
num at welding temperatures but good 
joints result. Permanent joints between 
aluminum and copper are difficult to 
make and are subject tosevere electrol 3 rtic 
corrosion unless protected from moisture. 
For these reasons all aluminum-to-alumi- 
num joints were made either by inert-arc 
welding or by bolting. Aluminum-to- 
copper joints were aU bolted. No other 
types of joints were used. 

Welded Joints 

Conductors used in the aluminum 
windings were rectangular and averag^ed 
from 1/16 to 1/8 inch thick and 5/16 to 
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Table ill. Comparison of Aluminum and 
Copper Tran^ormers, Averages of 100 Dry- 
Type Ratings from 300 to 3,000 Kva 

Ratio of Aluminum to Copper Design 


Factor Ratio 


Active material in winding. Weight.0.537 

Electrical steel. Weight.1.220 

Total active material. Weight...1.032 

Iron cross section.1.110 

Area of opening in core.1.210 

Induction in core.0.936 

No-load loss. Tested.1.060 

Load loss. Tested.0.900 

Stray loss in per cent of /SR loss.....1.110 

Watts per pound in winding. Tested.1.930 

Amperes per square inch of conductor 

section.O.S08 

Coil diameter.1.090 

Height over core.1.076 


7/16 inch wide. Splices were made by 
butt-welding using inert-arc welding tech¬ 
niques with argon gas. A number of 
samples 4 inches long including such a 
butt weld averaged only 1.6 per cent 
greater resistance than samples of equal 
length without a welded joint. A num¬ 
ber of techniques were worked out for 
welded-aluminum joints. Two of these 
are shown in Fig. 1. To weld taps into 
disk-type pancake-coil windings the con¬ 
ductor of the coil was notched out for a 
space equal to the tap width and the tap 
was extended across the coil conductor 
until its end was even with the inner edge 
of this notch. The weld which holds 
the two together then occupies the space 
of the notch and requires no space be¬ 
tween coil sections. When welding multi¬ 
strand coil leads to bus bars the coil lead 
was cut at an angle to increase the length 
of the weld. Except at the tips of the 
strands a separation was maintained be¬ 
tween the coil lead and the bus bar. The 
end of each strand was then welded to 
the bus bar. The separation helped to 
prevent the conductor strands from over¬ 
heating when the bus bar was brought up 
to welding temperature. Although these 
joints were slow to make and more costly 


than resistance brazes as used in copper 
winding, good joints were obtained and 
no difficulty was experienced with them. 

Bolted Joints 

To determine tlie best bolting pressures 
to use in bolted joints tests were made 
with two lengths of aluminum bars 1/4 by 
2 inches bolted with a 1/2-inch bolt. 
Threads on the bolt were cut off and a 
measured load was applied in a testing 
machine. The contact resistance was 
then measured as a function of the bolt 
tension. Resistance decreased rapidly 
with increasing loads up to a total of about 
1,600 potmds but as the load was released 
the resistance increased at a much slower 
rate. Tests were made with bare alumi¬ 
num bars and also with silver-plated 
bars with results as shown in Fig. 2. 
Based on these tests it was decided to 
silver-plate all contact surfaces for bolted 
joints whether of aluminum or copper. 

Aluminum will cold-flow under rather 
moderate stresses and it was feared that 
under conditions of temperature cycling 
the contact pressiue in bolted joints 
might be decreased. To protect against 
this effect Belleville spring washers were 
used on all bolts. A special washer was 
designed to give a load of 1,800 pounds 
with a deflection of 0.011 inch. Since the 
thermal expansion of a 1-inch-thick joint 
of aluminum with a 200-C temperature 
rise is less than 0.01 this was felt to be 
adequate. 

To test various types of bolted joints 
temperature-cyding tests were made. 
The results for silver-plated aluminum to 
aluminum and silver-plated aluminum to 
silver-plated copper using Belleville wash¬ 
ers are shown in Fig. 3. The“ sample 
joints were between 1/4 by 4-inch bars 
with a 4-inch, overlap and using four 1/2- 
inch bolts on lV 4 -inch centers. The 
temperature cycle consisted of raising 
the joints to the spedfied temperature by 
circulating current and then allowing the 


Table IV. Cost Ratio of Aluminum-Wound to Copper-Wound 750-Kva 3-Phase 60-Cycle 
4,160-to-480/277-Volt 4-Wire Dry-Type Transformers 


Transfonner Part 

Item 

Weight 

Ratio 

Cost 

Ratio 

Per Cent of 
Total Difference 
in Cost 

Coils. 

,.., Conductor miaterial (strap)... 
All material including strap.., 
Labor. 

....0.64. 

...1.76.. 

...1.61.. 

.. 1.20 

. 65.6 

. 67.9 

ft ft 


Totid coil cost. 


...1.52.. 

. 74 7 

Core and core parts. 

General assembly.... 

... Core and core parts. 

.. .Materials. 

...1.16. 

...1.13.. 
.. 0 81 

. 16.8 

— 55 7 


Labor. 


...1.70. 

11 2 


Total..... 


... 1 .30 

ft ft 

Core and coil assembly 
comnlete......... 



1 .3H 

inn n 




Fig, 4. Core and coils aluminum-wound dry- 
type transformers rated 500 kva, 3 phase, 
60 cycles 


joints to return to ambient temperature. 
The aluminmn-to-aluminum joint had 
60 cydes with a joint temperature of 
109 C and 50 with a joint temperature of 
142 C. The aluminum-to-copper tem¬ 
perature, because of the lower resistance, 
had 50 cycles with a joint temperature of 
86 C and 50 cycles to a joint temperature 
of 104 C. 

Resistance measwements were made 
from points 4 indies either way from the 
center of the joint using needle-point con¬ 
tacts. Contact resistance was taken as. 
the measured resistance minus the re¬ 
sistance calculated for the two bars when 
butt-welded at the joint. Per cent of 
straight bar resistance is the contact re¬ 
sistance in per cent of the resistance of a 
bar having the same section as one bar 
and a length equal to the overlap. For 
copper to aluminum, half the length is 
assumed to be copper and half aluminum. 
In both types of joint the joint resistance 
was less than an equal length of bar with¬ 
out a joint and did not materially increase 
after 100 temperature cycles. Torque 
required to remove the bolts after tlie 
test did not decrease below the value at 
the start. 

Cost Data 

While the manufacturing and design 
problems were satisfactorily solved the 
aluminum-wound transformer did not 
prove economical. An analysis of the 
cost ratios is shown in Table IV. Cost of 
the core-and-coil structure proved to be 
33 per cent higher than cost of the equiva¬ 
lent copper-wound transformer. Two- 
thirds of the cost difference was due to the 
cost of the glass-insulated aluminum 
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strap which, at the time, cost 2.76 timps 
as much per pound as copper. Most of 
this additional cost was in the drawing 
and covering of the wire since the alumi¬ 
num wire bar costs were only 1.13 timp.; 
as great as copper costs. To make the 
use of aluminmn economical, it would be 
necessary for aluminum fabricators to 
find means to reduce the wire-processiner 
costs. ® 

Bighteen per cent of the excess cost 
of the^ aluminum transformer was in 
the coil winding and general-assembly 
labor costs. Most of this was due to the 
incased cost of inert-arc welding the 
coil taps, leads, and bars. This repre¬ 


sents another place where more work is 
needed to develop lower cost and quicker 
methods for joining aluminum. Another 
17 per cent of the increased cost results 
from the longer mean turn and greater 
weight of the core. Since this cost is less 
than proportional to the increase in 
weight it offers httle diance for future 
cost reduction. 

Conclusions 

1. The technical problems incident to the 
successful design and manufacture of small 
and moderate-sized dry-type transformers 
were successfully solved. 


2. Over 100 transformers up to 3,000 kv 
in size were built in a time of copper short¬ 
age releasing a considerable quantity of 
copper for other transformers. 

^ These transformers have been in service 
from 3 to 4 years with no difficulty of any 
kind. 

4. Cost of an aluminum-wound trans¬ 
former was one third higher than the 
eqmvalent copper one. In the period since 
these units were built the processing cost of 
alumi n u m conductors has been reduced but 
not enough to make it economical at the 
present time. 

5. More work is needed on methods of 
lommg aluminum to speed up the manu¬ 
facturing processes and to reduce the joining 
costs. 
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'■■HE significant discovery in 1937 by 

■ Sparks and Thomas^-* that isobutylene 

co^d be copolymerized with small quan¬ 
tities of diolefins (such as isoprene) to give 
products which could be vulcanized® cul¬ 
minated in research efforts to produce a 
synthetic rubber with controlled unsatu¬ 
ration. Polyisobutylene itself is com¬ 
pletely saturated in the chp -mical sense, 
and is therefore highly resistant to the de¬ 
railing ^ects of oxygen, ozone, sun¬ 
light, heat aging, etc. Unfortunately, 
however, the complete saturation existing 
in this polymer renders it incapable of 
crosslinldng or vulcanization. There¬ 
fore, efforts to utilize the attractive prop¬ 
erties of this material as a cable insula¬ 
tion w^e necessarily confined to mechan¬ 
ical^ mixtures, or dispersions, with vul- 
canizable elastomers, notably natural 
rubber.^ The copolymeiization of iso¬ 
butylene with isoprene, to yield a product 
with unsaturation introduced in con- 
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trolled amounts, made available an elas¬ 
tomer incorporating the excellent resist¬ 
ance of isobutylene to degrading effects, 
^d permitting vulcanization, or cross- 
linking, through the unsaturated bond of 
the isoprene unit. The number of iso¬ 
prene umts in the butyl rubber molecule 
is sufficient for vulcanization purposes 
with little or no excess remaining as active 
sites after vulcanization to permit attack 
by oxygen, ozone, etc. 

Intensive research from 1940 to 1943 
by the authors’ associates led to the de¬ 
velopment of practical butyl rubber-in- 
stdalmg compounds capable of vulcaniza¬ 
tion in conventional equipment. At that 
time, production of this new polymer was 
limited to pilot plant imis, and the first 
commercial application of butyl rubber- 
insulated cable in any appreciable quan¬ 
tity did not take place until 1944. Prior 
to this development, the best high-voltage 
compounds utilized natural rubber, which 
requires complete protection against 
ozone generated by corona. This protec¬ 
tion is effected by thoroughly dispersing 
^be rubber m a vegetable oil derivative, or 
“factice,” which coats the rubber par- 
tides and protects these highly unsatu- 
rated molecules from attack by oxygen, 
ozone, and ultraviolet light. These oil- 
base insulations, when carefully formu¬ 
lated and processed, have given excellent 
service within their limits of operating 
temperatures and environment. How- 
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ever, as with all materials, such limita¬ 
tions do exist and thus is generated the 
constant search for materials with im¬ 
proved inherent properties. 

Aging and Ozone Tests 

The early evaluations of butyl rubber 
compounds confirmed the theoretical ex¬ 
cellence of the new “tailor-made” copoly¬ 
mer as being strongly resistant to the 
attacks of the environmental pnpnnAp of 
natural rubber, or other unsaturated 
elastomers sudi as GH-S. It was ap¬ 
parent that here was an ozone- and heat- 
resistant insulation that so far pvr eeded 
the best known oil-base rubbers that it 
was necessary to devise new and more 
stringent methods of test in order to de¬ 
fine properly its characteristics. 

The superior heat and ozone resistance 
of butyl rubber to oil-based compound is 
shown by Table I, which compares the 
physical properties of cable insulaiions 
before and after accelerated aging tests. 
Further comparison of the ability of butyl 
insulation to resist heat aging is shown in 
Fig. 1. Cable samples wrapped on a 
mandrel and subjected to 300 degrees 
Fahrenheit (F) in an air oven show em¬ 
brittlement of oil-base insulation after 
26 hours, while butyl rubber insulation 
remains flexible after 96 hours’ exposure. 

The excellent ozone resistance of butyl 
rubber is recognized in the fact that while 
oil-base insulations are tested for 3 hours 
at an ozone concentration of 0.016 per 
cent (%) maximum by volume,* the 
ozone resisting butyl rubber insulation is 
t^ted for 3 hours at an ozone concentra¬ 
tion of 0.030% maximum by volume.® 
Further evidence is provided by the re¬ 
sult of a test on a sample of No, 6 Ameri¬ 
can Wire Gauge (AWG) solid conductor 
insulated with lG/64-inch thickness of 
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Table I. Physical Properties 



Typical Butyl Insulation 
Values 

Typical Oil-Base Insulation 
Values * 

Original 

Tensile strength, psi. 

Elongation, %. 

....800. 

....500. 

.760 

.450 

After 7 Days in Air Oven 

Tensile strength, psi. 

Elongation, %. 

... .600. 100 C. 

_400, 100 C. 

.600, 80 C 

.125, 80 C 

After Oxygen Pressure Test 

Tensile strength, psi.. 

Elongation, % . 

■ ■ ■ ■ ^QQ1108 hours at 80 C. 

. 

Air Pressure Heat Test, 20-hotirs. 

80 pounds, 127 C 

Tensile strength, psi. 

Elongation, % . 

....000. 

....400. 

.350 

.100 

Ozone Resistance 

0.03% by volume. 

_24 hours, tests discontinued... 

after 24 hours 



butyl rubber, which was wrapped around 
a mandrel four times the insulated diam¬ 
eter of the cable, and exposed to an 
ozone concentration of 0 . 2 % by volume. 
The sample had not failed after 24 hours’ 
exposure to this test. 

Ozone resistance in itself does not 
necessarily indicate a corresponding abil¬ 
ity to resist the effects of corona dis¬ 
charge. The ability of butyl rubber in¬ 
sulations to resist corona is shown by U- 
bend tests in which samples of insulated 
cable are bent in a U shape around a 
mandrel having a diameter four times 
that of the sample, and placed with the 
bottom of the U in contact with a grounded 
metal plate. A potential equal to 100 
volts per mil of insulation is applied be- 



Fi3.1. Comparative heat resistance of rubber 
insulations at 300 f, butyl at 96 hours and 
oil base at 25 hours 


tween the conductor and the metal plate. 
Samples of butyl rubber-insulated cable 
have withstood this test without failure 
for periods in excess of 100 hours. 

In addition to its inh^ent ability to 
withstand oxidation, ozone, corona, and 
heat, butyl rubber exhibits a high degree 
of resistance to sunlight and weathering. 
Samples subjected to outdoor exposure 
in an atmosphere combining moderately 
corrosive industrial elements and salt 
air, show no evidence of sunchecking, or 
surface cracking, after a period of 7 years. 

Extended Temperature Tests 

Although a great number of data were 
available on short-time high-temperature 
and accelerated-aging tests, it was felt 
necessary to determine the stability of the 
butyl insulation after long-time overloads. 
Accordingly, in 1946, these tests were 
started with the use of current loading of 
the conductors to raise the temperature 
of the insulation. The cable tested con¬ 
sisted of no. 6 AWOr stranded copper-in¬ 
sulated with 16/64-inch thickness of butyl 
rubber covered with a copper shielding 
tape, and placed in open air. One length 
operated continuously at a copper tem¬ 
perature of 85 C and another at 12 l C. 
These load tests were continued for over 
6 years. 

Physical tests of the insulation for both 
tensile strength and elongation were taken 
at periodic intervals as well as dielectric 
power factor measurements at both room 
and operating temperatures at a voltage 
stress of 10 kv. Figs. 2 through 4, illus¬ 
trating the results of these tests, are very 
significant and have substantiated the 
theoretical stability of this insulation at 
elevated temperatures, as well as the re¬ 
liability of the accelerated tests. It will 
be observed from Fig. 2 that the elonga¬ 
tion at both 85 and 121 C copper tem¬ 



Rg. 2. Effect of long-time load test on. 
elongation of no. 6 AWG/16/64-ineh butyl 
rubber insulation^ shielded 


perature becomes lower at a gradually de¬ 
creasing rate until the end of approxi¬ 
mately 40 weeks, after which time there is 
little change in the material. It will be 
noted that at the end of 293 weeks or 
6 V 2 years, at 86 C the elongation was 
220%, and at 121 C, 116%. Fig. 3 shows 
the tensile strength change at both 86 
and 121 C copper temperature and again 
it will be observed that the tensile 
strength lessens during the first 40 weeks 
and then reaches practical stability. The 
per cent of original tensile strength at 86 
C is 67% at the end of the 5^/i-ytax period 
and is 37% of the original at 121C copper 
temperature. This outstanding per¬ 
formance is unlike other types of rubber 



Fig. 3. Effect of long-time load test on 
tensile strength, no. 6 AWG 16/64-inch 
butyl rubber insulation, shielded 



Fig.'4. Effect of long-time load test on 
dielectric power factor at 10-kv, no. 6 AWG 
16/64-inch butyl rubber insulation, shielded 
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Fig. 5. Effect of lons-time load test on 
elongation on no. 2/0 AWG t9/64-lnch 
butyl rubber insulation, shielded 


lOOOf 


3 800 


5 600 


400 


1200 


n 






■ ■ 


— 

— 

_ 






























c 


■—. 

_ 




- 



_ 



— 












■1 


■1 

■1 













□ 

n 


_L 

— 

_ 







WEEKS AGED 

Fig. 6. Effect of long-time load test on 
tensile strength, no. 2/0 AWG 19/64-inch 
butyl rubber insulation, shielded 
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Fig. 7. Effect of long-time load test on di¬ 
electric power factor at lO-hv, no. 2/0 AWG 
19/64-inch butyl rubber insulation, shielded 


in that butyl insulation has a relatively 
high depreciation in tensile strength and 
elongation in the early cycle of aging and 
then reaches equilibrium in physical de¬ 
predation, whereas other types of rubber 
depreciate at a progressive rate depending 
upon time and temperatures. 

Pig. 4 shows the dielectric power factor 
in per cent measured at 10 kv, both at 
room temperature and at 86 C copper 
temperatme. These readings were rnad e 
on the same lengths of cable as that on 
which the physical tests were observed. 
It should be noted that the power factor 
haa continued to decrease slightly Over 
this period at the elevated temperature. 
The same trend is shown on the length 


which operated at 121 C over the same 
length of time. 

To confirm these results on later pro¬ 
duction of cable manufactured by more 
modern methods, duplicate tests were 
made using no. 2/0 AWG conductor, in¬ 
sulated with 19/64Tinch butyl rubber and 
shielded over-all. These tests have been 
running for a period of 2 years and the ob- 
^ served results are shown in Figs. 6 through 
S illustrates the depreciation in 
elongation, and here again the initi f>1 de¬ 
crease takes place during the first 36 
weeks, at which time the elongation re¬ 
mains practically stable at both 85 and 
121 C copper temperature. The elonga¬ 
tion at the end of the period at 86 and 
C IS 350/^ and 260^^ respectively. 
Fig. 6 shows the depreciation in tpnoil^ 
strength and the same trend is observed 
as in Fig. 3 on the previous test. Once 
again, in Fig. 7 is shown the phenomenal 
record of the power factor at 86 C starting 
at 1.33% and after 105 weeks remaining 
stable at 1.01%. Likewise at 121 C the 
original power factor is 1.7% and after the 
same period of time, decreases to 1.21%. 

These observations have been further 
confirmed by field experience in numer¬ 
ous conditions of overloa din gs either 
because of deliberate overcmxents or high 
ambients or mutual heating. In one case, 
a no. 4/0 AWG 16-kv cable was subjected 
to daily loads of 400 amperes with peaks 
of 490 amperes for a period of several 
months. Although the normal rating is 
235 amperes, this cable continued to 
operate satisfactorily. When removed 
for replacement with the proper size, it 
was found to have suffered practically no 
deterioration and was placed in service 
on other circuits. Another case invol ving 
6-kv cable crowded together in a buried 
wooden trough created maximum tem¬ 
peratures of well over 100 C for a period of 
3 years, so that the neoprene covering was 
completely embrittled. Yet the butyl 
rubber retained an elongation of 340% 
and a tensile strength of 610 pounds per 
square inch (psi). 
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Moisture Absorption 


In any rubberlike insulation, a very im¬ 
portant characteristic is the ability to 
withstand long immersion in water. This 
can be measured in several ways. For 
routine production work, short-time grav¬ 
imetric and electrical tests have been 
devised and specified by industry stand¬ 
ards. For laboratory investigations such 
as this, long-time immersion over a period 
of months or even years is of great help in 
evaluating the moisture resistance of the 
material. 


WEEKS IN WATER 

Fig. 8. Effect of long-time immersion on 
dielectric power factor at 80 volts per mil of 
butyl rubber insulation and oil-base rubber 

'^““19/64 butyl rubber at 70 C 
B— 10/64 butyl rubber at 50 C 
C—4/64 butyl rubber at 50 C 
D—4/64 oil-base rubber at 50 O 
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WEEKS IN WATER 

Rg. 9. Effect of long-time immersion on 
SIC of butyl rubber insulation. Thickness and 
temperatures same as in Fig. 8 
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Fig. 10. Effect of long-time immersion on 
insulation resistance of butyl rubber insulation. 
Thickness and temperatures same as in Fig. 8 


In service, a cable may often be sub¬ 
ject to water immersion, in which cases 
the water temperature will seldom ex¬ 
ceed a temperature of 26 C. However, 
to accelerate these t^ts, water tempera¬ 
tures of 60 or 70 C were chosen. The 
test procedure consists of immersing 
samples of insulated cable in water baths, 
closely controlling the water tempera¬ 
ture, and periodically measuring the in¬ 
sulation power factor, dielectric constant 
(SIC), and insulation resistance. 
data bn other materials were reported by 
McEunley and Seaberg'^ and by HeBaene 
and Anderson.® 
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Table II. Corona Measurements on Butyl 
Rubber-Insulated Cable 


Ionization Intensities, 

Test Micromicrocoulombs, Cable No. 

Voltage,- 

Ev 1 2 3 4 5 6 


6 

7. 90 

8...60 

9. GO...300 

11.160...600...300 

14.300...300 . 60 

16 . 20...300 

17 .800 

18 .100 

20.300 

23.600 


Construction of cables: all no. I/O AWG. 19/64- 
inch butyl rubber, copper-shielding tape; over-all, 
15-kv rating. Cable nos. 1 and 2; cement on 
conductor, cable tape over insulation; nos. 3 and 
4: semicsnducting tape on conductor, cable tape 
over insulation; nos. 6 and 6: semiconducting 
tape on conductor and over insulation. 


The following data apply to three 
samples reported: 


Sample 

Conductor 

Size 

Wall 

Teat 

Tempera¬ 
ture, C 

A... 

.no. 2 AWG... 

... 19/64 inch. 


B... 

.no. 2/0 AWG. 

... 10/64 inch. 


C.... 

1 no. 6 AWG... 

... .4/64 inch. 


The 

immersion 

tests were 

continued 


for varying periods up to 156 weeks. Figs. 
8 and 9 show the power factor and SIC 
during test. Fig. 8 also shows, for com¬ 
parison, data on oil-base rubber brand G 
taken from DeBaene and Anderson,® who 
selected brand G as the most stable oil- 
base rubber reported. 

On aU samples, measurements were 
made at 40 and 80 volts per mil. How¬ 
ever, for simplicity, only the 80-volt-per- 
mil values are shown. Fig. 10 shows the 
insulation resistance values obtained. 

Corona Detection and Control 

Although it has been shown that butyl 
rubber is outstanding in ozone resistance, 
experience demonstrates that to provide 



Fig. 11. Frequency disbibution of ionization 
levels on 15-kv bufyl-rubber-insulated cables 
for 1954 


additional factors of safety, it is necessary 
to guard thoroughly all types of rubber 
against internal ionization. All voids 
must be eliminated at the surface of the 
conductor and throughout the insulation 
wall. The earlier attempt to eliminate 
such defects centered around complete 
bonding of the insulation to the con¬ 
ductor and filling of the strand inter¬ 
stices. Also, a greater number of strands 
were utilized in order to provide a 
smoother surface and promote better 
bonding. Nevertheless, many unex¬ 
plained service failures occmred shortly 
after being energized, even though the 
cables had successfully passed all re¬ 
quired factoty high-voltage tests and di¬ 
electric measurements. It became ap¬ 
parent that more sensitive methods were 
required to weed out the small but im¬ 
portant defects, and to serve as better 
guides for manufacturing techniques. 

Over a period of years, many investi¬ 
gators had worked on more sensitive 
ionization detectors than the then usually 
accepted change in the dielectric power 
factor with voltage.® This apparatus had 
been used experimentally on design de¬ 
terminations of capacitors, bushings, 
current transformers, and cable samples. 
However, no practical application was 
made for quality control of cable until 
about 1948. Graham, Duffy, and Foster^® 
described a practical filter circuit which 
would eliminate extraneous noise, and 
which would detect the voltage at which 
internal ionization first appeared and the 
level at which it would be extinguished. 

The introduction of such detectors 
opened up new fields in the cable art and 
provided a tool whereby' the designer 
could easily check the merit of insulations 
and various cable assemblies. For ex¬ 
ample, Table II shows ionization data on 
three types of cable assemblies, utilizing 
various methods of shielding, both in¬ 
ternal and external to the insulation. It 
is readily apparent that constructions 6 
and 6, utilizing semiconducting tape both 
for strand shielding and for application 
to the outer surface of the insulation, re¬ 
sult in much higher corona extinction 
voltages than the other constructions. It 
should also be noted that the construc¬ 
tions 3 and 4, without the semiconducting 
tape applied to the outer surface of the 
insulation, have corona extinction volt¬ 
ages at approximately operating poten¬ 
tials, and indicate strong discharge be¬ 
tween the insulation and the shielding 
tape. The'energy of the discharge prob¬ 
ably indicates to some degree the rela¬ 
tive characteristics of the void spaces. 
However, many more data would be 
needed to confirm this, and it is minor in 



Fig. 12. Enlarged section of cable insulation 
showing small particle which caused low 
ionization level 


this case compared to the importance of 
the corona extinction voltage. It was 
from these and a mass of similar data 
that it was concluded necessary to 
utilize semiconducting surfaces at the 
conductor above 2 kv, and the semicon¬ 
ducting material over the insulation on all 
shielded cables of 10 kv and over. 

The technique of measuring corona 
level on full-reel lengths has been utilized 
as a quality control criterion since 1949. 
It was necessary to increase the rating of 
the equipment to 240 kva at 60 kv in 
order to handle long lengths of medium- 
voltage cable. Fig. 11 is a distribution 
curve of corona levels on full-reel lengths 
of 16-kv cable for the year 1964. This 
method has proved to be a very sensitive 
and valuable tool to aid in determining 
needed improvements in manufacturing 
techniques. With practice in reading the 
instruments, it is possible to estimate the 
location of the defect within the cable 
construction. It should be noted from 
Fig. 11 that a number of reels are below 
the established minimum value. Upon 
examination of several of the lengths 
having low levels, it was found that com¬ 
plete coverage was not obtained from the 
shielding tapes. In such cases, it is pos¬ 
sible to correct the deficiency and proceed 
with the completion of the cable. 

In one case, the instrument readiqg ap¬ 
peared to indicate a defect within the wall 
of the insulation on a no. 4 A.WG 15-kv 
cable, 2,000 feet in length. The cable 
was cut in half and the portion with low 
reading was bisected again and again, 
until the defect was isolated into a 10-foot 
piece. The outer coverings were removed 
and probing devices utilized to obtain the 
location of the defect as closely as pos¬ 
sible. These few inches were then sliced 
with a microtome until the defect was 
found. It was identified as a particle of 
undispersed filler, approximately 20 mils 
in diameter. Fig. 12 is an enlarged photo¬ 
graph of the particle embedded in the in¬ 
sulation, illustrating the remarkable sen¬ 
sitivity of this testing method. 
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MAXIMUM STRESS IN VOLTS PER MIL 


III. Alternating Voltage Breakdown Tests on Butyl-Insulated Cable 


Conductor 
Size, AW6 


Insulation 

Thickness, 

Inches 


lYatural 

I^gazithm 

(D/d) 


Maximum Stress at «0-Cycle Breakdown 


1 MUnnte 


5 Minutes 


24 Hours 


2/0 . 


...0.557.... 


2 . 


... 0 72 


4/0 . 


...0.448.!..' 

.612 



...1.25 .... 

.449. 




609. 

6 .. 


...1.433. 


2 .^ 




1 / 0 ... . 

.19/64. 

.. .0.969. 

>«... 604. 
-543 




333 

2/0 . 


.. .0.883. 

678 

B-strand.... 




4 . 

.21/64. 

,.1.34 . 


2/0 . 


..1.16 . 

....387 

2 . 


..1.645. 

....505. 


.412. 

.469. 


.329, 318, 339, 
462 

.360, 460, 401, 
366, 407, 407, 
365 

.379. 

.590.. 


.318- 

.344 

.364, four samples 
288, two samples 


.435 

.272 


.342 

. 326, two samples 
.303 


.316 


Electrical Evaluation 

Evaluation of a material to be used as 
cable insulation must include complete 
electrical data. In the development of 
butyl as a solid dielectric insulation, many 
electrical tests have been made in the 
laboratories of the authors' company. 
These data, correlated with the Jihysical 
^d heat-aging data just described, result 
in thorough knowledge both of butyl it- 
^If as an insulating material and as used 
in full-scale cable designs. The data re¬ 
ported in the following sections have been 
obtained on representative cables of vary¬ 
ing conductor sizes and thicknesses of in¬ 
sulation wall. All cables were manufac¬ 
tured^ in accordance with commercial 
practice and according to Insulated Power 
Cable Engineers Association standards. 
The electrical tests are separated into 
three general ’Categories: dielectric 
strength, ionization level (corona extinc¬ 
tion voltage), and load cycle aging. 

Dielectric Strength 

Dielectric strength of butyl-insulated 
cables is reported for several different 
voltage conditions, described as follows. 


Alternating Voltage, Time 

To study the effect of variation of con^ 
ductor size and insulation thigknpps as 
they relate to the 60-cycle alternating 
voltage breakdown, a number of samples 
of butyl-insulated cables have been tested. 
Further, to establish the relationship 
of time to breakdown strength, various 
of these samples have been subjected to 
different times of voltage application. 
Table III details the cable description, the 
test times, and the value of breakdown 
voltage obtained in terms of Tnavi-murn 
stress at the conductor surface. The 
authors believe that maximum stress at 
the conductor surface is the controlling 
stress in voltage breakdown of cables con¬ 
structed with solid dielectrics, i.e., a 
homogenous wall of insulation. 

It should be noted that the voltage 
breakdown tests, are performed in the 
following manner. The 1-minute tests 
are conducted by uniformly raising the 
voltage, applied between conductor and 
grounded shield, at a rate to obtain break¬ 
down in approximately 1 minute. In the 
case of the 6-minute and 24-hour tests, 
the test voltage applied is that specified 


by the Insulated Power Cable Engineers 
Association standard for factory alter¬ 
nating voltage test for 6 minutes, or 24 
hours as the case may be. The voltage is 
then raised in increments of 20% over the 
preceding step for the applicable period of 
time until failure is obtained. Fig. 13 
shows the correlation of these test re¬ 
sults in relation to natural logarithm 
(D/ d) which is the geometric factor of the 
cables. This method of evaluating the 
breakdown values results in a compre¬ 
hensive picture of the relationship of 
breakdown voltage to the geometric rela¬ 
tion of cable conductor size and insula¬ 
tion wall thickness. As would be ex¬ 
pected, tlie breakdown voltage decreases 
as the ratio of insulation wall thielrnpps to 
conductor diameter increases. 

Fig. 14 demonstrates the relation of 
time to 60-cycle alternating voltage of 
butyl-insulated cable. The solid part of 
t^e curve is derived from Fig. 13 for the. 
limits of geometric factor investigated,. 
The dashed portion of each of the curves* 
in Fig. 14 represents the range of times, 
not fully investigated. However, this, 
portion of the curve is supported by the 
evidence of a test on a total of 14 samples 
of butyl-insulated cables. These 14 
cables have a geometric factor of 1.26 
(no. 6 AWG stranded copper conductors 
with 16/64-inch butyl insulation), and 
have been subjected to a continuous volt¬ 
age of 20-kv conductor to ground for 4.22 
years without failure. As shown by Fig. 

14, this voltage results in a tnayiTniim 
sfress of 168 volts per mil. This con¬ 
tinuous voltage stress compares with a 
stress of 68.7 volts per mil if the cable were, 
operated at its rated voltage. 

Alternating Voltage Alfter Flexure 

Since all cables are subject to flexure, 
or bending, during reeling in factory and. 
unreeling and installation in the field, it is 
necessary to consider the effect of such 
flexure on the dielectric strength. Tests 
have been made on butyl-insulated cables 
both from a long-time anda24hourstand- 



FI 9 . IS. Alternating voltage breakdown 
tests on butyl-rubber-lnsulated cable 
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Rg. 14. Relation of alternating voltage 
breakdown of butyl-rubber-insulated cabiM 
with time 


point. 

The flexing of all cables reported in this 
section has been accomplished by wrap¬ 
ping four turns of the cable around a man¬ 
drel whose diameter is equal to eight 
times the outside diameter of the cable. 
The cable is then unwound, rolled 180 de¬ 
grees on its longitudinal axis and re¬ 
wound for four turns. This procedure is 
repeated so that all samples being tested: 
are subject to a total of five flexure.. 
After the last cycle, the cables are un¬ 
wound and subjected to voltage test. 

It will be pbserved. Fig, 14, that a totafi 
of 14 samples of no. 6 AWG 16/64-inchi 
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Table IV. No. 2/0 AWG, B>Sfrand l9/64«lnch ButyURubber-Shielded Gibles Voltage 
Breakdown 24-Hour Step-Up Test at Room Temperature^ Initial Voltage 20 Kv, 20% Increment 

Every 24 Hours 


Ionization Hours at Each Voltage Step 

Level, Kv - 


Sample 

Nos. 

Condition 

B 

A 

20.0 

Kv 

24.0 

Kv 

28.8 

Kv 

34.6 

Kv 

41.S 
Kv . 

49.8 

Kv 

S9.7 

Kv 

71.6 

Kv 

1... 

2... 

.. .N-F. 

.. .F. 

.16.3. 

.12.3. 

...13.2.. 

..24.0 
..24.0. 

24.0 

.24.0. 

24.0 

.24.0. 

72.0 

.72.0. 

24.0 

.24.0. 

24.0 . 
.22.1* 

.24.0 . 

. .0.5* 

3... 

.. .N-F. 

.16.7. 


..24.0. 

.24.0. 

.24.0. 

.72.0. 

.24.0. 

.24.0 . 

.24.0 . 

..0.5* 

4... 

.. .F. 

.12.0. 

...14.3.. 

..24.0. 

.24.0. 

.24.0. 

.72.0. 

.24.0. 

.24.0 . 

. 1.0* 


6... 

.. .N-F. 

.13.1. 


..24.0. 

.24.0. 

.24.0. 

.72.0. 

.24.0. 

.24.0 . 

.24.0 . 

. .1.2* 

6... 

...F....... 

.15.1.. 

...14.2.. 

..24.0. 

.24.0. 

.24.0. 

.72.0. 

.24.0. 

.24.0 . 

.24.0 . 

..1.3* 

7... 

.. .N-F. 

.15.3. 


..24.0. 

.24.0. 

.24.0. 

.72.0. 

.24.0. 

.24.0 . 

.21.7* 


8 ... 

.. .F. 

.12.0. 

...12.6.. 

..24.0. 

.24.0. 

.24.0. 

.72.0. 

.24.0. 

.24.0 . 

. 1.2* 


9... 

.. .N-F. 

.14.8.. 


..24.0. 

.24.0. 

.24.0. 

.72.0. 

.24.0. 

.24.0 . 

. 5.0* 


10... 

.. .F. 

.15.3. 

...18.2.. 

..24.0. 

.24.0. 

.24.0. 

.72.0. 

.24.0. 

.24.0 . 

. 0.1* 


11... 

.. .N-F. 

.16.2. 


..24.0. 

.24.0. 

.24.0. 

.72.0. 

.24.0. 

.24.0 . 

.12.5* 


12... 

.. .F. 

.16.3.. 

...15.3.. 

..24.0. 

.24.0. 

.24.0. 

.72.0. 

.24.0. 

.24.0 . 

.24.0 . 

..0.9* 


* Failure at this time and voltage. 


Fa samples flexed five times over mandrel diameter eight times that of cable diameter. 
N-P a not flexed. 

B a ionization level before flexing. 

A a ionization level after flexing. 


butyl-instilated cable were subject to 
voltage for 4.22 years. Of these, seven 
were subjected to the flexing procedure 
described and seven were merely un¬ 
wound from their shipping reels. AU 
samples were formed into U’s with a di¬ 
ameter of 4 feet and hunginthe bent posi¬ 
tion for the duration of the test. As has 
. been observed in the previous paragraphs, 
no failures were experienced in any of the 
14 samples. 

Table IV gives the results of 24-hoiur 
voltage breakdown tests on cables sub¬ 
jected to and not subjected to the flexure 
procedure. The cables axe no. 2/0 AWC 
class-5^^ strand with 19/64-inch butyl in¬ 
sulation. Semiconducting fabric tapes 
are used over the conductor and the in¬ 
sulation. A copper shielding tape is ap¬ 
plied over the outer semiconducting tape. 
The results of this test show no signif¬ 
icant difference in voltage breakdown due 
to the flexure procedure. They also cor¬ 
relate well with the 24-hour breakdown 
curve established in Fig. 13. 


Table V. Air Oven and Oxygen Bomb 
Tests Alternating Voltage Breakdown After 
Aging 

Time for Aging for Kv Breakdown at 
Oven Room Temperature 

Tempera- -^-:—- 

tore 1 Week 2 Weeks 3 Weeks 4 Weeks 

Air Oven Test: Unaged Breakdown, 23 Kv 


70 C. .. 

...27... 

...27... 

...28... 

...24 

90 C... 

...23... 

...28... 

...27... 

...26 

121 C... 

...22... 

...26... 

...26..; 

...26 


Oxygen Bomb Test, 300 psh Unaged Breakdown, 
■23 Kv 
Bomb 
Tempera¬ 
ture 

80 C,.....24.28.26.......23 


Alternating Voltage After Aging 

Some insulations have a serious de¬ 
terioration in short-time alternating volt¬ 
age breakdown strength with time of 
aging. To investigate this property, a 
series of 1-minute breakdown tests were 
run on samples of butyl-insulated cables 
subjected to three types of accelerated 
aging at various temperatures and with 
varying times. 

Tables V and VI contain the results of 
1-minute alternating voltage breakdown 
tests made on samples of no. 14 AWG 
solid-copper conductor insulated with 
3/64-inch butyl rubber. The data ob¬ 
tained show that, within experimental 
limits, butyl-insulated cables are not af¬ 
fected by accelerated aging over a wide 
variety of time, temperature, and aging 
conditions. 

Impulsb Strength, 1V.2x40- 

Microsecond Wave 

Fig. 16 plots the results of many of the 
impulse breakdown tests obtained on 
butyl-insulated cables. The impulse 
wave used in all tests has been of 1 Vjx 40- 
microsecond duration according to AIEE 
standards for impulse testing procedmres. 
This chart shows the relationship of im¬ 
pulse breakdown to the thickness of in¬ 
sulation of the butyl-insulated cables 
tested. For comparison, the AIEE basic 
insulation levels for electrical equipment 
are shown in relation to the insulation 
thickness for the standard grounded 
neutral cables. Most of the cables tested 
ranged in conductor size from no. 6 to no. 
2/0 AWG with dass-C*^ stranding. Three 
tests are reported for no. 2/0 AWG 16-kv 
cables with dass-F stranding. The dot¬ 
ted curve induded in Fig. 16 is the aver¬ 


Table VI. Air Pressure Heat Test (80 PSI) 
Alternating Voltage Breakdown After Aging 



Time for Aging for Kv Breakdown at 
Room Temperature 

Tempera¬ 

ture 

6 

Hours 

12 

Hours 

18 

Hours 

24 

Hours 

30 

Hours 

70 C.. 

...28.. 

...26... 

. .26... 

..29 . 

. ..28 

90 C.. 

...27.. 

...21... 

..23... 

..26 . 

. ..27 

121 C.. 

...22.. 

...23... 

..28... 

..24.5. 

...28 


Unaged breakdown, 23 kv. 


age breakdown value for ordinary grades 
of rubber-insulated cable as reported by 
Halperin and Shanklin.^^ 

The results of these tests indicate that 
properly designed and manufactured 
butyl-insulated cables have inherent im¬ 
pulse strength compatible with basic-im- 
pulse-insulation-levd requirements up to 
the 36-kv level. Further, variation in 
conductor size and stranding does not 
appear to affect this relation to an appre- 
dable degree. 

Ionization Level 

Determination of ionization levd, or 
corona extinction voltage, to be de¬ 
scribed, of cables has proved invaluable 
from a design and manufacturing stand¬ 
point. However, if the theory that this 
type of test is sound and valid in proper 
design and manufacture of high-voltage 
rubber-insulated cable, it should also ob¬ 
tain after a cable has been subjected to 
operating conditions, including flexing 
and thermal expansion of the various 
components of the cable. 

Therefore, tests have been made to 
investigate the ability of properly de¬ 
signed high-voltage butyl-insulated cables 



Rg 15. Impulse voltage breakdown of, 
curve A, butyl-rubber-insulated cable com¬ 
pared to BIL, curve B, and impulse breakdown 
of ordinary rubber, curve 
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Table VII. 

Effect of 
Ionization 

Thermal 

Level 

Cycles on 

No. of 

Conductor Cycles at 

Tempera- Indicated 

ture, C Temperature 

Total 

Elapsed 

Cycles 

Ionization 
Level, Kv* 

25. 

... 0. 

0 


43. 

...15. 

.. 1.1? 


82. 

...16. 

. . .30 


90. 

...11. 

. 41 


100. 

...15. 

. .56 


110. 

...11. 

. .67 


120. 

...16. 

. .82 


130. 

...11. 

..93. 

-12.3 


* Measured at room temperature after cvdes 
indicated. 


Cable: Single conductor no. 2/0 AWG, class-JB 
strand copper conductors, semiconducting fabric 
tape, 10/64-incli butyl rubber insulation, semi- 
conducti^ng fabric tape, lapped copper shielding 
tape and 6/64-inch jacket. 

Temperature cycles: Four hours with current on 
and 2 hours with current off. repeated continuously. 


to retain acceptable ionization level after 
flexing as described previously, after 
conductor-heating cycles from room tem¬ 
perature to elevated temperatures, and 
after tests involving continuously ap¬ 
plied overvoltage in conjimction with 
conductor-heating cycles. The cables 
used in these tests are of the design utiliz¬ 
ing semiconducting fabric tapes over the 
conductor and the insulation. 

The cables described in Table IV have 
been subjected to ionization level test be¬ 
fore and after flexure. Table IV con¬ 
tains the values obtained. This shows 
that despite the severe bending to which 
half of the.se samples were subjected, the 
ionization level is the same in properly de¬ 
signed butyl-insulated cables whether or 
not they are subjected to conditions of 
bending encountered in the field. 



Fig. 16. Dielectric power factor of butyl- 
rubber-insulated cable as affected by over¬ 
load cycles. Tests on no. 2/0 AWG class-B 
stranded^ 15-lcv cable. Load cycles: 4 hours 
with current on and 2 hours with current off 

A—Copper temperature at time of electrical 
measurements 

B—Maximum copper temperature during load 
cycles 

^ Power factor measured at room tempera¬ 
ture and 40 volts per mil 


The effect of temperature cycles on 
ionization level is shown in Table VII. 
The cables involved in this test are no. 
2/0 AWG, class-J5 stranding, copper con¬ 
ductor, semiconducting tape over the 
conductor, 19/64-inch butyl insulation 
with semiconducting and copper-shielding 
tapes applied immediately over the in¬ 
sulation. A 6/64-inch-thick jacket is 
applied over-all. These cables have been 
subjected to temperature cycles as shown 
in Table VII by circulating current in the 
conductor. A total of six samples are in¬ 
cluded in this test. The average ioniza¬ 
tion level of all samples is shown in 
Tables V and VI, at the end of each new 
temperature condition. The levels are 
measured at room temperature rather 
than at the elevated temperature, more 
clearly to demonstrate the effect of ther¬ 
mal expansion. If the ionization level 
were to be taken at the elevated tem¬ 
perature, the insulation would be at its 
expanded volume for that particular tem¬ 
perature and would be exerting a con¬ 
siderable pressure on both the strand and 
insulation shielding. Upon subsequent 
cooling, voids in the construction can 
form if the design is improper and it will 
be evidenced by low ionization level. 
It is thus important that ionization levels 
be determined after the cables have cooled. 

The results of this test. Table VII, dem¬ 
onstrate the ability of properly designed 
butyl-insulated cables to retain their 
ionization level after severe temperature 
cycles j also that with proper conductor 
shielding, class-j5 strandmg is entirely 
satisfactory for this class of cable. 

Load Cycle Aging Tests 

Butyl rubber has been shown by analy¬ 
sis of its chemistry, long-time continuous 
heat-aging tests, and many accelerated 
aging tests to have remarkable stability 
against high-temperature aging. How¬ 
ever, this property does not assure in it¬ 
self that a butyl-insulated cable will oper¬ 
ate satisfactorily under conditions of 
varying temperature conditions such as 
are encountered in actual service condi¬ 
tions. Very few, if any, power circuits 
operate with load factors of 100% and the 
majority operate at around 50% to 60% 
load factor. 

Two tests are included to show the ef¬ 
fect of heating (or load) cycles on cables 
with relatively heavy walls of butyl rub¬ 
ber insulation. The cables tested had 
walls of 19/64 inch and 29/64 inch which 
are equivalent to circuit ratings of 15 and 
25 kv respectively. These heavier walls 
were chosen because the volumetric ex¬ 
pansion of the insulation is more critical 
with these larger, higher voltage cables. 



DIELECTRIC CONSTANT (S.IC.) 



art—I_ I I I I I i I 

0 50 100 200 300 400 500 600 677 
TOTAL ELAPSED CYCLES 


Fig. 17. Dielectric constant and insulation 
resistance measurements under same conditions 
as in Fig, 16 


Load Cycle to High Temperatures 

A total of six samples of butyl-insu¬ 
lated cables were subjected to heat cycling 
by means of circulating low-voltage cur¬ 
rent through the conductors. The cables 
are no. 2/0 AWG class-B strand rating 

15- kv grounded neutral and are described 
in detail in Table VII. The load cycle 
consists of heating for 4 hours to the de¬ 
sired temperature and then cooling for 2 
hours. 

Figs. 16 and 17 give the average re¬ 
sults for the six samples of no, 2/0 AWG 

16- kv cables after 677 cycles. Of par¬ 
ticular interest is the fact that these 
cables were subjected to a series of tem¬ 
perature cycles in 10 C steps up to 130 C 
for a total of 93 cycles and then were sub¬ 
jected to an additional 584 cycles at 90 C. 
The results of this show complete stability 
of all electrical characteristics for the 
duration of the test. 

The data shown by Figs. 16 and 17 are 
of particular importance from the stand¬ 
point of demonstrating the ability of prop¬ 
erly designed butyl-insulated cables to 
withstand the temperatures that might be 
encountered under emergency overload 
and short-circuit conditions in service. 
Based on these and other tests, the 
authors are rating butyl-insulated cables 
as manufactured by their company at the 
following temperatures for emergency 
operation; 


Cable Rating, 
Volts 

Normal 
. Continuous 
Operating, 

C 

Emergency 
Operating 
Temperature 
for 100 Hours 
per Year, C 

0 to 600 ... 

.90. 

.125 

601 to 8,000 ... 

.86. 

.115 

8,000 to 16,000... 

.86 ..;.. 



Load Cycle Aging with Overvoltage 

Overvoltage load cycle aging tests on 
cables have been established by long usage 
as being the ultimate in proving out the 
design and insulation characteristics, since 
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LOAD CYCLE UP TO 210 DAYS 


Fij. 18. Overvoltage load cycle tests. 
Average results of five samples of no. 2/0 
AWG 29/64-inch butyl rubber-insulated 
cable. Continuous voltage of 21.6-l<v con¬ 
ductor to ground. Conductor loading to 
80 C/ 4 hours on and 4 hours off 


they most closely approach service con¬ 
ditions. As in any testing, it is necessary 
to provide some acceleration of test condi¬ 
tions to provide results in a reasonable 
length of time. This section of the paper 
will give results obtained on no. 2/0 AWG 
25-kv grounded neutral cables insulated 
with 29/64 inch of butyl rubber, operat¬ 
ing under temperature cycles to 80 C and 
with continuous voltage of 21.6-kv con¬ 
ductor to ground. The voltage is equal 
to 150% of cable rating and to a 3-phase 
circuit voltage of 37.4 kv. 

The purpose of the test is to provide 
data on heavier walls of butyl insulation 
such as would be used at 25 and 36 kv. 
The data also provides confirmation of the 
excellent operating record of butyl-in¬ 
sulated cables at 16 kv and under. 

Before load cycling, samples of this 
cable were subjected to 21.6-kv voltage 
continuously for a total of 327 days. 
At this time, current loading through the 
conductor was commenced. These cycles 
were 4 hours current on to a temperature 
of 80 C and then current off for 4 hours. 
Fig. 18 shows the results of 210 days of 
load cycling as measured by power factor 
at 22.5 kv and by ionization factor. Ioni¬ 
zation factor is the difference between the 
power factor measured at 2.6 kv and 26- 
kv test voltage. 


Results show stability of both power 
factor and ionization factor after 210 days 
of testing. The slight increase in power 
factor at the start of the test may be at¬ 
tributed to some additional crosslinking 
of insulation molecules during the applica¬ 
tion of temperature and voltage. After 
this crosslinkage is completed, the power 
factor of the insulation returns to the 
original value. 

Fig. 19 shows the relation of test volt¬ 
age to insulation power factor at both 
room and 80 C conductor temperatures 
and at the start and completion of the load 
cycling test. Table VIII gives a summary 
of the results of Fig. 18 and shows the 
minimum and maximum values of power 
factor for the five samples reported. It is 
also of interest to note that these samples 
showed no corona at 26 kv (limit of 
laboratory test equipment) at the start of 
the test and also showed none at 26 kv 
after completion of the 210 days of load 
cycling. 

Operating Experience 

In the 10 years from 1944 to 1965, a 
total of 13,500,000 conductor feet of butyl 
rubber-insulated power cable was pro¬ 
duced by the company with which the 
authors are associated. This ranges in 
conductor size up to and including 1,600,- 
000 circular mils, and in voltage rating 
up to and including 15-kv ungrounded 
neutral. Fig. 20 shows that this repre¬ 
sents 10,270 mile-years of operation. Al¬ 
though the early service experience was 
relatively unsatisfactory because of un¬ 
foreseen difficulties in applying the new 
material, and which resulted in numerous 
replacements, the program of better 
shielding and corona level testing, coupled 
with improved manufacturing techniques, 
has resulted in a service record which is 
excellent. Included in the total produced 
since 1949 is 2,800,000 feet of 15-kv cable 
which has operated with only one service 
failure attributable to a manufacturing 
defect. 


I.R 
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TEST VOLTAGE IN KILOVOLTS 

Fig. 19. Overvoltage load cycle aging test. 
Relation of insulation power factor and 
voltage. Same conditions as in Fig. 18 

Therefore, although this insulation is 
relatively new in comparison with the 
older types of natural rubber and oil- 
base compounds, it seems apparent that 
its inherent characteristics, as well as the 
widespread utilization to date, will make 
it even more attractive to power cable 
users in the future. As stated at the start 
the prewar rubber compounds have en¬ 
joyed an enviable record of service. How¬ 
ever, it is doubtful that they have been 
called upon to operate up to full capacity 
for a very large percentage of their life. 
Certainly they have not been subjected 
to the types of overloads cited in this 
paper. Yet it is well known from annual 
statistics that the kilowatt-hour output 
per kw of installed capacity has been 
steadily increasing for the last 20 years. 
It is therefore a safe assumption that a 
great many cables in the past have oper¬ 
ated at full capacity only a small per¬ 
centage of the time that they will be fully 
loaded in the future. This means that for 
a given maximum allowable copper tem¬ 
perature, the over-all average temperature 
will be considerably higher than it was 
20 or 30 years ago. If this average is in 
the order of 10 C, it is probable that the 
life of cables utilizing the older types of 
insulation will be cut in half. The in¬ 
creased loads and overloads of the future 
will require such “tailor-made”, insula¬ 
tions as butyl rubber. 


Table VIII. Load Cycle Aging Test of Butyl-Insulated Cables With Continuous Overvoltage 


Power Factor at 22.S Kv 



Room Temperature 

80 C Temperature 

Test 

Minimum 

Average 

Maximum 

Minimum 

Average 

Maximum 

0 . 

.0.97. 

.1.00. 

.....1.01..... 

.1.31. 

.1.37. 


62. 

.1.27. 

.1.37. 

.1.72. 

.1.70. 

.2.02. 

.2.72 

122 ..... 

..1.10. 

.1.16. 

.....1.60. 

.1.39. 

.1.66. 

.2.36 

210 . 

......0.77. 

.0.92..... 

.1.21. 

.0.89. 

.1.22. 

.1.88 


Cable: Single-conductor, no. 2/0 AWG semiconducting tape, 2g/64-inch butyl rubber semiconductinj 
tape, copper shielding tape, 6/64-inch neoprene jacket. 

Continuous voltage: 21.6 kv to ground. 

Temperature cycles; Four hours with current on to 80 C and 4 hours with cturrent off to room temperature 



YEARS 


Fig. 20. Record of cumulative service of 
butyl rubber-insulated cable by one manu¬ 
facturer 
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Conclusions 


Theoretical chemical analysis of butyl 
rubber has shown that it is a material 
which provides excellent resistance to 
oxygen, ozone, sunlight, heat aging, and 
other factors normally attacking natural 
rubber or unsaturated elastomers such as 
GR-S. This paper presents data ob¬ 
tained on cables manufactured with butyl 
rubber insulation over a period of 11 
years, which support the theoretical con¬ 
clusion as to the excellence of thig ma¬ 
terial when used as a high-voltage solid 
dielectric. From these data, it is con¬ 
cluded that: 

1. Butyl-rubber-insulated cables have 
exceptional resistance to the effects of 
oxygen and ozone. 

2. Butyl-rubber-insulated cables show no 
evidence of sunchecking or surface weather¬ 
ing after long-time exposure to moderately 
corrosive industrial atmospheres. 

3. Extended temperature tests, up to 
^years, And. numerotis accelerating aging 
tests prove the ability of butyl-rubber- 
insulated cables to withstand heat aging. 
These data permit the service operation of 
the cables up to 90 C conductor temperature 
at 600 volts, and 85 C conductor tempera¬ 
ture for voltages from 601 to 15,000 volts, 
with the assurance of long economic life! 
These as well as load cycle aging tests 
demonstrate the ability of the cables to 
operate up to 125 C conductor temperatures 
(dependmg on voltage rating) for emergency 
loading conditions for periods of 100 hours 
per year. 


4. Butyl-rubber-insulated cables have 
exceptional resistance to moisture ab¬ 
sorption at elevated temperatures. 

6. Assured absence of internal ionization 
in cable constructions is essential, par- 
tici^rly at higher voltages. Use of corona 
extinction voltage-detecting equipment re¬ 
sults in improved cable design and provides 
assurance of freedom from internal ioniza¬ 
tion when it is used as a quality control 
procedure. 

6. Dielectric strength of butyl-rubber- 
insulated cable is more than adequate for 
all service conditions. 

The impulse strength is greater than that 
required by AIEE basic i ns ulation levels 
for circuits in which these cables are used. 
Since switching surges are very seldom 
encountered of magnitude of more than 
five to seven times normal voltage. Fig. 
14 shows that butyl-instilated cables have 
switching surge strengths in excess of 
those normally exp^ted. 

Flexing tests show that bending of 
properly designed butyl cables does not 
affect their dielectric strengfth. 

Dielectric strength is not affected by 
temperature aging. 

7. ^ Butyl-rubber-insulated cables 

with proper t 3 q)es of conductor and insula¬ 
tion shieldmg retain their ionization levels 
after bending and temperature cycles. 

8. Load cycle testing, with and without 
overvoltage, demonstrates the ability of 
butyl-rubber-insulated cables to retain 
them ^cellent thermal and electrical 
properties under conditions of thermal 
expansion. 


9. Experience from 1944 to 1955 on a 
total of over 10,000 conductor-mile years 
of service operation of butyl-rubber- 
insulated cables has provided confirmation 
of laboratory evaluations. 
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Discussion 


William A. Del IMar (Phelps Dodge Copper 
Products Corporation, Habirshaw Wire and 
Cable Division, Yonkers, N. Y.): Some 7 
years ago my company gave up the manu¬ 
facture of oil-base insulation and changed 
to butyl rubber which seemed destined to 
supplant the older type because of the 
superior properties brought out in the paper. 
The electric strength was not as high as 
we would have liked, but it was ample. 
In one of our tests we ran an unshielded 
neoprene-sheathed 2/0 AWG cable with 
160 mils of butyl-rubber insulation, in 
30 C tap water at 25 kv to ground for 
1 year without failure. This cable, being 
rated at 5 kv 3 phase, was being subjected 
to 8.7 times its rated voltage, giving an 
average stress of 156 volts per mil and a 
maximum stress of 211 volts/mil. This 
was certainly ample for all practical pur¬ 
poses. 

The highest voltage for which we have 
used butyl-rubber insulation is 22 kv 
3 phase. 

The authors have alluded to their shield¬ 
ing practice and appear to begin external 
shielding at 10 kv. While the greater part • 
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of our output of 5-kv cable is unshielded, 
because so demanded by customers, it is 
significant that, in the last few years, both 
the quantity and the proportion of gb ielded 
cable has been steadily increasing. The 
reasons are probably safety to personnel, 
fewer faults from lightning, and from 
concentrations of charging current discharg¬ 
ing to ground, and ease of locating faults 
by bridge methods. 

Our preferred type of shieldmg is semi¬ 
conducting tape covered with copper drain 
_ The tape has conspicuously printed 
on it instructions to remove at joints and 
terminals. 


R. C. Graham (Rome Cable Corporation, 
Rome, N. Y.): This paper is particularly 
commendable in that the authors have 
attempted to relate actual service ex¬ 
periences in addition to an analysis of a 
very complete series of laboratory tests. 
However, some clarification regarding ex¬ 
perience with butyl might be added. The 
authors refer to first commercial applicat ion 
in 1944, but we believe this must have 
been very limited since only a few hundred 
pounds of butyl were legally available for 
wire and cable applications at that time. 
In fact, this material continued in relatively 
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short supply and underwent many technical 
chang;es so that it has been only within the 
last 5 years that the compounds described 
have been available and produced. 

The authors indicate that oil-base in¬ 
sulations “have given excellent service.” 
Perhaps a few words about this service 
record would be appropriate inasmuch as 
it extends over a period greater than 50 
years.^ This type of insulation has proved 
that it is satisfactory on signal, control, 
and power cables—either in the air or 
*^*^ji®*’g3round. In fact, most of our larger 
utilities and railroads specify such a ma¬ 
terial today. The authors present no evi¬ 
dence to substantiate why such an excellent 
record has been obtained. The data pre¬ 
sented^ on butyl insulation are so over- 
whelmmg that by inference, the oil-rbase 
insulation has few qualifying chajracteristics. 
If test data , do not reflect experience, then 
which should be questioned-—the experience 
or the tests? 

It is certainly a commendation and 
perhaps it is coincidence, but the authors 
of this paper as well as of the other two 
papers on butyl insulation,i-2 have selected 
oil-base compound for their comparisons. 
It would be interesting if the comparison 
were made against other compounds such 
as a high-rubber-content heat-resistant 
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rubber "submarine” compound, which, of 
course, would probably not be recommended 
for high-voltage applications, but by all 
of the reported tests (except ozone or 
corona resistance) would also show more 
favorable rwults than oil-base instilation. 

In so far as ozone resistance is concerned, 
we believe that all authors have been guilty 
of a testing error which could lead to erro¬ 
neous conclusions. The authors report ozone 
tests on 5,000-volt insulation wall thick¬ 
nesses with no further coverings. I think 
that thdse authors will agree that most of 
the cable used today in this voltage class 
utilizes a neoprene jacket directly over 
and adherent to the underlying insulation. 
Industry specifications are quite clear 
that the ozone test on such a cable must 
be conducted with the jacket in place 
(due to possible damage of underlying 
insulation if removed) so that the test 
really discloses the ozone resistance of the 
neoprene jacket on the finished cable as it 
is used. It would; therefore, appear that 
a properly ozone-resistant sheath would be 
the important design factor and would 
be little affected by the ozone resistance of 
the underlying insulation, either oil-base 
of butyl. 

The test data reported in the three papers 
on oil-base compounds indicate some reason¬ 
able uniformity, but the divergency of the 
results on the butyl compounds as reported 
are rather large by comparison. For ex¬ 
ample, original tensile strength values vary 
from 670 to 1,276 pounds per square inch, 
elongations from 490 to 720%, depreciation 
. in aged elongation (7 days in 121 C oven) 
from 48 to 96.6% of the original. Similar 
divergency is noted in dielectric strength 
restilts where the various authors do not 
seem in unanimous agreement, particularly 
in so far as comparison with oil-base insula¬ 
tion is concerned. 

Perhaps this indicates that there is an 
appreciable difference between different 
butyl compounds which should be recog¬ 
nized. As one m^ufacturer of butyl- 
insulated cable, we are aware that uni¬ 
formity of butyl rubber itself is still one 
of the important requirements to any 
assessment of its properties. Long ex¬ 
perience has proved that careful control is 
necessary to manufacture satisfeictorily the 
oil-base insulation which does not readily 
lend itself to ordinary and conventional 
methods. With this background, the uni¬ 
formity and performance of oil-base com¬ 
pounds are unexcelled as tested in all the 
years of growth of the electrical industry 
in the United States and abroad. 

In regards to the superiority of butyl 
compounds on heavy overloads, I pre¬ 
sented a paper* as part of an AIBE In¬ 
sulated Conductor Committee report where¬ 
in both ozone-resistant insulations (butyl 
and oil-base) had the s^e limiter maximum 
design temperature at 220 C whereas con¬ 
ventional RW-RH rubber compound had 
a design temperature of 266 C. These 
temperatures were agreed upon from the 
combined t^t data submitted by several 
cable manufacturers. 

Regarding the continuous operating tem¬ 
perature of 85 C for butyl insulation, do 
the authors recommend a more heat- 
resistant neoprene jacket than that now 
used on oil-base-insulated cables rated at 
70 C? 

I have {(Iso been involved in tests and 


use of butyl insulation and must agree 
with all authors that this material should 
also provide an excellent high-voltage 
cable insulation for somewhat higher con¬ 
tinuous operating temperatures than now 
generally used. Experience alone will prove 
the validity of the tests. 

Rbpbrbnces- 

1. Some Pbsfosscamcb Characteristics of 
Hioh-Voctaob, Rubber Insulated Cables, 8. J. 
Rosdi. AIEE Transactions, vol. 74, pt. Ill, Dec. 
1955, pp. 1217-23. 

2. Modern Hiob-Voltaob Rubber-Insula¬ 
tions, W. Coach, 6. H. Hiut, N. D. Eennejr, 
P. H. Ware. IhU. (.Paper 5S-693). 

3. OvBRiiOAD Classifications for Secondary 
Network Cables, R. C. Graham. Ihid., Oct. 1055, 
pp. 916-19. 


G. S. Eager, Jr. (General Cable Corporation, 
Bayonne, N. J.): It is important to realize, 
as is the case with oil-base rubber, butyl 
mbber can be compounded in many ways 
to give great variations in properti^., A 
high-grade butyl compound should give 
the best compromise of electrical, physical, 
aging, corona, and moisture resistant 
properties. In analyzing this paper, we are 
led to believe that the authors are pre¬ 
senting data on a particular compound; 
and if they are, this compound appears 
to have many desirable properties required 
for a high-voltage rubber-insulated power 
cable. However, very little data are 
given on the electrical moisture resistence 
and no data are given on the mechanical 
moisture absorption; and as will be in¬ 
dicated later, the a-c breakdown is quite low. 
Our company has evaluated commercial 
samples of butyl cables made by many 
m{mufacturers and have found many to 
have over-all high quality, but some to 
have serious failings in one or more respects. 
For . example, one manufacturers cable 
(no. 1 AWG, 22/64-lnch insulation thick¬ 
ness) failed at the test potentisd of 40 volts 
per mil {ifter only 180 days’ immersion in 
tap water at 50 C. The mechanical 
moisture absorption was 100.6 milligrams 
per square inch when tested 7 days in 
water at 70 C. Samples from some other 
manufacturers, however, had excellent 
mechanical and electrical moisture re¬ 
sistance. Another sample (360,000-cir¬ 
cular-mil, 10/64-inch insulation thickness) 
had an a-c breakdown less than 180 volts, 
per mil average stress at 60 cycles per 
second, which is very low. 

. The a-c breakdown data presented in 
Table III indicate relatively low values 
for high-voltage rubber insulation. The 
data presented under 6 minutes presumably 
were obtained as specified by the Insulated 
Power Cable Engineers Association 
(IPCEA) Standard S-IS-5I (but modified 
to start at frctory test voltage in pkice of 
twice frw:tory a-c test voltage). When the 
IPCEA procedure is strictly followed, the 
minimum average voltage stress at break¬ 
down is expected to exceed approximately 
180 volts per mil (twice routine factory a-c 
test voltage). If the maximum stress 
v{ilues of Table III are translated to average 
vsdues, they are much lower and in some 
cases fail by a large degree to exceed the 
minimum expected value of 180 volts per 
mil. Take, for example, the no. 2 AWG 


conductor having a wall thickness of 39/64 
inch, the average value of voltage stress is 
only 125 volts per mil; also the no. 6 
AWQ conductor having a wall thickness of 
16/64 inch, the average stress is only 146 
volts/mil. The starting voltage equal to 
factory routine in place of twice factory 
routine alternating voltage accounts only 
to a small degree for the low values. (Note 
Fig. 14 of the paper which indicates that 
for times between 6 and 15 to 26 minutes 
the breakdown values do not differ greatly.) 
Our experience with butyl insulation of our 
own manufacture has been that regular 
production cables have an average a-c 
breakdown strength greatly exceeding the 
expected 180 volts per mil value. 

The impulse voltage breakdown values 
presented in Fig. 16 are somewhat mis¬ 
leading. Our experience has been that 
the impulse strength of natural-rubber 
oil-base compounds is much higher than 
that indicated by curve C of Fig. 15. The 
relatively low values given by curve C 
perhaps can be explained by the fact that 
these data were taken from cables manu¬ 
factured in the early 1940's and con¬ 
siderable improvement has been made in 
the last 15 years. With reference to 
impulse voltage breakdown, our experience 
with butyl insulation has been that it con¬ 
siderably exceeds the values given in 
curves B and C of Fig. 15. 


J. C. Carroll, A. R. Lee, and R. B. McKinley: 
Mr. Del Mar has commented on the di¬ 
electric strength of butyl-rubber-insulated 
power cables and has given some data. 
The authors certainly agree with Mr. 
Del Mar’s conclusion to the effect that the 
dielectric strength of butyl-rubber-insulated 
power cables when properly designed and 
manufactured is more than adequate to 
meet all conditions of service. In regard 
to Mr. Del Mar’s comment concerning the 
use of external shielding, the authors be¬ 
lieve Mr. Del Mar has misunderstood one 
portion of the paper. In the section of 
the paper under the subject "Corona 
Detection {md Control” it is pointed out 
that the use of semiconducting material 
over the insulation is mandatory at voltages 
of 10 kv and above. This does not mean 
that insulation shidding is not used below 
this value. It is the practice of the authors’ 
company to supply metallic shielding on 
cables rated above 5 kv, and a great d^ 
of cable in the 5-kv class is also supplied 
with shielding. In many instances, even 
below the 10-kv level, semiconducting tapes 
are used between the insulation and the 
metallic shield. . 

Mr. Graham has raised several intaresting 
questions and comments. In reference to 
the experience obtained by the authors 
on field service of butyl-insulated power 
cables it should be noted from Fig. 20 that 
millions of feet of this type of cable were 
supplied prior to I960. Changes have 
been made during the entire history out¬ 
lined in the paper since this is tiie only 
way that technological progress can be 
made. In regard to the question as to 
why the oil-base insulations have attained 
such an excellent service record, we feel, 
as stated in the paper, that it is doubtful 
that these cables have been called upon 
to operate to full capacity for a very large 
percentage of their life. The authors 
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cannot agree with Mr. Graham that ozone- 
resistance tests on butyl-rubber-insulated 
power ^cables without external coverings is 
a t^'^g error since the ozone-resisting 
qualities of rubber insulations must be an 
important factor in consideration of its 
characteristics. There are many designs 
of cable for high-voltage operation that 
must be assured of inherent ozone re¬ 
sistance of the insulation itself. In the 
case of shielded cables with or without an 
external jacket it is important that ozone 
resistance be built into the insulation in 
case of accidental damage or corrosion of 
the shield. Even in the case of cables 
which have an adherent neoprene jacket 
directly over the insulation it is important 
that ozone resistance be built in as a sec¬ 
ondary defense if the neoprene fails due 
to ozone cracking. In respect to Mr. 
Graham’s comment on the divergence of 
results reported in the various papers on 
this subject, we can only point out that 
he has answered his own question, inas¬ 
much as it is known that varying results 
can be obtained depending upon the design 
of the insulation and also the cable itself. 
In the work that the authors’ company 
has done a balanced compound has been 
obtained that will gjve excellent service 
under all conditions. The authors believe 
that a_ properly compounded neoprene 
jacket is satisfactory for use with butyl- 
rubber-insulated power cables rated at 
85 C. 

The comment by Mr. Graham concerning 
the performance of butyl-rubber insulation 
on secondary network cables should be 
clarified. The overload temperature ratings 
given in this paper apply to long-time over¬ 


loading up to 100 hours per year, which is 
allowed throughout the life of the cable 
and without materially effecting the life of 
the cable. The limit for operating tempera¬ 
ture on secondary networks is intended for 
short-time (4 hours) operation and it is 
acknowledged that such cables will be 
damaged since the criterion for setting 
ttese temperatures is visual damage in the 
insulation. These two temperature ratings 
cannot, therefore, be considered on the same 
basis. 

Mr. Eager has raised a question as to the 
moisture resistance of the butyl-insulated 
cable both from a mechanical and electrical 
standpoint. Figures 8, 9, and 10 of the 
paper give electrical data under conditions 
of long-time immersion in water and were 
included because the authors felt that long¬ 
time test data would be of more interest to 
users than the short-time 2-week test nor¬ 
mally used by the industry for production 
control. Many short-time tests have been 
made by the authors’ company but lack of 
space in a paper of such length ruled against 
the inclusion of these data as well as me¬ 
chanical moisture-absorption results. It 
should be noted, however, that butyl- 
rubber-insulated power cables now being 
manufactured by the autliors’ company 
consistently run less than 0.010 gram per 
square inch as determined by the gravimet¬ 
ric method of moisture resistance. In re¬ 
gard to Mr. Eager’s comments on the two 
cables which showed test failures at an 
average stress below 180 volts per mil, we 
have the following comments: We plead 
guilty to an error in tlie case of the no. 2 
AWG conductor with a wall thickness of 
39/64-inch. In checking back on the records 


we find that a value was picked from the 
wrong column of figures, that no such test 
was ever made on this cable, and the value 
should not have been included. In respect 
to the no. 6 conductor with a wall thickness 
of 16/64-inch it might be noted that this was 
a sample of a very early design that did not 
include semiconducting material at the con¬ 
ductor surface and at the insulation surface. 
It should be noted, however, that the omis¬ 
sion of. these two points on the curve will 
not affect the shape of the curve nor will it 
in any way detract from the conclusion that 
butyl-rubber-insulated power cables have 
more than sufficient dielectric strength for 
all conditions of service. In regard to 
Mr. Eager’s comment on the impulse volt¬ 
age breakdown values of Fig, 15, it should 
again be pointed out that curve C was re¬ 
produced from the Halperin-Shanklin pa¬ 
per for ordinary grades of rubber insulation. 
The referenced paper does include data on 
oil-base insulations indicating their average 
breakdown under impulse conditions to be 
somewhat higher than for ordinary grades 
of rubber. However, the test data avail¬ 
able and presented in that paper showed 
such a spread of results that the minimum 
breakdown of oil-base insulations was not 
significantly different to allow higher with¬ 
stand values of impulse strength to be set up. 
Curve A of this paper for butyl-rubber-in- 
sulated power cables is also well in excess 
of both curves B. and C and may be con¬ 
sidered as a minunum breakdown curve for 
this type of cable. 


Reference 

1. See reference 12 of the paper. 


Equivalent Circuit for the Concatenation 
of Induction Motors 


y. H. KU 

FELLOW AIEE 


T he equivalent circuit of an induction 
motor under steady.state operation is 
well known. 1 Let =ratio of actual 

to normal frequency. The equivalent cir¬ 
cuit is shown in Fig. 1 which is a simpli¬ 
fied diagram of Fig. 1 in reference 2. 

In Fig. 1 are the following terms: 


ratio of actual to synchronous 
speed 

“impedance of stator windings 
i?rH-y.3rr “impedance of rotor windings 
Xm “magnetizing reactance 
Is “Stator current 
It “rotor current 
V =voltage source 


Pap^ 55-675, recommended by the AIEE 
Machinery Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Pall General Meeting', Chicago, 
ni., October 3-7, 1955. Manuscript submitted 
January 31, 1955^ made available for printins: 
July 18, 1956. 

Y. H. Kv is with the Moore School of Electrical 
Engineering, University of Pennsylvania, Philadel¬ 
phia, Pa. 

All the oscillographic records were taken on a 
Westinghouse 9-element oscillograph at Tsing 
Hiia University, Peiping, China. 


The steady-state relation between the 
voltage of the source and the stator cur¬ 
rent of the motor is 



y+jXs + - 


J^r 


+ 


1 _ 

F—n 

RrA-j{F—n)Xf 

( 1 ) 


As discussed in reference 2, equation 1 


also applies to transient conditions, if the 
per-unit line frequency F is replaced by 
~jp, where p is the time differential 
operator d/cadt, where &>=2 t/o and time is 
measured in electrical radians instead of 
in seconds. 

The equivalent circuit that is applicable 
to transient conditions is shown in Fig. 2. 
Notice that for/ =/o at synchronous speed, 
Fs=l and F—n — l—n=s in Fig.. 1. For 
steady-state operation, —jp in Fig. 2 
is also equal to 1, and —jp~n-s, the 
slip. Here the differential operator p 
operates on the stator current which is of 
fundamental frequency in the steady 
state. In terms of Laplace transforms 


V{p) ^Z{p)h{p) (2) 


where V{p) and la{p) are the Laplace 
transforms of the voltage source and the 
stator current, and 


^F-s‘\~pXs-\- 


pXm [i?r ~/») Xt\ 

Rr+{p-jnXXr-^Xm) 


(3) 

It will be shown that by suitably modi- 
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^ _Rl 

F jXs jXr (F-n) 


pvw--n»wr* — 

— 

id) 

— <m>-WA-1 

-- Ir 

1 jXm 

Fig. 1. Equivalent circuit of induction motor 

Rs 

Rr 

-jp jXs 

jXr (-jp-n) 

V . ^Is 

1 — Ir” 

-iP (|) 

iiXm 


Fig. 2. Equivalent circuit applicable to 
transient conditions 


Rs Rr 

-jp'4-n i^s i^r -jp 



Fig. 3. Modified equivalent circuit 


fying the equivalent circuit shown in Fig. 
2 and combining two equivalent circuits 
for the two induction motors in concatena¬ 
tion, an equivalent circuit for the system 
of two machines can be obtained. The 
behavior of the two machines can then be 
studied from the final equivalent circuit. 
An actual example will be given showing 
the check between experimental and cal¬ 
culated results of transient currents and 
transient power. 

Equivalent Circuit Referring to Rotor 

If the stator current is referred to the 
rotor, the equivalent circuit that is ap¬ 
plicable to transient conditions can be ob¬ 
tained by substituting —jp for F—n or 
—ip+n for F in Fig. 1. The modified 
equivalent circuit is shown in Fig. 3. 
For steady-state operation, the stator 
current viewed from the rotor as a ref¬ 



Rs 

1 

jXs 

jXr 

Rr 

S 

1 


■“^00 • ' 

t" 

a jXm 


if* 

G) *2 


^jXm j* 


-1 

jXs 

jXr 

Rr 

-S 

Fig. 4. Positive-sequence and negative- 
sequence equivalent circuits for steady-state 
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Rs Rr 

-jptn -jp 



R* |X« jXr Rr 


-jp-n -jp 

Fig. 5. Positive-sequence and negative- 
sequence equivalent circuits referring to the 
rotor 


^ Rr 

- jp jXj jXr -jp-n 



-jp -jp+n 

Fig. 6. Positive-sequence and negative- 
sequence equivalent circuits referring to the 
stator, for transient conditions 

erence frame will appear to have the 
same frequency as the rotor current, 
which is of slip frequency. Hence —jp in 
Fig. 3 corresponds to s and —jp+n cor¬ 
responds to 54-« = 1, which values check 
with F= 1 and F—n—s in Fig. 1. 

If V(,p-\-jn) iand Isip+jn) represent the 
Laplace transforms of and 

respectively, the operational or transform 
equations for the induction motor are 

, {p+jn)XMP) = V(,p+jn) (4) 

\RrA-p{.Xr-\-Xn^\lT{p') -\-pXmIs{P'^jn) =0 

(5) 

Solving Ifip), the Laplace transform of 
from equation 6 and substituting in 
equation 4, there is 

V{p-{-jii) =Z{p+jfC)It{p-\-jit) (6) 


where 

"h/w) —Ris-\-{p-\-jn){,Xs-\-X'n^ — 

p{p-{-jn)Xm'^ _ 

Rr^p{.Xr^XM) ^ 

Notice that the expression given in equa¬ 
tion 7 is either obtained by substituting 
—jp+n for F in equation 1 or obtained 
by substituting {p-\-jn) for p in equation 
3. In fact, equation 6 is directly obtain¬ 
able from equation 2 by Heaviside’s 
“shifting formula” or by “complex trans¬ 
lation” in Laplace transforms. 

It may be pointed out here that Z{p) 
given by equation 3 represents the posi¬ 
tive-sequence operational impedance of 
the induction machine,® and a conjugate 
expression (with respect to p) represents 
the negative-sequence operational im¬ 
pedance of the induction machine. 

In Fig. 4, both positive-sequence and 
negative-sequence equivalent circuits are 
shown for steady-state operation. Simi¬ 
larly, Fig. 6 shows both sequence equiv¬ 
alent circuits referring to the rotor and 
Fig. 6 shows both sequence circuits re¬ 
ferring to the stator, for transient condi¬ 
tions. 


Concatenation of Induction Motors 

The diagram of connections for con¬ 
catenation of two polyphase induction 
motors is shown in Fig. 7. The rotor ter¬ 
minals of machine I are electrically con¬ 
nected to the stator terminals of machine 
II. The two rotors are mechanically 
coupled and are running at the same 
speed. 

Let 

stator current of machine I 
*2 “rotor current of machine I 
* 3 “Stator current of machine II 
“rotor current of machine II 
Fi “Voltage at stator terminals of machine I 
F2“ voltage at rotor terminals of machine I 
F3“ voltage at stator terminals of machine 
II 

l?i-|- 7 Xi“ stator impedance of machine I 
•f?2-i-i-X'2 “rotor impedance of machine I 


' id.^1 

MS iztl * 3 tl utS 

_l_ILT'-' I'-* ^ 


STATOR I ROTOR I STATOR 2 ROTOR 2 

Rg. 7. Diagram of connections for concatenation of induction motors 
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Fig. 9. Transient currents, 10% slip 


1—Line voltage V 
2/ 3—Stator current li 


4, 5—-Rotor current U 
6—Rotor current i 4 


^vwwvvV WWWW 




■^28+7^3=stator impedance of marhinp n 
224 + 7 X 4 “rotor impedance of martiinp II 
Xi 2 “ magnetizing reactance of maphinp I 
X84“ magnetizing reactance of maphitip H 

Since the rotor terminals of machine I 
are electrically connected to the stator 
terminals of machine II, the following 
relations exist 

(8) 

(9) 

For the equivalent circuits of the two 
induction motors to be properly con¬ 
nected, it is necessary that the equivalent 
circuit for machine I should be a circuit 
referring to its rotor as in Fig. 5, and that 
the equivalent circuit for tnacliinp H 
should be a circuit referring to its stator 
as in Fig. 6. 

In Fig. 6, let the subscripts $ and r be 
changed to 1 and 2, the subscript m be 
changed to 12, and a subscript 1 be added 
to the stator voltage 7. Let the rotor 
terminals be kept open and the voltages 
^ 2 / ~~3P snd V^/ —jp be inserted between 
these terminals, as in the stator voltages 
shown in Fig. 6. 

In Fig. 6, let the subscripts ^ and r be 
changed to 3 and 4, the subscript m be 
changed to 34 and a subscript 3 be added 
to the stator voltage V and its conjugate 

According to the relations given in 
equations 8 and 9, the right end terminals 
of Fig. 6 (i.e., the rotor terminals of 
machine I) with inserted voltages 7*/ "-jp 
and V 2 */—jp are then connected to the 
left Mid terminals of Fig. 6 (i.e., the stator 
terminals of machine II) with terminal 
voltages VzZ-jp and Vi*/-jp, The in¬ 
terconnection of these two equivalent cir¬ 
cuits for the two induction motors in 
concatenation results in a single equiva¬ 
lent circuit as shown in Fig. 8. 

In Fig. 8, it is seen that and 

7,“7,. 

A total of six operational or transform 
equations can be written by inspection of 
the equivalent circuit. For balanced 
operation, one set of three loop equa¬ 
tions are sufficient to solve for the three 
variables ii, (= —iz), and u, while the 
other set of three equations are conjugate 
ex^uressions. 

In Laplace transforms, the three vari¬ 
ables are Ii(p+jn), and h{p-jn). 
The equations are 

[22i+(/>+»(Xi+Xi 8)] Ji(^+7») + 

(i>-h7»)Xul2(^) *= 7 i(^+7«) (10) 


Fig. 10. Transient currents, 40% slip 

1 Line voltage V 3/ 4—Rotor current u 

2 ^Stator current L 5,6—Rotor current h 


[(i2*+i2») +K-X'8+X’i2+X,+X,4)]ii(^) + 
pXvlIl{p:\•jv)—pX^^T^{p—jn)’^Q ( 11 ) 

[2?4+(^—7»)(X4+Xj4)]J4(p—7») — 

{P’-jn}XnIi{,i^ ^0 ( 12 ) 
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Fig. 'll’ Transient currents 53% slip 

1—Line voltase V 3, 4—Rotor current 

—Stator current ii 5/ 6—Rotor current i4 



Fig. 12. Transient power, 53% slip 


1— Power from ii* and V^b 5—^Stator current iu 

2— Power from iio and Vbo 6—Stator current iio 

3— Rotor current i 4 7—Line voltase V*b 

4— -Rotor current ij 



Fig. 13. Transient power, 53% slip 

1— Power from ijo and V 2 bc 5-^Rotor current isa 

2— -Power from isa and V 2 ab 6—^Stator current -Ua 

3— Rotor current i4 7—Line voltage V 

4— Rotor current i 2 o 


Note the inverse transforms of /i(/>+7»), 
h{p) and h(p-jn) are ^ and 

respectively. 

By solving equations 10, 11, and 12 
simultaneously by operational calculus or 
Laplace teansforms, the transient cur¬ 
rents in the stator and rotor windings of 
the two machines can be obtained for dif¬ 
ferent operating speeds. 

Transient Power 

It is well known that the equivalent cir¬ 
cuit shown in Fig. 1 or Fig. 4 gives rela¬ 
tions of power and torque under steady- 
state operation. The steady-state input 
power to the stator is given by the product 
of V and 1, (both magnitudes) times the 
cosine between the phasors V and J®. This 
relation is sometimes expressed as the dot 
product of ^ (or Fx) and 7® (or 7i). The 
power received by the rotor, according 
to the equivalent circuit given in Fig. 4, 
is IrHRr/s). Subtracting the rotor re¬ 
sistance losses Ir^Rrt the available power 
that is convertible into mechanical power 
is lrKl-s)iRr/s). Now the per-unit 
torque is equal to the per-unit power 
divided by per-unit actual speed. Hence 
the per-unit torque is numerically equal 
to ItKRt/s). Similarly, subtracting the 
stator resistance losses Is^Rs the available 
power that is transferable across the air 
gap can be given as th^dot product of B 
(Fig. 4) and 7®, where E is equal to F- 
7.i?,. 

The equivalent circuit given in Fig. 8 
gives also the correct relations of power 
under transient operation. The input 
power to the first machine can be ex¬ 
pressed as 

Pi = FiX/j (13) 

where Fi and Ji represent the instantane¬ 
ous voltage and current expressions which 
consist of sinusoids and damped sinu¬ 
soids in general cases. A factor of 3/2 
should be added to the right-hand side of 
equation to get 3-phase power, since the 
mavimuTn values of voltage and current 
waves are used. 

The input power to the second machine 
is 

Ps^FsXl* (14) 

where the instantaneous voltage Fs is 
equal to F 2 , which can be obtained from 
the equivalent circuit in Fig. 8. 

F2 = F® = [Ri+iXi+Xi^ p]l2-fXviPiIilznt) 
» [Ri+iX3+XM)p]h+X»i>(Iim 

(15) 

Note that in equations 14 and 16 Fs, Fa, 
7i, li, It and It all consist of sinusoids and 
damped sinusoids, h/izJUl denotes that 
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TIME IN SECONDS SECONDS 

Rg. 14. Comparison of experimental and calculated values 


Figs. 12 to 16 all show transient 
power for 63% slip. The check between 
the experimental and calculated values is 
quite satisfactory. 


Stored-Up Energy and Rotational 
Power 

In transient cases, there is stored-up 
energy in the inductances or per-unit re¬ 
actances, the rate of which is given by 

Ut(Pl2)]+pl(Xit COS »/)(JiX/2)] (16) 



( 0 ) 



Rg. 15. Comparison of experimental and calculated values 


A, B—-Input power to the first machine 
Q D—Input power to the second machine 



Rg. 16. Total 3- 
phase Input power 

A—Input power to 
the first machine 
B—-Input power to 
the second machine 


the different components of Ii are re¬ 
ferred to the rotor of mach inp 
denotes that the different components of 
h are referred to the stator of machine II, 
and p IS the time differential operator. 

Experimental Check 

Two identical induction motors were 
used in the actual experiments. The con¬ 
stants are 

Ri ^Ri ** 1.141 ohms 

122 “j?4 = 0.437 ohm 

•Xi2“Jrj4 ='45.8 ohms 

-X'i=X»='97.3 ohms 

Xii ‘= 124 =22.9 ohms 

«=314 

The transient currents in the stator and 
rotor windings are shown in Figs. 9 , 10, 
and 11 for 10 per cent (%) sKp, 40% sHp 
and 63% slip, respectively. The figures 


are traced from the oscillographic records 
taken some time ago. In each case, curve 
1 represents the line voltage. The tran¬ 
sient power input to the first and second 
machines is shown in Figs. 12 and 13, 
which are also traced from oscillographic 
records. 

The comparison of experimental and 
calculated values for transient currents 
is shown in Fig. 14. The comparison of 
experimental and calculated values for 
transient power is shown in Fig. 16, where 
the solid lines represent experimental 
values from oscillograph records shown in 
Figs. 12 and 13, and the dashed li nes show 
the calculated values. Fig. 16(A) and 
(B) show power input to the first machine 
by the 2-wattmeter method; (C) and (D) 
show power input to the second machine. 

Fig. 16 shows the total 3-phase power 
input to the first machine and the second 
machine; (A) the input power to the 
first machine, and (B) the input power to 
the second machine. 


Pi*=(X,H-Z,4) [Wz)]HXA-\-Xzd X 

[hipld ] +p[{Xti cos nt) (/s Xli)] (17) 

where Pj, and represent the rates of 
stored-up energy in the inductances of 
machines I and II. 

The transient power that contributes to 
the rotational energy is given by 

Pir‘=‘(IiXl^ipXi 2 cos nt) 

= nXiiih Xli) !-nt- nr 12 (18) 

Pit =(Zj XI 4 ) {pXzi cos nt) 

’=‘nXuihXli )/-nt—ir/2 (19) 

Pr —PiT'\~PtT—n[Xn{Ii Xlt) -|- 

XujliXI^] / —nt—IT/2 (20) 

where Pir and P^^ represent the rotational 
power of the machines I and II and Pr re¬ 
presents the total rotational power of the 
two machines. 

The total transient torque can be ob¬ 
tained in the per-unit system by dividing 
Pr in equation 20 by the per-unit actu^ 
speed 71 = 1 —j. For further discussion 
about the rate of stored-up energy and 
rotational power, refer to the Appendix of 
reference 4, part 6 , and Appendix III of 
reference 4. 
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Discussion 

T. J. Higgins (University of Wisconsin, 
Madison, Wis.): The paper both comprises 
an interesting use of Laplace transform 
theory for determination of the transient 
responses in two concatenated induction 
motors and an evidence of the usefulness of 
equivalent circuits for study of the transient 
performance of rotating machines. 

The curves of Fig. 14 encompass a gratify¬ 
ing agreement between measured values of 
current response (by oscillograph) and cal¬ 
culated values (presumably, from the time 
expressions obtained by inverting the trans¬ 
forms of the currents as obtained from solu¬ 
tions of equations 10, 11, and 12 and sub¬ 
stitution of the given numerical values in 
these time expressions). Again, the curves 
of Figs. 15 and 16 evidence very good 
agreement between measured values of 
power and corresponding values calculated 
from the instantaneous values of current 
and voltage. » 

These excellent agreements between cor¬ 
responding measured and calculated values 
of current and power attest the correctness 
of the theory set out in the paper. 

In conclusion, it may be of interest to 
note that the theory enabling calculation of 
power and energy flow by Laplace trans¬ 
form procedures has been advanced recently 
by the discusser.* 

Rbfbrbncb 

1. Lapi:.acb Transform Dbtbrmination of 
Bnbroy-Flow in Transibnt Circuit Analysis, 
T. J. Higgins, E. O. King. Proceedings, 1955 
National Electronics Conference, Chicago, Ill. 
Tol. 11, 1955. 


Edward Erdelyi (Syracuse University, Syra¬ 
cuse, N. Y.): The author has shown in a 
masterly fa^ion how to develop the positive 
and negative sequence equivalent circuit 
for the transient performance of two con¬ 
catenated induction motors from the simple 
steady-state equivalent circuit of the 
induction motor. The powerful method is 
also applicable to the calculation of other 
transient phenomena of induction motors. 

The advantage of the method becomes ap¬ 


parent by comparing Fig. 7 and Fig. 8 of the 
paper. A conventional transient analysis 
based on Fig. 7 would involve a system of 
nine differential equations, the solution of 
which would demand considerable computa¬ 
tional work. The author’s method based 
on Fig. 8 involves only the solution of six 
simultaneous equations, which can be re¬ 
duced easily to two systems of three equa¬ 
tions each. 


P. L. Alger (General Electric Company, 
Schenectady, N. Y.): The paper provides 
a very useful extension of the usual equiv¬ 
alent circuit theory of induction ma¬ 
chines, to include both transient phenomena 
and the use of several machines and/or 
windings in series. The transformation 
from one machine or winding to any other, 
while keeping all the equations on the 
normal 60-cycle basis, that is accomplished 
by dividing the resistances and the voltages 
by the frequency ratio, is particularly in¬ 
teresting. 

These methods apply equally well in the 
calculation of the effects of the air-gap 
field harmonics, which are especially im¬ 
portant in part-winding starting. 

It is niy opinion that the use of induction 
m a chin es with two or more distinct wind¬ 
ings will grow, so that the theory given in 
this paper should be increasingly useful in 
the years ahead. 


Y. H. Ku: I appreciate very much the 
valuable comments of Professors Higgins 
and Erdelsri and the important suggestion 
of Mr. Alger that “the theory given in this 
paper should be increasingly useful in the 
years ahead.” 

For a 3-phase induction machine, the 
differential equations are 


RsisA+LspitA.+Mp\ irA cos cos 




[■ 


•\-iTC cos 


RTirA+LrpiTA-\-Mp itA cos cos 


(-?)]■ 

[‘ 


( 21 ) 


/ 2ir\ . 1 

f .2A1 

1 —- J+«scCOS 


\ 3 / ' 

^ 3/J 


where p — d/dt, the subscripts A, B, and C 
denote the voltages and currents in phases 
A, B, and C. In the per-unit system, 
Li corre^onds to («« +iCi»), L corresponds 
to {xr-^-Xndt ^d M corresponds to Xm in 
equations 4 and 5. 

By means of symmetrical components, 
as pointed out by Professor Erdelyi, the 
foregomg set of equations is transformed to 

R»iti'\‘LtPin.-\-Mp{,i>rii (23) 

RTiTi'{'LTpiTi-\'Mp{isii (24) 

where the subscript 1 denotes the positive- 
sequence component of voltage or current. 
It may be mentioned that there are four 
more equations like equations 21 and 22 for 
the stator and rotor phases B and C. 
Similarly, there are two more equations 
similar to equations 23 and 24 for the 
negative-sequence components. The posi¬ 
tive and negative sequence sets of equations 
are conjugate to each other. 

Taking the Laplace transforms term by 
term and assuming the system initially 
quiescent, equations 23 and 24 give 


(Je.-|-£,^)J«(5)-1- Msln{s-jn )« F,i(5) 

(25) 

iRf+Lr5)In{s)+MsIn{p+jn) = Vn(s) 

(26) 


where Inis), Inis), Vnls), and Fn(^) are 
the Laplace transforms of »«(/), inlt), vnlt), 
and Vnlt) respectively, and ^ represents tte 
complex variable. (In the paper, p is used 
instead of s.) By the theorem of complex 
translation (which corre^onds to Heavi¬ 
side’s shifting formula), equation 26 gives 

[R,+ls+jn)Le]Inls+jn)+Mls+jn)X 

Irils)^Vnls+jn) (27) 

which corresponds to equation 4 of the 
paper, while equation 26 corresponds to 
equation 5 of the paper. Dividing both 
sides of equation 27 by —js+n and both 
sides of equation 26 by —js, the positive- 
sequence equivalent circuit is obtained as 
shown in Pig. 5. 


Some Performance Characteristics of 
High-Voltage Rubber-Insulated Cables 

S. J. ROSCH 

ASSOCIATE MEMBER AIEE 


T he past decade has seen a defimte 
trend towards the use of nomnetahic- 
sheathed cables for service voltages from 
2 to 15 kv. For insulation, such cables 
have been furnished with various types of 
rubber and rubberlike compounds as wdl 
as thermoplastic such as polyethylene. 
For nonmetallic sheathing, the most prev¬ 


alent materials have been various com¬ 
pounds of neoprene. Occaaonally, jadc- 
ets have been made with acrylonitrile 
rubber but more recently, such coverings 
have been made of polyvinyl chloride 
(PVC), high-molecular-weight polyethyl¬ 
ene, or a flame-retarding type of poly¬ 
ethylene. 


Since the quantities of such cables pur¬ 
chased aimually have reached many 
miUions of feet and since the voltage 
limitation at which such cables are suit¬ 
able has been discussed by some* as 35 
kv and projected by others* as 66 or even 
132 kv, it was felt that basic information 
of some of the performance character- 


paper 55-678, recommended by the AIEB Insulated 
Conductors Committee and approved by the 
AIBB Committee on Technical Operations for 
presentation at the AIBB Fall General Meeting, 
Chicago, Ill., October 3-7, 1955. Manuscript 
submitted March 8, 1955; made available for 
printing July 19, 1965. 

8 . J. Roscb is with the Anaconda V^re and Cable 
Company, Hastings-on-Hudson, N. Y. 

The author wishes to express his appreciation to 
his associates for having given of their time and 
comments in a review of this paper. 
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NATURAL RUBBER 
H CH 3 H H H CH 3 H H 
-C - C=C-C-C-C = C-C- 
H H H H 


GR-S RUBBER 

/ H h\ /h H H 
- C- C - C- C= C 

\0 h/Vh 

_ A.30 



BUTYL RUBBER 

'H CHaX /h CH 3 H h\“ 
C-C -C-C=C-C- 
H CH3y \H H/ 

^99 


Fig. 1, Molecular structure 


istics of the insulations used would be of 
interest. Accordingly, an investigation 
was carried out on the performance of a 
group of 5-kv cables representing the 
products of five different manufacturers. 
Subsequently, 15-kv cables of the 
manufacturers were obtained to deter¬ 
mine impulse dielectric strength. In the 
present paper, only high-voltage cables in 
which the insulation is of rubber or 
rubberlike compositions and the outer 
covering is neoprene are discussed. 

Nature of Cables Investigated 

In the case of the 5-kv cables, each 
length was a nonshielded single-conductor 
no. 8 American Wire Gauge cable rated 
at 5 kv for installation directly in the soil, 
aerially, or in underground ducts. Three 
are insulated with butyl rubber com¬ 
pounds and will, for the purpose herein, 
be referred to as .4, B, and C. The other 
two are insulated with oil-base rubbk 
compositions and will be referred to as i? 
and E, 

The 15-kv cables are from the same, 
manufacturers and presumably insulated 
with the same compounds. All are 
metallically shielded 4/0 American Wire 
Gauge, except for length A which is 
350,000 circular mils. In purchasing the 
various cables, care was taken that they 
were representative of commercial types 
having the foremost reputation for 
quality in their respective fields. Cable E 
could only be obtained with 25/64-inch 
insulation whereas all the others had 
standard industry thickness of 19/64-inch 
for 15-kv grounded neutral service. 

Oil-Base Rubber Versus Butyl 
Compounds 

Some discussion is necessary to explain 
the reasons why oil-base and butyl rubber 
instilations are being offered as insulation 
for high-voltage rubber-insulated cables. 

Natural rubber, and the same is true 
for GR-S rubbers, have what is known 
chemically as double bonds, as shown in 
Fig. 1, It is the latter feature which 
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makes natural and GR-S rubber capable 
of being readily vulcanizable, a feature 
which is also known chemically as the 
presence of “unsaturation.” It is this 
very feature which makes these rubbers 
poor in resistance to attack by at least 
two chemical agents such as ozone and 
oxygen. 

Natural rubber and GR-S rubber com¬ 
pounds can be given a high degree of re¬ 
sistance to the effects of contact with 
oxygen through blending with suitable 
chemicals known as antioxidants, but the 
latter have little effect on vulnerability 
to attack by ozone. Ozone resistance 
can only be imparted to such compounds 
by blending them with substantial quanti¬ 
ties of vulcanized vegetable oils also 
known as factice, or similar -matprials 
This has the effect of reducing the nerve 
of the rubber or bringing the latter into a 
state of relaxation. This also has the 
effect of substantially reducing the tensile 
properties of such compounds but does 
impart a degree of ozone resistance not 
inherent in the original rubber composi¬ 
tion prior to blending with different 
types of factice. 


Butyl rubber, on the other hand, con¬ 
tains few double bonds. It is a specially 
tailored pol 3 nner based on polyisobutylene 
(PIB) also known as Vistanex, which is 
thermoplastic and not vulcanizable, to 
which has been added from 1.0- to 2.5- 
per-cent unsaturation or just enough to 
enable compounds made from this poly¬ 
mer capable of being Vulcanized. It is 
the presence of only this very small de¬ 
gree of unsaturation which accounts for 
the high degree of resistance to oxidation 
and ozone found in butyl rubber com¬ 
pounds. However, this same feature 
makes it much more difficult to vulcanize 
such compounds through use of the types 
of ingredients generally employed with nat¬ 
ural or synthetic rubber compounds. This 
means that great care must be exercised in 
selecting the compounding and vulcaniz¬ 
ing ingredients for “curing” butyl rubber 
insulating compounds, particularly from 
the point of view of their possibly con¬ 
tributing additional double bonds to the 
compound. For example, the accidental 
addition of 1 per cent of natural rubber or 
certain S 3 mthetic rubbers to a butyl 
rubber compound would adversely af¬ 
fect the proper vulcanization and some 
of the performance characteristics of that 
butyl rubber compoimd. 

Ozone Resistance—^Its Importance 

It is today almost universal that all 
rubber and rubberlike insulations in¬ 
tended for operation at over 2 kv must 
possess at least a minimum amount of 
ozone resistance. This is because with 
any conductor carrying high-voltage al¬ 
ternating current, the air adjacent to the 


T«ble I. 


Details of Initial Physical Properties and Per-Cent Retention of Original Elongation 
after Various Aging Periods 


Cables 


Nature of Data 


A 

B 

•c 

D 

E 

A'* 

.1,276.. 

... 760.. 

.. 670.. 

.. 790.. 

.. 810.. 

..1,135 

. 720.. 

.. 630.. 

.. 490.. 

.. 520.. 

.. 340.. 

.. 670 

»/j.. 

.. Vi.. 

.. •/».. 

.. Vs.. 

.. •/»:. 

.. ‘As 

. 285.. 

.. 485.. 

.. 320.. 

.. 420.. 

.. 570.. 

.. 286 

. 96.6.. 

..73.5.. 

.. 92.0.. 

..29.0.. 

..67.5.. 

.. 98.5 

. 100 . 0 .. 

..67.5.. 

.. 79.6.. 

.. 7.6.. 

..38.5.. 

..104.5 

. 93.0.. 

..63.0.. 

.. 77.6.. 

.. 0 .. 

. .14.6.. 

.. 99.5 

. 96.0.. 

..81.0.. 

..104.0.. 

..40.0.. 

.84.0., 

.. 88.0 

88.5.. 

..72.0.. 

.. 98.0,. 

.. 3.9.. 

..72.0.. 

.. 89.0 

88.5.. 

..63.0.. 

.. 73.5.. 

.. 0 .. 

.44.0.. 

.. 86.0 

95.6.. 

..66.5.. 

. 68.5.. 

. 21 . 0 .. 

. 8 . 8 .. 

.. 102.0 

. 93.5.. 

..49.0.. 

. 61,6.. 

. 0 .. 

.. 7.3.. 

.. 100.0 

83,0.. 

..41.6.. 

. 64.5.. 

.. 0 ,. 

. 0 .. 

.. 92,0 


Initial 


Air pressure heat test at 260 degrees Fahrenheit 
and 80-pouud pressure with retention of 
original elongation, per cent 


80 C (176 F) oxygen bomb at SOO-pound pr^ure 
with retention of original elongation, per cent 


121 C (2S0 P) air oven, atmospheric'pressure with 
retention of original elongation, per cent 


* A' represents a single conductor 4/0 with 19/64-inch wall of butyl rubber insulation, metaiUi. 
tape, neoprene outer jacket for operation at 15 kv grounded neutral, produced by manufacturer A. Thi 
applies also to Table II. 
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insulation may be broken down by the 
intensity of the surrounding electric 
field. This electrical breakdown, or 
ionization of the surrounding air, con¬ 
verts the oxygen in the latter to ozone 
Os. Unless rubber or rubberlike insula¬ 
tion has been fortified artificially, or has 
such fortification inherently, ozone at¬ 
tacks such compounds at the points of 
double bond, the attack being in the 
form of surface cracks which continue to 
deepen and result in well-known ozone 
cracking. 

Ozone resistance is a function of ozone 
concentration in the air immediately ad¬ 
jacent to the insulation and degree of 
bending or stretching of the insulation. 
Increasing either of these conditions in¬ 
creases the vulnerability to ozone at¬ 
tack. 

Other Essential Properties 

Besides adequate ozone resistance> 
other essential properties contributing to a 
reliable high-voltage rubber-insulated 
cable may be summarized as follows: 

1. Good initial physical propeilies. 

2. A high degree of retention of physical 
properties, particularly elongation, after 
subjection to a series of accelerated aging 
conditions. 

3. Adequate insulation resistance at 
operating temperature, both in air and in 
water. 

4. Electrical stability in water and air as 
evidenced by low power factor and specific 
inductive capacitance with the least amount 
of variation over a range of temperatures 
and .electric stresses. 

5. Additional evidence of stability in 
water by means of low mechanical moisture 
absorption. 

6. Adequate 60-cycle dielectric strength. 

7. Adequate impulse dielectric strength. 

8. High, maximum permissible operating 
temperature to provide highest current- 
carrying capacity ratings. 

There is no single property which will 
of itself ensure reliable operation of a 
given type of cable. A proper balance of 
all of these properties is required. The 
remainder of the paper deports the extent 
these properties are evidenced by these 
cables when subjected to a series of test 
conditions. 

Discussion of Test Results 

1. Physical Properties Before and 
After Accelerated Aging 

Examination of the data in Table I 
indicates: 

(a) Both butyl and oil-base insulations 
have adequate initial physical properties. 


particularly elongation, the most important 
physical characteristic essential in rubber 
and rubber-like insulating compounds. 

(b) After accelerated-aging tests, butyl 
insulations as a class appear to retain their 
physical properties to a greater degree than 
oil-base types. 

(c) The greater resistance to the effects 
of heat and oxidation is an indication that 
butyl cables may be rated at higher maxi¬ 
mum permissible temperatures for con¬ 
tinuous operation as well as for emergency 
overloads than oil-base types. This means 
that butyl cables may have higher current- 
carrying capacity ratings. 

Note: At the time this investigation was 
started, only one make of 15-kv cable was 
available, namely, that obtained from 
manufacturer A a year prior to the investi¬ 
gation. It is for that reason that only tests 
on this cable, designated as A were possible 
to include in Tables I and II. The four 
remaining makes of higher voltage cables 
were recently obtained and the only tests 
that could be reported are the impulse 
dielectric strength tests given in Tables 
VIII and IX. 

2. Effect of Water and Temperature 
ON Specific Inductive Capacitance 

AND Power Factor 

Examination of the data in Table II 
indicates: 

(a) Only 1 month of immersion in water 
at elevated temperatures such as 70 degrees 
centigrade (C) is more than sufficient to 
bring out the superica- electrical stability of 
butyl insulated cables in contrast with the 
oil-base types. The difference becomes 
much more pronounced when the data are 
examined after a similar period of immersion 
in water at 80 C. 

There may be some who question the need 
for conducting tests in water at as high a 
temperature as 80 C. Careful reflection 
will reveal that there are considerable 
quantities of high-voltage rubber-insulated 
cables, shielded and nonshielded, furnished 
with nonmetallic sheathing. The primary 
function of such sheaths is to provide the 
underlying insulation with the necessary 
protection against mechanical damage and 
a variety of environmental influences that 
may adversely affect the life of the insula¬ 
tion. Where contact with water is antici¬ 
pated, it becomes important to make certain 
that the tsrpe of insulation used possesses 
the maximum degree of inherent moisture 
resistance possible to attain because mois¬ 
ture will eventually penetrate the non¬ 
metallic sheathing, particularly if the latter 
is of neoprene composition. It is also 
known that industry standards prescribe 
the following operating temperatures for 
these two classes of insulation: 



Majdmnin Safe Continuous 
Operating Temperature, C 

Voltage, Kt 

Oil-Base 

Butyl 

0 to 8 . 

8.1 and over. 

....76. 

..70. 

.80* 

.80* 


* A number of manufacturers of butyl-rubber- 
insulated cables have already increased this value 
to 85 a 


Therefore, the oil-base cables must be 
capable, at least in the 0- to 8-kv range, to 
operate in water at temperatures up to 
75 C. On the other hand, the butyl rubber 
cables must have excellent moisture re¬ 
sistance at least up to 80 C. 

(b) Temperature, duration of immersion, 
and voltage stress have a pronounced 
effect on the specific inductive capacity 
and power factor of the insulations under 
test. The product of these two properties 
is directly proportional to dielectric loss. 
It is well Imown that high dielectric loss 
adds to cumulative heating and, if the latter 
is excessive, this will affect the ultimate 
temperature rating for continuous opera¬ 
tion. Therefore, it is interesting to note 
that even after 28 days in water at 80 C 
and with a stress of 80 volts per mil, which 
is . approximately five times the average 
operating stress to ground of the 5-kv cables 
(dielectric loss varies as the square of the 
voltage), butyl rubber cables appear to be 
considerably less affected than oil-base 
types. 

(c) Even in 70 C water after 28 days* 
immersion, the power factor of the oil-base 
insulations is many times that of the butyls, 
at least ten times higher for cable and 
four times higher for cable E. Of the oil- 
base insulations tested, cable E possesses 
a definitely greater degree of stability over 
cable D. 

3. Resistance to Ozone Crackino 

The ozone concentrations used in this 
series of tests were, slightly higher than 
those generally required by the industry 
standards for these respective classes of 
material. The standard ozone concen¬ 
trations are: 0.010 to 0.015 per cent by 
volume for oil-base rubber insulations; 
and 0.025 to 0.030 per cent by volume for 
butyl rubber insulations. 

From the data in Table III it can 
readily be seen that, as a dass, butyl 
rubber insulations possess an overwhelm¬ 
ingly superior resistance to ozOne than the 
oil-base rubber insulations. With in¬ 
creasing use of high-voltage rubber-in¬ 
sulated nonmetallic-sheathed cables and 
the need for a good ozone-resistant in¬ 
sulation, the growing trend towards butyl- 
rubber-insulated cables for such service 
is readily understandable. 

4. Effect of Water and Temperature 

ON Insulation Resistance 

From Table IV it can readily be seen: 

(a) As a class, butyl rubber insulation 
possesses very much higher insulation re¬ 
sistance than oil-base rubber insulations. 

(b) Many observers including the author 
have questioned the value of high insulation 
resistance as a means of judging the quality 
of a power cable. Without arguing the 
merits of this subject, all agree that stability 
of insulation resistance may be an important 
criterion of insulation quality. For cables 
intended for operation with nonmetallic 
sheathing, stability of insulation resistance 
in water at a given temperature does appear 
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Table II. Effect of Water and Temperature on Power Factor and Specific Inductive Capacitance at Two Voltage 


Stresses/ Volts per Mil 


Ifature of Tests 


In water at 50 C, after 1 day... 
In water at 50 after 14 days.. 

...3.87... 

...3.90.. 

-3.71 

...3.85... 

...3.86. 


In water at 50 C, after 28 days.. 

...3.85... 

...3.86.. 

_3.82 

In water at 70 C, after 1 day... 

...3.76... 

...3.77.. 

_3.65 

In water at 70 C, after 14 da 3 rs.. 

...3.78... 

...3.80.. 

_3.85 

In water at 70 C, after 28 days.. 
In water at 80 C( after 1 day... 

...3.80... 

...3.81.. 

_4.02 

...3.72... 

...8.73.. 

_3.87 

In water at 80 C, after 14 days.. 

...3.74... 

...3.80.. 

_4.20 

In water at 80 C, after 28 days.. 

...3.85... 

...8.86.. 

....4.29 

Power factor, per cent 

In water at 50 C, after 1 day_ 

...1.46... 

...2.10.. 

_0.42 

In water at 50 C, after 14 days... 

...1.35... 

...1.80.. 

-0.93 

In water at 50 C, after 28 days... 

...1.09... 

...1.42.. 

_1.23 

In water at 70 C, after 1 day.... 

...1.52... 

...1.82.. 

_1.35 

In water at 70 C, after 14 days... 

...1.05... 

...1.55.. 

_2.34 

In water at 70 C, after 28 days... 

...0.99... 

...1.52.. 

_2.80 

In water at 80 C, after 1 day.... 

...2.01... 

...2.47.. 

-1.94. 

In water at 80 C, after 14 days... 

...1.59... 

...1.97.. 

_4.40 

In water at 80 C, after 28 days... 

...1.41... 

...1.80.. 

....4.28. 


.... 2.78. 

.... 1.93_ 

.. 2.37.... 

....2 .70. 

.... 1.89.... 

., 2.24.... 

.... 2.74.. 

. 2.17.... 

.. 2.42,... 

.... 4.28.. 

.... 3.92..., 

.. 4.32.... 

....11.85.. 

.... 7,48.... 

,. 7.59..,, 

....40.2 .. 

....11.95.... 

..12.15.,.. 

.... 6.4 .. 

.... 7.2 _ 

. 7.55_ 

....58.3 .. 

....18.4 .... 

.20.8 .... 

....61.6 .. 

,...23.6 .... 

,.25.4 .... 


to be a desirable characteristic regardless 
of basic initial quantitative values. 

Butyl-rubber-insulated cables are defi¬ 
nitely superior in this regard to the oil- 
base-insulated cables. 

(c) Insulation resistance varies inversely 
with temperature. This is the case with 
each of the 6 cables under test. However, 
the value of insulation resistance of 0.6 
megohm-1,000 feet for cable D after 
only 28 days in water at 70 C, a tempera¬ 
ture considerably less than the 76 C per¬ 
mitted for operation of such cables in dry 
or wet locations in the 0- to 8-kv voltage 
range, would hardly be considered con¬ 
ducive to good operating performance in 
extremely wet locations. 

6.. Mechanical Moisture Absorption 

The resistance of rubber and rubber¬ 
like compounds to immersion in water 
and the best means of expressing this 
property have long been subjects of con¬ 
siderable technical discussions. It has 
been argued that, since these are electric 
insulations, the best method is to deter¬ 
mine the degree of retained electrical 
properties after a given period of immer¬ 
sion in water at some elevated tempera¬ 
ture. Another school of technologists 
feels that it is of equal importance to de¬ 
termine the mechanical moisture absorp¬ 
tion of the insulation gravimetrically, 
i.e., to measure the actual amount of 
water absorbed after a given period of 
imme rsion in water at some elevated 
temperature such as 70 C, expressing such 
effect in terms of Tni1Hgra.Tns per square 
inch of insulating surface exposed to 
water. 

Both of these viewpoints were con¬ 
sidered during the present investigation 
and the results obtained lead to the 
following observations: 

(a) The measurements in Table II were 
designed to determine the degree of elec¬ 
trical stability with prolonged immersions 


in water at various temperatures. As 
pointed out in the section entitled “Effect 
of Water and Temperature on Specific 
Inductive Capacitance and Power Factor,” 
there is no question but that the greatest 
degree of sudi electrical stability was 
exhibited by the butyl-rubber-insulated 
cables. 

(b) Exammation of Table V also reveals 
that the butyl rubber insulations absorb 
considerably less water than oil-base in¬ 
sulations when tested under standard con¬ 
ditions employed in such test, namely, in 
distilled water at 70 C. 


(c) Since butyhrubber-insulated cables 
may be . called upon to operate at tempera¬ 
tures of up to 85 C, it was decided to conduct 
also the gravimetric test at 90 C. Table V 
confirms the fact that, even under these 
conditions, butyl rubber insulations are 
decidedly much more stable than oil-base 
insulations. 

(d) Regardless of the merits of the two 
methods of moisture-absorption testing, 
and which possesses the greatest signi¬ 
ficance in determining insulation stability, 
it would certainly seem reasonable to 
conclude that the class of insulation which 


Table III. Resistance to Ozone Cracking at Various Ozone Concentrations 

Nature of Test A B C D B 

Insulated Power Cable Engineers Association and American 
Society for Testing Materials ozone test procedure 

Hotus to failure at 0.020-per-cent concentration.168-f-.... 168-|-.... 168-t-. IV 4 */*. 

Hoxirs to failure at 0.034-per-cent conc entration.168-}-.... 168-1-.... 168-t- •" .*.' .*2 . .* ,*..' 1 »/* 

Table IV. Effect of Water and Temperature on Insulation Resistance 


Insolation Resistance, Megolun8-l,000 Feet 


Nature of Test 


In water at 80 C, after 1 day. 


A 

B 

C 

D 

E 

. 2,480... 



. . flO 

74 

. 7,640... 

...7,250... 

...14,500... 

...60 i.i 

.!!63 

.16,600... 

...7,750... 

... 4,880... 

...44 ... 

...65 

784... 

...2,885... 

... 1,670... 

...10 ... 

... 5.8 

2,760... 

...1,660... 

... 825... 

... 2.5 ... 

... 5.2 

2,920... 

...1,743... 

... 873... 

... 0.5 ... 

... 4.1 

395... 

... 943... 

806... 

... 3 9 

2 4 

1,017... 

... 225... 

... 140... 

... 0.4 ... 

3:3 

1,523... 

... 287... 

... 182... 

... 0.36... 

... 1.7 


Table V. Moisture Absorption, Gravimetric Method 


Moisture Absorbed, Milligrams per Square Inch of 
Surface 


Nature of Test 


After 7 days in distilled water 

At70C.. 

At flO C. 


.12.2.10.7..., 

.14.3.8.2.... 


...14.1-... 90 ..._85.6 

... 8.5...... .too high to.95.0 

measure 
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Table VI. 60-Cycle Dielectric Strength of 
5-Kv Cables/ Kilovolts at Room Temperature 


A 

B ^ 

C 

D 

E 

61.8... 

....47.6. 

43.2... 

...47.6... 

....79.7 

excels 

under both 

types 

of test 

should 


possess the greater degree of stability from 
an electrical and physical point of view as 
far as operation under moist conditions is 
concern^. 

6. 60-CycLE Dielectric Strength 
Room Temperature 

Examination of the data in Table VI 
indicates: 


this time. These are: for A, 0.53 inch; 
for B, 0.59 inch; for C and D, 0.60 inch; 
and for £, 0.56 inch. 

(d) If, for the sake of speculation, it is 
assumed that the thickness of insulation 
and neoprene jacket may be considered as 
contributing to the dielectric strength ob¬ 
tained, and if it is recalled that the con¬ 
ductor in all of these 6-kv cables was no. 8 
American Wire Gauge with a nominal 
diameter of 0.129 inch, then the average 
breakdown strength of each of these lengths, 
in volts per mil, becomes: for A, 259; for 
B, 206; for C, 184; for D, 202; and for JS, 
370. Viewed in this manner, oil-base 
cable E has considerably higher dielectric 
strength than any of the butyl cables, but 
the same can certainly not be claimed for 
oil-base cable D. 


Table VIII. Impulse Dielectric Strength of 
5’ and 15-Kv Cables, Room Temperature, 
Standard 1 V2x40-Microsecond Wave 



Impulse Breakdown, Kv, for Different 
Cable Designations 

Type 

of 

Cable 

A 

B C 

D 

MiniiuuTiX 

Recom- 
B mended* 

6 kv.. 

..145.. 

.168...122.. 

..166.. 

..208.86 

16 kv.. 

.322.. 

.243...206.. 

.278.. 

.349*.... 95 


Cable E had 25/64-inch wall of insulation. All 
other 15-kv cables had 19/64-inch insulation. 


Conclusions 


(a) The average of such tests on two 
samples of each of the five makes of cable 
gives the oil-base types some superiority 
ovw the butyl rubber types. 

(b) However, it should be noted that it is 
hardly reasonable, in the case of the oil-base 
compounds, to average two such dissimilar 
results as 47.5 kv and 79.7 kv in order to 
arrive at an average dielectric strength 
value of 63.6 kv as representative of the 
oil-base cables compared to an over-all 
average for the three butyl rubber cables 
of 47.6 kv, 

(c) If the values of 47.5 kv obtained for 
the oil-base cable of manufacturer D are 
compared to the over-all average or even 
the individual average values obtained for 
each of A, B, and C respectively, there 
appears to be no inherently higher di¬ 
electric strength (determined at room 
temperature) for manufacturer R’s oil-base 
cable than for any of the three butyl rubber 
cables. However, if the comparison is 
made between the butyl cables and the 
oil-base cable of manufacturer E, there is 
no question that the latter possesses greater 
dielectric strength under these conditions of 
testing. 

Note: Since these are nonshielded cables 
having the jacket in intimate contact with 
the underlying insulation, and since the 
total thickness of insulation and jacket in 
the dielectric field to ground (the jacket in 
some cases may contribute to the dielectric 
strength values obtained under these com¬ 
paratively short-time tests) varied with the 
different 5-kv samples, it was thought ad¬ 
visable to include the over-all diameters at 

Table VII. 60-Cycle Dielectric Strength of 
5-Kv Cables at 90 C 


Cable 

Designa¬ 

tion 

Sample 

No. 


Breakdown 

Kv 

Time 

A.... 

...1., 

..60.0.. 

.3 minutes 41 seconds 


2.. 

..50.4.. 

.4 minutes 66 seconds 

B.... 

...1.. 

..60.4.. 

. 1 minute 45 seconds 


2.. 

..60.4.. 

.0 minutes 33 seconds 

C.... 

...1,, 

..37.0.. 

.instantaneous 


2.. 

..36.0.. 

.0 minutes 18 seconds 

D.... 


..36.0.. 

. 1 minute 51 seconds 


2.. 

..60.4.. 

.2 minutes 14 seconds 

E..,. 

...1.. 

..60.0.. 

. .0 minutes 3 seconds 


2.. 

..60.0.. 

.0 minutes 40 seconds 


* Test Schedules 


36.0 kv, 5 minutes 
42.0 kv, 5 minutes 
60.4 kv, 6 minutes 
60.0 kv, 6 minutes 


(e) Both classes of cable have adequate 
dielectric strength unda: this type of test. 

7. 60-Cyclb Dielectric Strength 
After Samples Maintained at 90 C 
FOR 24 Hours 

Examination of Table VII indicates: 

(a) At an elevated temperature of 90 C 
maintained for 24 hours, there seems to be 
very little superiority in dielectric strength 
for either butyl or oil-base rubber-insulated 
cable. 

(b) It is interesting to note that the con¬ 
siderable gap between the room-tempera¬ 
ture, dielectric-strength values of oil-base 
compounds D and E has been narrowed 
considerably, with cable E showing only 
slightly superior results. 

(c) Both classes of cable possess adequate 
dielectric strength under this type of test. 

8. Impulse Dielectric Strength 
Tests 

These were the only tests conducted 
outside the laboratories of the company 
with which the author is associated. 
These are also the only tests conducted 
on samples of the five makes of 16-kv 
cables. Examination of Tables VIII and 
IX indicates: 

(a) Whereas, in the 6-kv group, one oil- 
base cable possesses higher impulse strength, 
there seems to be little difference in the 
values obtained for the 16-kv cables. 

(b) Comparing the values obtained with 
those recommended,® it can readily be seen 
that both classes of cable have adequate 
impulse strength. 


This investigation is being continued. 
The data presented herein should be 
considered as a progress report from 
which certain definite conclusions of im¬ 
portance may be drawn, chief of which 
are: 

1. It has been shown that butyl rubber 
cables possess greater resistance to oxida¬ 
tion and ozone, and greater electrical 
stability in water at devated temperatures 
and voltage stresses. 

2. Although on the various dielectric 
strength tests at least one oil-base cable 
appears to be superior to the butyl cables, 
there is no question but that the latter 
have more than adequate dielectric strength 
to meet the various service conditions 
encountered. 

3. From the point of view of desirable 
characteristics, not in any one particular 
property but in an over-all balance of 
adequate essential properties as outlined in 
the paper, the butyl rubber cables tested 
appear to have the advantage over the 
oil-base cables considered in this investiga¬ 
tion. 

4. Although only one commercial length 
of each make of cable was tested, the data 
obtained do possess significance as regards 
some of the characteristic performance 
properties of the two classes of cable 
insulations, since they were conducted on 
cables having the foremost reputation in 
their respective fields. 

6. Butyl rubber cables are able to transmit 
greater quantities of power with lower 
dielectric losses not only under normal 
conditions of operation but also under 
periodic emergency overload conditions. 


Table IX. Impulse Dielectric Strength of 5- and 15-Kv Cables, Room Temperature, Standard 

1 V2x40-Microsecond Wave 



Impulse Breakdown for Different Cable Designations, Volts per Mil 

Type 

of 

Cable 

A 

B 

C 

Minimum 

Recom- 

D E mended* 

Maxi- 
Average mum 

Maxi- 
Average mum 

Maxi- 
Average mum 

Maxi- Maxi- 

Average mum Average mum Average 

6 kv.. 
16 kv.. 

... 726...1,690. 
...1,084...1,470. 

...678...1,610. 
...818...1,200. 

...619...1,230. 
...690...1,010. 

...659...1,665... .967...2,190....546 
...936...1,370....893*..1,466*...319 


* Cable E had 26/64-inch wall of insulation. All other 16-kv cables had 10/64-inch insulation. 
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Discussion 

Philip J. Croft (Canada Wire and Cable 
Company Limited, Toronto, Ont., Canada); 
This paper is an extremely timely and im¬ 
portant contribution on a subject which 
hitherto has not sufficiently engaged the at¬ 
tention of the technical writers, and its- 
author is to be congratulated on an interest¬ 
ing presentation. 

Mr. Rosch is farther to be complimented 
for dealing to a certain extent with the 
underlying chemistry of tlie types of rubber¬ 
like materials with which he is dealing, in 
interest of clearing up the all-too-common 
confusion between "corona” and "ozone,” 
and of demonstrating the basic reasons why 
some types of material are more ozone-re¬ 
sistant than others. 

The test results which he has displayed do 
not quite clearly indicate whether they were 
made on only one length of each t 3 rpe of 
cable, but if this is so, the astonishing supe¬ 
riority of length A might almost suggest that 
this particular length could have been what 
horticulturists refer to as a "sport.” Even 
apart from the special qualities of this length 
A, there does appear to be a somewhat con¬ 
fusing variation of properties, between 
lengths insulated with the same type of com¬ 
pound. It would be interesting to see a 
similar comparison based on a larger number 
of samples, and preferably displaying both 
butyl-based and oil-factice-based insulations 
by each manufacturer. 

Nevertheless, ah undoubted superiority 
of the butyl-based insulations, especially in 
the matter of insulation resistance and di¬ 
electric power factor, is clearly demonstrated 
in toe paper, and now that the early proc¬ 
essing difficulties have been largely solved 
by most manufacturers, we shall doubtless 
continue to see cables insulated with butyl- 
rubber compounds applied at higher voltages 
and operated at temperatures approaching 
those associated with paper cable. 

I feel, however, that it would be wrong to 
permit persistence of the impression, already 
current in some quarters, that all troubles 
encountered with rubber-insulated cables 
on medium-high-voltage circuits have been 
due to shortcomings in the types of insula¬ 
tion hitherto available, and that butyl-based 
compounds would be a panacea-for-all-ills in 
this regard. 

Oil-based rubber insulation has been a 
mo^ useful material for many years, af¬ 
fording a relatively high degree of ozone- 
resistance compared with other types such 
as toe various "code” rubh^. 

In Canada, Jvhere such troubles as have 
been experienced with hig:h-vbltage rubber 

1224 


insulations appear to have closely paralleled 
those encountered in the United States, it 
has become evident that the great majority 
of cases of trouble, especially where ozone- 
craddng has been involved, has been due to 
an insufficient understanding of the proper 
function of insulation shielding and the in- 
advised use of unshielded cables. There 
have, for example, been many cases of the 
application of unshielded rubber cables at 
6,000 volts or higher, in locations where con¬ 
ductive contamination could not fail to ac¬ 
cumulate, with toe familiar result of static 
discharge, sparking, and burning. 

There also have been instances, at 13,000 
volts and thereabouts, in which shielded 
single-conductor rubber cables have been 
used as aerial jumpers on full-voltage in¬ 
sulators, with the shield left floating, un¬ 
grounded, to carry its induced charge, with 
what results you may imagine. It is recog¬ 
nized that recommendations with regard to 
shielding practices are given by toe In¬ 
sulated Power Cable Engineers Association, 
and the inclusion of these in our Canadian 
Code is at present under consideration. 

It would be a pity if a valuable new ma¬ 
terial should have ite fine qualities obscured 
by the same sort of misapplication as may in 
many cases have shadowed toe true worth 
of other materials. 


£• B. Curdts (James G. Biddle Company, 
Philadelphia, Pa.): As Mr. Rosch says, in 
discussing the effects of water and tempera¬ 
te on insulation resistance, the value of 
insulation resistance as a means of judging 
the quality of a power cable insulation may 
be opm to question. However, a practical 
and simple field measurement method of 
det®t““*^ condition of installed cable 
is certainly of interest to operating people. 

Since insulation resistance measurements 
are commonly used for this purpose it is 
highly desirable to have some rmd^standing 
of what causes toe changes in measured 
values which may occur in the butyl com¬ 
pounds as compared to the oil-based com¬ 
pounds. 

I am, therefore, naturally interested in 
Table IV in the paper which indicates for 
some of toe butyl samples an increase in in¬ 
sulation resistance of over rix times after 
28 days’ submersion at constant tempera¬ 
ture. Before accepting these values as in¬ 
dicating some unusual property of toe par- 
ticiUar compound involved, which may later 
be encountered in service, I would like to 
ask Mr. Rosch if they might be due to some 
heat-aging process because of the newness 
of the particular samples used. If this is toe 
case then the test data as given in Table IV 


covering the effects of water and tempera¬ 
ture on insulation resistance may not be 
realistic from an operating point of view. 

According to Fig. 10 in the paper Carroll, 
Lee and McKinley,* water immersion al¬ 
most immediately reduces the insulation re¬ 
sistance in butyl-insulated cable. Further¬ 
more, their Fig. 17 indicates some sort of 
heat-aging effect, whatever the mechanism 
may be. 

I would appreciate it greatly if Mr. Rosch 
would comment on this relatively unimpor¬ 
tant aspect of the paper. 

Reference 

1. Design and Evaluation of Butyl-Rubbbr- 
Insulatbd Power Cable, J. C. Carroll, A. R. Lee, 

R. B. McKinley. AIEE Transactions, vol. 74, 
pt. Ill, Dec. 1955, pp. 1204-12. 

S. J. Rosch: The author is indebted to 
Mr. Croft for the information given in his dis¬ 
cussion. It was the author’s intent, in pre¬ 
senting this paper, to make available some 
of the characteristic properties of high- 
voltage cables insulated with toe types of 
"rubber” compounds available today. It 
would have been preferable to obtain more 
than one length of each make of cable, and 
to have included tests on all of these lengths. 
Howevtt, experience indicates that unless 
toe additional lengths of each make of cable 
differed in some basic design feature from 
each other, that the only benefit to be de¬ 
rived from such additional testing would be 
to secure further knowledge regarding toe 
longitudinal uniformity of toe respective 
makes of cable. The author feels that the 
large number of tests conducted on each 
l^gth, tests which in some cases were con¬ 
tinued for considerably longer periods thgu 
reported at toe time toe paper was written, 
are r^resentative of the performance char¬ 
acteristics of these respective makes of cable. 
It is hoped that data of similar nature will 
be made available by other observers. 

Regarding Mr. Croft’s comments on the 
results obtained on length A, the author 
wishes to refer him to a re-examination of toe 
data on length A \ obtained a year earlier 
toan length A, and differing from the latter 
in size of conductor and thickness of insula¬ 
tion. The results obtained on A' do follow 
the typical pattern exhibited by length A 
and would indicate that the data obtained 
with A are not unusual but rather tsipical 
of this particular make of butyl-rubber in¬ 
sulation. 

As to toe variations in test results ob-. 
tained with different makes of butyl-rubber 
msulations, referto.ee to toe molecular toruc- 
time of natural GR-S and butyl rubber in¬ 
dicates quite clearly that the available 
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amount of unsaturation is a maximum with 
natural rubber but an absolute m inimum 
with butyl. It is the amount of unsatura¬ 
tion whi^ accounts for the ability to vul¬ 
canize a compound. The extremely small 
amount of unsaturation in butyl makes it 
much more difficult, although far from im¬ 
possible, to “cure” butyl-rubber compounds 
properly. The variations in data reported 
for makes A, B, and C, and referred to by 
Mr. Croft, are undoubtedly due to dif¬ 
ferent vulcanization systems used by each 
of these manufacturers. However, the 
characteristic data reported for lengths A, 
B, and C do reflect a t 3 T)ical behavior pat¬ 
tern as a class of insulating material. No 
such typical behavior pattern could be de¬ 
duced from a study of similar data reported 
for the oil-base insulations D and E. 

Mr. Croft is correct in his contention that 
butyl-rubber insulation is not to be con¬ 
sidered as a panacea for all cable ills. His 
illustration of what may occur through the 
use of nonshielded nonmetallic-sheathed 
rubber-insulated cable at 6 kv is very much 
to the point. Nor can one overlook the dif¬ 


ficulties that may be encountered with a 
shielded cable if the shield is not properly 
terminated and grounded. Oil-base rubber 
insulations have given a good account of 
themselves in high-voltage service Involving 
temperatures not exceeding 70 to 76 C. To¬ 
day’s trend, however, seems to point to the 
need for higher operating temperatures both 
for normal as well as emergency use, either 
in dry or wet locations, and the data in the 
paper do indicate that butyl-rubber insula¬ 
tions meet these requirements, and are ca¬ 
pable of operation at conductor temperatures 
of 85 C. 

As previously stated, there is no single 
criterion of cable quality. Bach of the vari¬ 
ous properties play their part in assuring the 
ultimate consumer that the particular cable 
design has the potential possibility, of yielding 
satisfactory operating performance imder 
the type of operating conditions on his 
system. The data in the present progress 
report indicate that butyl-rubber insulations 
possess more than adequate essentials when 
subjected to each of the criteria studied in 
the present phase of this investigation. 


As regards the comments by Mr. Curdts 
regarding some of the insulation resistance 
values obtained on length A, the author 
would point out that this phenomenon of 
improved insulation resistance with pro¬ 
longed immersion in water at a given tem¬ 
perature is not unusual. Such behavior is 
largely a function of the type of filler in¬ 
gredients rather than a “heat-aging” process 
as inferred by Mr. Curdts. Reference to 
Table IV will show tlaat this phenomenon 
occurs not only at 80 C but at 60 C as welL 
For a material that is vulcanized for several 
hours at temperatures higher than 160 C 
and which, from Table I, shows only moder¬ 
ate aging when subjected to 121 C for 2& 
days, one can hardly attribute much heat¬ 
aging in 28 days at only 50 C. The author 
frankly has no clear-cut explanation to ac¬ 
count for the improvement in insulation re¬ 
sistance exhibited by length A other than 
the data obtained are as reported. It is our 
understanding that others who have made 
tests on conductors insulated with a some¬ 
what similar compound have obtained the 
same results. 


Transformer Temperatures on Short 

Circuit 

W.CSEALEY 

FELLOW AIEE 


W HEN transformers carry short-cir¬ 
cuit current, the temperature of the 
copper and its surrounding insulation 
increases rapidly. After the short circuit 
is removed the temperature decreases to 
the temperature of the cooling medium. 
During the time the temperature of the 
insulation is lugher than normal, the loss 
of life in the insulation occurs at a greater 
than normal rate. Since the rate of 
temperature decrease is 'on the average 
much slower than the rate of temperature 
increase, the loss of life during the cooling- 
off period is much greater than during 
the heating period. In general, the 
American Standards Association stand¬ 
ards^ call for transformers to withstand 
heating of 25 times the normal current 
for 2 seconds, or slightly less heating for 
lower currents. 

Typical Transformers 

For most power transformers and dis¬ 
tribution transformers other factors such 
as desired efiBlciency, heaf dissipation, 
etc., limit the watts per pound of the 
copper to a sufficiently low value so that 
heating on short circuit is not a design 
limitation. However, tliere are impor¬ 
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tant instances where these factors do not 
require sufficient copper area for short 
circuits and, in such cases, the heating 
on short circuit becomes a design limita¬ 
tion. Typical of such cases are the 
following: 

1. Tertiary windings having reduced ca¬ 
pacity. 

2. Auto transformers having increased 
rating or increased capacity on the reduced 
range taps. Typical of this example are 
most step regulators. 

3. Windings where the guaranteed short- 
circuit current is more than 25 times the 
normal current. 

4. Windings where the short-circuit time 
at 25 times the normal current is greater 
than 2 seconds. 

Practically all such transformer wind¬ 
ings are low-voltage windings with a 
relatively small amount of conductor 
insulation. 

Typical Winding Chaiacteristics 

For the purpose of comparison and 
analysis, the following characteristics 
represent the most usual values for 
transformer windings discussed in this 
paper. 


1. Ten-per-cent eddy-current loss at 96 
degrees centigrade (C). 

2. Temperature gradient for the hot-spot 
copper to the adjacent oil at 10 watts per 
pound of copper loss of between 10 and 26 C. 
The value of 26 C is representative of the 
gradients in many of the reduced-capacity 
tertiary windings as they have been made 
in the past. Some windings have had 
gradients higher than this figure. The 
value of 10 C is representative of a value 
which will probably have some use in the 
future if the proposed equation is adopted 
and also of some windings which have 
been made in the past. The space between 
the curves covers representative windings 
without including extreme cases on either 
side. 

Values slightly different than these 
could be selected for examining the proposed 
method and comparable results obtained 
without affecting the conclusions drawn. 

Calculation Methods 

The present American Standards Asso¬ 
ciation standards^ call for calculation 
based on all heat stored in the copper 
and do not introduce the heat-dissipating 
capacity of the winding as a parameter 
in the determination of the current 
density. This method is satisfactory for 
transformer windings having a con¬ 
tinuous capacity of at least 4 per cent of 
the short-circuit rating. However, for 
windings which do not have a continuous 
rating, this method does not adequate^ 

Paper 55-714, recommended by the AIEE Trans¬ 
formers Committee and approved by the AIEE 
Committee' on Technical Operations for presenta¬ 
tion at the AIEE Fall General Meeting, Chicago, 
m., October 3-7, 1955. Manuscript submitted 
May 31, 1955; made available for printing July 
21, 1955. 


W. C. Sbalby is with the Allis-Chalmers Manu¬ 
facturing Company, Milwaukee, Wis. 
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specify design requirements for service 
conditions. One solution would be to 
specify a maximum temperature gradient 
between the copper and the cooling 
medium for such transformers based on, 
e.g., 4 per cent of short-circuit current 
being carried continuously. 

A recent proposal which is in the 
process of being incorporated in the 
standards, perhaps with some modifica¬ 
tion, is to calculate the temperature rise 
based on heat being absorbed in the 
conductor insulation in addition to the 
copper and to introduce as a parameter 
the rate of heat dissipation during the 
cooling part of the cyde. This recent 
proposal requires an increase in the 
copper cross section for many 
covering oil-insulated transformer wind¬ 
ings with continuous ratings where the 
current density in the copper is a design 
limitation. For windings not having 
continuous ratings, the new proposals 
require provision for heat dissipation 
which is desirable and was their inten¬ 
tion. The present method imposes no 
requirements for heat dissipation but is 
based solely on the thermal capacity of 
the copper. 

There has been no evidence that, for 
apparatus having continuous ratings, an 
increase in the copper cross section is 
necessary. In fact, because of better 
rela 3 dng, the average duration of short 
circuits is less and, if anything, a re¬ 
duction in the copper cross section rather 
than an increase is in order. Before the 
new proposals are actually incorporated 
in the standards, it seems desirable to 
investigate the proposed method to 
determine the reasons for the inconsist¬ 
ency and what can be done to take care 
of it. 


Proposed Method of Calculation 


The equation proposed for the calcula¬ 
tion of the temperature rise of oil- 
insulated transformers is 


final temperature==95 •4-329.6w 

(l+et+0.6m) (2) 

Wt 

(3) 


K 


309.51 174-t-0.045ra-f 110 


£A 

A,/ 


where 


««=per-unit eddy-current loss at starting 
temperature 

IT* watts per pound, PR loss at 75 C on 
short circuit 

Ta =* average of initial and final temperatures 
.4<across section of ins ula tinTI 
Ac=cross-section ar^, of copper 


To determine the permissable tempera¬ 
ture rise, a time factor f is calculated 
using the equation 


178.3-I-110 4-* 
^- 


• (4) 


where 


ITi^the total watts per pound at 95 C 
corresponding to normal load on the 
transformer 

G=the temperature difference between 
hottest copper and average oil with 
normal load on the transformer 

A table of temperature limits corre¬ 
sponding to values of the time factor / 
has been set up in the proposal, see 
Table 12.062. These values for dass-A 
insulation are shown by curves A and 
B of Fig. 1. Curve A is for oil-immersed 
insulation and curve B for dry-type 
insulation. 


Present Standards 

The present standards for oil-insulated 
transformers are based on all heat being 
absorbed in the copper with an initial 
temperature of 96 C and a final tempera¬ 
ture not to exceed 260 C, see reference 1, 
section 12.061. 

The present standard equation for 
determining the ultimate temperature 
may be simplified to.^* * 

final temperature =To +2nt^(l -{-nt)X 

/'T' I rirk .1 t 309.26\ 

(r.+234.6)+—j (1) 

where 

To®*initial temperature 
i =»time of short circuit, seconds 
e=> per-unit eddy-current loss at 76 C 
»«*0.9X10'^ (PR watts per pound at 76 C) 


Calculations by Present Method 

Essentially, the calculations of values 
of allowable watts per pound of copper 
for comparison purposes consist of sub¬ 
stituting the typical values and an 
assumed watts per pound in the equations 
given to determine the final temperature. 
If this temperature is above or below 
the established safe limit, recalculation 
using a higher or a lower value of watts 
per pound is performed. This process 
is repeated and a curve of watts per 
pound versus final temperattue is plotted 
until a final temperature equal to the 
safe temperature is obtained, e.g. 

final temperature=X 

(r.+234.5)+?^) 

where 


To=96 for oil-immersed transformers 
/=2 for a 2-second short circuit 


._(234.5-|-95)» 


(234.5-b76) 


20.10=0.113 


Assume PR watts per pound at 95 C= 
10,800 


»=0.9X10-* 


(234.5-1-75) 
(234.6-f 96) 


10,800 =0.0915 


final temperature=96 -f 4 X0.0916 ^( 1 -I- 

0.0916X2)329.5-1--- — ) 
* 1-1-0.0916X2/ 

Final temperature=248.6. 

Standard allowable temperature=260. 
Total watts per pound including 10-per-cent 
eddy current equals 10,800-1-10 per 
cent=11,880. 


A value of 11,900 watts per pound is 
plotted as the ordinate of line A in 
Fig. 2. This value represents present 
practice and will be compared with the 
permissable watts per pound as cal¬ 
culated by the proposed equation and 
proposed sliding scale of temperature 
limits. 


Calculations by Proposed Method 

Calculations by the proposed method 
follow a similar pattern using equations 
2 and 3 to determine the temperature 
reached for assumed values of watts 
per pound. These values are plotted 
as curves A, B,C, D, E, and F in Fig. 3. 
Equation 4 and curve A of Fig. 1 give 
the safe temperature for each value of 
At/Ac and true gradients of 10 and 26 C 
at 10 watts per pound of copper. (The 
gradient used in the proposed equation 
is 10 degrees greater in each case using 
the conventional hot-spot allowance of 
10 C.) These values are plotted on the 
corresponding curves A to F as curves 
H and J for 10 and 25 C respectively. 
The watts per pound determined in this 
manner for 10 and 25 C gradient for 
various ratios of A</Ac are plotted as 
curves B and C respectively in Fig. 1. 
These curves are plotted with ratio 
Ai/Ae as abscissa. 

Calculations 

An examination of the kind of wire 
and insulation used for these low-voltage 
windings will help determine the limits 
of ratio Ai/Ac which apply to these 
practical transformer windings. 

Most oil-immersed transformers where 
the short-circuit heating is a design 
limitation are low-voltage windings with 
a relatively small amount of conductor 
insulation. The widths of the individual 
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Table 12.052. Short-Circuit Temperature 
Limits for- Transformers 


Oil-Immersed 
Transformers, 
Class-A Insulation, 

95 C Hot-Spot 

Dry-Type Transformers, 
Class-A Insulation, 

105 C Hot-Spot 

Tempera- 

Time 

Tempera- 

Time 

ture Limit 

Factor, f 

ture Limit 

Factor, f 

265.;.. 

.. 63... 

.270. 

.. 326 

260.... 

.. 93 

260. 

616 

266.... 

.. 138... 

.260. 

.. 1,169 

250.... 

.. 204... 

.246. 

.. 1,588 

246.... 

.. 301... 

.240. 

.. 2,176 

240.... 

.. 443... 

.236. 

.. 2,974 

236.... 

.. 652... 

.230. 

.. 4,064 

230... 

.. 966... 

.226. 

.. 6,646 

226_ 

..1,399... 

.220. 

.. 7,652 



216. 

..10,303 


strands used are generally between 0.250 
and. 0.600 inch. The liiickness of the 
insulation may vary from zero for bare 
wire and practically zero for enameled 
wire to a 0.020-inch increase in con¬ 
ductor dimension. 

The curves of Fig. 4 have been plotted 
to show the values of the ratio of insula¬ 
tion cross-section area to copper cross- 
section area, (i.e., the ratio At/A^ for 
the typical wires which are used for such 
low-voltage windings. An examination 
of these curves shows that the ratio 
Ai/Ae is considerably less than 0.2 for 
most (rf the wire being used and in many 
cases below 0.1. 

Because the heat generated in the 
copper must travel through the thick¬ 
nesses of insulation to heat the conductor 
insulation, there probably should be 
some limit on the thickness of insulation 
used for the heating calculations. An 
examination of the curves of Fig. 2 


able. As these curves show, one way 
to increase the allowable watts per pound 
of the copper is to use more conductor 
insulation. Since the thermal drop 
through the insulation is small compared 
to the drop from the surface of the 
insulation to the oil, this is in accordance 
with the facts. However, there is a 
limit to which this is effective in reducing 
the short-circuit duty and provision can 
easily be made by limiting the maximum 
value of Ai/Ae to something like 0.6 or 
other selected value. 

Comparison of Curves 

A comparison of curve A with curves 
B and C of Fig. 2, shows that practically 
all of the common sizes of conductors 
require either greatar copper cross section 
or an increased thidcness of insulation 
compared to the present standard to 
meet the proposed short circuit require¬ 
ments. The natural question is: What 
evidence is there that an increase in 
the quantity of material is really needed 
for windings having a considerable con¬ 
tinuous rating? The first place to look 
is the service record; there no indication 
is found that more material is needed. 
Evidently there is disagreement between 
the results obtained by calculation and 
in service. 

It is known that in deriving the pro¬ 
posed method there was a large element 
of judgement in selecting the numerical 
values. There was a wide range of 
choice possible for several factors. An 
examination of these factors where 
judgement was involved might help in 



Fig. 2. Comparison of watts per pound 
allowed by present proposal with the present 
standards 


removing the discrepancy. These factors 
include the following. 

1. The method of calculating the gradient 
used for calculating the time factor/. 

2. The degree rule used for establishing 
the temperature variation corresponding 
to the time factor. 

cr 

3. The permissable loss of life on short 
circuit combined with the probability of 
the severity of the short circuits to which 
the transformer would be subjected during 
its life. 

The selection of the exact values in 
these cases is admittedly difficult. How¬ 
ever, the best check on the values selected 
is a comparison of results with the results 
obtained from service experience. When 
these disagree, a re-examination of the 
decisions made is in order. 


would indicate that a limitation of 0.6 
on the value of Ai/Ae would be reason- 



TlME FACTOR F 





Fig. 1. Proposed temperature limits on short circuit for class-A 

insulation 


Fig. 3. Actual temperature and permissable temperature curves for 
oil-insulated transformers 
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The temperature gradient which was 
used for calculating the time factor / 
is the difference between the hottest 
copper and the average oil. This is 
more conservative than using the tem¬ 
perature difference between the hottest 
-copper and the adjacent oil but it has 
little physical significance. The ‘ true 
gradient represents the physical phenom¬ 
enon of heat dissipation more closely 
and it can be determined more accurately. 

It is diflSicult to justify this extra hidden 
margin in the light of the final results. 
It would be advantageous to eliminate 
.this extra margin and use for G in the 
equation for / either the difference 
between the hottest copper and the 
hottest oil or alternatively the difference 
between the average copper and t he 
average oil. Besides eliminating a hidden 
margin, this has the advantage of having 
the equations more closely represent the 
actual physical conditions and is a step 
toward avoiding putting more material 
in the windings than was formerly used. 

In calculating the values of safe 
temperatures corresponding to the values 
of time factor /, various degree rules 
were used based on published data. 
The common 8-degree rule states that 
the rate of aging doubles for each 8- 
degree increase in temperature. The 



Fig, 5, Comparison of watts par pound 
‘allowed using dry-type class-A temperature 
limits with the present standards 


Fig. 4 (left). Variation of Aj/Ao 
with wire and insulation size 


Fig. 6 (right). Temperature rise nec¬ 
essary to double rate of deterioration 
at 50 per ceiit of total life 



values listed show the increments in 
temperature which were used as values 
for the rate to double. 

For class-i4 oil: 3-4-5-6-7-8-8-8, etc. 
For class-.d dry: 6-7-8-9-10-10-10, etc. 

Physically, it might be expected that 
the aging rate on a short-time basis 
would be very similar for the dry-type 
and oil-immersed materials at the ele¬ 
vated temperatures. This assumption 
would result in higher allowable tem¬ 
peratures in Fig. 1 for the oil-immersed 
insulation than for the dry-type insula¬ 
tion. The assumption which was mnde 
of equal life at the starting temperatures 
results in higher allowable temperatures 
for dry-type than for oil-immersed insula¬ 
tion. The difference in allowable temper¬ 
atures of 45 C seems difficult to believe. 

If it is assumed that the dry-type 
temperatures are safe, why shouldn’t 
they be used for oil-immersed apparatus 
also? The result would be curves E 
and F of Fig. 6. These curves probably 
depart too much from past experience 
to be readily acceptable at this timA 
although they are probably safer for oil- 
insulated transformers than for dry- 
t 3 qDe transformers. A more conservative 
approach is found in an examination of 
the basic data on which the temperature 
series is based. 


Several different curves representing 
different aging conditions are shown in 
reference 3. The conditions for the 
60-per-cent curve of Fig. 7 of this ref¬ 
erence replotted in Fig. 6 herein probably 
represent average conditions. This shows 
variations of degrees for doubling of 6 
to 10 degrees from 95 to 120 C and a 
value of 8.6 degrees above 130 C. The 
8-degree rule is slightly more conservative 
than this curve, and represents a 16 C 
increase in allowable temperatinres above 
those shown by line A of Fig. 1. Curves 
E and C of Fig. 7 are drawn to represent 
the 8-degree rule. These curves are 
derived on the same basis as the curves 
of Fig. 2, except choosing different data 
for the aging curve and the gradient 
calculations. Even they will require 
more material in the winding than the 
present standard in some cases, but the 
difference is much smaller. It does not 
permit the further reduction in mate¬ 
rial that should be permitted by better 
relaying. 

If the allowable temperatures of curves 
B and C of Fig. 7 were increased by 10 C 
based on a re-evaluation of the third 
factor previously mentioned, the curves 
of Fig. 8 would residt. These cusrveS 
have the advantage of requiring no more 



Ai/Ae 



Comparison of watts per pound Fig. 8. Comparison of watts per pound 

allowed by revised proposal no. 1 with the allowed by revised proposal no. 2 with the 

present standards pr^„t ^andaids 
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material than the present standards in a 
greater number of cases. Viewed in the 
light of the permissible temperatures 
allowed for dry-type transformers and 
because of the fact that the present 
limits are too low and bare and insulated 
conductors in accordance with cttrve A 
are in common use, the curves of Fig. 8 
should receive serious consideration for 
the standards. 

It seems unrealistic to require more 
material in apparatus, on the basis of 
theoretical calculations where the as¬ 
sumptions contain a large factor of 
judgement, when all the evidence points 
to a decrease. A re-examination of the 
assumptions, as just outlined, gives more 
consistent results, based on equally 
tenable assumptions. 

Accordingly, the following conclusions 
are reached: 


Conclusions 

It is recommended that the following 
proposals be incorporated in the stand¬ 
ards when the new method of temperature 
calculation is incorporated for oil-im¬ 
mersed equipment: 

1. The thermal time factor should be 
based on the true gradient between hot-spot 
copper and the adjacent oil. 

2. Some limitation (a maximum value of 
Ail Ac of O.S is suggested) should be placed 
on the maximum ratio of Ai/Ae for cal¬ 
culation. 


Discussion 

F. J. Vogel (AUis-Chalmers Manufacturing 
Company, Milwaukee, Wis.); The paper 
really discusses changes already proposed 
to determine the amount of copper required 
for short-circuit duty. The new rule in¬ 
creases the amount of copper required as 
compared to the old rule. 

There are many arguments against the 
new rule. Before discu^ing these, it would 
be well to state that the thinking back of the 
new rule regarding the effect of adjacent 
insulation and that the deterioration takes 
place during the cooling is basicsdly correct 
even though the methods to care for these 
variables are not rigorous. 

On the other hand, it is rare that a change 
is made in the standards that makes existing 
lines of equipment, that have had a long 
successful service recckd, unsatisfactory. 
Unless it is known that such a change is 
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3. The allowable temperature limits on 
short circuit should be increased by from 
16 to 25 C for oil-immersed equipment. 

It is recommended that the following 
changes be mad.e in the proposed standards 
before they are adopted: 

1. Change the paragraph on the calculation 
on the time factor / in the proposed stand¬ 
ards by substituting the word “top” for 
“average” in the calculation of 6 so that 
e is the steady-state hot-spot temperature 
rise at continuous current rating above 
top oil temperature for oil-immersed equip¬ 
ment. The paragraph will then read: 


12.052 Thermal Limit op Transformers 
FOR SHORT-CiRcurr Conditions 


a. The temperature, as calculated by 
methods given in 12.0^, of the conductor 
material in the windings of transformers 
under the short-circuit conditions specified 
in 12,050 shall not exceed the limiting 
values given in Table 12.052 for the re¬ 
spective time factors / given in the table. 

b. The time factor shall be calculated 
as follows: 


_ ^ 

~ W 

where 


(12.052) 


/=time factor, seconds 

steady-state hot-spot temperature rise 
at continuous current rating: 1. 
above top oil temperature for oil- 
immersed transformer equipment; 

2. above ambient air temperature 
for dry-type transformer equipment 
IF=watts per pound of conductor material 
at the temperature corresponding to 
Q temperature rise and standard 
ambient conditions 




mandatory, by unsuccessful service records, 
making such a change would seem to be 
adding unnecessary cost to satisfactory 
equipment. Even where such changes 
seemed mandatory in the past, there are 
many examples of where its application has 
been def errd or made inapplicable to exist¬ 
ing lines. As another alternate to Mr, 
Sealey’s proposal, I would suggest that 
such a clause might be added to the proposed 
change in the standards. 

I have a more fundamental objection to 
the whole procedure. There are no ex¬ 
perimental data available to prove any of it. 
When the old rule was proposed, tests were 
made on coils and the condition of the ma¬ 
terial after such tests investigated. In this 
age, functional testing is being used for the 
opposite purpose, to see if materials can be 
used at higher temperatures. Would it not 
be well to defer this new proposal until tests 
justified the change? Ihere is a proposal 
right now to use functional tests to deter¬ 


C* thermal capacitance per pound of 
conductor material, and its asso¬ 
ciated turn insulation, as calculated 
by equation 12.063b. 

c. The values of both C and W shall 
be taken at 96 C for oil-immersed trans¬ 
former equipment; at 105 C and 160 C 
respectively for dry-t 3 rpe transformer equip¬ 
ment with class-i4 and class-B insulation; 
and at 180 C for dry-type transformers 
with class-AT insulation. 

2, Add the following sentence to the test 
code: “When the value of AiJAc exceeds 
0.6, use the value of 0.5 for AiJAc." 

3. Increase the temperatures in column 1 
corresponding to the time factor / in the 
table for oil-immersed transformers in the 
proposed standards by 25 C. The table 
will then appear as shown in Table 12.062. 
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mine the life of distribution transformers. 
Evidently we do not know all about such 
structures or their capabilities. 

The acceptance of the new rule by many 
demonstrates the easy way that people ac¬ 
cept a mathematical solution even without 
considering the premises. I believe that 
even the life of materials by themselves is 
not too well established, let alone what 
happens to them in assemblies. The prac¬ 
tice of setting up elaborate methods which 
may not take care of all variables leads to a 
wrong impression and is not justified. 

W. C. Sealey: Mr. Vogel’s discussion is 
pertinent to the general subject of trans¬ 
former temperatures on short circuit and 
should be given serious consideration in re¬ 
vising the standards It is heartening to 
know that the recommendations made in 
the paper are under consideration in the 
appropriate AIEE committees. 
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Efficiency of Grounclin3 Grids with 
Nonuniform Soil 

J. ZABORSZKY 

MEMBER AIEE 


S tudies devoted to predetermination 
of ground resistance on the basis of 
geometric dimensions and ground resis¬ 
tivity generally assume that the resis¬ 
tivity of the soil is uniform. i While this 
assumption is frequently justified in view 
of the usually meager knowledge of the 
actual ground resistivity distribution and 
the mathematical difificulties caused by 
any nonuniformity of the ground resis- 
tivity, it also can be misleading under 
certain conditions. 

A case in point is a ground electrode 
site which contains a shallow but moist 
top-soil layer of fairly good conductivity 
overlaying poorly conducting rock. On 
such a site grounding grids situated in 
the soil layer would normally be used. 

Highly refined techniques'-^ have been 
developed for calculating the ground re¬ 
sistance of grounding grids in uniform 
soil. An attempt to apply these to non- 
uniform soil can be unsatisfactory, how¬ 
ever, since conditions change markedly 
if the nonuniformity is substantial. 

The study of a special type of ground¬ 
ing grid is developed here for nonuniform 
conditions with the expectation of ob¬ 
taining at least approximately quantita¬ 
tive indications of what might be expected 
on grids of more conventional design. 

Nomenclature 

depth of upper soil layer, meters 
i? “radius of conductor ring, meters 
Ri “radius of conductor ring number «from 
the center of the grid starting with 

diameter of the conductor forming the 
ring, meters 

X“ electric conductivity, mhos per meter 
Xi=> electric conductivity of the top layer 
of ground, mhos per meter 
X 2 “ electric conductivity of the bottom 
layer of ground, mhos per meter 
M y dimensionless factor derived from con¬ 
ductivities in equation 15 
“general distance defined in Fig. 6, 
meters 

distance defined in Pig. 6, meters 


Paptf 55-713, reqomtnended by the AIEB Trans¬ 
mission and Distribution Committee and approved 
by the AIKE Committee on Technical Operations 
for presentation at the AIEE Pall General Meeting, 
Chicago, ni., October 8-7, 1966. Manuscript 
submitted May 81, 1966; made available for 
printing August 17, 1966. 

J. Zaborszkt is with the Washington University, 
St. Louis, Mo. 


general distance defined in Fig. 6, 
meters 

r“self-ground resistance, ohms 
fm, rii, fjj ... “mutual ground resistances 
ohms 

fo“ ground resistance of a single ring in 
uniform soil, ohms 

f/t“ increment of ground resistance caused 
by higher resistivity bottom layer 
of sod, ohms 

rc “resistance correction term, equation 5, 
ohms 

fgr “ground resistance of grid, ohms 
P“ distance defined in Pig. 6, meters 
/“total ground current, dmperes 
*“ current density in soil, amperes per 
meter square 

h, *2 ... “dimensionless current ratios; see 
equation?24 

G “potential gradient in soil, volts per 
meter 

1^“ absolute potential, volts 
K(k) “complete elliptic integral of the first 
kind 

h, krt “moduli of complete elliptic integral 
of first kind, see equations 13 and 17 
«, y, 2 “rectangular co-ordinates. Figs. 5 
and 6 

X, 2“Cylindrical co-ordinates. Fig. 6 

The Type of Grid Studied 

The type of grid selected for mathe¬ 
matical expediency consists of concen¬ 
tric rings of round thin conductor buried 
in the tmifonn top-soil layer which is as¬ 
sumed to overlay a higher resistivity but 
also uniform rock layer. 

Conventional grounding grids usually 
consist of a rectangular mesh, (haracter- 
ized by a uniform average density of 
conductor (feet of conductor per square 
• feet of area). To make the information 
obtained here approximately applicable 
to such conventional grids, uniform av¬ 
erage density of conductor material will 
also be maintained throughout the pro¬ 
posed concentric grid. This can be 
achieved by selecting the successive radii, 
starting vrith Ri of the smallest ring so that 

J2i+l“l/2(iei-i- Vi2i»+4i2<*) (1) 

Such selection produces a constant ratio 
of the conductor length in each ring to 
the annular area of which it is the outer 
boundary. 

Before discussing the full grid it seems 
desirable to record some results relating 
to one element of the grid, i.e., One-ring 
electrode in nonuniform soil. 


Single-Ring Electrode 


Mathematical expressions for the 
ground resistance of a single ring-shape 
electrode buried in a soil layer of uniform 
thickness and conductivity overlaying a 
homogeneous rock body of a different 
conductivity are derived in Appendbc II. 

From equation 21, the ground resist¬ 
ance of a ring-shaped electrode buried in 
soil of uniform Xi conductivity (m = 0) is 


0.680, 16ie . 0.606 , . 

„ log —;—I— 7 -;— K(kti) ohms (2) 


\iR 


Xi&oi 


Thus the increase (or decrease) of 
ground resistance contributed by the 
underl 3 dng layer of different conductivity 
is from equation 22 


0.605v-\ f/ 

R^ikrs) ohms 


(3) 


•1 .=1 


Consequently, the total ground resist¬ 
ance for two differing soil layers is 


r“ro+f;,“fo 



(4) 


Based on these relations. Fig. 1 shows 
the variation of the ground resistance of a 
single ring buried either in uniform soil 
(ratio of conductivities X 2 /X 2 “l) or in 
nonuniform soil (Xj/Xi^^l) plotted against 
the ratio of ring radius R to the depth 
of the top layer H. It has been as¬ 
sumed for the computation of these 
curves that the ring is buried half¬ 
way through the depth of the top layer 
(values for any depth of burial can be ob¬ 
tained from equations 2 through 4), so // 
for the uniform conductivity case repre¬ 
sents twice the depth of burial. A con¬ 
stant ratio of the conductor riiame t er d 
to depth of top layer H, d/H = 1/100, was 
assumed for plotting Fig. 1. As can 
easily be observed from equations 2 and 
4, a deviation in the d/H ratio can be 
taken into consideration by adding 

0.680, 10-* 

to values read from Fig. 1. These cor¬ 
rections are shown in Fig. 2. These two 
illustrations. Figs. 1 and 2, then can be 
used directly for estimating ground resist¬ 
ances of single-ring electrodes in nonuni¬ 
form ground. It may be observed from 
these two illustrations that the presence 
of a high-resistivity lower soil layer raises 
the ground resistance very substantially, 
indeed; if the difference in soil conductivi¬ 
ties Xi and Xj is large enough, the actual 
grotmd resistance may be many timps 
that calculated on the basis of the conduc¬ 
tivity of the top layer and on the assump¬ 
tion of uniform conductivity throughout. 
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Rg. 1. Ground resistance of single ring of 
radius R buried at depth hi = H/2 in top layer 
of soil of depth H. Xi and Xj are respective 
conductivities of top and bottom layers of 
soil. Ratio of conductor diameter to depth 
d/H—1/100'. Ordinate scale multiplied by 
0.505/XiH gives ohms 

In the extremecase, whentheconductivity 
of the underl 3 ring rock becomes zero, the 
ground resistance of the ring becomes in¬ 
finitely large. It also may be observed 
from Fig. 1 and 2 that an increase of the 
radius of the ring effectively reduces the 
ground resistance while the use of a larger 
diameter conductor is much less effective. 

Efficiency of the Grid 

When several concentric rings are con¬ 
nected to form a single grounding grid, the 
distribution of the ground current be¬ 
tween the individual rings and the ground 
resistance of the entire grid can be calcu¬ 
lated by the use of self- and mutual 
resistances which are derived in Appen¬ 
dixes II and III. Figs. 3 and 4 are based 
on these results. 

Shown in Fig. 3 is the variation of the 
total ground resistance of a grid of the 
studied type with the conductivity ratio 
Xj/Xi of ihe two layers in the soil. The 
ground resistance is expressed in per cent 
of the ground resistance that would be 
obtained if all the conductor length in the 
grid were used in one single-ring electrode 
of appropriate diameter. It can be ob¬ 
served from this diagram that the ground 
resistance of the grid will be about twice 
as large for the grid studied here and, 



CONDUCTOR DIAMETER TO DEPTH RATIO-d/H 


Fig. 2. Additive correction to Fig. 1 for 
diameter ratios d/H?^1/100 


interestingly, the extent of the nonuni¬ 
formity of the conductivities has only 
limited effect on this ratio. In other 
words, the conductor length is much more 
efficiently used in one single ring than in 
the grid. 

Shown in Fig. 4 is the variation of the 
current discharged from one unit length 
of conductor as function of the distance 
from the center of the grid. It may be 
observed that this current density, which 
is a measure of the efficiency of the indi¬ 
vidual sections within the grid, takes on 
a high value only on the periphery of the 
grid and drops rapidly toward the center 
of the grid, even if the difference in the 
conductivities is relatively moderate 
such as X 2 /Xi= 1 / 2 . 



Fig. 3. Ground resistance of grid in per cent 
of ground resistance of single ring using the 
spme length and diameter conductor as the 
grid. Ratio of outside grid radius to depth 
of top layer is 55, its ratio to conductor di¬ 
ameter is 5,000; four rings with radii as 
specified in equation 1; grid buried to half 
depth of top layer of soil. Xi and are 
respective conductivities of top and bottom 
layers of soil 


Conclusions 

The foregoing discussions show con¬ 
clusively that even relatively moderate 
vertical variations of the ground resis¬ 
tivity have extensive effects on the effi¬ 
ciency and ground resistance of grounding 
grids. Such variations should be a 
major consideration in predetermining 
ground resistances and the results of this 
paper are believed to give some aid to¬ 
ward that end. 

It may be seen that an underlying 
higher resistivity layer in the soil renders 
the inner portion of grounding grids in¬ 
creasingly ineffective, with increasing 
nonuniformity of soil conductivities. It 
is more economical to use the conductor 
material spread out on as large a pe¬ 
riphery as feasible rather than use it to 
form a grid with a smaller periphery; the 
periphery rather than the area of the 
grounding electrode determines the ground 
resistance. 

While the numerical results expressed 
in the equations and illustrations apply 
strictly only for the special type of grid 
that was studied, it is expected that they 
give good approximations also for square 
mash grids using the same conductor 
length and diameter if the area is not very 
elongated. Also while only such cases 
were studied here where the conductivity 
of the lower layer in the soil is smaller 
than the conductivity of the top layer, 
the equations which were derived apply 
equally for the reverse situation. 

It is not very unusual to encounter 
grounding sites with two layers of mark¬ 
edly different conductivities although the 
conductivity within the individual layer 
would also be more or less nonuniform in 
actual sites. Such inner variations are 
not considered here. Not considered 
are also inductive effects accompanying 
the ground resistance. 


Appendix I. Electric Potential 
o( Ring Buried Deep in 
Uniform Soil 


If a point source of current I amperes 
is buried in uniform material of conductivity 
X mhos per meter, then across the surface 
of a sphere wiih radius p meters and the 
point source as its center the current 
density will be 

i ^ amperes per square meter (6) 
4irp® 

and so the voltage gradient perpendicular 
to the sphere will be 


G - -; volts per meter 

4irXp* 


(7) 


Taking the potential at infinity as zero, 
the potential at distance p from the point 
source is 



( 8 ) 





Fig. 4. Current discharge into ground per 
unit length of conductor as a function of the 
distance from center of grid. Distance ex¬ 
pressed in per cent of outside radius of grid; 
current density expressed in per cent of its 
value at the periphery. Same system as in 
Fig. 3 
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Fig. 6 shows the centerline (ellipse) of a 
conducting ring. If this ring, which will 
be first considered of infinite simal thiekneas, 
discharges into the uniform material that 
surrounds it J amperes current, then a 
ds’=Rdif> meter long section of it discharges 

dld<f> amperes ( 9 ) 

According to equation 8, this dl current 
produces at point P(ic, 0, z) a potential of 

The entire ring produces at that point a 
potential of 


Fig. 5 (left). 

Geometry and 
co-ordinate sys¬ 
tem for one 

single-ring elec¬ 
trode in uniform 
soil 


Fig. 6 (right). 
Ring buried in 
soil layer of 
conductivity Xt 
over uniform 
body of con¬ 
ductivity X] and 
images 



'=JL _£ 

4’rX 2jrJ. p 


P=V {x-R cos sin* (12) 

With the substitution® 
cos ^=2 sin* a- 1 


^ (x-Ji)>+g2 

c* (2?+a;)2+2j“^ 

( 

The integral becomes 

T.-_j / 

2t*XcJ„ y'l ^ “2^2Xc 


Appendix II. Oround Resistance 
of a Rins-Shaped Conductor 
Buried in Soil Overlaying Rock 

The method of images can be used. Since 
both boundary planes between the three 
^teri^ produce images, there results a 
2-way infinite sequence of images, some of 
wluch w indicated in Fig. 6. If both air 

and rock haye zero conductivity, X2=X3«0, 

^ of the^ images discharge into the uni¬ 
form medium of conductivity Xj a current 
equal to the Mtual ground current of the 
nng. The ground resistance of the ring 


(Ae ratio of its potential to the current it 
discharges) in this image system equals its 
true ground resistance under the actual 
conditions. 

If Xjj-^O, a modification of this method is 
possible, si mil ar to the modification used 
in electrostatic theory for different di- 
riectri<3. In this process, whenever an 
i ma ge is taken on the boundary between 
soil and rock, the current of the image 
reduces in a ratio 


Thus the images are not carrjdng equal 
curr^ts now; rather liie currents are 
varying, as shown in Fig. 6. The whole 
space still has Xi conductivity and the 
pound resistance of the ring for this 
idealized combination still yields its true 
ground resistance for actual conditions. 

The potential caused by the ring and all 
its images at point P in Fig. 6 will be the 
sum of the potentials caused at point P by 
the ting and its individual images. So 
with equation 14 


served from equation 13 that k and, conse¬ 
quently, V will be essentially constant on 
slendp toroids, the centerline of which 
coincides with the ring in Fig. 6. So equa¬ 
tion 14 can be used to calculate the poten- 
tip on an actual ring made of a conductor 
with diameter d if and, consequently 

so that 


coi^R 




and since (d/4P)» is a small number 

X(i„)ain5y (20) 

For the images the Cra values in equation 
15 must be replaced by the bra values which 
are defined in Fig. 6. Finally, with these 
considerations and equation 16, the ground 
resistance of the ring can be calculated as 


^ (16) I 2t*XiL2P ^°^ 


where <:« is defined in Fig. 6 and 
£ 2V^ 


Sin(% (jc--P)*-|-z*=«coustant is the equa¬ 
tion of a circle in the »—z plane with its 
center at ac^P on the x axis, it can be ob- 


&01 A:(A„)] (21) 

If a second ring having a radius x is 
situated concentrically in the same plane 
vrith the ring of radius P, a mutual re¬ 
sistance of these two is defined from equa¬ 
tion 16 by 
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Vix) 

n»=-y- 


=—— r —ir(feoi)H— ^(^ 03 )+ 

2ir*Xi Lcoi Co3 

y) 2 (“) 

r = i 3 = 1 -I 


Note that the mutual resistance will 
be the same on the basis of equation 22 
and the geometry of Fig. 6 in either direction 
between the two rings, which is of course 
as it should be. 


Appendix III. Current 
Distribution on Grid 

For a grid consisting of concentric ring 
electrodes in one plane, the common voltage 
V of the grid can be calculated as 


ri, rtt r%, and >'4 are defined by equation 21; 
mutual resistances fu, fu, are 

defined in equation h, h, Is, and I 4 
are the ground currents of the various 
rings. 

Introducing the dimensionless ratios 


. Ii , . h . I3 . I4 

tl®* r = *3 = 7", *4= ~ 

h ij ii U 


(24) 


and subtracting successively the individual 
equations of equation 23 from the first of 
these equations 

0=(ri — ru) +«2(>'i4"“>'i)“l"*3(?'i3 ”>' 23 )+ 

u(,ru—fu) 

0 = ( ri — #*13 )+i2(?'l2 — f2S )+«3(»'l3 “ J'S ) + 

t4(ri4-r34) (25) 

0 “ ( ri — ri4) 12 —ru) +ts(>'i3—>' 34 )+ 

»4(n4-»'4) 


V = Iiri +I2?'l2 +I3»'l3 + 14^14 
F = Iiri2+l2r2+l3?'234*l4t'24 (23) 

F ='Iiri3 +I2r23 -\-I 3 r 3 +l4»'34 
F=Iiri4 +12^24 +I3>'34 +l4^4 

These equations are simple applications 
of the superposition principle stating that 
the voltage of each ring is jointly produced 
by its own ground current and the ground 
current of the other rings. Self-resistances 


Simultaneous solutions of equation 25 
then yield the ratios « 2 , ht and u. With 
this, the relative current distribution is 
known. If the total ground current of 
the grid I»=Ii+l 2 +/ 8 +l 4 is known, then 


1+4 4-23+4*4 

and 


l2=Jl2l I3=ll23 li—Ilii (27) 

Now any equation of equation 23 yields 
F and so the resulting ground resistance of 
the grid is 

V 

r„r=yohms (28) 

Generalization for more than four rings 
is obvious. 
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Future Application Needs of Carrier 
Pilot Relaying 

T. A. CRAMER F. C. KRINGS 

ASSOCIATE MEMBER AIEE MEMBER AIEE 


T he electrical industry has exhibited 
an expansion rate characterized by the 
doubling of kilowatt-hour output every 
10 or 11 years. This geometric rate of 
growth has, in turn, required a similar 
increase in the use of carrier for all types 
of communication functions; however, this 
paper is mainly concerned with the future 
needs for carrier pilot-rela 3 dng channels. 

Other types of communication media, 
such as microwave, will undoubtedly play 
a part in the expansion of pilot-relaying 
channels. However, carrier will continue 
to provide an overwhelming majority of 
these rela 3 H[ng channels because carrier is 
the best over-all answer to the combined 
need for speed, reliability, economy, and 
simplicity. 
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The carrier-relaying installations, which 
presently number about 3,000, may in¬ 
crease to double the present number as 
the electrical industry ecpands in the 
next decade. If frequencies for these ad¬ 
ditional relaying channds are to be ob¬ 
tained as weU as frequencies for the 
future carrier channels for transferred 
trip, supervisory control, telemetering, 
and dispatching communication, then 
something must be done now about the 
impending frequency-congestion prob¬ 
lem. In fact, some areas are already ex- 
perieticing serious frequency coiigestion. 

Maxunum Utilization of the Carrier 

Spectrum 

Because of the special nature of the 
carrier-rela 3 dng application, there are a 
number of practical steps that can be 
taken to achieve maximum utilization of 
the carrier spectrum. One of these is the 
frequent repeating of ^e same frequency 
throughout the power transmission sys¬ 
tem. Usually the same frequency can be 


reused on nonadjacent line sections. This 
practice makes maximum use of the im¬ 
pedance of the two line traps tuned to the 
same frequency and of the isolation ob¬ 
tained by the intervening line section, as 
shown in Fig. 1. The repeating of exist¬ 
ing frequencies has already helped to 
solve congestion in some areas, and this 
practice should be expanded. 

Another important step is to use a re¬ 
ceiver sensitivity adequate for the par¬ 
ticular application but not greater than 
necessary. The large majority of the 
transmission lines are of relatively low 
attenuation and, of course, a relay channel 
is always fully trapped; therefore, the 
carrier attenuation of an average line 
may be less than 10 decibels (db). Thus, 
the sensitivity setting need only be suf¬ 
ficiently above line attenuation to give an 
adequate margin (approximately 10 db) 
for the changes in attenuation resulting 
from adverse weather conditions and 
other causes. Increasing the sensitivity 
beyond the requirements of the applica¬ 
tion is equivaldit to wasting the fre¬ 
quency spectrum because this would re¬ 
quire an increased spacing between chan¬ 
nels to avoid interference. 

The third and most important step is to 
use carrier equipment with characteristics 
which will permit the closest possible fre¬ 
quency spacing. The important equip¬ 
ment characteristics are: selectivity or 
bandwidth of the receiver, frequency sta¬ 
bility, and reduction in harmonic output. 
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Fig. 1. The frequency of a relay channel h is reused on nonadjacent line sections. The line 
traps and B tuned to fi and intervening line section help provide isolation 


Selectivity is the characteristic used to 
define the ability of the receiver to re¬ 
ject an unwanted signal. Therefore, the 
greater the selectivity, the closer the 
channels can be spaced and thus the fre¬ 
quency spectrum is used to a maximum. 
However, there is a limit to the amount of 
selectivity that can be used since the 
tuned circuits giving the desired charac¬ 
teristic also cause a delay in the build-up 
and decay time of the received r play ing 
signal as well as causing a phase shif t,i 

New Canier-Relay Equipment 
Characteristics 

The new carrier-relay equipment de¬ 
scribed has been designed to fulfill all of 
these basic requirements. To obtain the 
mininufm possible spacing between car¬ 
rier-relaying channels, the selectivity of 
the new receiver has been increased to the 
maximum value which can be employed 
without increasing the over-all relaying 
time; i.e., the time between the keying 
of the transmitter and the build-up of 
current in the remote receiver relay is 
sufficiently short so that directional-com¬ 
parison relays of the electromechanical 
type can be used without requiring addi¬ 
tional relaying time. The selectivity 
characteristic is shown in Fig. 2 and has 
the same bandwidth for any frequency 
from 30 to 200 kc. This improvement is 
made possible by the use of filter tech¬ 
niques instead of the simple tuned circuits 
that have been used in previous de¬ 
signs. 

The large increase in selectivity ob¬ 
tained with this new design will enable 
two or three relay channels to occupy the 
space formerly taken by one channel. 
Spadngs closer than 5 kc can be used 
under the more severe application condi¬ 
tions; i.e., even when the range of the 
channel is to be 40 db (sensitivity setting 
IS to be 40 db) and the channels are closely 
coupled together. In the more normal ap¬ 
plication, 1 to 3 kc will be ample spacing 
for the relaying function. Thus, the 
task of finding new carrier frequencies 
has been made rdatively easy. 

Direct crystal control of the new trans¬ 


mitter is used for maximum frequency 
stability. A carefully designed filter is 
included in the transmitter output circuit 
to attenuate all harmonics that fall in the 
30-to 200-kc band by more than 50 db, 
and an even greater attenuation for har¬ 
monics above this band. The transmitter 
filter has a sufficiently low insertion loss so 
that 10 watts of carrier power is delivered 
at the output terminal. 

The new design uses the techniques and 
practices that have been highly successful 
in preceding equipments. Long-life or 
preaged tubes are conservatively used and 
win give the .1- to 2-year average life ex¬ 
pected of equipment for this type of serv- 
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KC OFF RECEIVER TUNED 
FREQUENCY 

Fig. 2. Typical receiver filter selectivity 
characteristic 


ice. Transistors were considered for this 
design but power transistors are still 
somewhat in the development state, and 
it was decided to obtain further exper¬ 
ience before placing them in an equipment 
already having a remarkable reliability 
record. The new equipment is illustrated 
in Fig. 3. 

Voice-Communication Facilities of 
the New Equipment 

This new design for minimum channel 
spacing is based upon a new philosophy 
with regard to the emergency or test 
telephone communication feature. With 
the advent of carrier pilot rela 3 dng more 
than 20 years ago, everyone recognized 
the desirability of having voice communi¬ 
cation between the terminals for original 
adjustments and subsequent testing of 
the channel. In some cases, the relay 
channel was depended upon for regular 
system coimmmication with the result 
that the necessity for transmitting good 
voice quality became the criterion for 
channel bandwidth and channel spadngs 
rather than the rela 3 dng function. In¬ 
vestigation has revealed that carrier and 
relay engineers recognize that the test 
communication may well be eliminated in 
favor of maximum selectivity, resulting 
in the maximum number of carrier-relay 
chamids in the available spectrum. A 
better arrangement is to group the relay¬ 
ing frequences cdosely together and thus 
dear a space in the spectrum for a high- 
grade parly-line carrier-telephone chan- 
nd. 

In this design, therefore, provision has 
been made for voic» commimication only 
during the adjustment period by a port- 
able plug-in voice unit consisting of a 
modulator and voic» receiver. This is 
illustrated in Fig. 4. 

This voice unit is completdy transis¬ 
torized and utilizes small-size components, 
to improve its portability. The reli¬ 
ability and the standardization of transis¬ 
tors have progressed suffidently to allow 
their conservative application to this in- 
ddental voic^e featxure. Transistors for 
this ptupose contribute to the small-size 
and low-power absorption features that 
are desirable but in no way pr^ent a 
hazard to the rdaying function. 

The bandwidth of the rday recover 
ffiter is mucffi too narrow for communica¬ 
tion; however, by using only a pcjrtion of 
this filter, suffident bandwidth is obtained 
fcff voice communication without affect¬ 
ing the sdectivity of the rda3dng func¬ 
tion, The control circuits are arranged 
so that a power output of approximatdy 1 
watt is used for communication, but with 
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Fig. 3. Typical directional-comparison re¬ 
laying assembly in a 7S-inch swing-rack 
cabinet 


the protective relays having full pref¬ 
erence over the channel at all times. The 
protective relays can either increase the 
transmitter power instantly to 10 watts 
or turn the carrier off, as required. Thus, 
provision for communication facilities 
for maintenance or adjustment has been 
provided without sacrificing the require¬ 
ment of maximum selectivity and, conse¬ 
quently, minimum permissible spacing. 

The Spacing of Existing Relay 
Channels 

The minimum permissible spacing be¬ 
tween any two channels is dependent 
upon the characteristics of the channel 
equipment having the lesser degree of 
selectivity. Therefore, the spacing be¬ 
tween existing rday channels and a chan¬ 


nel using the new design of equipment 
would be determined by the selectivity 
characteristic of the existing diannel 
equipment. This may mean that some of 
the older outmoded equipment whidi uses 
too much of the frequency spectrum 
should be replaced; however, the more 
recent equipments are adequate in all 
respects except for their selectivity. 

Recognizing the need for improved 
selectivity for equipments already in¬ 
stalled, a filter has been designed that 
will give the required selectivity charac¬ 
teristic when added to these existing 
equipments. The filter, when mounted 
on a chassis, is called a selective amplifier. 
The amplification is necessary to make 
up the loss through the filter. The selec¬ 
tive amplifier, illustrated in Fig. 5, can be 
applied to many equipments now in 
service. 

Conclusions 

The number of carrier-rela 3 ring installa¬ 
tions may double in the next decade. This 
tremendous expansion in rela 3 dng chan¬ 
nels along with the expected expansion in 
other types of carrier applications will 
cause serious frequency congestion unless 
the following steps are taken now to 
achieve maximum utilization of the carrier 
spectrum. The important steps are: 

1. The use of carrier-relaying equipment 
with maximum permissible selectivity, such 
as the equipment described in this paper. 

2. The use of sensitivity settings that are 
no greater than necessary for the applica¬ 
tion. 

3. The reuse of the frequencies of relay 
channel on other nonadjacent line sections 
of the transmission S 3 ^tem. 


Reference 
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Fig. 4 (left). Plug¬ 
in voice unit com¬ 
bining voice modu¬ 
lator and voice re¬ 
ceiver; shown with 
cover removed 


Fig. 5 (right). 
Selective amplifier 
unit added to a 
superseded model of 
directional - com¬ 
parison relaying as¬ 
sembly 


S. C. Bartlett (American Gas and Electric 
Service Corporation, New York, N. Y.): 
We find the paper most interesting and we 
very definitdy agree with the basic premises 
leading to this study and development of 
an improved carrier relay set. At first 
sight it might appear that carrier-current 
relaying, at least the power directional 
type, in requiring simply an “off-on’* 
function of the carrier, could be handled 
in a very narrow portion of the spectrum. 
On the other hand, we find, particularly 
as we go toward higher line voltage and 
power, the time available for the trans¬ 
mission of the carrier signal—especially the 
change from “on” to “off”—narrows down 
to a fraction of a millisecond. This rate 
of change, in turn, requires substantial 
bandwidth and the ideal set must be a 
compromise between the telemetering-type 
equipment and voice-channel equipment. 
The authors’ solution to obtain the required 
bandwidth with the closest possible spacing 
from adjacent channels through the use of 
band-pass filters is excellent. We wish 
the paper might have shown by curves 
or other means the .relation between rate 
of change and selectivity as we know it 
with conventional circuits, and again, the 
relation by using the band-pass filters. 

As far as crystal control is concerned, we 
have used it for years for carrier-current 
telephone, telemetering, and more recently 
for transfer trip, and certainly have no 
resistance to its application for rdaying. 
We assume that in the interest of attaining 
the required rate of change the crystal 
oscillator will run continuously. This is 
not objectionable except that the local 
receiver, being on the same frequency, 
must be protected by adequate shielding. 

We further agree with a modulator as 
used with the pilot relay set should be 
restricted primarily to the purposes of 
channel testing, for emergency communica¬ 
tion, and as such, it could be a very ele¬ 
mentary device capable of providing only 
bare intelligibility. 

The work of the authors is to be com¬ 
mended, not only in the preparation of this 
paper, but particularly in the concept and 
development of the equipment itself. 
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J. G.^ Carter (Westinghouse Electric Cor¬ 
poration, Baltimore, Md.): The authors 
have shown a number of methods in which 
better use can be made of the frequency 
spectrum, not only by using up-to-date 
equipment, but by applying it more care¬ 
fully. 

I would like to suggest one further 
method, that of using the spectrum be¬ 
tween 200 and 400 kc. A discontinuous 
function like relaying will offer negligible 
interference to other services in this range, 
all of which are coastal communication 
and therefore unlikely to be interfered with 
by radiation from power lines in any case. 

The authors state that "in the more 
normal application 1 kc to 3 kc will be 
ample spacing for the relaying function." 
However, close examination of the curve in 
Fig. 2 mdicates that the receiver filter 
attenuates a signal 1 kc off center by about 
8 db. 

Assuming that the receiver requires a 
10 -db signal/noise ratio to give an adequate 
margin for reliable operation, it would seem 
that an undesired signal 1 kc away would 
need to be 2 db below the level of the desired 
signal. 

Now if we consider two relay channels 
on ^acent line sections, each transmitter 
receiver will only be separated by a line 
trap from the bus. A single-frequency line 
teap under the most fiivorable conditions 
has a resonant resistance of 9,000 ohms at 
average frequency, and the trap for the 
neid section, tuned 1 kc off, would have a 
resistance* of about 4,000 ohms. Beyond 
this is, say, a 500-ohm line, so the maximum 
attenuation between sections due to the 
traps is 28 db. Howgyer, this is seldom 
if ever realized because the signal couples 
to the other two phases which are un- 
trapped, and then back to the original 
phase, so tliat the effective attenuation of 
^e traps might be only 10 db and it would 
be unsafe to count on more than this. 

The undesired signal from the adjacent 
thus will be only 10 db down from 
full transmitter output, and the desired 
signal must be 2 db above this. Therefore 
the attenuation of the line section is limh -Pd 
to 8 db under the worst conditions of 
weather, switching, etc., for reliable opera¬ 
tion. I would question whether so low an 
attenuation could be considered a "normal” 
application. 


George W. Fox (Union Electric Company of 
Missouri, St. Louis, Mo.): The autliors 
seem^ to have done an excellent job in 
definmg the problem that confronts all 
large users of carrier and at the same time 
have offered several solutions. 

Our system has, for some time now, felt 


the squeeze of less and less carrier channel 
spectrum space availability for typical 
carrier use such as relaying, voice, tele¬ 
metering, and supervisory. This problem 
has become even more acute when large 
power systems, having a considerable 
amount of power-line carrier, interconnect 
with other large utilities for pool operation. 
The communication engineer then not only 
has to worry about his own carrier needs, 
but also when planning new channels or 
rearrangement of channels in his system 
he must now consider what interference 
may be produced with his interconnected 
neighbors. 

The lack of carrier spectrum space 
has, or will shortly, force many 
utilities to go to more expensive means for 
handling various intelligences required for 
relasdng, telemetering, load control, etc. 
One such medium is microwave. We do 
not feel that the ultrahigh- and superhigh- 
frequency arts have yet progressed to the 
point where relaying channels can be 
indiscriminately placed on microwave when 
other forms of communication (principally 
carrier) exist. We do not wish to imply 
that microwave cannot, or should not, 
be used for relaying applications. How¬ 
ever, for the long-haul systems, we still 
prefer cairier—even to the extent of taking 
an existing voice channel off of carrier 
and putting it on microwave in order to 
gain spectrum space for carrier relasdng 
channels. It is definitely beheved, as was 
pointed out in this paper, that increasing 
receiver selectivity, hence decreasing band¬ 
width, thereby allowing closer "carrier 
stackmg, is a step in the right direction. 
Of coupe, one must pay careful attention 
to earner design details to see that over-all 
rela^ng time is not increased. Some 
consideration must also be given to re¬ 
ceiver sensitivity. Crystal-controlled trans¬ 
mitters with attendant receiver stability 
are pecessary when one starts stacking 
carriCT with minimum guard bands. 

This paper echoes thinking which we 
have had for years. We never have sanc¬ 
tioned the dual use of relay carrier channels 
for both relaying and voice functions. We 
have always felt that relay channels 
should be kept clean as possible and should 
be dpigned as such; namely, for relay 
functions and not for high-quality voice 
(with its requirement for greater band¬ 
width). Almost invariably other voice 
channels such as carrier, microwave, etc. 
are available to. service personnel over the 
same routes as the relay carrier. We have 
always purchased carrier with the voice 
feature added merely as a convenience 
to our communication and relay testers. 
The voice-channel quality does not neces¬ 
sarily have to be high for such purposes 


and the usage is held to a minimum. 

This paper mentions repeating carrier 
frequencies at different points in the system. 
We have never followed such a practice 
and feel that such should be avoided if 
at all possible. We have found it virtually 
impossible completely to trap carrier signals 
and therefore feel that one lays himself 
open to possible embarrassment should 
it be found that false relay operations are 
attributable to other carrier signals. Thus 
far we have been able to stagger frequencies 
relying on sharp receiver selectivity. 


T. A. Cramer and F. C. Krings: We are 
glad to receive Mr. Bartlett’s comments, 
particularly those regarding the telephone 
use of the channel. The crystal oscillator 
does operate continuously in order to avoid 
the starting time delay and since this is 
not a high-gain receiver the shielding 
problem is not difficult. 

Mr. Carter mentions the use of the 200- 
to 400-kc band as a suitable place for 
protective relaying and this equipment is 
designed so that it can easily be extended 
into that band by changing crystals and 
filters, but we feel that a word of warning 
should be given since this band still is 
used for airway beacons. Any utility 
contemplating the use of frequencies 
above 200 kc should assure themselves 
that they will not cause interference to 
some local installation. Regarding the 
remainder of his discussion, if conditions 
were as he has stated then, I would agree 
that spacings of 1 to 3 kc would not be 
possible in a normal installation. Our 
field experience has shown that today 
the imp^ance looking from the line into 
the bus is not 500 ohms as assumed, but 
more like 100 ohms or even 60 ohms. 
With this low bus impedance it can readily 
be seen how frequencies can be repeated 
on alternate line sections and in some cases 
on the opposite side of the same bus. This 
has actually been done in practice and it is 
for this reason that we always advise that 
the minimum frequency spacing be de¬ 
termined by field test rather than by 
office calculation. 

Mr. Fox’s comments are very clear and 
helpful, and we would like to comment on 
his statements regarding the repeating of 
carrier frequencies. This practice has been 
used successfully for years by several 
utilities, and when properly done represents 
no hazard to correct carrier relaying. It 
appears that Mr. Fox is fortunate in his 
system since he can eventually repeat 
some of his, relaying frequencies and thus 
obtain more channels without actually 
using any additional carrier spectrum 
space. 
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Economic Selection of Auxiliary 
Drive Motors in Power Plants 


E. T. B. GROSS 
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D rive motors for auxiliaries in steam 
power plants are generally selected by 
means of simple time-tested methods. It 
is wise to review these application 
methods from time to time to effect 
additional economies. The existence of 
relatively large margins between design 
requirements of auxiliaries and the 
nominal ratings of their drive motors 
suggests a study of the necessity of these 
margins.^ It was decided to review 
the auxiliaries in a typical modern power 
plant to determine what margins actually 
existed after the power plant was in 
operation. This required obtaining typ¬ 
ical data at the power plant, including the 
actual motor outputs for various gener¬ 
ator loads. 

On this basis it was possible to deter¬ 
mine whether the drive motors installed 
were the most favorable alternatives 
available. The analyst is here at an 
obvious advantage in comparison with 
the designer since the actual requirements 
of the auxiliaries are known and any un¬ 
certainties in the design figures can be 
eliminated. 

Descriptive Information on the 
Specific Power Plant 

The steam power plant studied was 
built within the last 3 years. The specific 
unit went into operation in mid-year of 
1953. The generator output is normally 
75 megawatts (mw) throughout most of 
each operating day though the name-plate 
rating of the unit is 60 mw. 

The auxiliaries under consideration 
were those driven by motors operating at 
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2,300 volts. The motors are listed in 
Table I, and more detailed information is 
given in Tables II arid III. The induc¬ 
tion motors have squirrel-cage rotors, 
standard dripproof covers and class-i4 
insulation. In many cases a modified 
dass-il insulation, specifically for power 
plant use, was installed. These motors 
have service factors of 1.15. Any syn¬ 
chronous motors are provided with motor- 
generator sets as exciters and operated at 
unity power factor (pf). The endosure 
used is such that no service factor is 
allowed. 

While there are two boiler feed pumps 
available for the unit, only one is motor 
driven. Each is designed to supply the 
full demand and the motor-driven pump 
is normally in use. Further discussions 
of the power plant and its auxiliaries are 
contained in later sections. 

Design Requirements of the 
Auxiliaries 

When a new unit for a power plant is in 
its design stages, engineers representing 
various manufacturers and the utility are 
involved in the selection and application 
of equipment. When the pumps, fans, 
and coal mills are contracted, arrange¬ 
ments are made to sdect the drive motors 
by one of two methock. The manufac¬ 
turers may provide the design engineer 
with the characteristics of the auxiliaries 
referred to the motor side of the coupling. 
On the basis of this information, the de¬ 
sign engineer makes the choice of drive 
motor for the specific application. An¬ 
other method involves purchasing the 
auxiliary and its drive motor as one com¬ 
plete unit. In this way, the pump, fan, or 
coal mill manufa:cturer negotiates directly 
with motor vendors for the drive motor 
and furnishes his product along with its 
motor as a package unit. In some of 
these cases, motor and auxiliary •will be 
manufactured by divisions of the same 
company. Most of the installed drive 
motors for the auxiliaries in the plant 
under study were sdected by the latter 
of the two methods. 

These design requirements were com¬ 
pared with tibe nominal and maximum 
ratings of the drive motors installed and 


the margins in the motors were computed. 
The results of this comparison are pre¬ 
sented in Table IV. 

The maximum available horsepower 
(hp) is the rating of the motor times its 
service factor. Since all the induction 
motors have either class-.4 insulation (or 
class-.4 insulation for power-house use) 
and dripproof covers, all service factors 
are 1.15. Class-.4 insulation is good for 
a total temperature of 105 degrees centi¬ 
grade (C) without charring or unduly 
shortening its life. This total tempera¬ 
ture is ba^d on a 40 C ambient tempera¬ 
ture, a 40 C temperature rise for an open 
or dripproof motor, a 15 C rise for hot 
spots, and 10 C to permit the service 
factor. 

It can be seen from Table IV that the 
mayiTnum hp which the motor can deliver 
continuously without injurious tempera¬ 
ture rise is from 25.0 per cent to 58.6 per 
cent greater than the maximum design 
brake hp input into the coupling of the 
auxiliary. The design brake hp require¬ 
ments contain additional margins because 
of the mechanical design of the auxiliary. 
These margins on the mechanical side are 
common. In designing fans, for instance, 
certain conditions which can be maintained 
on test are seldom, if ever, duplicated in 
an actual installation. It is practically 
impossible for the manufacturer to test a 
fan under actual service conditions. The 
connections made to a fan may influence 
its performance to such a degree that it 
would be tmwise for .the mechanical en¬ 
gineer to select a fan without large toler¬ 
ances. 

Large margins are also common in 
the boiler feed pumps. (These pumps are 
usually driven by the largest motors in 
the power plant.) Gaffert® states that a 
customary margin above the maximum 
boiler output may be about 20 per cent. 
The maximum design requirements on 
boiler feed pumps are for capacities corre¬ 
sponding to 120 per cent and even 125 per 
cent of the normal full-load boiler rating. 

Whether the mechanical design margins 
actually exist can only be determined 
after the power plant is in operation. 
If they are present, the margins between 
Tnayitni im drive motor loads and drive 
motor ratings will be even greater than 
the margins indicated in T able IV. 

The generator ordinarily operates at 
an output of either 30 or 75 mw and only 
a few houis each week at 45 and 60 mw. 
The total number of operating hours per 
week at each of the levels of unit output 
are listed in Table V. 

More specifically, the unit is scheduled 
to operate Monday through Friday with 
a dgyrifn e load of 75 megawatts and a 
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Table I, Motors Considered 


Type of Motor 


Rated Hp 
of InBtalled 
Motors 


...induction.2. 

J?^*^.**^^* ...induction. 6. 

Coal mills, pulverizers, and exhausters.3. . induction R 

Circulating water pu^ps*. ..2 ..‘induction;!!! .if.' 

Coi^ensate pumps...induction. . 6 

^-sMce pumps...induction.4 

Soot-blower air compressors.2. synchronous. .22. 

* Indicated motors are vertically mounted. 


Table II. Name-Plate Data of Installed Motors 


Auxiliary Driven by Motor 


Induced draft fans. 

Forced dmft fans. 

Coal mills, pulverizers, and exhausters. 

Circulating water pumps. 

Condensate pumps. 

Service water pumps. 

Ash-sluice pumps. 

Soot-blower air compressors. 



Full-Load 

Full-Load 

Rating, 

Speed, 

Current, 

Hp 

Rpm 

Amperes 

.2,000. 

.3,670. 


600. 

.1,180. 

.132 

360. 

.1,186. 

. 78 ... 

360. 

. 880. 

.86 ... 

260. 

. 686. 

. 60 ... 

200. 

.1,170. 

. 46.6... 

200. 

.1,770. 

.... 46.3... 

126. 

.1,776. 

.... 29 ... 

400. 

. 327. 



* Class-A insulation, Power-House type. 


Table III. Characteristics of the Installed Motor 


Insulation 

Class 


. A 

. A 

. A 

........A 

. A 

. A 

. A* 

.A* 

..A 


Auxiliary Driven by 
Motor 


Locked Break- 

Rotor down Locked 

Torque, Torque, Rotor 

Percent Percent Current, 

of Puli- of Full- Per Cent Efficiency at Fraction 
Load Load of Full- of Rating, Per Cent 
Running Running Load —————— 

Torque Torque Current 1/2 3/4 4/4 


Pf at Fraction of Rating 


Forced draft fans.... 

Coal mills, pulverizers. 


Soot-blower air compres¬ 
sors. 


. 76... 

...200... 

...650.. 

..04.1 

,100.,, 

...200... 

...650.. 

..91.6 

,100... 

...200... 

...650.. 

..90.8 

200... 



..90.6. 

90... 

...200... 

...676.. 

..90.2. 

100... 

...200... 

...660.. 

..88.5. 

100... 

...200... 

...613.. 

..90 . 

110... 

...200... 

...600.. 

..88 . 


4/4 

1/2 

3/4 

4/4 

.95.6.. 

..0.890. 

..0.910. 

..0.920 

.93.6.. 

..0.848.. 

..0.893. 

..0.908 

.92.8.. 

..0.810., 

..0.865.. 

..0.885 

.92.6.. 

..0.796.. 

.0.847., 

.0.887 

.91.4.. 

..0.732.. 

.0.820.. 

.0.860 

.91.8.. 

..0.860.. 

.0.886.. 

.0.890 

.92 .. 

..0.820.. 

.0.880.. 

.0.900 

.91 .. 

..0.800.. 

.0.870.. 

.0.890 

.94.0.. 

.. t .. 

. t .. 

. t 


♦ Characteristics not available, estimates are shown, 
t Normally at unity pf. 


night load of 30 megawatts. Between 
6:30 and 7:00 a.m., the load is increased 
from 30 mw to 75 mw. In the evening 
the load is decreased to 30 megawatts be¬ 
tween 11:00 and 11:30 p.m. On Satur¬ 
day, the schedule is similar to the week¬ 
day schedule except that the load is not 
increased to 75 mw until between 7:30 
and 8:00 a,m. The Sunday schedule is 
to increase the load from 30 to 45 mw at 
about 7:00 a.m. The load remains at an 
average of 45 mw throughout the day, 
except for a peak period at 75 mw which 
occurs between the hours of 6:00 and 
9:00 p.m. 

Current taken by each motor at each of 
the preceding levels of unit load was 
metered. Motor currents correspond¬ 


ing to a test condition of 80 mw were 
also obtained. These data are presented 
in Table VI, 

In most cases, the currents tabulated 
for the fans were read before the loads on 
the two motors had time to equalize. 
As the unit is brought to a new level of 
output, the fans may not pick up equal 
shares of load. This period of unbalance 
may even last for a few minutes after 
the unit has reached its new level of out¬ 
put, This accounts for the difference in 
current taken between the fan motors. 
This difference is especially noticeable 
between the two motors driving the in- 
induced draft fans. 

The currents taken by the fan motors 
at 80 mw are shown in Table VI as being 


less than the current at 100 per cent of 
unit output. This is because of favorable 
atmospheric conditions on the day the 
tests were made at 80 mw. The fan 
currents at 75 mw are for adverse baro¬ 
metric pressure conditions. Hp output 
and current of a fan motor vary directly 
as the absolute temperature, and inversely 
as the absolute pressure.® 

The load on the induced draft fan drive 
motors is also influenced by the tempera¬ 
ture of the oil in the fluid coupling 
and by the relative cleanliness of the 
mechanical precipitators. One factor 
affecting the load on the forced draft 
fans is air recirculation. The quantity 
of recirculated air is greater at lower 
loads. During the test, the quantity of 
recirculated air was reduced as the load on 
the boiler came up to where the generator 
output was 80 mw. 

Some of the auxiliaries are shown as off 
in Table VI. These are the auxiliaries 
which either do not normally operate at 
certain levels of generator load or are 
stand-by units. Coal mill no. 1 is off be¬ 
low 55 mw because of an undesirable low 
feeder speed. This mill is in use at all 
outputs above 55 mw. River water 
conditions dictate whether or not two 
circulating water pumps are needed. 
Generally, during the summer months, 
both pumps are in operation because of 
the warmer temperature of the water. 
The ash-sluice pump and soot-blower 
air compressor are operated intermit¬ 
tently each day. The total time the ash- 
sluice pump is operating amounts to about 
3 hours each day. The soot-blower air 
compressor works for about 5 hours each 
day. 


Actual Output of the Drive Motors 


From the currents in Table VI and the 
efi&dency and pf characteristics of Table 
HI the motor output was computed using. 




746.7 


( 1 ) 


where 


(A;^ont)i='the motor output corresponding 
to the jth level of imit output, hp 
ly—the current taken by the motor corre¬ 
sponding to the 7 th level of unit out¬ 
put, taken from Table IV 
£=the line voltage, assumed 2,300 volts 
at the motor terminals 
(^/)^®*the pf of the motor at an output 
of (.hpo}it)j 

(«#)i=the efladency of the motor at an 
output of (Apout)^ 

The voltage was assumed at 2,300 volts 
on the terminals of the motor. The bus 
voltage at the plant is normally 2,350 
volts and may be as high as 2^380 volts 
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Table IV. Margins Above Maximum Design Requirements Provided by Installed Motors 


Table V. Total Number of Operating Hours 
Per Week at Each Level of Unit Output 


Auxiliaries 

Maximum 
Design Brake 
Hp Require¬ 
ments 

Hp of 
Installed 
Motor 

Margin of 
Nominal Hp 
Above Design 
Brake Hp, 
Per Cent 

Maximum 
Hp Available, 
Including 
Service 
Factor 

Margin of 
Maximum 
Hp Above 
Design 
Brake Hp, 
Per Cent 

Boiler feed pumps. 

,...1,750 . 

....2,000... 

.14.3.... 

....2,300. 

....31.4 


, ... 640 . 

_ 600... 

.11.1_ 

_ 690. 

....28.7 


... 322 . 

_ 850... 

.8.7_ 

.... 402. 

....26.0 


,... 310 . 

_ 850... 

.12.9_ 

.... 402. 

....29.6 


_ 199 . 

_ 260... 

.25.6_ 

.... 287. 

....44.2 


_ 156 . 

_ 200... 

.28.2_ 

.... 230. 

....47.5 

Service water pumps. 

.... 145 . 

.... 200... 

.38.0.... 

_ 230. 

....68.6 

Ash-sluice pumps. 

.... 118.6. 

.... 126... 

.10.1_ 

.... 144. 

....26.6 

Soot-blower air compressors. 

.... 388 . 

.... 400... 

.3.0 




Unit 


Number of 

Output, 

Output, 

Hours per 

Mw 

Per Cent of 75 Mw 

Week 

30. 

.40. 

,...61.75 

45. 

. 60. 

... 8 

60. 

.80. 

... 9.6 

76. 

.100. 

....98.75 

PW of challenger’s advantage= 


[{UAOd- 


(2) 


during time of Kght loads. The assump¬ 
tion of 2,300 volts is justifiable conader- 
ing the accuracy of the current readings 
and the voltage drop in the cables to the 
motors. 

The efladendes and pf were determined 
by linear interpolation of the character¬ 
istics in Table III. The fan motor out¬ 
puts were below one half of rated load 
at times of light generator outputs. The 
forced draft-fan drive motor output was as 
low as 30 per cent of motor rating at a 
generator output of 30 mw. The output 
of the drive motor on the induced draft 
fan was only 17.5 per cent of its rating 
at 30 mw. Since the characteristics in 
Table III induded eflBLdendes and pf for 
loads above 50 per cent of motor rating, 
it was necessary to assume eflS.dendes and 
pf for all motor outputs bdow one half 
of name-plate rating. These assumed 
values were read from induction motor 
■circle diagrams. 

Complete data on the drive motors for 
the mills, pulverizers, and exhausters 
were not available and efficiencies and 
pf had to be assumed. The drive motors 
are National Electrical Manufacturers 
Association (NEMA) design C, but the 
pf and effidendes tabulated by manu¬ 
facturers do not indude these motors. 

The effidendes and pf which were 
assumed are those corresponding to a 
idesign-5 motor and are probably higher 
than the actual effidendes and pf. This 
assumption leads to calculated motor out¬ 
puts which may be larger than they ac¬ 
tually are. However, this assumption is 
conservative and the error introduced 
is negligible. 

The drive motor outputs as computed 
from equation 1 are given in Table VII. 
Eor purposes of comparison, the hp 
•ratings of the motors and the maximum 
►design brake hp requirements are re¬ 
tabulated. It should be noted from 
Table VII that none of the motors deliver 
their name-plate ratmg; only in one case, 
that of induced draft fan no. 2, is the load 
cn the drive motor greater than the maxi¬ 


mum design brake hp. This is because of 
a transient unbalance of load between 
the two fans, as discussed earlier. 

The results presented in Table VII con¬ 
firm preliminary estimates of margins 
between load requirements and drive 
motor ratings. Not only do the margins 
listed in Table IV exist but they are in 
reality even larger because of the margins 
incorporated into the mechanical design 
of the auxiliaries. It is now appropriate 
to reconsider the choice of drive motors 
for these auxiliaries. 

Method of Economic Analysis 

Basis of Comparison 

A comparison is made between the 
installed motors and the various alterna¬ 
tive motors on the basis of difference of 
present worths of future expenditures. 
The alternative motors are called 
challengers and the installed motors 
defenders. This terminology is that used 
in equipment replacement studies and 
modified to suit the need herein. 

The advantage of the challenger over 
the defender expressed in terms of present 
worth (P W) is 


where 

(CMC)z>“the uniform annual cost (UAC) 
equivalent of all expenditures at¬ 
tributable to the defender over its 
primary service life 

(Z7AC)oft=the UAC equivalent of the 
challenger over its primary service 
life 

^ii^^-^=»the PW factor for convoting 
»( 1 -!-»)“ ^ , 
a UAC series to its present equivalent® 

The interest rate i will be discussed 
later. It can be seen from equation 2 
that the PW will be compared over the 
same number of years «f or all altwnatives. 
This will be done regardless of what may 
be later assumed for the lives of the 
alternatives. 

The first term of equation 2, [(UAC)d 
— (UA is the UAC advantage of the 

challenger over the defender. Cost ad¬ 
vantages are being used to simplify cal¬ 
culations and to eliminate computation 
of complete total expenditures. The 
challenger’s advantage, or defender’s in- 
f«iority, is comprised of two major 
parts. The first is a capital recovery 
cost advantage and the second is an 
advantage of annual equivalent operating 
expenditures. For any motor, the annual 


Table VI. Comparison of Motor Name-Plate Current with Actual Current Taken 


Auxiliary Driven by Motor 


Rated 

Current, 

Amperes 


Current*' Taken Corresponding to Unit Output of 

40 60 80 100 106.5 

Per Cent Per Cent Per Cent Per Cent Per Cent 


Boiler feed pump. 

Induced draft fan no. 1. 

Induced draft fan no. 2. 

Forced draft fan no. 1. 

Forced draft fan no. 2. 

Coal mOl pulverizer and exhauster no. 1. 
Coal mill pulverizer and exhauster no. 2. 
Coal mill pulverizer and exhauster no. 3. 

Circulating water pump no. 1. 

Circulating water pump no. 2. 

Condensate pump no. 1. 

Condensate pump no. 2. 

Service water pump no. 1. 

Service water pump no. 2. 

Service water pump no. 3. 

Ash-sluice pump no. 1. 

Ash-sluice pump no. 2. 

Soot-blower air compressor no. 1. 

Soot-blower tur compressor no. 2. 


,425 ... 

.230... 

..250... 

..285... 

..345... 

..360 

132 .. 

. 48... 

.. 66... 

.. 71... 

..116... 

..120 

.132 .. 

. 43... 

.. 67... 

.. 76... 

..124... 

..107 

,78 .. 

. 36... 

.. 40... 

.. 48... 

.. 66... 

.. 58 

,78 .. 

. 37... 

.. 40... 

.. 47... 

.. 63... 

.. 56 

.85 .. 

.off... 

.. off.. . 

.. 60... 

.. 64... 

.. 63 

.85 .. 

. 68... 

.. 69... 

.. 68... 

.. 63... 

.. 61 

.85 .. 

. 56... 

.. 68... 

.. 58.'.. 

.. 60... 

.. 63 

.60 .. 

. 43... 

.. 46... 

.. 46... 

.. 44... 

.. 44 

.60 .. 

.off... 

.. off... 

..off... 

.. off... 

.. off 

. 46.5.. 

. 26... 

.. 27... 

.. 28... 

.. 31... 

.. 33 

. 46.5.. 


.. off... 

.. off... 

.. off... 

.. off 

. 45.3.. 

. 30... 

.. 30... 

.. 30... 

.. 30... 

.. 80 

, 46.3.. 

.off... 

.. off... 

.. off... 

.. off... 

.. off 

. 45.3.. 

.off... 

.. off... 

.. off... 

.. off... 

. • off 

?t9 

20 ... 



.. 20 



... off... 

.. off... 

.. off... 

..off 


80 3 

... 65... 



.. 66 


1 80.3.. 

.off... 

.. off... 

..off... 

...off 



* In amperes. 
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cost of capital recovery which includes 
depreciation and interest is 


capital recovery=( C- 5) +Si 


C the cost of the motor including 

shipping, testing, and installation 
costs 


•S-the salvage value of the motor at the 
end of its primary service life 
4(1,, . ^ 

^1 + 4 )^— 1 capital recovery factor 


iV»the primary service life of the motor 
and will be defined later 


The annual equivalent of operating 
costs and other expenditures attributable 
to the motor are given by 


annual expenditures 
where 


(4) 


Q “annual incremental costs of power con¬ 
sumed by the motor, and will be 
discussed later 

•^“Uniform annual equivalent of main- 
ten^ce costs, including routine 
maintenance, bearing replacements, 
and coil revamishings 
r* annual charges for state taxes, local 
taxes, and insurance 

Combining the annual cost of capital 
recovery as given in equation 3, with 
the uniform annual equivalent of opera¬ 
ting and other costs, as given in equation 
4, the XJAC equivalent of all expenditure 
attributable to any motor is defined as 

Si+Q+M+T (5) 


Initial Costs and Salvage Values 

The price of the motor to the utility 
was computed from catalogue using 
appropriate discounts. The price of 
the defenders were acquired from the 
• operatmg utihty and converted to presmt 
day pnce in order to have all prices re¬ 
ferred to the same date. The price did 
not include moving the motor into its 
place in the plant. Costs of connecting 
and testing also wee not included. 

An aveage range of installation and 
testing costs is from 2 to 5 per cent of 
the motor price depending on siye 
of the motor and its location in the powe 
plant. In this study, 3 pe cent of the 
motor price we assumed. 

Salvage values of the motors upon term¬ 
ination of their service lives are a function 
of motor weight if junk values are e- 
sumed. A figure of $70 per ton we the 
best junk price which could be received 
for the types of motors considered in fhtcs 
study tmder current conditions. 


The rate of return used in economic 
studies should not be less than the cost of 
capital to the company, whatever may be 
the source of investment funds available 
to it.' Also, this rate of retmn should not 
be less than the rate that could be otained 
if the funds were to be invested elsewhere 
with similar risk and similar tax status. 
Another factor that may be considered 
is the rate currently being earned by the 
company on its capital investment. 

In the case of privately owned power 
companies, the fair rate of return which 
is allowed by the respective Commerce 
Commission is the rate of return which 
should be used in investment studies. 
The fair rate of return set by the various 
state Commerce Commissions has ranged 
between 6.8 per cent and 7.0 per cent, 
depending upon the size of the corpora¬ 
tion and the ease with which the manage¬ 
ment can borrow capital. While the 
operating utihty of the specific power 
plant studied is not the largest, it is among 
the most progressive in its region and 
should be able to acquire capital at a 
comparatively low cost. With this in 
mind, 5.8 per cent is chosen as the rate 
of return to use in economic studies 
for this utihty. 

Income tax is commonly included inutil¬ 
ity investment studies as a fixed charge. 
In this study, however, income tax will be 
included in the interest rate 4 . Use of 
5.8 per cent as the rate of return on in¬ 
vestment after taxes was justified. Mod¬ 
ification of the rate of return after taxes 
permits the of an interest rate which 
mdudes the effect of the income tax. 
Since the income tax rate is 62 per cent, 
the interest rate is 

. 6.8 per cent 
*~ 1-0.62 “ 

as used in this study: it can also be re¬ 
ferred to as the rate of return before 
income taxes. To ease computation, 12 
per cent was actually used. 

A further assumption is that income 
will remain constant regardless of the 
alternative chosen. As long as the choice 
of drive motor for any auxihary does not 
hmit the unit output, which it should 
not, revenue will remain constant. How¬ 
ever, if the investment in motor A is less 
than the investment in motor B, the net 
income will be larger if motor A is in¬ 
stalled. It is this small difference in 
net income whidi will be neglected as a 
simplifying assumption. 

Estimating MioTOR Life 

Matchett® states that the proper life 
to use in economic studies is the period of 


time during which the asset will be in 
operation for the major purpose for which 
it was originally acquired. This period 
of time does not include the number of 
years that the asset may be utilized in 
either a downgraded or a stand-by 
capacity. Terborgh, in his “Dynamic 
Equipment Policy,’’“refers to this as the 
primary service life of the asset, i.e., the 
period prior to its first replacement. In 
this study, this period is the same as the 
total life span of the motor. This is true 
because of the assumption that the motor 
is scrapped at the termination of its pri¬ 
mary service life. 

As an additional assumption, ob¬ 
solescence, either of the steam power 
plant or of any of the drive motors, 
may be neglected. This greatly simplifies 
the analysis since only physical deteriora¬ 
tion need be considered as affecting the 
primary service life. Primary service 
life, as it is used throughout this study, 
can now be defined as the number of 
years the motor will operate continuously 
before a major failure occurs. 

Motor manufacturers provided some 
characteristics of the motors which would 
relate primary service life to some 
other variable quantity. It appears that 
the variable quantity affecting primary 
service life is the internal temperature of 
the motor. Life and temperature are 
related by a logarithmic function. It 
was decided to use the most optimistic 
of various rules in determining the 
primary service life of the motors, and 
the resulting curves for dass-il and dass- 
B insulations are shown in Fig. 1. 

The ordinate of the curve is expressed 
in terms of maximum load expressed 
as multiple of rating instead of m tempera¬ 
ture. The rdation is obvious since, for a 
motor with dass-A insulation, a 10 C tem¬ 
perature rise above rated load is permitted 
to allow for a 15-per-cent service factor. 
The total temperature rise to the maxi¬ 
mum rating of a dass-A motor is 50 C.'^ 
This same motor with dass-F insulation 
is permitted a total rise of 80 C. Since 
the losses above full load vary primarily 
as the square of the current, a maxitmiTn 
rating for the dass-£ motor in the same 
ambient could now be assumed. It is 
this rating which corresponds to the .1.15- 
per-unit rating of the motor with dass-.d 
insulation. 

It was assumed that no motor would 
have a primary service life of more than 
40 years. In the analysis to follow, 
while motors will be applied to deliver 
more output than thdr name-plate 
rating, the maximum ratings. Fig. 1, 
assumed in the foregoing will not be 
exceeded. 
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Table Vll. Comparison of Motor Rating and Maximum Design Requirements of Auxiliary 
with Actual Hp Outputs of Motors 


Auxiliary Driven by Motor 

Rated 

Hp 

Hp Output Corresponding to Unit Output of 

Maximum 40 60 80 100 106.5 

Design Per Per Per Per Per 

Brake Hp Cent Cent Cent Cent Cent 

Boiler feed pump. 

.2,000. 

..1,760 ... 

1,031.. 

.1,128.. 

.1,301.. 

.1,602. 

.1,675 

Induced draft fan no. 1. 

. 600. 

.. 540 ... 

125.. 

. 162.. 

. 282.. 

. 516.. 

. 640 

Induced draft fan no. 2. 

. 600. 

.. 540 ... 

105.. 

. 169.. 

. 313.. 

. 559.. 

, 478 

Forced draft fan no. 1. 

360. 

.. 322 ... 

106. 

. 131.. 

. 191.. 

. 281.. 

. 241 

Forced draft fan no. 2. 

. 350. 

.. 322 .. 

111. . 

. 131.. 

. 187.. 

. 267. 

. 231 

Mill, pulverizer, and exhauster no. 1. 

. 350. 

.. 310 ... 

off.. 

. off.. 

252.. 

273.. 

. 268 

Mill, pulverizer, and exhauster no. 2. 

. 350. 

.. 310 ... 

241.. 

. 246.. 

. 241.. 

. 268.. 

. 267 

Mill, pulverizer, and exhauster no. 3. 

. 350. 

.. 310 ... 

231.. 

. 241.. 

. 241.. 

. 252.. 

. 268 

Circulating water pump no. 1....... 

. 260. 

.. 199 ... 

165.. 

. 176.. 

. 176.. 

. 170. 

. 170 

Circulating water pump no. 2. 

. 250. 

.. 199 ... 

off.. 

off.. 

. off.. 

. off.. 

. off 

Condensate pump no. 1. 

. 200. 

.. 156 ... 

106.. 

. 110.. 

. 115.. 

. 130. 

. 140 

Condensate pump no. 2. 

. 200. 

.. 156 ... 

off. 

. off.. 

. off.. 

. off.. 

off 

Service water pump no. 1. 

200. 

.. 145 ... 

124.. 

. 124.. 

. 124.. 

. 124.. 

. 124 

Service water pump no. 2. 

. 200. 

.. 146 ... 

off. 

. off.. 

. off,. 

. off.. 

. off 

Service water pump no. 3. 

. 200. 

.. 146 ... 

off.. 

off.. 

off.. 

. off.. 

. off 

Ash-sluice pump no. 1. 

. 125. 

.. 113.5... 

80.. 



. 80 


Ash-sluice pump no. 2. 

. 125. 

.. 113.6... 

off. . 

. off.. 

. off.. 

. off 


Soot-blower air compressor no. 1. 

. 400. 

.. 388 ... 

326. . 



. 326 


Soot-blower air compressor no. 2. 

. 400. 

.. 388 ... 

off.. 

. off.. 

. off.. 

. off 



Costs of Power Consumed 

The annual costs of power consumed 
by the drive motor Q is given by 




where 


(A^out )jd*7467 




j =the level of unit output 
(A/)<,uth=the motor output corresponding 
to the jth level of unit output and is 
obtained from Table VII 
(ejf)^=the motor efficiency at the jth level 
of unit output 

a/=the incremental cost of power to 
operate the motor at jth level of 
unit output 

/^;=the number of hours per year that the 
unit operates at the jth level of 
output 

The incremental cost of power at vari¬ 
ous levels of output a includes incremental 
fuel costs and incremental plant main¬ 
tenance costs; see Table VIII. Operating 
costs other than fuel and plant main¬ 
tenance are constant regardless of alter¬ 
native choice and are, therefore, omitted. 

The number of hours per week at 
various levels of generator load are 
given in Table V. The power plant is in 
operation all year except for 3 to 4 weeks 
during the annual shutdown for main¬ 
tenance. Hours per year hj at each level 
of output are obtained by multiplying the 


hours per week from Table V by 49 
weeks. It is assumed that the generator 
output cycle will remain identical to that 
discussed in the foregoing for the period 
of time encompassed by this study. 

A simplification will be incorporated 
into the computation of operating costs. 
Instead of using equation 7 to arrive 
at total operating expenditure, the 
challengers’ annual advantages, equation 
8 , will be calculated. This advantage, 
or net saving, can be expressed as 

Qn-0-7457 

where 

(ej!f)flj=the defender’s efficiency at the 
jXh level of unit output 
(«j!T)cAi=the challenger’s efficiency at the 
jth level of unit output 

It was assumed that for a given frame 
size and nominal hp rating, the motor 
efficiency and pf diaracteristics will not 
be influenced by the choice of insulation 
class. Efficiencies above nominal ratings 
were estimated on the basis of the motor 
circle diagram. 



t r 1.3 


(C , 

O ^ 1.2 

n 

ii'-' 

X K 
< O 
S S 1.0 


10 15 20 30 40 

ESTIMATED MOTOR LIFE-YEARS 

Fig. 1. Estimated life of class>A and class-B 
motors 

Maintenance Costs, Taxes, and 
Insurance 

Equation 4 includes a term M, which is 
the annual equivalent of maintenance 
costs directly attributable to the motor; 
it includes the annual equivalent of the 
costs of bearing replacement and coil 
revamishings. This equivalent annual 
maintenance cost is 




^ I ^ I 

(H-tT* (!+»)“* 


__1_ 


_\ t(l+t‘)^ ■ 

)“»/ (i+tr-i 

_J_\ (9) 


the cost of each bearing replacement 

Cc>y=the cost of each coil revarnishing 

Mb= the routine annual maintenance cost 
attributable to motor 

chi =*the year during which the nth bearing 
replacement occurs 

Jn^the year during which the nth coil 
revamishing occurs 

1 

(l-|-t)"“a PW factor to convert a future 
expenditure to its present equivalent 

I'f? — “the capital recovery factor 


Table IX. Data for Economic Analysis of Boiler Feed Pump Drive Motor 


Table VIII. Incremental Cost -of Power 
Consumed by Station Auxiliaries 


Increment of 

Incremental Costs (Fuel and 

Gross Generation, 

Incremental Maintenance), 

Per Cent of 75 Mw 

Mills per Net Kilowatt-Hour 

40 to 60. 

..2.21 

60 to 80. 

..2.26 

80 to 100...... 

...2.36 


Efficiency at Fraction of Rating, 
Nominal NEMA Insu- Per Cent 

Hp Design lation - - - - - 

Rating Class Class 1/2 3/4 Full 


Defender....2,000_ 

Challenger A .1,750... 

Challenger B .1,750... 

Challmiger C.1,500... 

Challenger D .. 1,500... 

Challenger E .1,250... 

* Estimated. 


.94.1... 

.94.0... 

.94.0... 

.93.9... 

.93.9... 

.93.8... 


Motor 

Price of Weight, 
Motor, $ Pounds 


...81,656.2,100 

...27,203.1,8361' 

...29,243.1,835* 

...23,068.1,575* 

,...24,798.1,576* 

....20,354.1,310* 
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defined earlier and is used to convert 
the present equivalent to a UAC 
series over the service life of the 
motor 

The cost of a bearing replacement or a 
coil revamishing including labor and 
materials is about 5 per cent of the initial 
cost of the motor. These capital ex¬ 
penditures for maintenance occur 6 to 10 
years apart. Again, it was decided to 
use the most optimistic figures. 

The routine annual maintenance is a 


small percentage of ixiitial cost and, to 
some extent, is included in the incremental 
power costs in Table VIII. Since many 
of the items in equation 9 are approxima¬ 
tions, eqtdvalent annual motor mainte¬ 
nance costs were determined by multiply¬ 
ing the initial cost of the motor by a 
fixed percentage. 

Solving equation 9 with the preceding 
approximations, the equivalent annual 
motor maintenance cost is 

JlfsaO.6 per cent (initial cost of motor) (10) 


State and local taxes and insurance 
costs can also be e^qpressed as a fixed per¬ 
centage of the initial motor cost. The 
annual e 2 q)enditm:e for taxes and in¬ 
surance is 

1.76 per cent (initial cost of motor) (11) 

The insurance costs included in equation 
11 comprise 0.07 per cent of the initial 
cost of the motor. 

The necessary assumptions have been 
made and a method has been outlined 
for comparing alternative motors to the 
installed motor. The next step is now 
to choose the alternatives and compare 
them on an economic basis. 

Review of Installed Drive Motors 

Motors Driving the Major Pumps 

The boiler feed pump is driven by a 
2 ,000-hp motor through an hydraulic 
coupling. The maximum design brake 
hp requirement was 1,760 hp. Under 
t 3 q)ical operating conditions, the motor 
outputs at 40, 60, 80, and 100 per cent 
of generator load were 1,031,1,128,1,301, 
and 1,602 hp respectively; see Table VII. 

In choosing the challengers for this 
motor, the characteristics of the load were 
matched to the motor. The centrifugal 
boiler feed pump has a low inertia and 
requires low breakaway torque. Since 
the motor drives the pump through a 
hydraulic coupling, the motor normally 
starts unloaded and is accelerated to speed 
with little load. The acceleration of the 
pump and the speed of the pump are con¬ 
trolled by the oil pressure in the hydraulic 
coupling. The starting duty on the pump 
is not critical, hence voltage drop on 
starting may be neglected. 

The challengers chosen are listed in 
Table IX. Three of the challengers, 
the 1,500-hp motors and the 1,250-hp 
motor, will be operating at times above 
their nominal ratings. However, the 
motors will be below the maximum ratings 
indicated in Fig. 1, even at a generator 
output of 80 mw. 

Table X summarizes the economic 
comparison between the defender and 
challengers on the basis of PW of the 
challengers’ UAC advantage over "^a 
25-year period. Challenger £ is at 'a 
net disadvantage relative to the defender 
on annual cost of power consumed but, 
in spite of this, it is the most efifident 
alternative from an over-all economic 
standpoint. Since challenger E operates 
above its nominal rating a major part of 
the time, its effiden<y is lower than the 
defender’s, hence the higher cost of 
power consumed. 

It can be seen from Table X that 
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challenger E could be replaced after 
24 years and still show a saving relative 
to the defender. Also, it should be 
noted that the PW of any challenger’s 
advantage over the defender’s is approxi¬ 
mately equal to the difference between 
their initial costs, irrespective of the life 
estimate. 

The cost comparison of the drive motors 
for the boiler feed pump reveals that all 
the challengers chosen would have shown 
a net savings over the installed motor. 
This comparison also shows that, for the 
challengers chosen, the estimated life 
and the annual cost of power consumed 
did not affect the analysis appreciably. 

The circulating water pump is a low- 
head and high-capacity pump. The 
torque required at full speed and zero 
capacity is greater than the torque re¬ 
quired at full load. If the pump dis¬ 
charge valve were opened as the motor is 
energized, the load would be reduced and 
would permit the use of normal starting 
torque motors. If the discharge valve 
were closed during starting, it would be 
necessary to use a motor which could drive 
the pump under this condition. 

The pump is mounted vertically. 
Gaffert* indicates that vertical circulating 
water pumps have been applied in re¬ 
cently built power stations since increas¬ 
ing capital costs have required considera¬ 
tion of a. means to decrease building 
volume and floor space. Circulating 
water pumps are usually designed for 
slow-speed operation. The installed 
pumps operate at 585 rpm. 

Table XI lists the challengers chosen 
for the circulating water pump. 
Challenger C will require an open dis¬ 
charge valve on starting since it is a 
normal-starting torque motor. The max¬ 
imum design brake hp is 199 hp. A sum¬ 
mary of the economic comparison of 
these challengers to the defender appears 
in Table XII. 

The most favorable of the alternatives 
is challenger A, which is a 200-hp dass-^l- 
insulated normal-starting torque motor. 
The defender is a 250-hp class-i4-in¬ 
sulated normal-starting torque motor. 
The PW of the next 25-year savings is 
$1,191 for each motor or $2,382 for the 
two drive motors required for the cir¬ 
culating water pumps. According to the 
life estimates made, there should be no 
difference in service life between the 
defender and challenger A. 

All three challengers listed in Table XII 
are at a disadvantage relative to the 
defender on cost of power consumed be¬ 
cause of the lower over-all efficiency of 
aU the challengers caused by differences 
in motor design. Motors of 250 hp and 
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larger are of a generally different design 
than those below 200 hp. It may be 
possible to effect further economies by 
applying all motors of ratings below 250 
hp at lower voltages. 

Challenger B in Table XII is at a net 
disadvantage relative to the defender. 
Again, as with the boiler feed motor, the 
relations between challengers and de¬ 
fender PW are similar to the relations 
between motor initial costs. For the 
circulating water pump motors this is not 
so pronounced as it is for the boiler feed 
pump motor because of the lower intial 
cost of the smaller motor. The estimate 
of motor life and power cost advantage 
has a larger effect on the smallo* motors. 

The condensate pumps, or hot-well 
pumps, are used to remove the condensate 
from the main condenser and deliver it to 
the feed-water system. This pump is a 
medium-head and medium-capacity pump 
with a low breakaway torque. The 
choice of challengers is indicated in Table 
XIII. The defender is a 200-hp normal¬ 
starting torque motor with a full-load 
speed of 1,170 rpm. The challengers are 
all normal-starting torque motors. 

The maximum design brake hp was 
156 hp. At 75 mw, the motor output 
was 130 hp. The maximum motor out¬ 
put was 140 hp at a generator load of 
80 mw. In making estimates of motor 
life, 130 hp is used as the maximum nor¬ 
mal output. 

Table XIV gives the results of an 
economic comparfeon between the in¬ 
stalled drive motor for the condensate 
pump and five challengers. The most 
favorable alternative is challenger C, a 
125-hp motor with dass-A insulation. 
The PW of the savings over the next 
25 years is $910 per motor, $1,820 for 
the two motors required. Since these 
motors are smaller and lower priced than 
the motors analyzed in the foregoing a 
greater effect of life estimate and power 
costs is noted. 

Vertical mountingisalso used fortheser- 
vice water pumps. Characteristic curves 
of these pumps were not available. How¬ 
ever, the characteristic curves of a service 
water pump will look very much the same 
as those for a typical boiler feed pump. 
This pump is generally a medium-head 
and medium-capadty pump and is used 
to provide service water for various 
miscdlaneous requirements. Since it can 
be expected to have a low breakaway 
torque, normal-starting torque motors 
may be applied. Table XV lists the 
challengers chosen. 

The defender is a 200-hp motor with a 
1,770 rpm. The maximum design brake 
hp requirement was 145 hp. Load on the 


motor was independent of generator 
load and was a maximum of 124 hp. An 
economic comparison is summarized in 
Table XVI. 

The most favorable alternative is 
challenger E, a 100-hp motor with dass-jB 
insulation, which gives a PW of future 
savings of $1,262 per motor. Neglecting 
the fact that costs of power consumed are 
applicable to only one motor of the three, 
the savings realizable are $3,786 for the 
three motors. 

The ash-sluice pump is a medium-head 
and medium-capadty pump. Complete 
characteristics were not available. These 
pumps operate only for a total of 3 hours 
per day, hence, the saving in power con¬ 
sumed by operating at a higher effidency 
with an alternative motor is negligible. 
Generally, ash-sluice pumps are high- 
pressure dear-water pmnps whidi furnish 
the power to operate the entire ash-sluice 
system. 

Table XVII Hsts the challengers. The . 
tna-gimtim design requirement is 113.5 
brake hp. Maximum motor output 
under normal conditions is 80 hp. The 
defender is a normal-starting torque 
motor rated at 125 hp and 1,775 rpm. 

The economic analysis is summarized in 
Table XVIII. Challenger C, a 75-hp 
motor with class-i4 insulation, is the most 
favorable alternative with a net amount of 
$541 per motor as the PW of the savings 
in capital recovdy and maintenance 
costs for the next 25 years. The saving 
is $1,082 for both ash-sluice-pump motors. 

Motors Driving the Draft Fans, Coal 

Mills, and Air Compressors 

The induced draft fan is powered by an 
induction motor with normal-starting 
torque through an hydraulic coupling. 
Although the fan has a high inertia, the 
accderation of the drive motor is not in¬ 
fluenced because of the coupling. Upon 
starting, the motor is brought up to speed 
with little or no load. From then on, 
the speed of the fan and its acceleration 
are controlled by the hydraulic coupling. 
The maximum design requirement is 
540 brake hp. The motor output was as 
high as 559 hp during brief periods of 
load unbalance between the fans. 
Challengers for the installed induced draft 
fan motor are listed in Table XIX. The 
defender is a 600-hp motor with a full¬ 
load speed of 1,180 rpm. 

In Table XX are summarized the com¬ 
parison between alternatives on the basis 
of PW of the next 25-year saving. Be¬ 
cause of the efficiency characteristics of 
the motors, a disadvantage was noted in 
the cost of power consumed at large loads 
by the challengers. However, the saving 
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Table XIV. Summary of Cost Comparison for Each Condensate Pump Drive Motor 


Motor 

Initial 
Cost C, 

Salvage 

Values, 

$ 

Esti¬ 

mated 

Life. 

Years 

Capitai 
Recovery 
Costs, 
Equa¬ 
tion 3, 

S 

Power 
Costs, 
(Chal¬ 
lenger’s 
Advan¬ 
tage), 
Equa¬ 
tion 8, 

S 

’Main¬ 
tenance 
Costs, 
Equa¬ 
tion 10, 

$ 

Taxes 
and 
Insur¬ 
ance, 
Equa¬ 
tion 11, 
S 

PWof 
Challenger’s 
Advantage, 
Equation 2, 
$ 

Defender. 

...2,669.. 

.88. 

. .40... 

_324... 
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Challenger A.., 

....2,247.. 

.73. 

..40... 

_273_ 

...25... 

.:.i3^^^’ 

...39.. 

.679 

Challenger B... 

...2,809.. 

.73. 

. ;40... 

_341_ 

...25... 

...16_ 

...49.. 

. 39 

Challenger C... 

...2,010.. 

.54. 

. .o3... 

_248_ 

...25... 

...12.... 

...35.. 

.910 

Challenger D... 

....2,612.. 

.54. 

..37... 

_306_ 

...25... 

...15.... 

...44.. 

.361 

Challenger E ... 

...1,946.. 

.62. 

..23... 

_252_ 

...24_ 

...12.... 

...34.. 

.840 


Table XV. Data for Economic Analysis of Service Water Pump Drive Motors 


Motor 

Nominal 

Rating, 

Hp 

NEMA 

Design 

Class 

Insu¬ 

lation 

Class 

Efficiency at Fraction of Rating, 
Per Cent 

Price of 
Motor, S 

Motor 

Weight, 

Pounds 

1/2 


3/4 

. 4/4 

Defender. 

...200.... 

...B. 

. .A... 

.90 .. 


..92 ... 

92 

3 Ago 

2 450 

Challenger A .. 

....150.... 

...B. 

..A... 

.90 .. 


. .91.5_ 

-.92 

3 2.36 

2 050'*' 

Challenger B .. 

....160_ 

...B. 

..B... 



..91.5_ 

..92 ... 

..3!814.!! 

!!2i060''‘ 

Challenger C.. 

...126_ 

...B. 

..A... 

.91.5.. 


..92 .... 

..92 ... 

..2,768... 

. .l)660 

Challenger D ., 

....126_ 

...B. 

. .B... 

_91.6.. 


..92 _ 

..92 ... 

..3)080... 

..1,650 

Challenger E ,. 

...100.... 

. ..B. 

. .B... 

_91 


.91.6_ 

..91.5... 












* Estimated. 


Table XVI. Summary of Cost Comparison for Each Service Water Pump Drive Motor 


Motor 

Initial 
Cost C, 

$ 

Salvage 
Value S, 

$ 

Esti¬ 

mated 

Life, 

Years 

Capital 
Recovery 
Costs, 
Equa¬ 
tion 3, 

$ 

Power 
Costs, 
(Chal¬ 
lenger’s 
Advan- 
tage). 
Equa¬ 
tion 8, 

$ 

Main¬ 
tenance 
Costs, 
Equa¬ 
tion 10, 

$ 

Taxes 
and 
Insur¬ 
ance, 
Equa¬ 
tion 11 
$ 

PWof 

Challenger’s 

Advantage, 

Equation^, 

$ 

Defender. 

...8,791., 

.... 86._ 

. .40... 

...460... 


sa 



Challenger A,.. 

...3,833.. 

....72. 

..40... 

...405_ 

....9_ 

..!2o!!!! 

...68... 

.... 588 

Challenger B... 

...3,929.. 

_72. 

..40... 

...477_ 

_ 9... 

...24.... 

...69... 

.... —94 

Challenger C... 

...2,851.. 

....53. 

..40... 

...346.... 

_8_ 

...17_ 

...50... 

.. ..1 131 

Challenger D... 

...3,173.. 

_63. 

..40... 

...385.... 

....8_ 

...19_ 

. ..66... 

.... 760 

Challenger E... 

...2,614.. 

....63. 

..26... 

...331.... 

....6_ 

...16.... 

...46... 

_1,262 


Tabk XVII. D«ta for Economic Analysis of Ajh-SIwice Pump Drive Motors 


Efficiency at Fraction of Rating, 

Nominal NEMA Insu- Per Qent Motor 

Rating, Design lation -- Price of Weight, 

Motor Hp Class Class 1/2 3/4 4/4 Motor, S Pounds 


Starting torque motors have sufficient 
torque to break the fans away from rest, 
but it is suggested that the accelerating 
capability of the drive motor be checked 
against the moment of inertia of its load 
to insure that the motor is capable of 
accelerating the fan without overheating. 
Since the drive motors are not required to 
start the fans more than a few times each 
year, some overheating may be tolerated. 

Challengers for the analysis of the 
forced draft fan drive motor are listed in 
Table XXI. The maximum design re¬ 
quirement is 322 brake hp. From Table 
VII, the maximum motor output is 281 
hp. The installed motor is rated at 350 
hp and has a speed of 1,185 rpm. A cost 
comparison appears in Table XXII. The 
most favorable alternative is challenger 
C, a 250-hp motor with class-.4 insulation. 
As for the induced draft fans’ drive motors 
the efficiency characteristics are such that 
a major saving in power consumed is 
realized at light loads with a smaller 
motor. The present worth of challenger 
C’s advantage over the next 25 yeai's is 
$1,209. Considering both fans, the sav¬ 
ing becomes $2,418 by taking advantage 
of the margin provided by the service 
factor. 

Complete data on either the coal mills 
or their drive motors were not available. 
Each mill has a capacity of 17 tons per 
hour. The mill manufacturer specifies a 
350-hp motor for the type of bowl mill 
installed at the power plant. Such 
pulverizer requires a high-starting torque 
motor, but the mill has a low effective 
inertia at the motor shaft. The installed 
motor is a NEMA design C high-starting 
torque motor and is rated at 350 hp with 
a speed of 880 rpm. The maximum motor 
output, as determined from actual load 
data at the power plant, was 273 hp. 

Since motor characteristics were not 
available, efficiencies were estimated 
using the characteristics of normal-start¬ 
ing torque motors. Exact torque re¬ 
quirements of the mills could not be ac- 


Defender. 

...126_ 

..B.... 

....A.... 

_88... 

...90.6... 

..91 .. . 

. .1 684 

t 550 

Challenger A... 

...100. 

..B.... 

...A.... 

...88.., 

...00.5,... 

..91 _ 

..1 36S 

} 550'*' 

Challenger B... 

,.100. 

. .B.... 

...B..., 

...88... 

...90.5.,.. 

..91 _ 

..1,608... 

.iil^SSO* 

Challenger C. .. 

,. 75. 

..B.,.. 

...A.... 

...88.., 

...90 .... 

..90.6.... 

,.1,122... 

...1,250* 

Challenger D... 

... 75. 

..B.... 

...B.... 

...88... 

...90 .... 

..90.5.... 

.,1,367... 

...1,250* 

Challenger E. .. 

.. 60. 

,.B.... 

...B.... 

...88... 

...90 .... 

..90.5.... 

..1,149... 

...1,000* 


* Estimated. 


realized at light loads by the smaller 
ihotors compensated for the loss at large 
loads, resulting in a net advantage in 
cost of power consumed by each 
challenger. 

The most favorable choice of drive 
motor for the induced fans is cihallengar A , 
a SOd-hp motor with class ^4-insulation. 


If the life estimates are accurate, these 
motors will have to be replaced after 23 
years but a saving of $832 per motor could 
still be realized. This amounts to approxi¬ 
mately $1,664 for the two motors driving 
the induced draft fans. 

The forced draft fans are directly 
coupled to their drive motors. Normal- 


quired, hence the economic comparison 
of possible drive motor alternatives is of 
value only as an indication of potential 
saving. Table XXIII lists possible alter¬ 
natives and Table XXIV summarizes the 
analysis. If the load charactmstics were 
such as to permit application of a 300-hp 
motor, a saving of $494 for each motor 
could be realized. This is a saving of 
$1,482 for all three motors. However, 
if the starting requirements of the mill 
were such as to permit application of a 
250-hp motor, the saving would be $1,327, 
or $3,981 for all three motors. The 
potential saving is sufficient to warrant 
further investigation. 


i 

i 

i 
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Table XVIIi. Summary of Cost Comparison for Each Ash-Sluice Pump Drive Motor 


Power 

Costs, 

(Chal- Taxes 

Capital lenger's Main- and 

Recovery Advan- tenance Insur- PW of 

Esti- Costs, tage). Costs, ance, Challenger’s 

Initial Salvage mated Equa- Equa- Equa- Equa- Advantage, 

CostC, Value S, Life, tlon3, tion 8, tion 10. tion 11, Equation 2, 


Motor $ $ Years $ S $ $ $ 


Defender.1,632.54.40.198.10.29 

Challenger A.1,404.53.40...;... 170.0. 8.25. 267 

Challengers.1,656.53_ ..40.201. .0.10.29.-24 

ChallengerC...... 1,156.44.29...144.0 . 6.18. 641 

Challenger D.1,408.44.35.174.0 8.25. 236 

Challengers.1,183.35.23.153.0 7.21. 440 


Table XIX. Data for Economic Analysis of Induced Draft Fan Drive Motors 


Motor 

Nominal 

Rating, 

Hp 

NEMA 

Design 

Class 

Insu¬ 

lation 

Class 

Efficiency at Fraction of Rating, 
Per Cent 

Price of 
Motor, $ 

Motor 

Weight, 

Pounds 

1/2 


3/4 

4/4 

Defender. 

....600.... 

...B . 

...A.,.. 

....91.6. 


..93.2_ 

..93.5.... 

..6,789... 

...5,726 

Challenger A .. 

....600.... 

. ..J5. 

...A.... 

....91.3. 


..93 .... 

..93.3.... 

..5,832... 

...6,400 

Challenger B .. 

....600.... 

...B . 

...B.... 

....91.8. 


..93 .... 

..93.3.... 

..7,290... 

.. .6,400 

Challenger C.. 

....460.... 

...B. 

...B.... 

....91.1. 


..92.8.... 

..93.1.... 

..6,720... 

...5,186 


The only s)nichronous motors con¬ 
sidered in this study were those driving 
the soot-blower air compressors. In the 
economic comparison, only the motors 
were reviewed. While the exciter size is 
indicated in Table XXV, the saving 
realized by using a smaller exciter was not 
included in the challengers’ advantages. 

Table XXV lists the possible alter¬ 
natives, and Table XXVI summarizes the 
economic analysis of the drive motors for 
the soot-blower air compressors. The 
maximum design requirement was 388 
brake hp and the actual maximum motor 
output was 326 hp. The installed motor 
is rated at 400 hp and has a speed of 327 
rpm. Since the soot-blower air com¬ 
pressor operates for only 5 hours each day, 
the net difference between alternatives in 
the cost of power consumed is negligible. 
Challenger C is the most favorable alter¬ 
native. It is a 300-hp synchronous motor 
with dlass-i4 insulation. The saving is 
$706 for each motor, $1,412 for the two 
motors. 

A summary, of the total saving which 
could have been realized appears in 
Table XXVII. The approximate saving, 
expressed in toms of the PW of the 
equivalent annual costs during the next 
25 years, totals $27,600. 

Torque Characteristics 

The economic study has been based 
on consideration of the thornal character¬ 
istics of the motors. It is realized that 
the torque requirements may sometimes 


be the determining factor in motor selec¬ 
tion. The reduction in name-plate rating 
of the motor carries with it corresponding 
reductions in locked rotor torque and 
breakdown torque. Since stations are 
designed on the basis of certain assumed 
low-voltage conditions, it is important 
that these be rechecked to be sure that, 
during system trouble or bus transfer, 
the motors will not stall or fail to start. 
For example, the 2,000-hp boiler feed 
pump motor originally chosen has a 
breakdown torque of 200 per cent of 
this name-plate rating. With the sug¬ 
gested motor rating of 1,250 hp, the value 
would become 150 per cent of the brake 
hp requirements of 1,675 hp. The 
voltage dip that could be tolerated would 
fall from 30 to 17 per cent. To obtain 
increased torque in the lower name-plate 
rating motor would add to the cost. In 
the case of pulverizer mills, the locked 
rotor torque might be considered as the 
deciding factor. 

Summary and Conclusions 

Margins listing between design re¬ 
quirements of the major auxiliaries in a 
specific power plant and the ratings of 
their drive motors were investigated. 
Actual operating data obtained after this 
power plant was in operation showed 
that the maximum deagn figures of brake 
hp required by the auxiliaries are in gen¬ 
eral larger than the maximum require¬ 
ments under typical operating conditions. 
An economic analysis was made to deter¬ 


mine whether the installed drive motors 
in the specific power plant were the most 
favorable alternatives available. The 
saving realizable by application of eco¬ 
nomically efficient motors was tabulated. 
The entire study required many simplify¬ 
ing assumptions; however, certain gen¬ 
eral conclusions may be stated: 

1. The use of conservative or rule-of- 
thumb methods in the application of drive 
motors for the auxiliaries in a steam power 
plant may lead to uneconomically large 
margins between the maximum desig^n 
requirements of the auxiliaries and the 
drive motor ratings. 

2. The maximum design brake hp of the 
pumps and fans includes some margin 
above the expected full-load requirements. 
This may lead to large differences between 
motor output and motor ratings after the 
power plant is in operation. 

3. By applying smaller motors and by 
taking advantage of the service factors 
available, certain economies may be effected. 
These savings are realizable because of the 
lower initial cost of the motor and appear 
to be independent of assumed motor life. 
Also, in many cases, the saving in cost of 
power consumed by the motor may be 
sig;nificant if a sn^er motor could be 
operated at a higher percentage of its 
rating and, hence, at a higher efficiency. 

4. Use of an insulation class which permits 
a greater maximum thermal rating on a 
specific motor may be advantageous in 
some applications. This is especially true 
where the starting torque required by the 
load is low in comparison to full-load 
torque, such as for a centrifugal boiler feed 
pump. 

5. The potential saving which niay be 
realized will in most cases justify a detailed 
analysis of the drive motors to be applied. 

6 . The economies may be realized at no 
apparent decrease in reliability of the 
power plant, although operating a motor 
at a higher per cent of rated load or at 
occasional overloads may shorten its 
useful service life. 

7. In any motor application study, it is 
necessary to know the characteristics of the 
load in detail to avoid possible duplication 
of margins. 

8 . Higher over-all plant efficiency will be 
the final result of detailed analyses of 
drive motor applications. 

Comparison Between Design and 
Analysis 

As pointed out, the designer is at a 
disadvantage in comparison with the 
analyst because the designer cannot know 
what the actual requirements will be. 
However, since the necessary design 
margins are considered and included by 
the medianical designer in the selection of 
all auxiliary equipment, such as fans, 
pumps, and mills, it is highly desirable to 
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Table XX. Summary of Cost Comparison for Each Induced Draft Fan Drive Motor 


Motor 

Initial 
Cost C, 

$ 

Salvage 
Value S, 

$ 

Esti¬ 

mated 

Life, 

Years 

Capital 
Recovery 
Costs, 
Equa¬ 
tion 3, 

S 

Power 
Costs, 
(Chal¬ 
lenger’s 
Advan¬ 
tage), 
Equa¬ 
tion 8, 

S 

Main¬ 
tenance 
Costs, 
Equa¬ 
tion 10, 

$ 

Taxes 
and 
Insur¬ 
ance, 
Equa¬ 
tion 11, 
$ 

PWof 
Challenger’s 
Advantage, 
Equation 2, 
$ 

Defender. 

...6,993.. 

....200.... 

...40... 

....839.... 


...42.... 

...122 


Challenger A... 

...6,007.. 

....189.... 

...23... 

....777.... 

...21.... 

...36.... 

...106... 

.... 832 

Challenger B ... 

...7,608.. 

....189.... 

...32... 

....926.... 

...21..,. 

...45.... 

...131... 

....-606 

Challenger C... 

. ..6,922.. 

....181.... 

...25... 

....881.... 

...48.... 

...42.... 

...121... 

.... 16 


Table XXI. Data for Economic Analysis of Forced Draft Fan Drive Motors 


Efficiency at Fraction of Rating, 

Nominal NEMA Insn- Per Cent Motor 

Rating, Design latlon - Price of Weight, 


Motor 

Hp 

Class 

Class 

1/2 

3/4 

AJA 

Motor, $ 

Pounds 

Defender. 

...350. 

..B.... 

...A.,.. 

....90.8... 

...92.6... 

...92.8... 

...4,489... 

...3,800 

Challenger A... 

...300. 

..B.... 

...A.... 

....90.6... 

...92.8... 

...92.6... 

...3,960... 

...3,100 

Challenger JB... 

. ..300. 

..S.... 

...B.... 

...90.6... 

...92.3... 

...92.6... 

...4,950... 

...3,100 

Challenger C ... 

. .260_ 

..B.... 

...A.... 

.,.,90.4... 

...92.1... 

...92.4... 

...3,492... 

...3,100 

Challenger D... 

...250..., 

..B.... 

...B.... 

....90.4.,, 

...92.1... 

...92.4... 

...4.367... 

...3,100 


Table XXII. Summary of Cost Comparison for Each Forced Draft Fan Drive Motor 


Motor 

Initial 
Cost C, 

S 

Salvage 
Value S. 

$ 

Esti¬ 

mated 

Life, 

Years 

Capital 
Recovery 
Costs, 
Equa¬ 
tion 3, 

$ 

Power 
Costs, 
(Chal¬ 
lenger’s 
Advan¬ 
tage), 
Equa¬ 
tion 8, 

$ 

Main¬ 
tenance 
Costs, 
Equa¬ 
tion 10, 

$ 

Taxes 
and 
Insur¬ 
ance, 
Equa¬ 
tion 11, 
$ 

PWof 
Challenger’s 
Advantage, 
Equation 2, 
$ 

Defender. 

..4,572.. 

_133. 

. ,40.,. 

...554... 


...27... 

.. .80 


Challenger A... 

...4^079.. 

..,.109. 

..40... 

...496... 

.... 9... 

...24... 

...71... 

.... 620 

Challenger B ,.. 

...5,099.. 

.,,.109. 

,.40... 

...619... 

.... 9... 

...81... 

...89... 

,...-641 

Challenger C... 

,.8,697.. 

.,.,109. 

..26... 

...466... 

....84... 

...22... 

...63... 

....1,208 

Challenger D... 

...4,498.. 

..,.109. 

..34... 

...561... 

....84... 

...27... 

...79... 

.... 298 


Table XXIII. Data for Economic Analysis of Coal Mill Drive Motors 


Motor 

Nominal 

Rating, 

Hp 

NEMA 

Design 

Class 

Insu¬ 
lation 
Class. 

J 

Efficiency at Fraction of Rating, 
Per Cent* 

Price of 
Motor, $ 

Motor 

Weight, 

Pounds 

1/2 

3/4 

4/4 

Defender. 

..,.350.... 


..A... 

..,.90.6.. 

..,.92.4.... 

.92.4... 

..6,682... 

..4,750 

Challenger A.. 

....800.... 

..C. 

..A... 

,...90.4.. 

....92.2_ 

.92.4... 

..5,131... 

..3,800 

Challenger B ., 

....300.... 

..C. 

..B... 

....90.4.. 

..,.92.2_ 

.92.4... 

..6,180... 

...3,800 

Challenger C .. 

_260.... 

..C. 

..A... 

.,..90.1.. 

....91.9_ 

.92.1.. . 

.,4,403... 

...3,350 

Challenger D,. 

....250.,.. 

..C . 

. .B... 

....90.1.. 

....91.9.... 

.92.1... 

,.5,362... 

...3,350 


* Estimated. 


select the motors as economically as is 
feasible, and with as little additional 
margins as weU; it is dear that the 
motors should neither be too large nor 
too small. The designers must consider 
a reasonable margin to make certain that 
no one piece of equipment ever forms a 
bottleneck. For example, particular con¬ 
ditions in a plant may suggest the selec¬ 
tion of a larger coal mill to handle a 
certain quality of coal whidi would be 
under emergency conditions. Under such 


circumstances, the motor must be de¬ 
signed for the maximum requirements 
established by the enlarged rating of the 
coal mill using the lowest possible quality 
of coal. 

As indicated in Table XXVII, the 
results of the analysis show that it would 
have been possible to save $27,500 by 
doser selection of the auxiliary drive 
motors. This gap between the designer, 
who looks into the future, and the analyst, 
who knows what he got, demonstrates the 


margins which the designer considered 
justifiable, and at least a part of this 
gap is produced by realistic margins 
based on variables which are difiBlcult to 
predict. On the other hand, smaller 
motors mean further savings in other 
auxiliary equipment, as, for example, 
cables, switchgear, and station trans¬ 
formers. 
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Discussion 

Frank V. Smith (Sargent and Lundy, 
Chicago, Ill.): The authors have made 
an int^esting contribution to the economic 
study of power-plant auxiliary motors and 
it should be helpful to others who wish to 
analyze this matter in detail. 
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They have worked out the economics of 
tailoring the motors closely to the actual 
load experienced in the operation of a 
station at rated load and fully realize that 
at the time that the station was being 
designed it would not be practical or per¬ 
haps desirable to use the motors that they 
have suggested, but nevertheless, it is 
interesting to see the savings that could 
be obtained. Some comments might be 
made on the particular problem that faces 
the designer in making these selections. 

Most electrical designers feel that they 
sliould maintain some margin in the motor 
rating above the brake horsepower cal¬ 
culated by the mechanical engineer for 
the equipment. It may be that the me¬ 
chanical engineer has included a sufficient- 
margin in his assumptions and the electrical 
engineer should be quite familiar with the 
details of his calculations. However, we 
should sympathize with the mechanical 
engineer. He does not have an easy task. 
His assumptions as to head and friction 
loss in pipes and ducts can be reasonably 
correct for a specific condition although 
he has to realize that friction loss will no 
doubt increase with age (it is to be noted 
that the readings given in the paper were 
taken when the plant was relatively new), 
but his major problem is to know tlie total 
station output for which he should really 
design. By various devices, an output 
can be obtained which is considerably more 
than the name-plate rating. A typical 
unit might have a name-plate rating of 
60,000 kw and guaranteed capability of 
76,000 kw at 3Vs-bach vacuum with five 
feed water heaters. If the vacuum is im¬ 
proved to IV 2 inches, the capacity goes to 
78,000 kw. If the top heater is taken out 
of service, it will go to 81,000 kw. The 
manufacturers may well provide a flow 
margin above guarantee of some 5 per cent 
and if this were realized, the output would 
be 86,000 kw. If the boiler and turbine 
were overpressured, the flgure could be 
raised even higher. To what degree is 
the mechanical engineer justified in de¬ 
signing the whole auxiliary system for 
this maximum rating? This is a matter 
of judgment and probability, but it must 
be realized that the operator will be very 
unhappy if he discovers that tlie only 
reason he cannot get more output from 
the turbine is because of a limitation in 
one of the auxiliaries. 

One item not mentioned is the practice 
of many utilities of designing for operation 
at reduced voltage and frequency which 
results in oversize equipment as far as 
normal load is concerned. 

Another item not referred to is the am¬ 
bient temperature. All calculations have 
been based on the assumption that this is 
the standard value of 40 C. For certain 
motors, it may well be that a higher ambient 
can be experienced and this factor must be 
taken into account. 

A comment might be made on Fig. 1 of 
the paper. This is a useful way of pre¬ 
senting the situation and the views of the 
manufacturers will be interesting. The 
ordinate scale should be clarified by stating 
that the motor nominal rating is at 40 C. 
Class A insulation is |fOod for a total tem¬ 
perature of 105 C and class J3 for 130 C, 
or 25 C more. It is general practice to 
regard class B insulation as good for an 
observed temperature rise of 20 C more 


Table XXIV. Summary of Cost Comparison for Each Coal Mill Drive Motor 


Motor 

Initial 
Cost C, 

$ 

Salvage 
Value S, 
S 

Esti¬ 

mated 

Life, 

Years 

Capital 
Recovery 
Costs, 
Equa¬ 
tion 3, 

$ 

Power 
Costs, 
(Chal¬ 
lenger’s 
Advan¬ 
tage), 
Equa¬ 
tion 8, 

$ 

Main¬ 
tenance 
Costs, 
Equa¬ 
tion 10, 

$ 

Taxes 
and 
Insur¬ 
ance, 
Equa¬ 
tion 11, 
$ 

PWof 
Challenger’s 
Advantage, 
Equation 2, 

$ 


..5,852.. 

_166... 

...40... 

...710_ 


_35_ 

... 102 


Challenger A .. 

...5^182.. 

_133... 

...40... 

...669_ 

...- 4.. 

....31.... 

... 90... 

.... 494 

Challenger B .. 

...6,365.. 

_133... 

...40... 

...772.... 

...- 4.. 

....38.... 

...111... 

....-611 

Challenger C .. 

...4,636.. 

....117... 

...81... 

...662_ 

...-10.. 

....27.... 

... 79.. 

....1,327 

Challenger D.. 

...6,622.. 

....117... 

...36... 

...670.... 

...-10.. 

_33.... 

... 96.. 

.... 298 


Table XXV. Data for Economic Analysis of Soot-Blower Air Compressor Drive Motors 


hTominal 

Rating, 

Hp 

Maidmum 

Exciter 

Rating, 

Rw 

Insu¬ 

lation 

Class’)' 

Efficiency at Fraction of Rating, 
Per Cent 

1/2 3/4 4/4 

Price of 
Motor, $t 

Motor 

Weight, 

Pounds 

..400... 

....6.O.... 

...A... 

...92.8.. 

....93.7.... 

..94.0... 

...5,679... 

..6,800 

...360... 

_4.6.... 

...A... 

...92.4.. 

....93.4.... 

..93.7... 

...6,277... 

..4,600 

..350... 

_4.6.... 

...B... 

...92.4.. 

_93.4_ 

..98.7... 

. ..7,704... 

,.4,600 

...300... 

_3.7.... 

...A... 

...92.0. 

_93.1_ 

..93.4... 

...4,896... 

..4,180 

...300... 

....3.7.... 

...B... 

...92.0. 

_93.1_ 

..93.4... 

...7,148... 

..4,180 

..250... 

_3.1.... 

...B.... 

...91.4.. 

....92.6.... 

..93.0... 

...6,647... 

..3,735 


><■ Same insulation for stator and rotor, 
t Excluding exciter. 


Table XXVI. Summary of Cost Comparison for Each Soot-Blower Air Compressor Drive Motor 


Bsti- 

SalTage mated 
Value S, life, 
$ Years 


Capital 
Recovery 
Costs, 
Equa¬ 
tion 3, 

S 


Power 
Costs, 
(Chal¬ 
lenger’s 
Advan¬ 
tage), 
Equa¬ 
tion 8, 
S 


Main¬ 
tenance 
Costs, 
Equa¬ 
tion io, 
$ 


Taxes 
and 
Insur¬ 
ance, 
Equa¬ 
tion 11, 
S 


PWof 
Challenger’s 
Advantage, 
Equation 2, 

S 


Defender.... 
Challenger A 
Challenger B, 
Challenger C. 
Challenger D 
Challenger E 



..5,850... 

...203... 

...40. 

..708. 


.,6,436... 

...168... 

...40. 

..660. 


..7,936... 

...168... 

...40. 

..002. 


..6,043... 

...146... 

...27. 

..635. 


..7,433... 

...140... 

...34. 

..911. 

... 

..6,743... 

...131.., 

...23. 

..889. 


...102 

...95. 440 

...138.-2,383 

... 88 . 706 

...130.-1,908 

.. .118.-1,639 


Table XXVII. Summary of Total Savings Which Could Have Been Realized 


Auxiliary Driven by Motor 


Induced draft fans. 


Coal mills, pulverizers, and 

exhausters.... 

Circulating water pumps... 


Service water pumps. 

Ash-sluice pumps.;. 

Soot-blower air compressors. 


Total for all auxiliaries. 



Most Favorable Alternative 


Approxi- 

Installed 





mate 

Motor 


Insu- 

Saving 

Number 

Total 

Rating, 

Rating, 

lation 

per Motor, 

of 

Saving, 

Hp 

Hp 

Class 

$ 

Motors 

$ 

..2,000.... 

...1,260.. 

...B.... 

...11,606... 

.... 1_ 

...11,606 

ROD 

... 500.. 

.. ,A_ 

832... 

.... 2_ 

... 1,664 


260 . 

... A_ 

... 1,209... 

_2.... 

... 2,418 

950 

300 

A... 

494... 

_ 3_ 

... 1,482 

?-50 

200 

... A_ 

... 1,191... 

_2_ 

... 2,382 

900 

, 126.. 

... A... 

... '910... 

.... 2.... 

... 1,820 

200 

100. . 

.. .B.... 

... 1,262.. 

.... 3.... 

... 3,786 

12fi 

76. . 

...A... 

... '641.. 

.... 2.... 

... 1,082 

400 

300 

A... 

706., 

_2_ 

... 1,412 





....19. 

...27,662 


than class A with the same life. It would 
therefore appear that the class B motor 
could be operated at 60 C rise and should 
have normal life with a motor output of 


Vs-i- 

1 50 


>40 


nominal 


rating at 40 C. The figure corresponding 
to a class A motor with 50 C would be 


,32 with a life reduction of one half. 


Factors other than insulation might require 
some reduction of these figures. 

It would be helpful to have some statis¬ 
tical data on the actual life of motors in 
service. We bdieve it will be found that 
many motors applied quite conservatively 
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have had to be rewound long before the 40 
years suggested. Dirt and dust entering 
the windings of open motors are no doubt 
a factor. This is why open motors have 
a service factor while enclosed motors do 
not. 

The matter of using class B insulation on 
high-speed motors is partly a peculiarity 
of the pricing system. For a large 3,600- 
rpm motor such as a boiler feed pump, the 
increase in price for changing from class A 
to class B insulation is per cent while 
the increased horsepower obtained would 
seem to be about 22 per cent. This applies 
only to certain speeds and sizes; for others, 
the increase in price is as much or more 
than the increase in horsepower. The 
reason this procedure is not followed more 
often is perhaps because the operators do 
not like to have a motor with a name-plate 
rating below the normal operating output 
of the motor. It is difficult to explain 
to the plant personnel that it is proper to 
operate this particular motor frequently 
above its rating; also, as the authors point 
out, the locked rotor and breakdown torque 
are functions of the name-plate rating and 
these, of course, are reduced correspond¬ 
ingly. If the manufacturer were asked 
to put a name plate on the motor giving 
the higher rating with 60 C rise, the price 
would be increased. 


E. T. B. Gross and V. F. Bobrowicz; We 
sincerely appreciate Mr. Smith’s discussion. 
His comments on the problems confronting 


a power-plant mechanical design engineer, 
together with his clarification of the pricmg 
system of class B insulated motors, provide 
a valuable supplement to tlie paper. We 
fully agree that the mechanical design, 
engineer must add many margins and that 
the electrical design engineer must ^cept 
them, but we maintain that additional 
margins on the electrical side should be 
kept to a meager minimum. 

It may be pointed out that even though 
improp^ly designed auxiliaries may limit 
unit output in case of unit overload or 
operation at reduced frequency and voltage, 
the drive motors will hardly ever limit out¬ 
put of the unit under these conditions. The 
motors may become overloaded temporarily 
and some shortening of life result therefrom. 

Since the output of fans and centrifugal 
pumps decreases rapidly with decreases 
in speed (brought about by reduced voltage 
supplied to induction motors, or by reduced 
frequency) only the selection of oversized 
pumps and fans will prevent them from 
becoming bottlenecks; however, even when 
such equipment of larger than nominal 
rating is selected, the motor ratings need 
not be matched with the increased nominal 
rating of the driven equipment, but only 
such motors selected which are appropriate 
for maximum unit load at rated frequency 
and voltage. 

It appears that the manufacturers of 
pumps and fans are now seriously con- 
siddring the economic advantages of class 
B and class H insulated motors. Recently 
published material refers to matching the 
load by using class H (silicone) insulation. 


In one example, the following data, are 
given: “Silicone insulated motors give a 
service factor ranging up to 50 per cent 
compared with 15 per cent for class A, 
This extra service factor of 50 per cent 
TTialrps possible the installation of class H 
motors rated at normal load requirements 
and yet meeting initial or intermittent 
overloads, or loads that can not be matched 
with standard frame sizes. In one pump¬ 
ing application, intermittent loads range 
up to 9.2 hp though the normal load is 5 hp. 
Instead of using a 10-hp class-d motor, 
as would be the old practice, a 5-hp silicone 
class-H motor may be used. This means, 
in addition to less capital investment, 
better power factor and higher efficiency 
because smaller silicone-insulated motors 
operate nearer full load more of the time 
than larger motors rated to meet maximum 
overloads.” 

Our choice of a 40-year normal motor 
life may seem optimistic. "There is really 
no reason why modern motors should not 
last this long” was the opinion of an ap¬ 
plication engineer of one large motor 
manufacturer with whom we discussed 
this problem some time ago. However, 
had we chosen a figure of less than 40 years, 
the results of our analysis would have led 
to similar conclusions. 

The curve of motor life suggested by 
Mr. Smith is probably more realistic than 
the one of Fig. 1. However, Mr. Smith’s 
curve would make class B insulated motors 
appear the more favorable since the motor 
could now be operated at a maximum load 
of 1.22 per unit without any loss of life. 


Ten Parl-Windins Arrangements in 
Sample 4-Pole Induction Motor 


J. J. COURTIN 

MEMBER AIEE 


Synopsis: Using a 75-horsepower 4-pole 3- 
phase motor on which design and test data 
has previously been published, ‘ and without 
dividing the winding into segments smaller 
than its natural phase belts, it was deter¬ 
mined that there are 10 possible different 
arrangements for half of die winding, each 
of which would be suitable for making the 
necessary connections to a part-winding 
starter composed of two line starters and a 
timing relay. To determine which of these 
arrangements would produce the more fav¬ 
orable characteristics of twque, line cur¬ 
rents, and noise, tests were conducted on 


Paper 55-732, recommended by the AIEE Rotating 
Machinery Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Fall General Meeting, Chicago, 
III., October 3-7, 1966. Manuscript submitted 
July 6, 1965; made available for printing August 
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each and the results are presented. The 
winding pitch was then raised to a higher 
percentage than normally used and the 
effects of this variation on the test data and 
on some of the motor magnetomotive force 
waves are also given. 

T he test a-c motor is a National 
Electric Manufacturers Association 
design-C frame-445 440-volt 3-ph.ase 60- 
cycle 1,770-rpm 76-horsepower induction 
motor having a double-cage aluminum 
rotor and a conventional polyphase 
stator winding. There are 60 partially 
closed, stator slots and 50 rotor slots. 
The complete winding is connected 
parallel-star and has five turns in each 
coil. The original pitch was 1 to 12 or 
73.3-per-cent chording.^ Because the 
rating is one frequently used in part-wind¬ 


ing starting applications, this study was 
considered of special value and interest. 

In the polyphase winding each phase 
appears in proper sequence the same 
number of times as there are poles in the 
winding. In this 3-phase 4-pole winding 
there are 12 phase belts, each phase ap¬ 
pearing four times, and each belt being 
made up of five coils in series. Part¬ 
winding starting generally employs one 
half of the belts of each phase at start 
or two each of the A, B, and C groups in 
the case of the 4-pole motor. It can be 
seen quite readily that there is a choice 
of ten different half-winding arrangements 
about the periphery of the 4-pole stator 
depending on the selection of phase belts 
to be connected. In the application of 
motors with part-winding starters a 
number of these arrangements have been 
used, sometimes with unsatisfactory re¬ 
sults in regard to torque and noise charac¬ 
teristics. This study was made to ob¬ 
tain pertinent test experience on each 
half-winding arrangement in one m,otor 
having good accelerating torque with 
normal accelerating noise, on full-wind¬ 
ing line starting and with well-estal> 
lished machine constants and known 
performance. 


Courtin'— Winding Arrangements in Sample 4-Pole Induction Motor 


December 1956 



1800 




Test Procedure 

The procedure followed was to remove 
the winding connection cables only, leav¬ 
ing the original winding intact. One 
cable was then connected to each side 
of each phase belt, identified, and brought 
directly to the outside of the motor. 
There were then a total of 24 cables per¬ 
mitting any desired connection arrange¬ 
ment of the 12 groups. At rated 440 


volts and 60 cycles, with the relative 
polarity of each phase belt maintained the 
same as in the full winding, speed-torque 
curves were taken by dynamometer in the 
usual manner covering each of the 10 half¬ 
winding arrangements. 

The solid line cuwes of Figs. 1 through 
10 represent the tested torque and line 
current characteristics on the original 
winding which had a coil pitch of 1 and 
12 or 73.3-per-cent chording. The 12 


groups are represented in each figure in a 
circular manner descriptive of their dis¬ 
tribution around the stator; each section 
line in the circumference representing the 
five top-coil sides of a phase belt. The 
letters A, B, and C on the circles indicate 
the phase belts included in the connec¬ 
tion tested. Sections not lettered indi¬ 
cate the omitted phase bdts in each case. 

The noise level readings shown in Figs. 
1 through 10 are the maximum decibel 
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Fig. 7 (right). 
Alternate poles 
connected 
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values recorded for a free acceleration 
from standstill in each case. The sound 
level meter was located at a 3-foot dis¬ 
tance from the front of the motor which 
was coupled to the dynamometer. Total 
inertia of the rotating elements was 66 
pound-feet squared of which 19 pound- 
feet squared was the motor rotor alone. 
Average room level was 74 decibels for 
the solid line curves and 81 decibels when 
the dotted line curves w^ere run. No cor¬ 


rections were made for room level. The 
American Standards Association sound 
reference level applies.® 

To test the effects of increasing the 
winding pitch it was necessary to rewind 
the stator completely. This was done in 
such a way as to employ the same number 
of turns per coil and the same conductor 
sizes as in the original winding. The 
winding pitch was raised from 1 and 12 
or 73.3-per-cent chording to 1 and 15 or 


Fig. 6 (left). 
Alternate groups 
connected 


93.3-per-cent chording. This change in¬ 
creased the length of the end turns and 
the weight of copper used from 73 to 84 
pounds for the complete winding. The 
higher winding pitch raised the funda¬ 
mental chording factor 9 per cent and, 
consequently, the applied voltage was 
raised a corresponding percentage from 
440 to 480 volts for comparative testing. 
The flux per pole was thereby of the same 
magnitude for both windings. 
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Fig. 8 (right). 
Alternate poles 
except one 
pha$e-6 group 
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Alternate poles 
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Fig. 10 (right). 
Alternate poles 
except one 
phase-A group 
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Evaluation 

Because of the differences in applied 
voltage, it is considered that a comparison 
of power requirements for starting for the 
various arrangements could be more 
properly made on the basis of kilovolt¬ 
amperes than on line current and Table I 
was made accordingly. With the original 
winding with 73.3-per-cent diording, 
connection 6, Fig. 5, was the only ar¬ 
rangement capable of accelerating to full 
running speed on half the winding. The 
maximum kilovolt-ampere value to reach 
full speed is then the locked rotor value 
for half the winding. For those arrange¬ 
ments where subsynchronous cusps occur 
in the torque curve, it would be necessary 
to energize the complete winding to attain 


Table I. Comparison of Starting Power 
Demand 


Mazimuin Value 
Locked Rotor Kilovolt-Amperes 

Kilovolt-Amperes per Horsepower, 

per Horsepower 0 to 1,800 Rpm 

Pitch Pitch 


Figs. 

1 to 12 

1 to 15 

1 to 12 

1 to 15 

1 . 

.3.17... 

...3.54..., 

..4.57... 

...4.37 

2 . 

.3.40... 

...3.87.... 

.,4.57... 

...4.37 

3. 

.3.40... 

...3.84..., 

.,5.24... 

...4.78 

4. 

.3.50... 

...8.33.,.. 

. .4.57... 

...4.37 

5. 

.3.96... 

...3.00.... 

..3.96... 

...5.21 

6 . 

.3.76... 

...4.42.,., 

,.6,24... 

...4.42 

7. 

.4.06... 

...4.49..., 

..4.93... 

...4.49 

8 . 

.3.81... 

...4.51.... 

..4.57... 

...4.51 

9. 

.3,91... 

...3.94.... 

. .4.93... 

...3.94 

10 . 

.8.71... 

...4.21.... 

..4.93... 

...4.21 

11 . 

.5.71... 

...5.55.,., 

. .5.71... 

...5.55 


full speed. The maximum kilovolt-am¬ 
pere values in these instances are taken 
from the full-winding current curves, Fig. 
11, at the revolutions per minute corre¬ 
sponding to the cusp on half-winding. 

Connections 6, 7, 8, 9, and 10 for the 
93.3-per-cent chorded winding have, 
what are considered, good torque curves 
for part winding. However, as antic¬ 
ipated by a recent paper on part winding 
torques,* the starting power required is 


greater than for the lower pitch part 
winding because of the increased number 
of energized slots and the corresponding 
decrease in the stator slot reactance. 

It is interesting to note that, while the 
acceleration noise level decreased in all 
cases with the higher winding pitch, the 
torque curve improved only where the 
magnetomotive force wave shape for 
the part winding was improved. In 
Fig. 12, the A waves show little difference 


Fig. 11. Full winding, dll 
groups connected 
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in general shape and the torque curves 
of connection 1 both show the presence 
of a strong 6-pole field with cusping at 
1,200 rpm. Wave B shows accentuation 
of flat spots with the increased chording 
and, consequently, the connection-5 
torque curve became undesirable. Waves 
C and D both show reduction of flat spots 
and improved symmetry with the higher 
winding pitch and great improvement in 
torque curves for connections 6 and 7 
were, therefore, realized. Full-winding 
magnetomotive force wave E shows 
sharper peaks for the 93.3-per-cent chord¬ 
ing and its torque curve shows a resulting 
reduction in accelerating torque. 

Using a method suggested in reference 
4, Table II was prepared to evaluate the 
harmonic content of the windings tested. 
The table is representative of the alter- 


Fig. 12 (A). Mdsnetomotive force plots, 

1 to 12 pitch. (B). Magnetomotive force 
^ plots 1 to 15 pitch 

A—Half-winding adjacent poles; see Fig. 1 
B—Half-winding alternate pairs of groups; 
see Fig. 5 

C—Half-winding alternate groups; see Fig. 6 
D—Half-winding alternate poles; see Fig. 7 
E—Full winding; see Fig. 11 

nate group and alternate pole arrange¬ 
ments; see Figs. 6 and 7. It shows the 
presence of even harmonics of large mag¬ 
nitude in the short-chorded 1- and 12- 
pitch arrangements. The second har¬ 
monic has an amplitude of 35.3 per cent 
and the fourth harmonic 12.1 per cent of 
the main wave. It is the second harmonic 
which produces the cusp in the solid line 
curve of Fig. 7 and the fourth harmonics 


which causes the cusp in Fig. 6. With 
the winding pitch of 1 and 15, the ampli¬ 
tudes of the second and fotuth harmonics 
are reduced to 9.06 and 4.54 per cent of 
the fundamental. At the same time the 
odd harmonics, except for the seventh, 
were incre^ed, the most important being 
the fifthharmonicfrom2.28to3.64 per cent. 

Other than the reduced accelerating 
torque, the performance of the motor on 
full winding indicated little effect of the 
higher order of odd harmonicsaccompany- 
ing the imusually high winding pitch. 
Comparative performance features at 
rated 75-horsepower loading are as given 
in Table III. The lowered value of mini¬ 
mum accelerating torque for the full wind¬ 
ing would be of small consequence if the 
motor were applied with a part-winding 
starter. 


Table II. Harmonic Content of Flux Wave Table III. Comparative Performance—Full 

' " ' " ' . " ' ' ' . '■ Winding 

Pitch 1 and 12 Pitch 1 and 15 . ' ^ ._ 


n Sidn Kpn Kdpn Ampl Kdn Kph Kdpn Ampl VHnding Pitch 

r—————————-- ^^^^ --- 1 and 1 and 

1- 0.967 - 0.914 - 0.876_100 ...... 0.967_ 0.996_ 0.953,...100 15 

2.. .. 0.833 - 0.743.... 0.618..,. 36.8 . 0.883 _ 0.208.... 0.173 ... 9.06 - 

4.. .. 0.426--0.996....-0.423..,. 12.1 . 0.426--0.407....-0.173..,. 4,64 „ 

6 - 0.200--0,60 _-0.100_ 2.28 .. 0.200_ 0.866.... 0.173.... 3 64 1° . ^0 - 480 

7.. ..-0.149_ 0.978....-0.146.... 2.38 .-0.149_-0;74S.... 0.111_ 167 torque, pcund-feet. 622 ....590 

8 -—0.232..., 0.208_—0.048..,. 0,068..-0.232_—0.765_ 0.176_ 2!30 torque, pound-feet. 628 . 624 

10.. ..—0.200....—0.866 _ 0.173..,. 1.97 .—0.200.... 0.886_—0.173. . 181 Mi™inum torque, pound-feet,.,. 480 - 426 

11 .. ..-0.111- 0.106.... 0.012.... 0.013.-0.111....-0.407.... 0.046.... o'43 yujl joad torque, pound-feet.... 222 .,..222 

13 - 0.102 .0.669.... 0.068 _ 0.069.. 0.102.... 0.174.... 0.018,... 0.146 i ... ^2.6- 85.0 

——-----^^_ vuU load efficiency, per cent,,,. 92.4.92.6 

order of harmonic. toad power factor, per 

.fiTdff bistribntion factor for the »-th harmonic. .............. 85.8....: 85:.4 

-i Pitch factor for the »-th haimonic. FulUo^, rpm, ......1770 ....1771 

»Winding factor of the »-th harmonic. No lo^ amperes.. 26.4.... 24.7 

itAmplitude percentage of main wave. Locked rotor ampwes. . 663 .... 5O0 
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Conclusion 

In the applications of squirrel cage in¬ 
duction motors with part-winding start¬ 
ing, the greatest disadvantage appears to 
be that the acceleration sound level on 
the part winding connection is often too 
high for the locality of the installation. 
The sample 75-horsepower ball-bearing 
motor when running alone at full speed 
has a 74-decibel level. For a full-winding 
line-start acceleration, the measured 
sound level of 91 decibels coupled to a 
d 3 niamometer is considered a normal and 
satisfactory value. Of the ten part¬ 
winding arrangements tested only one 
was found to have a comparable level. 

This was the arrangement in which al¬ 
ternate phase belts were connected in the 
half-winding and in which the chording 


Discussion 

P. L. Alger (General Electric Company, 
Schenectady, N. Y.): Mr. Courtin's paper 
contributes a great deal to our knowledge 
of part-winding starting of polyphase 
motors. However, this subject is a very 
extensive one, and there is a great deal more 
yet to be done before the problems can all 
be resolved. 

Suppose we consider a 4-pole 3-phase 
winding only, and Ihnit ourselves to part 
windings in which the normal phase belts of 
the winding are kept intact. If we use 
only half of the windings on the first step 
of the starting cyde, there are 16 different 
ways in whidi the six active phase belts 
can be arranged, as shown in Table IV. 
Three pairs of these—^numbers 2 and 6, 
5 and 7, and 12 and i4^have exactly the 
same magnetomotive force distribution, so 
that there are only 13 possible half windings 
with different magnetomotive force patterns. 

All the adjacent pole patterns produce 
large 2-pole and 6-pole fidds. Since these 
differ by only one pair of poles from the 
fundamental 4-pole field, they produce large 
unbalanced shaft forces, and, therefore, 
are likely to produce a good deal of noise 
and vibration during starting. The amount 
of this noise will vary widely with the size of 
motor, the type of load, and the installed 
conditions, so that adjacent pole windings 
have decided limitations. On the other 
hand, the adjacent pole patterns group the 
adjacent windings together, and, therefore, 
have generally lower locked rotor currents. 

The alternate pole patterns produce large 
8-pole and 16-pole fields, which maintain 
balanced shaft forces and give relatively 
quiet acceleration, except in cases of special 
slot numbers and core dimensions that 
permit resonant frequency vibrations. The 
per unit valuM of these different harmonic 
fields for each of the 13 windings are shown 
in Table IV, with the most important field 
in each case underlined. Inspection of the 
table shows that 10 out of the 13 windings 
have such large forward harmonic fields 


was 93.3 per cent of the pole pitch, test 
curves of which are shown in Fig. 6. 
To the ear this full voltage acceleration 
was in no way objectionable and would be 
considered satisfactory for any location 
where equipment of this size would be in¬ 
stalled. The speed-versus-torque and 
current curves for this arrangement show 
that the motor will attain running speed at 
a current demand of 78 per cent of that 
required for a full-winding line start. 
This is comparable to results obtained 
with an 80-per-cent voltage resistor-type 
starter. 

While the maximum power demand to 
reach running speed for the adjacent 
pole arrangement. Fig. 1, is higher than 
for the alternate phase belt connection, 
the former arrang^ent has the advan¬ 
tage of drawing the lowest power incre- 

--^- 4 - 


that the torque will normally go to zero or 
below if the winding has the usual pitch of 
about 73 per cent. The remaining three 
windings—^numbers 10, 11, and 12 —are 
hybrids, containing both adjacent and 
alternate pole groups. They have no 
large forward revolving fields, but they 
have both odd and even harmonics, so that 
their performance is not good, as illustrated 
by Fig. 8 of the paper, whidr applies to 
winding 11. Winding 13 is free of large 
forward fields, and, therefore, looks very 
attractive, but it has a very large backward 
2-pole field, which makes the locked rotor 
torque low, and may even cause the motor 
to start backward on the first step. 

Comparison of the ten torque curves 
given in the paper with their harmonic 
fields shown in the table indicates a good 
agreement in every case between the theory 
and test. It is interesting to note that 
windings 5 and 7, which have identical 
magnetomotive force patterns, were both 
tested, as shown in Figs. 9 and 10 of the 


ment and might be preferable where 
power company regulations require that 
starting current increments be limited to 
specified values. However, the sound 
levels for the adjacent pole arrangement 
would be too high for many locations and 
such an application should be avoided 
where sound level is an important factor. 
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paper. While the two test curves are very 
similar, their shai>es are not identical, 
indicating the difficulty in getting accurate 
test torque curve data by the usual dyna¬ 
mometer test method. 

I agree with Mr. Courtin’s conclusion 
that the only way to get adequate torque, 
to bring the motor to full speed on the first 
step, and also to get low noise with a half 
winding, is to use an extra long winding 
pitch, such as 93 per cent. As the author 
points out, this lowers the half-winding 
reactance, and makes the locked rotor 
current on the first step approximately 80 
per cent of full load value. 

In view of these limitations, it is ray 
opinion that with half-winding starting, it is 
essential to close the second contactor within 
2 or 3 seconds after the first one, so that 
the full winding of the motor is used in 
acceleration. If this is done, the torque 
and noise on the first step become un¬ 
important, and there is, therefore, little 
need to use a motor of special design. For 


Table IV. Characteristics of the 16 Possible Half Windings of a 3-Phase 4-Pole Motor 



Winding 


Principal Forward Fields With 0.733 Pitch 
(4-pole mmf “ 1) 


Torque 
Curve 
Shown 
in Fig. 
No. 

Comments 

No 

Pattern 

2P 

,6P 

8P 

lOP 

14P 

16P 

Torque 
Noisy Dip 

1.. 

.,,6- 

.0,396 

...0.656. 

...0 

.0.062.. 

.0.083.. 

.0 

.. 1... 

.Yes., Extreme 

2,. 

...6—1— 

.0.281 

...0.465. 

...0.236.. 

.0.074 

0.058 

0.162. 


.Yes..Large 

3.. 

,..4-l-i-l- .. 

.0.290 

...0.4S2. 

...0 

.0.062.. 

.0.226.. 

.0 

.. 4.. 

.Yes.. Large 

4.. 

...4-1-1-— .. 

.0.261 

...0.416. 

...0.236.. 

.0 

..0.195.. 

.0.162. 


.Yes.. Large 

6.. 

.. .4—2— 

.0.145 

...0.241. 

...0.408.. 

..0.062.. 

..0.113.. 

.0 

..io.. 

.Yes.. Large 

0.. 

...3-3- 

.0.281 

...0.465. 

...0.236.. 

..0.074.. 

..0.068.. 

.0.162. 


.Yes.. Large 

7.. 


..0.145 

...0.241. 

...0.408.. 

.0.052.. 

..0.113.. 

.0 

.. 9.. 

.Yes..Large 

8.. 

,..3™3— 

..0 

...0 

...0.472.. 

..0 

. .0 

.0.163. 

.. 7.. 

.No. .Large 

9.. 

...3-2—1- .. 

.,0.205 

...0.340. 

... 0 

..0.116.. 

..0.169 

0 

.. 2.. 

.Yes.. Large 

10.. 

...8-1—2- .. 

..0.145 

...0.241. 

...0.236.. 

..0.104.. 

..0.113.. 

.0.162. 


.Yes.. Moderate 

11 .. 

...3-1-1— 

..0,145 

...0.241. 

...0.236.. 

..0.062.. 

..0.113.. 

.0.326. 

.. k.. 

.Yes.. Moderate 

12.. 

...3-1-1-1- .. 

..0.075 

...0.124. 

...0.236.. 

..0.074.. 

..0.218.. 

..0.162. 


.Yes .Moderate 

13* 

.. ,2-2-2- . . 

..0 

...0 

...0 

..0.166.. 

..0 

. .0 

.. 5.. 

■ Yes .Moderate 

14.. 

...2—2-1-1- .. 

..0.075 

...0.124. 

...0.2.36.. 

.;0.074.. 

. .0.218.. 

..0.162. 


.Yes .Moderate 

16.. 

...2-l-l~l-l- .. 

..0.106 

...0.177. 

...0 

..0.052.. 

. .0.307.. 

..0 

.. 3.. 

.Yes .Severe 

16.. 

...l-l-l-l-l-l-.. 

..0 

.. .0 . 

...0 

..0 

. .0 

..0.486. 

.. 6.. 

.No. .Severe 


* Has large backward 2-pole 6e1d, giving low locked rotor torque. 
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this reason, and because it is desirable to 
have the current on the first step not more 
than 65 per cent of full value, the use of a 
long-pitch winding does not appear attrac¬ 
tive. Summing up, if the phase belts are 
kept intact, and only half of them are used 
on the first step, standard motors should be 
satisfactory in most cases, but the result 
obtained will be only increment starting, 
with the full locked rotor current reached 
on the second step, and not true part¬ 
winding starting. 

However, it is quite feasible to use 2/3 
of the phase belts instead of only half on the 
first step, and with this arrangement it is 
possible to get reasonably good accelerating 
torque and low noise, with only 66 per cent 
current, oh the first step, so that in this way 
true part-winding starting is possible. 
This alternative method of starting is 
described in a paper by Miss Agacinsky 
and the discusser.^ 

Rbpbrencb 

1. A Nbw Mbtrod for Part-Wimdino Startino 
OF PoLVPRASB MOTORS, P. L. Alger, Lorraine M. 
Agacinsky. AIEE Transactions, vol. 75, pt. Ill, 
1956 (Paper no. 55-846). 


D. C. Martin and R. F. Horrell (Electric 
Machinery Manufacturing Company, 
Minneapolis, Minn.): The paper presents 
considerable practical information on a 
current problem. The results confirm 
our experience that it is essential to know 
the shape and harmonic content of the 
magnetomotive force wave. The effect 
of tlie amount of chording cannot be neg¬ 
lected. The author has presented the data on 
all available connections and indicates tlie ef¬ 
fect of chording on the magnetomotive force 
wave and on noise. The connection used 
in Fig. 5 has been discussed at some length. ‘ 
We have found good torque characteristics 
with normal chording, but poor character¬ 
istics near full pitch. On a few motors 
connected per Fig. 3, tests indicated that 
the torque would be reduced in accordance 
with the pitch, i.e., our tests at 61.1 per cent 
chording fell between the 73.3 and 93.3 
per cent curves shown in Fig. 5, and our 
tests at 61.1 per cent chording fell below the 
73.3 per cent curve of Fig. 5. It would be 
interesting to see the results of a similar 
study on 6- and 8-pole machines, since 
more varied connections can be made. 

In larger motors, it is necessary to use 
chording to a greater degree to obtain the 
desired motor performance, hence the most 
desirable chording for part-winding func¬ 
tions may be undesirable with respect to 
other more important considerations. This 
brings the use of part-winding back to the 
basic problem: What is the desired end 
result? Three possible end results may be 
considered: 


1. Use as iacrement start. Here the connectioo 
of Pig. 1 with any chording would probably be best, 
since the motor would accelerate to about 1,200 
rpm and require the lowest kilovolt-amperes ini¬ 
tially before transferring to full winding. 

2. Use to accelerate a low WK*. unloaded auxil¬ 
iary. The connection of Pig. 5 with normal chord¬ 
ing would be best provided the time of acceleration 
is not too great. 

3. Noise. If noise is of prime consideration then 
the connection of Pig. 6 with near full pitch would 
suffice. Noise is relatively unimportant if of short 
duration, such as the 2 to 6 seconds required for 
transfer to full winding. 


It would be interesting to know if there 
was any auxiliary equipment used in con¬ 
junction with the dynamometer when ob¬ 
taining the speed-torque-current curves. 
Since test points were not indicated on the 
curves, it is possible some means emplo 3 ring 
an oscillograph was used. 

We have naturally experienced rapid and 
excessive heating even on partial voltage 
when taking speed-torque points with a 
dynamometer. This would naturally be of 
more concern on larger motors such as our 
company manufactures. How was this 
factor of heating handled during test? 

Rbpbrekce 

1. Part-Winding Starting of SQniRRBi.-CAQB 
Motors, Marvia Brown. Bleelrieal Manufactur¬ 
ing, New York, N. Y., Jan. 1954, pp. 108-13. 


J. J. Courtin. To illustrate the great 
variations in starting characteristics depend¬ 
ing on the relative positioning of the ener¬ 
gized phase groups was a main purpose in 
preparing this paper. Mr. Alger’s study 
shows that there are additional half-winding 
arrangements possibilities for 4 pole, 3 
phase, that were not considered and gives a 
“character analysis’’ of each. His efforts 
are greatly appreciated by the author. 

In taking the experimental data reported 
In the paper, the noise levels for the non- 
symmetrical group arrangements were very 
objectionable and pf such a magnitude that 
they could not be recommended even for 
momentary connection. Of the symmetri¬ 
cal half windings with normal chording the 
adjacent-pole (Fig. 1), alternate-group 
(Fig. 6), or the alternate-pole (Fig. 7) 
arrangement would be suitable for noise 
for most industrial applications. Of these 
the adjacent-pole pattern is preferred by the 
writer since it has the lowest initial current, 
has accelerating torque to 2/3 of running 
speed, and is generally observed to be 
quiter than the alternate-pole pattern. 
The noise is highest when the motor is 
operating at tiie speed of a subsynchronous 
cups in the half-winding torque curve. 
For best starting action the timing relay for 
the second contactor should be adjusted 


on each installation to operate just before 
the rate of motor acceleration noticeably 
decreases. This connects the line to the 
full winding before the motor reaches the 
cups speed and where this is near 2/3 of 
full speed, provides a smooth, continuous 
acceleration. Also, the magnitude of the 
current increment for closing the second half 
of the winding is diminished when it occurs 
at the higher speed. However, where the 
magnitude of the unbalanced shaft forces 
becomes a meclianical consideration to be 
reckoned with as in large 8-pole motors, the 
alternate group arrangement would be 
preferred, since the forces would be more 
evenly balanced and the starting power 
increment lower than for the alternate pole 
pattern. As Mr. Alger has stated, it is 
desirable to have the current on the first 
step not more than 66 per cent of full value. 
However, the alternate-pole half winding 
always has an initial current greater than 
70% of full value whereas the adjacent- 
pole winding always has initial currents 
within the 65 per cent value for normally 
cliorded motors. 

The use of 2/3 of the phase belts in a 
part winding is certainly worthy of con¬ 
sideration, since it opens additional ver¬ 
satility in applying standard motors. 
The disadvantage that must be weighed is 
the great unbalance in the line currents 
which makes up the average 66 per cent 
current on the first step. Also, the 2/3 
winding scheme does not permit using 
standard 3-phase line-starters which is the 
economic advantage of the half winding 
start. 

The discussion of Mr. Martin and Mr. 
Horrell indicates experiences which concur 
with that of the writer and confirm the 
readings taken on the sample motor. 
However, their confidence in recommending 
the use of the alternate pair connection of 
Fig. 6 for low inertia acceleration is not 
entirely shared for the general case. In 
particular, the noise level for bringing the 
sample motor to full speed would be objec¬ 
tionable for many locations. With this 
exception tlie organization of data and 
condusions drawn are considered an im¬ 
provement on the paper and are greatly 
appredated. 

Torque curves for the ten arrangements 
were taken in the normal manner by 
dynamometer, recording points at various 
speeds. The test curves were then traced 
exactly as originally drawn but . on the 
prepared form as illustrated. Individual 
points were not transferred. Since heating 
was not too great a factor in this relatively 
small motor, no extraordinary methods 
were needed to control heating other than to 
run the motor frequency at no load to keep 
the temperature within safe limits. All 
ciu-ves were taken at full voltage. 
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Report on the Operation of 
Switched Capacitors 

AIEE COMMIHEE REPORT 


T his report is limited to the discussion 
of capacitor switching as used on elec¬ 
tric transmission and distribution systems 
for the improvement of system conditions. 
The report covers only shunt capacitor 
applications and is formulated to provide 
a resume of the existing literature and 
known experience and thereby constitutes 
a relatively short report containing the 
pertinent factors to be considered in such 
applications. 

Previous reports have covered the per¬ 
formance, operation, and maintenance 
of shunt capacitors.^'* These reports 
contained little information about ca¬ 
pacitor switching. It was reported at that 
time that only 35 per cent of all capaci¬ 
tors installed were regularly switched. 
Approximately half of these, about 17 
per cent, were switched automatically, 
the other half were switched manually. 
There is considerable literature published 
on capacitors.Reliable estimates at 
the end of the year 1954 indicate that 
about 45 per cent of all shunt capacitor 
installations are fixed, 25 per cent are 
switched manually, and 30 per cent are 
switched by automatic control devices. 
The trend seems definitely towards more 
switched banks in general and more auto¬ 
matically switched banks in particular. 

Capacitors can be coimected directly 
to any distribution or transmission cir¬ 
cuit of any voltage. Switched capacitors 
have been installed over the range of 
208 volts through and including 115,000 
volts. There are many specific reasons 
for using switched capacitors and there 
are also many switching control arrange¬ 
ments to obtain the desired results. 

Reasons for Switching Capacitors 

The fundamentjil rejison for switching 
capacitors is to improve system perform¬ 
ance. Some of the following specific 
reasons for switching are: 


Paper 55-710, recommended by the AIBB Trans¬ 
mission and Distribution Committee and approved 
by the AIBB Committee on Technical Operations 
for presentation at the AIBB Fall General Meeting, 
Chicago, Ill., October 3-7, 1956; Manuscript 
subxdltted June 6, 1966; made available for 
printing August 2, 1955. 

The personnel of the AIBB Capacitor Subcom¬ 
mittee are: B. H. Schultz, chairman, R. M. Butler, 
W. C. Fowler, K. E, Hapgood, and L. T. Williams. 


1. Variable Kilovar Demand. A variable 
kilovar (kvar) demand can result from 
several types of load. Furnaces, large 
industrial plants, air-conditioning and re¬ 
frigeration equipment; or pumping installa¬ 
tions can place large, fluctuating reactive 
demands on the system. Also, the DX 
requirements of the system itself vary 
with the system loading. Switched capaci¬ 
tors installed at the load and on the lines 
can supply the reactive kvar. The switched 
capacitors may be located on the customer’s 
premises or on the utility system’s lines. 
The capacitors can be switched directly 
with the load or separately by means of 
suitable switchgear and control devices. 

2. Voltage Regulation. Voltage regulation 
of a system may require the use of a large 
capacitor installation at peak load compared 
to the reactive demand of the off-peak load. 
This, either by itself or in conjunction with 
the system voltage changes between on 
peak and off peak, may result in excessive 
voltage during off-peak periods. Excessive 
voltage, besides being generally undesir¬ 
able, may cause wave-form distortion 
owing to transformer overexcitation, caus¬ 
ing objectionable harmonics to flow in the 
line. Switching permits the use of capaci¬ 
tors as large as needed during peak load 
periods without the objection of excessive 
boost in light load voltages. Switched 
capacitors may also be co-ordinated with 
voltage regulators to obtain voltage ranges 
not practical to obtain with regulators 
alone. 

3. A voidance of Excessive Leading Generator 
Power Factor. In cases where the capaci¬ 
tive kvar connected to the system are of 
sufficient capacity to correct the light load 
power factor at the ^nerator terminals to 
unity or leading, it may be necessary to 
switch the capacitors to prevent abnormally 
low excitation. Capacitors reduce the 
excitation required on the generators to 
maintain the voltage level. The system 
stability margin is reduced with lower 
generator excitation.* 

4. Reduction of DR and DX Losses. It 
may be necessary to switch capacitors in 
accordance with load kvar requirements to 
minimize DR and DX losses in the line 
such as would result from lagging or leading 
current in the line. 

5. Provision for Emergency Voltage Boost. 
Capacitors can be switched to provide an 
emergency voltage boost. Special situations 
may arise where temporary relief is re¬ 
quired at some location, and time is not 
available to engineer and install additional 
circuits to supply the load. The installa¬ 
tion of switdied capacitors may provide 
relief until permanent corrective measures 
can be taken. Capacitors can also be 
switched in special circuits to operate them 
at overvoltage for short periods to obtain 


added kvar for motor starting, system 
stability, or extreme voltage or power- 
factor improvement. This may also be 
the case after a prolonged outage. 

6. Maximum Utilization of Power Equip¬ 
ment. The maximum utilization of the 
capacity of power equipment may require 
switching on of capacitors during heavy 
load to reduce current loadings by improv¬ 
ing the power factor. The use of capacitore 
might also augment the range of, or elimi¬ 
nate the need for, a voltage regulator or 
regulating transformer. 

7. Control of Reactive Current Flow. Ca¬ 
pacitors strategically located and switched 
make possible greater utilization of all 
parts of the systems by controlling the flow 
of reactive current and maintaining the 
voltage level. 

There are undoubtedly many other 
reasons for switching capacitors. It is 
the intent here to point out the possibil¬ 
ities without reference to any economic 
justification. The economics of such 
applications may vary widely for different 
systems. 

Switching Means 

Capacitor switching equipment usually 
consists of circuit breakers or switches 
such as are used for fault and/or load 
interruption on transmission and dis¬ 
tribution circuits. Some of the common 
types and the applications in which they 
are used are described in the following. 

Indoor Breakers 

Metal-enclosed capacitor equipments 
or housings on circuits 15 kv or below 
often use indoor air or oil circuit breakers. 
These equipments house the circuit 
breaker in a separate compartment to pro¬ 
tect it from the weather and to provide 
safety to operating personnel. In some 
cases modification of the interrupting 
chambers of these breakers is necessary 
to insure proper switching of the capaci¬ 
tive load by controlling prestrikes when 
energizing and/or restrikes when inter¬ 
rupting. Air breakers usually do not 
require modification. When a circuit 
breaker is purchased for capacitor switdi- 
ing, the manufacturer should be advised 
so that he can make modifications to the 
breakar, if necessary, for its contemplated 
duty. 

Outdoor Breakers 

On large outdoor banks, outdoor oil 
circuit breakers are usually used. Some 
modifications are usually necessary on 
these as are in the indoor oil breakers used 
in metal enclosed capacitor installations. 
Compressed air circuit breakers are suit¬ 
able for capacitor switching, generally 
without modifications. 
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Fig. 1. A simplified capacitor switching 
circuit for a single bank 


Oil Switches 

On pole-mounted* switched capadtcar 
banks, small single-phase or 3-phase oil 
switches are often used. These switches 
are generally solenoid or motor-operated 
and do not have fault-interrupting ability. 
Fault protection for the whole bank must 
be provided by group-fusing in each phase. 

Capacitor oil switches are also often 
used for fairly large capacitor banks in 
substations. Fault protection then is 
usually provided’ by a backup circuit 


breaker. The modem trend in capacitor 
switching is more and more toward the 
use of these capacitor oil switches because 
they are specially designed for capacitor 
switching and because of the economics 
involved. 

Load Break Switches 

Another device sometimes employed 
for capacitor switching is the load inter¬ 
rupter switch. This device, like the oil 
switch, does not provide fault protection. 
Load inteiTupter switches are usually 
derated for capacitor switching and have 
a limited number of operations before the 
inteiTUpting device must be changed. 
Switching of capacitor banks with load 
interrupter switches may be either manual 
or automatic. Generally, load inter- 
mpters are not suitable for switching 
parallel capacitor banks. 
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Problems of Capacitor Switching 

The switching of capacitor circuits 
presents problems not encountered in 
the usual load-switching application. 
This fact was recognized from experience 
obtained in switching moderately long 
high-voltage cables and long high-voltage 
transmission lines. These observations 
were made before capacitor bank installa¬ 
tions had become large enough to create 
this problem in capacitor switching. 

Inrush Transients—Single Banks 

Inrush Currents 

When a capacitor bank is energized, a 
comparatively large inrush current can 
flow into the bank. At the moment of 
circuit closing, the completely uncharged 
capacitor represents a short circuit to the 
system and the inrush current to the 
capacitor bank is limited only by the im¬ 
pedance of the circuit supplying the bank. 

Fig. 1 represents a typical circuit with 
one capacitor bank. The inductance* £. 
represents the line, transformer, and 
source inductance of the system. The 
tnaviTniiTn inrush current occurs when the 
circuit is closed at voltage peak. This 
current can be calculated by using the 
following equation. 




short-circuit kva ^ 
capacitor kvar y 


CAPACITOR KVAR X IjOOO (3 PHASE BANK ) 

Fig. 2. Maximum peak inrush current from system when energizing a capacitor bank 
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where Jo=crest value of the steady-state 
current, 

The foregoing equation applies to 
single-phase and 3-phase banks, delta and 
wye. It assumes that the capacitor was 
not charged when energized. If the bank 
is fully charged and opposite in phase to 
the source voltage, the inrush current is 
twice the value obtained by the equation. 

The inrush currents for single banks 
(no parallel bank) usually range from 5 
to 16 times the normal capacitor current. 
This may or may not be harmful to the 
switches, depending on the number of 
switching operations per day, week, or 
month. Highly repetitive rates require 
special consideration either because of 
extra maintenance of breaker contacts 
or the necessity for special contacts or 
derating factors. 

The curves in Fig. 2 show the maximum 
peak inrush current for several system 
voltages and short-circuit currents as a 
function of the capacitor kvar. The 
peak current is the sum of the funda¬ 
mental (60-cycle) current crest plus the 
transient current crest. No allowance 
is made for decay of the transient current, 
therefore the values shown are slightly 
high but on the safe side. 
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Fig. 3. A simplified capacitor switching 
circuit for parallel banks 


Inrush Frequency 

The inrush transient current frequency 
is the natural frequency of the circuit 


inrush frequency/=/o 


V 


short-circuit kva 
capacitor kvar 


where/o is the power frequency. 


Transient Capacitor Voltages 

. If the capacitors initially are uncharged, 
the maxhnum transient capacitor voltage 
can theoretically be twice the steady-state 
capacitor voltage. If the capacitors ini¬ 
tially are charged to the same potential 
and the same polarity as the dosing-in 
voltage, there will be no transient over¬ 
voltages. If the capacitors initially are 
charged to the same potential but oppo¬ 
site polarity as the dosing-in voltage, the 
maximum transient capadtor voltage can 
theoretically be nearly three times the 
steady-state capadtor voltage. Maxi¬ 
mum practical values for transient over¬ 
voltages, however, are 1.8 times for an 
uncharged bank and 2.7 times for a bank 
charged at opposite polarity. 


Again, this equation for inrush current 
assumes that the capacitor Ci was not 
charged when energized. If the bank 
being energized is fully charged and at 
opposite polarity to the source voltage, 
the inrush current is twice the value ob¬ 
tained by the equation. 

Resistance also has an effect in limiting 
the inmsh current but is not nearly as ef¬ 
fective as reactance. If the resistance is 
neglected, the calculated current will be 
slightly high and, therefore, on the safe 
side. 

Field experience indicates that the 
magnitude of the peak inrush current for 
parallel banks usually is between 20 and 
250 times the steady-state capadtor 
current. The transient inrush current 
usually decays to an insignificant value in 
less than 0.016 second (1 cycle). 

Even with very large banks of capad- 
tors, the energizing currents are usually 
below the rated momentary current of 
the circuit breakers. Although the dr- 
cuit breakers are built to withstand the 
contact-burning and mechanical stresses 
produced by an occasional closing of the 
breaker against a short drcuit, frequent 
dosing operations with high inrush cur¬ 
rents can cause rapid contact deteriora¬ 
tion. The mechanical shock and stresses 
produced by the extremely high rate of 
rise of the current is also a very severe 
problem. 

Inrush Frequency 


Inrush Transients—Parallel Banks 
Inrush Currents 

When two or more steps of a bank are 
switched independently, i.e., when an 
adjacent bank is already energized, a very 
high inrush current can occur. An equiv¬ 
alent circuit for this condition is shown 
in Fig. 3. 

Nearly all of the inrush current is sup¬ 
plied by the charged capadtor bank C\ 
and is limited only by the small induct¬ 
ance Li in and between the banks. The 
maximum inrush current into capadtor 
bank Ci occurs when the switch is dosed 
at voltage peak. It can be calculated ap- 
proximatdy by the following equation. 

maximum peak inrush current _ 

where 

Z.2*=*the circuit indudance between banks, 
henrys 

C( "the total capacitance (two capacitances 
in series) of the circuit* farads 


The frequency of the inrush nirrent de¬ 
pends on the Ct and Li drcuit values 

inrush frequency in cycles per second 

2v’\/ CfLi 

Transient Capacitor Voltages 

While the transient capadtor voltages 
obtained when switching parallel capad¬ 
tor banks are theoretically the same as 
those obtained when energizing a single 
bank, experience has shown that a 
paralld bank will cause substantially 
lower transient voltages than those that 
may be experienced in switching a single 
bank.® 

Capacitor Fusing 

The capadtor bank fuses, dther group 
fuses and/or individtial fuses must be 
sdected so that they will withstand the 
maximum inrush currents assodated 
with such switching operations. 

Current-Limiting Reactors 

Often it is necessary or desirable to 
limit the capacitor bank inrush current. 
One means for providing this function is 


the installation of an inrush-current- 
limiting reactor in each phase. The de¬ 
sired reactance of such equipment may 
easily be calculated by the following equa¬ 
tion 



where 


La = inductance to be added 
7 i=maximum actual inrush current be¬ 
tween banks 

J2=» maximum desired inrush current be¬ 
tween the two banks 

L* actual inductance between two banks- 
causing inrush current h 

De-energizing Capacitor Circuits 
Restrikes 

The opening of a capadtive drcuit pre¬ 
sents additional problems. The initial 
voltage across the switch contacts follow¬ 
ing the breaking of a capadtive circuit is 
practically zero since the capacitor on 
the load side of the switch holds the same 
instantaneous voltage as existed on the 
supply line at the instant of break. TWs 
condition permits any switch to interrupt 
the drcuit quite easily at an early current 
zero value. However, 1/2 cycle later 
the voltage across the switch contacts is 
twice the crest value of the fundamental 
since the capacitor has retained a charge 
equal to crest of one polarity while the 
supply voltage has changed to crest of the 
opposite polarity. This condition is 
illustrated in Fig. 4. If the contacts of 
the switching device have opened suffi- 
dently to withstand this double voltage 
without restriking, the drcuit is success¬ 
fully cleared. 

In some types of switching equipment 
the travel of the movable contact may 
not be fast enough to insure sufiident 
dielectric strength across the open con¬ 
tacts after 1/2 cycle. The circuit will 
then restrike with the following possible 
occurrences: Since the capacitor is at 
crest voltage of one polarity and the sup¬ 
ply circuit at crest voltage of the opposite 
polarity, the capadtor voltage will re¬ 
verse and change to the polarity of the 
source. However, the capadtor voltap 
will overshoot by an amount equal to its 
attempted change of voltage. This will 
result in a total voltage (transient plus 
steady-state) of nearly three times its 
previous steady-state voltage. At the 
first current zero the- circuit may again 
be interrupted and, in this worst case, 
three times normal crest voltage will re¬ 
main on the capadtor. These conditions 
are shown in Fig. 5. One-half cycle 
later, four times the fundamental crest 
voltage will appear across the breaker 
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Rs* ‘4* Opeiiins a 
simple capacitor cir> 
cuit as shown in 
Fig. 1. . Voltage 
across switch con¬ 
tacts at moment of 
break is zero, but 
1 /2 cycle later value 
is twice the crest 
value 



T-o 


T-l/2 CVCLE 


contacts. If by this time the contacts 
have not separated far enough to prevent 
it, another restrike may occur with the 
possible result of still higher voltages at 
the capacitor following current zero. 

The foregoing values apply to a bank 
of capacitors with its neutral solidly tied 
to the supply neutral. More severe over¬ 
voltages across the circuit-breaker con¬ 
tacts may occur when switching off a wye- 
connected bank with floating neutral. 

On the occurrence of restrikes in the 
case of parallel switched banks, high oscil¬ 
latory currents may result caused by the 
low impedance of the circuit between 
banks. This substantially increases the 
loss of material from the breaker or switch 
contacts and thus increases the mainte¬ 
nance costs of the interrupting device. 

In practice, the interruption of capaci¬ 
tor circuits can be handled by most 
modern, standard circuit breakers with¬ 
out the occurrence of abnormally high 
voltages, even with the capacitors con¬ 
nected in floating wye. However, it is 
recommended that the capacitor manu¬ 
facturer or the switchgear representative 
be consulted regarding breaker applica¬ 
tions in connection with capacitors. This 
is especially true for exceptionally large 
or high-voltage banks. 

Switching Duty 

Switched capacitors should not be 
energized repeatedly in rapid sequence 
unless provisions are made to discharge 
the bank rapidly so that, on the next re¬ 
energizing operation, the inrush current 
will not exceed the permissible current 
limitations of any equipment in the cir¬ 
cuit. If a capacitor is switched off and 
then switched on again when the full 
charge remains on the capacitor, the in¬ 
rush current can be double the value of 
the uncharged condition. The total volt¬ 
age at the capacitor can then reach a 
maximum of nearly three times the peak: 
voltage. Highly repetitive switching op¬ 
erations may therefore require special 
consideration. 

1258 


In general, intelligence relays should 
have sufficient bandwidth and time delay 
to avoid unnecessary switching opera¬ 
tions. It is common practice to provide 
longer time delay, in some cases, to per¬ 
mit the capacitor control to ride through 
fluctuations of the intelligence signal 
which would otherwise cause unnecessary 
and even undesirable capacitor switching 
operations. 

Multistep switched capacitor banks 
usually involve smaller bandwidth set¬ 
tings of the response relays to obtain 
close regulation of voltage or power fac¬ 
tor. This fact often necessitates the use 
of longer time delays to avoid unneces¬ 
sary switching operations caused by fluc¬ 
tuations of small duration. 

Multistep capacitor banks generally are 
controlled by one master relay and a 
multistep control device. Usually the 
steps of the capacitor are switched on and 


off in a definite sequence. In the case of 
large installations, the control is some¬ 
times designed to provide equalized 
switching duty on the individual steps 
and circuit breakers. 

Switching at Low Ambient 

Temperatures 

Consideration should be given to the 
ambient temperature range at locations 
where capacitors may be energized while 
they are at a temperature below a per¬ 
missible value. Usually capacitors can 
be energized at ambient temperatures as 
low as —18 degrees centigrade with very 
little risk of damage to the capacitor. 
Low temperature capacitors, however, 
may be chosen which can be energized 
at temperatures as low as —40 degrees 
centigrade. 

Intelligence Used to Control 
Capacitor Banks 

The selection of a method for .control¬ 
ling switched capacitors should be based 
upon the benefits desired from the ca¬ 
pacitors. Any of the following intelli¬ 
gences may be used. 

Voltage 

Voltage is a commonly used signal for 
controlling capacitor switching. A con¬ 
tact-making voltmeter having suitable 
characteristics is used to initiate the 
switching operation. In addition to the 
voltage-sensitive element, a time delay 



Fig. 5. Opening a timple capacitor circuit showing maximum effect of one restrike 
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may be incorporated into the control cir¬ 
cuit to prevent excessive operation of the 
switching equipment. Make of the 
“raise” contact of the device will switch 
the capacitor bank on and make of the 
“lower” contact will switch the bank off 
(through the time delay). The spread 
between the raise and lower contacts is 
called the bandwidth. The fundamental 
consideration for selecting the bandwidth 
is that it always be larger than the volt¬ 
age change produced by one switched 
capacitor step. If this rule is not fol¬ 
lowed, repetitive switching or pumping 
will occur. The wider the bandwidth, 
the fewer will be the switching operations 
and the larger will be the variations in 
the voltage. Practical experience shows 
that a bandwidth of 1.5 times the ex¬ 
pected voltage rise is a satisfactory 
value. 

A convenient equation for calculating 
the voltage rise for one capacitor step is as 
follows 

per-cent voltage rise 

3-phase kvar of capacitor step X100 
S3rstem symmetrical short-circuit kva 

This equation assumes that the calcula¬ 
tions of short-circuit kva have been 
based upon the reactance only of the sys¬ 
tem. 

Timb 

Time is often used as intelligence for 
switching capacitors to the extent that a 
regular time cycle can fit in the curve of 
total reactive load. Provisions to change 
the cycle on selected days of the week are 
available (omitting devices). Such fixed 
schedules cannot take into account un¬ 
usual conditions that may be encountered, 
however. This prevents its ability to 
provide all the possible benefits of 
switched capacitors. Switching errors or 
imiiRiial load conditions might result in 
excessive voltage if only time control is 
used. To elimina te this danger, a wide 
bandwidth voltage relay is sometimes 
used to override the time switch and to 
avoid excess boost in voltage (voltage 
override). 

If it is desired to operate at two dif¬ 
ferent voltages, a time switch can be used 
to short-circuit out a resistor inserted in 
series with the voltage relay. When the 
resistor is in the circuit, the voltage relay 
senses a lower voltage and the control 
therefore regulates the bus voltage higher 
and vice versa. 

■CXJRRENT 

Current control is often employed for 
use on regulated circuits where voltage 


is not a satisfactory signal for capacitor 
switching and where load variations do 
not cause inconsistent changes in the 
load power factor. The current trans¬ 
former which feeds the sensing device 
(contact-making ammeter) should be 
connected on the load side of the capaci¬ 
tor bank so that the current to the bank 
is not measured. This arrangement re¬ 
quires a separate control for each bank, 
i.e., a multistep current-initiated switch¬ 
ing arrangement requires a control for 
each step. Each bank then is switched 
on when a given current is exceeded and 
switched off when the current falls below 
that basically same value. 

Current-Compensated Voltage 

On some systems, voltage alone may 
not be a satisfactory reference for switch¬ 
ing capacitors because of dose proximity 
of the regulators. When the current is 
high and the voltage is also high, a volt¬ 
age control would tend to switch off the 
capadtors. This would be exactly con¬ 
trary to what is desired. The solution to 
this problem is to change the calibration 
of the voltage relay as a function of cur¬ 
rent. Control devices are available for 
effecting this compensation. 

Kvar 

A kvar control is best suited when it is 
desired to keep the kvar supply on a given 
line within certain limits to reduce system 
losses and voltage drop and to release 
generating and transmission capacity. 
The kvar supplied to the bus can be 
measured and, upon reaching a given 
value, the capadtors are switched to 
keep the kvar supplied through the line 
within prescribed limits. This type of 
control is similar to a voltage control 
except that a kvar relay is used instead 
of a voltage-sensitive rday. The setting 
of the kvar relay requires a rather careful 
study of loads and the load power-factor 
ranges to determine the system require¬ 
ments. 

Power Factor 

Power-factor control is not a very 
satisfactory means for controlling 
switched capadtors because this method 
would cause pumping at light load and 
low power factor unless desensitizing aux¬ 
iliaries are used. The same end result 
pflTt usually be obtained more satis¬ 
factorily with kvar or current control. 

Temperature 

Tmnperature-actuated controls are 
bdng used experimentally to switch 


capadtors at points where air-condition¬ 
ing and refrigeration are a large part of 
the reactive load. The simplidty of such 
controls is, of course, a desirable feature 
but, at the same time they are limited in 
their use. 

A modification bdng tried to obtain 
more desirable characteristics is a tem¬ 
perature-modified voltage control. In 
this control the calibration of a voltage 
relay is changed as a function of the am¬ 
bient temperature. 

Line-Drop Compensation 

If it is important to keep the voltage 
constant (within the limits of the band¬ 
width) at some point remote from the 
capadtor installation, line-drop com¬ 
pensation can be applied to the control 
equipment for switcWng the capacitors. 
By this method the voltage at the bus 
(capadtor location) is raised to compen¬ 
sate for the line drop in the same manner 
as line-drop compensation is applied on 
voltage regulators. The secondary cur¬ 
rent from the current transformer in the 
load drcuit is passed through a resistor 
and the voltage across this resistor is sub¬ 
tracted from the secondary voltage of a 
potential transformer. In this way a 
fairly constant voltage can be obtained at 
any given point on the feeders when the 
load power factor is reasonably constant. 

Co-ordination op Switched Capacitors 

With Regulators 

Current, time, or kvar are the proper 
types of intelligence to be used to switch 
capadtors on voltage-regulated feeders. 
Voltage-controlled capadtors may be ap¬ 
plied at the end of a regulated feedw cir¬ 
cuit provided line-drop compensation is 
not used, or only the resistance settings 
of the compensator are used. 

When capadtors and regulators are 
used on the same bus, the capadtor volt¬ 
age step should be as large as practical 
in the interest of economy and to keep 
the number of switching operations to a 
minimum. A voltage step of about half 
of the voltage range of the regulator is 
desirable unless this results in a temporary 
voltage change that cannot be tolerated. 
The control voltage for the capadtor 
should be supplied from a point head of 
the regulator. If one or more capadtor 
banks are located near a regulator and the 
limit switches of the regulator can be 
used, this offers a simple, inexpensive 
means of controlling the capadtors and 
there is no problem of co-ordination. 
This method of control assumes that the 
voltage is the only intelligence to be 
considered. 
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Discussion 


H. Smith and J. S. Rembusch (Common- 
w^th Edison Company, Chicago, Ill.): 
The committee has done an excellent and 
a thorough job in covering basic factors 
involved in capacitor switching. 

However, we believe that there are three 
other methods of controlling switched ca¬ 
pacitors which might deserve some mention 
and',,on which we would like to comment. 
The first of these is the so called "voltage 
divider” method of switching which seems 
to us might oflFer considerable economic 
value as a means of switching large blocks 
of capacitors needed purely for system con¬ 
trol. 

Another method of control is one on whicli 
a rather apprtenable amount of develop¬ 
ment work ^ been done, that is, remote 
control of individual capacitor bank^ ;Or 


groups of banks by means of an audio signal 
sent out by a radio transmitter. Por this 
purpose it is generally proposed to utilize 
the present radio equipment available for 
dispatching line crews. Success has been 
achieved in developing such a control, but 
permission from the Federal Communica¬ 
tions Commission to operate a pilot model 
has, for the time being, been denied. 

A third method of capacitor control under 
investigation is the possibility of using tele¬ 
phone company circuits. 

We have at substations, eto., on our sys¬ 
tem, some 203,000 kva of power^factor cor¬ 
rection equipment consisting of rotating 
machines and capacitors whic^ cmti be man¬ 
ually controlled. The balance of our 
Power-Factor corrective equipment con¬ 
sists of 621,000 kva of capacitors on distri¬ 
bution feeders, of which 323,000 kva are 
permanently coimected and 198,000 are 
switched. It is obvious that some .selective 
means of switching capacitors on a local and 


a system basis would be useful if it can 
be accomplished economically. However, 
since this is not readily accomplished, we 
have, with the exception of some isolated 
cases, relied on time switch control of 
capacitors in the Chicago area for the fol¬ 
lowing reasons and in the following manner. 

1. Most of our large generators have 
automatic voltage control which permits 
the system to operate at slightly leading 
Power-Factor and maintain proper voltage 
levels. Our major substations also have 
voltage-regulating equipment to mai-ntni-n 
fairly constant levels on our subtransmis¬ 
sion system. 

We prefer to locate bur switched capaci¬ 
tors out on the distribution feeders in order 
to gain the maximum voltage improvement 
and the maximum loss reduction throughout 
our entire system. Our 4-kv and 12-ky 
feeders are all regulated and, with the ex¬ 
ertion of a small percentage, they are short; 
hence the voltage variation on the fe^er 
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from the first customer to the last is not 
great enough to enable us to use voltage as 
the initiftting means to switch capacitors. 

2. We are unable to use current or Idl- 
over control for capacitors on our feeders 
as many of our medium-size industrial cus¬ 
tomers close down at 4 p.m. This of course 
means that capacitors installed on these 
feeders would not be in service at the time 
of the evening peak. 

3. We run both winter and summer peak 
loads gtirf thus we are not able to use tem¬ 
perature as an initiating means for capaci¬ 
tors since they would then be out of service 
in the winter months. 

Our time switches (Sunday excepted) 
are set to bring all the capacitors on the 
system between 6:30 a.m. and 8:00 a.m. 
and to disconnect the capacitors between 
10:00 p.m. and 1:00 a.m. We have a 
limited amount of capacitors time-switched 
on and off of the system on Saturday to 
care for industrial needs of the system. 
Using time switches in the manner outlined 
guarantees that we will be able to bring all 
switched capacitors into service at the time 
of our system generating peak which, of 


course, always comes on a weekday. 

When we first started using time-switch- 
cotttrolled capacitors we adjusted them in 
advance of a holiday so that the capacitors 
would not switch on during the holiday. 
However, we have discontinued this prac¬ 
tice, and there is-a possibility that we may 
partially discontinue the Sunday omission 
as d ating the recent hot summer we ran a 
peak load on a residental substation and on 
several feeders on a Sunday evening. 


C. M. Lytle (Kansas City Power and Light 
Company, Klansas City, Mo.): This is a 
well-prepared report on methods of con¬ 
trolling switched capadtors and on the 
troubles that may be expected and means of 
mitigating the troubles. It is a timely re¬ 
port because as systems become larger they 
use higher voltages for both transmission 
and distribution lines. These higher vol¬ 
tage lines each add more fixed charging cur¬ 
rent which in turn means that a larger pro¬ 
portion of the capacitors installed must be 
switched. 

About the only thing that can be added is 


a record of my company’s installations in 
the summer of 1955 when we had a peak 
load of 577 megawatts at 90 per cent power 
factor. 



Xvar 

Per Cent 

Fixed units. 

,. 69,585.. 

... 36.5 

Time clock. 

,. 72,240.. 

... 38.0 

Current control. 

,. 19,980.. 

... 10.5 

Thermostat. 

,. 11,280.. 

... 6.0 

Supervisory (manual).. 

.. 17,100.. 

... 9.0 

Total. 

,.190,185.. 

..;100.0 


B. H. Schultz (Chairman, AIEE Capacitor 
Subcommittee): The committee report 
did not include information on the switching 
methods cited by Mr. Smith and Mr. Rem- 
busch as there has been little published in¬ 
formation or experience to date on these 
switching methods. The AIEE Capacitor 
Subcommittee will welcome papers on these 
switching or control methods as soon as 
anyone has operating experience or economic 
comparisons to make. 


Desisn Principles of Flux-Switch 
Alternators 


S. E. RAUCH 
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Synopsis: The general problem of the 
design of a peak-power minimum-volume 
high-frequency alternator which employs 
the flux-switch principle is discussed* 
Included in this paper are analyses of 
general configuration, generated voltage 
and frequency, magnetic circuit, generator 
losses, and materials. A design procedure 
which employs the use of a set of empirically 
derived constants which determine various 
mechanical and electrical parameters is 
presented. The design charts can be used 
for flux-switch alternators ranging in power 
from 100 to 5,000 watts and for shaft 
speeds from 10,000 to 50,000 rpm. A 
sample design based on the use of the 
design charts is developed for a 50,000- 
rpm 3-kw 250-volt single-phase flux-switch 
alternator with permanent magnet exci¬ 
tation. 
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T here have arisen a series of appli¬ 
cations in air-borne equipment which 
have placed a premium upon miniaturi¬ 
zation of the power component and which 
in addition demand large peak powers in 
the range of 100 watts to 10 kw for rela¬ 
tively short-duty cycles without cooling. 
Auxiliary power supplies for missile guid¬ 
ance systems provide an excdlent illus- 
stration of the special need to which the 
present discussion is directed. The de¬ 
sired design features which are sought for 
these power supplies include minimum 
weight and volume, high peak power for 
short-duty cycles, high-quality regula¬ 
tion for controlled shaft speed, and im¬ 
proved efl&ciency rating^s over standard 
rotsiry equipment. 

The flux-switch alternator, which falls 
in the general cIeiss of high-frequency in¬ 
ductor alternators,^"* has shown the 
important property of successful appli¬ 
cation in missile systems. The flux- 
switch method develops an armature 
flux linkage which varies between equal 
positive and negative magnitudes. This 
is in contrast to the pulsating unidirec¬ 
tional flux change that occurs in the more 
conventional inductor alternator. The 


design discussion is directed towards a 
permanent magfnet-excited alternator be¬ 
cause of the low excitation losses involved 
and the capability of maintaining good 
regulation. It is possible of course to 
replace the permanent magnets with ap¬ 
propriate field windings without altering 
the basic performance. 

Simplified Example of Flux-Switch 

Principle 

To illustrate the mechanism of a flux- 
switch alternator, a simple example is 
presented in Fig. 1(A) and (B). For con¬ 
venience in discussion the rotor is shown 
as a 2-salient-pole stack of lamina¬ 
tions on a shaft. The stator consists of 
a pair of permanent magnets, a dual set 
of laminated yokes, and a pair of stator 
windingfs. The flux paths in Fig. 1(A), 
which are shown by arrows, indicate a 
flux direction from left to right in both 
windings. When the rotor has moved 
180 electrical degrees, as in Fig. 1(B), 
the flux linkage through the coils has been 
reversed in direction but has the same 
magnitude as in Fig. 1(A). 

It can be seen that for each revolution 
of the rotor a. complete reversal of flux is 
obtained, and 4 cycles of the output volt¬ 
age occur. The salient poles of the stator 
operate in the conventional pulsating-flux 
mapner. 

An advantage of the flux-switch design 
ran be demonstrated as follows. The in¬ 
duced voltage in the stator winding for a 
given frequency is proportional to the 
number of turns and the total flux change. 
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For a given working flux density, the flux 
switdi produces twice the flux density 
diange as that produced by unidirectional. 
pulsating flux methods. Since power out¬ 
put is proportional to the square of the 
voltage, it follows that for the voltune 
operating in a flux-switch operation four 
times the power can be obtained, assum¬ 
ing all other factors are equal. From the 
foregoing observations it can be seen that 
the working cross section of the stator 
yoke can be reduced by a factor of two 
for complete flux reversal; therefore the 
volume of copper for stator windings pan 
be increased. As a consequence, the 
power lost in such a unit can be reduced 
effectively. The resulting increase in duty 
cycle when peak power is required is a 
si g n ifi ca n t advantage for applications in 
the missile field. For the benefit of large 
power-generator designers, it may be 
noted that peak powers can be obtained 
from alternators described in this paper 
without a resulting destructive me- 
dianical or electrical damage to the rotary 
equipment. 


General Design Considerations 

The engineering design techniques de- 
vdoped for piloted aircraft have proved 
very successful in suppl 3 dng pow'er equip¬ 
ment having the characteristics of con¬ 
tinuous duty and long life. These power 


units, which were designed especially for 
the general commercial and military 
piloted aircraft, observed the primary req¬ 
uisite of conservation of weight. Volume 
and efficiency were placed secondary to 
the weight reduction. *In pilotless air¬ 
craft, such as guided missiles, volume is 
the critical factor for both the generator 
equipment and fuel and, consequently, 
new design concepts must be considered 
for the development of these specialized 
auxiliary power systems. In this paper 
design considerations are discussed which 
include general configuration, generated 
voltage and frequency, analysis of mag¬ 
netic circuit, the division and extent of 
generator losses, and, finally, the selec¬ 
tion of materials to approach optimum 
performance. 

Configuration 

Since the flux-switch principle employs 
magnetic material in the most effective 
manner, i.e., the flux is driven both posi¬ 
tive and negative within saturation h'mits, 
configurations which provide flux-switch 
operation can yield higher performance 
per unit volume. For the purpose of pro¬ 
viding an approximate constant reluc¬ 
tance path for the d-c magnetic field, it is 
desirable that the rotor poles exceed the 
stator poles. A stator pole will be de¬ 
fined as a salient magnetic path which at 
some position of the rotor provides a low 
reluctance path for the rotor flux. As a 
varying reluctance tends to cause flux 
variations in the main field, which in turn 
produce eddy-current losses and demag¬ 
netizing forces to the d-c field, a constant 
reluctance design is a necessity for opti¬ 
mum performance. 

For both simplicity of construction and 
the obtaining of flux switching, it is con¬ 
venient to have the number of stator poles 
equal to an integer multiple of the number 
of d-c magnetic poles. Fig. 2 is a typical 
example illustrating such a combination. 
If pt is the total number of stator poles, 
Pt is the total number of rotor poles, n the 
shaft speed in revolutions per minute 
(rpm), and / is the frequency of the volt¬ 
age induced in the stator coils in cycles 



Fig. 2. Cross section of a flux-switch alter¬ 
nator having four stator and six rotor poles 


a—Permanent magnets 
b—Magnet shielding 
c—Rotor laminations 
d—Nonmagnetic shaft 
e—Stator laminations 
f—^Windings 


per second (cps), then it follows that the 
output frequency and shaft speed for al¬ 
ternators in the class represented by Fig. 
2 are related by 


(cps) =pt 


«(rpm) 

60 


( 1 ) 


Table I provides several possible com¬ 
binations of stator and rotor poles which 
conveniently provide flux-switch opera¬ 
tion as well as an approximate constant 
reluctance to the main d-c field. The 
three shaft speeds shown are representa¬ 
tive speeds for the direct-driven high-fre¬ 
quency alternators. Fig. 2 represents a 
flux-switch alternator for which ^r = 6, 
and Ps—4c, as shown in Table I, second 
entry. 

In the case of permanent magnet ex¬ 
citation, simplicity of assembly as well as 
mechanical ruggedness are obtained by 
the use of a single pair of magnets. Mag¬ 
nets with shaped fields, as shown in Fig. 2, 
are effective in space utilization and in¬ 
creased available magnetic energy per 
magnet volume. If further increase in 
frequency is desired, it is preferable to in- 


Table I. Typical Constants for Rotor Poles, Stator Poles, and Frequency in a Flux-Switch 

Alternator 


Stator Poles 
P. 


Cycles per 
Revolation 


12,000 rpm 


24,000 rpm 


48,000 rpm 


4 5 ., 

4 . 8 .: 

4 7., 

4 or 8 . 0., 

4 or 8 .....10.. 

4 or 8 .11.. 

4, 8, or 12.., ... :18.. 


. 1,000 .. . 2 , 000 ..... 4,000 

.1,200.....2,400..,.. 4 800 

• 1,400......2,800. sloOO 

.1,800.3,600. 7 200 

.2,000.4,000..f...,. sloOO 

.2,200.....4,400. 8,800 

.2,600. 5,200.10,400 
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crease the ntunber of salient poles of the 
stator rather than the number of d-c 
magnet poles. The single pair of magnets 
should be accompanied by magnetic 
shielding to obtain the highest output for 
the magnetic material volume. Such 
shielding is indicated in Fig. 2 by the 
cross section labelled 6. 

The general category of generators dis¬ 
cussed operates with shaft speeds ranging 
from 10,000 to 50,000 rpm. As a conse¬ 
quence, the mechanical problems asso¬ 
ciated with the rotor assembly such as 
balancing and alignment require special 
attention. Since it is desirable to employ 
relatively small air gaps for peak power, 
any whip or resonant condition in the 
rotor must studiously be avoided. Shaft 
resonances below maximum speeds can be 
tolerated in some more standard rotary 
power units however, for the machines dis¬ 
cussed the lower speed resonances can be 
destructive. For the aforementioned 
reasons a mechanical design of the rotor 
must include precision bearings, rigid 
rotor shaft assemblies, and a careful dy¬ 
namic balancing of the complete rotor as¬ 
sembly over the total range of shaft speed. 
In addition, the magnetic circuit align¬ 
ment must not create mechanical reso¬ 
nance within the rotor speed range. 

When using permanent magnets for 
field excitation, the manufacturing proc¬ 
ess is simplified by performing all machin¬ 
ery and assembly operations with the 
magnets nonmagnetized. This procedure 
eliminates the trapping of magnetic par¬ 
ticles such as chips and metallic dust in¬ 
side the closed assembly. As a conse¬ 
quence the scoring of stator and rotor as¬ 
semblies, the fouling of bearings, etc., can 
be avoided with reasonable shop practices. 
The mechanical arrangement of the mag¬ 
netic material must be such that the per¬ 
manent magnets can be easily magnetized 
after complete assembly of the unit. The 
twin magfnet field structure, such as shown 
in Fig. 2, labelled a, provides a convenient 
system which meets the foregoing con¬ 
siderations. 

Generated Voltage and Frequency 

The generated voltage is directly re¬ 
lated to the number of rotor poles Pr, the 
shaft speed n in rpm, the total change of 
flux linkages in the flux-switch section 
of the stator, and the number of turns N 
in series in a winding. The frequency in 
cps is determined by the previously given 
equation 1, 

The generated voltage Et in volts per 
winding is given by 


where/e is a form factor whose magnitude 
is determined by the voltage wave shape 
and the selection of average or mis units. 

The most favorable winding geometry 
for the minimiz ing of copper resistance 
and winding reactance is the placing of the 
windings around the stator yoke, as shown 
in Fig. 2, labelled /. The resulting pro¬ 
duction problem requires either a winding 
of the stator before assembly or the use of 
special winding techniques. The wind¬ 
ings could be placed around the stator 
poles as a winding convenience; however, 
this latter practice yields a lower power 
and efficiency rating because of the longer 
length per turn and poorer winding space 
factor. 

The reactive and real components of 
power delivered by the generator are in¬ 
dependent of the number of turns in the 
winding but are directly dependent upon 
the mean length of winding turn, the 
volume of copper used, and the magnetic 
circuit configuration. The inductive re¬ 
actance of the generator is determined in 
a major part by the configuration of the 
soft-iron laminated portion of the mag¬ 
netic circuit and, to a much less degree, 
by the permanent magnet section. A 
good design of the soft-iron yoke can yield 
a low internal inductance; e.g., a typical 
1-kw flux switch generator can have an in¬ 
ternal inductance of approximately 0.0024 
henry when rated at 120 volts, 2,000 
cps. 

The design should endeavor to mini¬ 
mize the harmonic content of the gener¬ 
ated voltage wave form to reduce internal 
losses, such as hysteresis and eddy cur¬ 
rents, which increase rapidly with in¬ 
creasing frequencies. Furthermore, if 
capacitance correction is used, the har¬ 
monic components of the voltage are lost 
as wasted power and give rise to addi¬ 
tional heat losses. The magnitudes of the 
generated harmonics can be controlled by 
the characteristics designed into the vary¬ 
ing reluctance path of the magnetic cir¬ 
cuit. 

Magnetic Circuit Analysis 

In generators of small volume which are 
to be designed for large peak outputs, it 
is important to use permanent magnet 
material which has the dual characteris¬ 
tics of large energy products and nearly 
rectangular demagnetization curves. In 
addition, the permanent magnetic must 
retain sufficient stored energy to maintain 
the magnetic flux at an approximate con¬ 
stant level for all positions of the rotor. 

The problem of stabilization of the per¬ 
manent magnets when they are subjected 
to the demagnetization influences of both 
air gaps and alternating magnetomotive 


forces can be considered as follows. The 
fundamental equation for the magnetic 
circuit shown in Fig. 2 is 

(3) 

AF=0.4ir( Naia — Nsig) 
where 

Fm^the magnetomotive force supplied by 
the magnet, gilberts 
H=the magnetizing force, oersteds 
s => the distance, centimeters 
Subscripts i, g=»the soft-iron and air-gap 
lengths respectively 

AF=the alternating magnetomotive force 
caused by the armature current and 
compensating current in the mag¬ 
netic shield 

N, i=the number of turns and current 
respectively, amperes 

Subscripts a, armature and shield re¬ 
spectively 

Magnet shielding can be used effec¬ 
tively to minimize the magnitude of AF. 
This type of shielding consists basically of 
short-circuit turns with very small re¬ 
sistance placed around the magnet in a 
manner such that, when the magnet flux 
tends to change, a current flows which op¬ 
poses that change. As a result, AF can be 
reduced to only a small percentage of the 
total armature reaction when the proper 
design of the magnetic shidding is used. 

Fig. 3 represents the general schematic 
for the operating characteristic of the 
permanent magnet field used in the al¬ 
ternators. The point P, is determinedby 
the intersect! on of the equivalent negative 
air-gap line and the curve of flux <!> versus 
magnetic potential rise in the magnet, 
which defines the average operating condi¬ 
tion of flux ^ andmagnetomotiveforceF^. 
When the demagnetizing force — AF is ap¬ 
plied to the circuit, the operating point is 
lowered to Pi on the curve. The alternat¬ 
ing influence of i AF leads to the cyclical 
variation on the minor hysteresis loop 
P1P3. The average flux <l> is reduced from 
00 to (^ 1 ; however, a stable magnet is ob¬ 
tained for further demagnetizing forces 
not exceeding AF in magmtude. It is^ to 
be noted that the larger the demagnetizing 
force, the more the average total flux in 
the air gap is reduced. The minor hys¬ 
teresis loop P3F4, with an av^age total 
flux 02 , indicates the operation of the 
magnetic circuit for a maximum demag¬ 
netizing force, such as the case when no 
magnet shielding is employed. 

The foregoing discussion indicates that 
the length and cross-sectional area of the 
magnet will be larger in magnitude than 
the dimens ions defined by the air-gap 
condition alone. In general, the use^ of a 
longer length and smaller cross-sectional 
area than that indicated by the maximi^ 
energy product produces a magnet which 
bflf i a safety tolerance for unexpected 
short-circuit conditions, such as might be 
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Fig. 3 (left). Typical flux ^ 
versus magnetomotive force F 
for a permanent magnet 
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Fig. 4 (right). Low-reluctance 
path for the flux-switch alter¬ 
nator of Fig. 2 


represented by the operating charac¬ 
teristic PjP 4 . 

The inductance of an armature 
winding is determined by the number of 
turns i\r in senes in a single winding and 
the magnetic circuit configuration. The 
role of the various parameters which con¬ 
tribute to the value of the inductance Zw 
in henrys of a single winding is as follows 

^ 0,47riV»X10“« 


where R is the effective reluctance of the 
magnetic path. In Fig. 2, the reluctance 
for each path is the sum of the reluctances 
through the soft iron, air gaps, and per¬ 
manent magnets, i.e. 

2e«_£L4._i‘L+._^ .g) 

where 

A>^the length, centimeters, the in¬ 
stantaneous permeability, and cross- 
section area, centimeters* 

Subscripts i, g, m=iron, air gaps,' and 
permanent magnet, respectively 

For the path shown in Fig. 2, the re¬ 
luctance of the permanent magnet path 
is an order of magnitude greater than the 
combined soft-iron and ^-gap reluctance. 
It could be concluded that the permanent 
magnet reluctance is the major contribu¬ 
tor to the effective inductance. Such is 
not the case, however, because there ex¬ 
ists a much lower reluctance parallel cir¬ 
cuit,- as indicated in Fig. 4. It can be seen 
in Fig. 4 that a closed magnetic path ex¬ 
ists .which does not include the permanent 
magnet. Xht^, the effective inductance 
per stator wining is determined to a 
first approximation by equation 6 


_ 0.4irJNraX10-« . 

where the magnitudes of the parameters 
are to be evaluated for a magnetic path 
shown in Fig. 4. For all normal operating 
conditions, the air-gap contribution to re¬ 
luctance is the major controlling factor of 
a generator winding inductance. 

At high frequencies, even though the 
value of the total inductance £» is small, 
the inductive reactance of the generator 
will limit the power output and 3 deld 
poor voltage regulation. It therefore be¬ 
comes necessary to use capacitance cor¬ 
rection for the obtaining of peak power 
and acceptable voltage regulation. "When 
capacitance correction is used, the peak 
power output is limited by winding re¬ 
sistance and saturation of the iron sections 
of the path shown in Fig. 4. 

An optimum permanent magnet struc¬ 
ture can be designed for high-frequency 
alternators of the type descaibed herein 
whicii will produce good voltage regula¬ 
tion and large peak power ratings when 
caipacitance correction is employed. 

Generator Losses 

Mechanical losses in high power to 
weight ratio generators of the type dis¬ 
cussed herein are relatively small because 
of the reduction in diameters of the rotat¬ 
ing parts and the use of predsion bearings. 
Predsion bearings yidd low frictional 
losses, and small rotor diameters consider¬ 
ably reduce ^e importance of windage. 
As a consequence, mechanical losses play 
a very minor role in determining the over¬ 
all effidency of the generator. 



The division of dectrical losses is some¬ 
what unconventional from the point of 
view of low-frequency power generation. 
The usual design procedure allows an 
equal distribution of losses between cop¬ 
per and core; however, in high-frequency 
applications the core losses must become 
the major Consideration. In many earlier 
high-frequency designs, such as in audio¬ 
frequency transformers, the core loss was 
kept low by working the iron at very low 
flux densities. Such a practice leads to 
excessive wdght and volume in the mag¬ 
netic structure. Although the iron losses 
increase approximatdy as the square of 
the working flux density, it is to be noted 
further that the power output per unit 
volmne of core also increases in the same 
m a nn er. As the design objective indudes 
the ininimiziug of over-all volume, it be¬ 
comes apparent that high losses per unit 
volume of core material can be employed 
to an advantage. The resulting reduction 
of core volume offers the further advan¬ 
tage of reduced copper losses because the 
length of tium of the copper winding will 
be decreased and the corresponding re¬ 
sistance decreased proportonally. As a 
result the major heating is caused by the 
iron losses. This avoids the usual prob¬ 
lems of hot spots in the windings and is 
considered to be an added premium in de¬ 
sign. In contrast to the equal division of 
losses, conventional designs leading to¬ 
wards minimum volume should have 
iron-to-copper-loss ratios of the order of 4 
to 1. . 


Table II. Specifications for a Sample Flux- 
Switch Alternator 


Rated output, kw. .8 

Rated shaft speed, rpm.50,000 

Rated yoltagrc, rms..260, single phase 

Rated hrequency, cps.,...;.6,000 

• Power factor...^...............unity 

Minimum over-all efficiency, 

percent......80 

Puty qrde...continuous with 

coolixig 

Regulation, per cent. ... .26, 
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Fig. 5(A). Relationship of mechanical design constants to diameter D 
of rotor for a shaft speed of 10^000 rpm. (B). Relationship of elec¬ 
trical design constants to diameter D of rotor for a shaft speed of 10,000 

rpm 

a—^Minimum allowable air-gap clearance between rotor and stator, 
inchesXlO-* 

b—^Overt-all generator diameter, inches 

c—Minimum length to be added to rotor working length, inches 
d—Generated volts per turn per rotor length I 
e—Core loss, watts, per rotor length I 
f—^Maximum power output, watts, per rotor length I 


Fig. 6(A). Relationship of mechanical coefficients as a function 
of shaft speed. (B). Relationship of electrical coefficienb as a 
function of shaft speed 

Ca—Air-gap Factor 

Cr— Frequency factor 

Cl — Core loss per rotor length factor 

Cv— Generated volts per turn per rotor length factor 

Cw—Maximum power output per rotor length factor 

D to certain design constants of the mag¬ 
netic material in the rotor section for a 


Sample Design 

Consider the design of a flux-switch al¬ 
ternator having the characteristics as 
shown in Table II. The general con- 
figfuration, as shown in Fig. 2, is to be fol¬ 
lowed. Since an important objective of 
the design is to minimize the volume of 
the generator, it will be necessary to 
select core materials with low core loss 
and high flux densities. Materials such as 
monimax or sinamax have very favorable 
properties of low core loss and high flux 
densities; however, these materials are rd- 
atively expensive and would be rifled out 
in most cases for the sake of economy ^ A 
good substitute is oriented steels sudi as 
Armep oriented T-S. Although it has a 
higher core loss factor, it can be wprked at 
flux densities which are of the order of 20 
per cent greater than that permitted with 
monimax or sinamax, which leads to a 
higher volt-ampere rating per pound. 


Alnico V is to be used as the permanent 
magnet material since it has the largest 
energy product per unit volume and 
weight of the various available permanent 
magnet materials. The shape of the 
B-H characteristic of Alnico V offers the 
additional advantage of a good voltage 
regulation characteristic. 

Design Charts 

The electrical design procedure will em¬ 
ploy the use of a set of empirically derived 
design constants involving the various 
parameters, as shown in the charts of Figs. 
6 through 7. The information presented 
in these Char ts was obtained empirically 
from the design of flux-switch alternators 
ranging in power from 100 watts to 5 kw 
for speed variations from 10,000 to 50,000 
rpm. The efficiencies for generators in 
this category have proved to be in the 80- 
to 90-per-cent range,* 

Figs. 5(A) and (B) relate the diameter 


basic shaft speed of 10,000 rpm. Fig, 
5(A) is a plot of the minimum allowable 
air-gap clearance between rotor and 
stator, the over-all generator diameter, 
and the minimum length to be added to 
the length I of the magnetic section of the 
rotor with the diameter D. In Fig. 5(B) 
there is shown the relationships of the 
diameter D to the electric parameters, in¬ 
cluding generated volts per turn per 
length I, core loss in watts per length I, 
and the maximum power output in watts 
per length 1. Figs. 6(A) and (B) provide 
coefficients which extend the constants of 
Fig. 5 to indude the shaft speed range 
from 10,000 to 50,000 rpm. Fig. 6(A) 
presents the relationships of shaft speed 
to the mechanical constsnts Ca and C/, 
which are air-gap and frequency coefi&- 
dents respectivdy and defined such that 
Ca and C/ are unity at the base speed of 
10,000 rpm. Similar information is shown 
for the dectric coeffidents Cl, Ct, Cw in 
Fig. 6(B), where Cl, Cv, and Cw are the 
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Fig. 7. Volume of generator as a function of the ratio of rotor length 
to rotor diameter 



Fig. 8. Poorer output and voltage regulation versus load current for 
experimental 3-lcw flux-switch alternator 


coefficients for core loss, induced volts per 
turn per I, and maximum power output 
of watts per / respectively. 

The first step in the design procedure in¬ 
volves the selection of the rotor diameter 
D. Fig. 5(B), curve/, relates maximum 
power output per working length / to the 
diameter D at 10,000 rpm. Fig. 6(B) de¬ 
fines the magnitude of the increase in 
power rating at 50,000 rpm, i.e., C«,=8.3. 
Thus, 8.3 times the maximum power out 
put per I at 10,000 rpm will yield the maxi¬ 
mum power output per I at 50,000 rpm. 
For an /= 1 inch, the power output factor 
at 10,000 rpm is given by 3,000/8.3=360 
watts per inch. From curve /, Fig. 5(B) 
it is concluded that £>=1.38 inches. 

As the major design objective is to 
minim ize the total volume of the gener¬ 
ator, it is important to determine the rel¬ 
ative volume in comparison to minimiim 
volume of any choice of the l/D ratio 
which yields the given power rating. Fig. 

7 presents the relationship of volume to 
l/D for generators in the abovementioned 
power range. It can be seen that the 
choice of an l/D = 1/1.38=0.7 is not a de¬ 
sirable choi(% since the volume-increase 
coefficient is approximately 1.8 times the 
minimum volume. For this reason a new 
choice of D is in order. The curve of Fig. 

7 indicates that a ratio of //Z)=4.3 3 delds 
the minimum volume for generators of 
this power range. A further consideration 
which affects the final choice of an operat¬ 
ing l/D is. mechanical stability. A long 
slender rotor is subject to whip and har¬ 
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monic vibrations which cannot be con¬ 
trolled at the higher shaft speed rating of 
50,000 rpm; therefore, a reasonable re¬ 
striction of l/D not to exceed 1.5 shall be 
observed for the problem under considera¬ 
tion. The resulting increase in volume 
over the minimum does not exceed 30 per 
cent and is considered a reasonable sacri¬ 
fice in volume for mechanical stability. 
With the foregoing conditions imposed, 
the final diameter of the magnetic section 
of the rotor is determined as follows. The 
equivalent output power that would be 
needed at 10,000 rpm is 3,000/8.3 = 360 
watts. With the use of the data shown in 
curve /, Fig. 5(B), it can be concluded 
that the rotor size which can deliver 
360 watts at 10,000 rpm or 3 kw at 50,000 
rpm, and which also satisfies the simulta¬ 
neous relationship of Z>=2/3 I, can be 
found to be 25 = 1.125 inches and 1=1.7 
inches. 

It is possible now to estimate the mag¬ 
nitudes of certain design constant limita¬ 
tions from Fig. 5 and 6 whidh determine 
the fi n al electrical, characteristics of the 
unit at 50,000 rpm. 

Rotor 

To conform with the general config^ura- 
tion of Fig., 2, the rotor will have six 
salient poles equally spaced. The pole 
pitch will be (?r2?)/6=(7rl) 125/6=0.590 
inch. For the best design the rotor slots 
should span one half of the pole pitch plus 
a min i mum of three times the air-gap 
length. Fig. 6(A), curve a, recommends a 


minimum rotor clearance of .1/2 Sf= 
0.0035 Ca. For a shaft speed of 50,000 
rpm, the factor Ca“ 1.66, as shown in 
Fig. 6(A). It follows that 

rotor pole span 

12 2 ' “ 12 
3 X0.0035 X 1.66 =0.296 -0.018 

=0.277 inch 

area of pole face=pole spanX/=0.277X 
1.7 =0.47 inch* 

Stator 

The stator contains only four poles 
spaced equally around the rotor; there¬ 
fore 

, ttZ? (,rl)125 

pole pitch =—=—-— =0.886 inch 
4 4 

The stator pole span shall be made 
equal to the rotor pole span; and there¬ 
fore; 

Stator pole span=0.277 inch. 

Area of stator pole at air gap=stator pole 
spanX/=0.277X1.7 =0.47 inch*. 

Generated Voltage and Blux 

The configuration, as shown in Fig. 2, 
has been found experimentally to produce 
approximate sinusoids when zero load is 
applied. As total harmonic distortion 
does not exceed l6 per cent, the alternat¬ 
ing flux calculations shall be based upon 
sinusoidal wave form. From Fig. 6(B), 
curve c, and Fig. 6(B), coefficient c^, the 
induced voltage per turn of the stator 
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winding at no load can be estimated as 
follows 

Induced volts per turn=(volts per turn per 
inch at 10,000 rpm)(C» for 60,000 
rpm)/ =0.456 X6X 1.7 =3.97 volts per 

turn 

From the basic equation relating sinu¬ 
soidal voltage Ettas induced in a coil, i.e. 

Erm.100 

^“4.44J7/ 

where 

total flux, maxwells 
number of turns in coil which the flux 
links 

/=the frequency, cps 

3.97 X10« 

no-load peak flux 

= 1.79 X10^ maxwells 

If no capacitance correction were used, 
the no-load flux would be the maximum 
peak flux in the stator yoke; however, 
with a capacitance correction the total 
peak flux can be considerably larger than 
the no-load peak flux. It is necessary, 
therefore, to estimate the effective in¬ 
ternal inductance of the stator windings. 

A series connection of the two stator 
windings wUl be used. The number of 
turns 2N in series on the stator will be the 
desired no-load voltage divided by the 
volts per turn as previously calculated. 
With the design objective set for a maxi¬ 
mum 25-per-cent increase of no-load over 
full-load voltage, the no-load voltage be¬ 
comes 313 volts and the resulting number 
of turns 2N in series is given by 

313 

2iV=—;= 80 turns 
3.97 

Inductance 

To estimate the effective inductance L 
of thp generator, it is assumed that the 
effective inductance is evaluated for the 
position of the rotor where the area of 
flux path for each stator to rotor pole is 
equal, such as shown in Fig. 4. It is esti¬ 
mated that the a-c permeability of the 
laminations at 6,000 cycles is approxi¬ 
mately 500. For the present example, the 
mean length around the magnetic loop as 
shown in Fig. 5 is 2.5 inches. The air-gap 
length is 0.012 X2.54 centimeters, and the 
air-gap cross section is 1/2X0.47X6.45 
centimeters®, yielding an air-gap reluct¬ 
ance of 0.020. The reluctance of the iron 
path is (2.6X2.54)/(0.47X6.46X500) = 
0.004. The total rductance is estimated 
to be 0.024. The total effective induct¬ 
ance of the generator is given by 2 Lw, 
where Lw is defined by equation 4 

/ 1.256X40» \ ^u millihenrys 

^ \ 0.024 / 


Maximum Reactive Flux 

The inductive reactance is 2TrfL ohms, 
or 53 ohms. The full-load current is 
3,000/250 = 12 amperes. The reactive 
voltage, which is the maximum induced 
voltage in the windings, is 53X12 = 636 
volts when the capacitance reactance is 
used for power-factor correction. The 
niaviTniiTn value of the reactive flux occurs 
at full load and is given by 

636X108 

maximum reactive flux - ^ ^ 

=3.65X10* maxwells 

Stator Yoke 

With the use of a working peak density 
of 14,000 gausses in the stator yoke, the 
cross section of the stator yoke can be de- 
tennined as follows 

36,500 „ „ * 2 

stator yoke area = centimeters 

The effective stack length, with a stack¬ 
ing factor of 0.9, has a value of 1.7X2.54 
X0.9=3.88 centimeters. The stator yoke 
depth is given by 

stator yoke 

Core Loss 

Fig. 5(B), curve e, describes the core 
loss typical for this type of generator. 
For a 2? = 1.125 inches and a shaft speed 
of 10,000 rpm, there occurs a 15-watt-per- 
inch loss. The core loss for 60,000 rpm 
with an /= 1.7 inch^ is evaluated to be 

core loss = 15 X 1.7 X Cm = 16 X 1.7 X8.3 

=210 watts 

As a check on the foregoing core-loss 
prediction, it is possible to estimate the 
lamination weight of the rotor and stator 
and to compare the watts per pound loss 
with commercially published values. The 
average path cross section is equal ap¬ 
proximately to the yoke cross section, 
which is 0.26X1.7X0.9=0.4 inch®. With 
an average length, of 2.6 inches, a total 
volume of laminations is 2X0.4X2.5=2.0 
inch®. The weight is given as approxima¬ 
tely 2.0 inch® X 0.3 pounds per inch®=0.6 
pounds. The watts per pound loss is 
210/0.6= 350 watts per pound, which is 
in agreement with published estimates. 

Copper Loss 

The length of turn per winding is ap¬ 
proximately 4.6 inches. The total length 
of windings is 80X4.6= 360 inches=30 
feet. In accordance with the previous 
quotation of having a core-to-copper-loss 
ratio of 4, the maximum copper loss shall 
be set at 50 watts; therefore, the maxi¬ 


mum allowable resistance is 50/144—0.35 
ohm. In lieu of the copper temperature 
of 100 degrees centigrade and the increase 
in resistance because of skin effect, a no. 

18 wire is found to meet the maximum 
resistance requirement of 0.35 ohm. 

The copper cross section of a single 
turn is 1,624 circular mils, or 0.0013 
inch.® To obtain the cross-sectional area 
in which the winding is to be placed, the 
following procedure is used. The over-all 
diameter taken from curve 6, Fig. 5(A), is 
2.65 inches. Subtract from the value of 
2.65 inches the rotor diameter, two times 
the yoke thickness, and two times the 
sheet thickness of 1/16 inch to obtain 0.88 
inch. There remains a radial distance of 
0.44 inch per winding stack. Since the 
area varies as the square of the radius, a 
radial thickness between the shell case 
and outer stator yoke of 0.2 inch is 
selected. The winding span along the 
stator yoke is 0.75 inch. The total cross- 
section area for the 40 turns of no. 18 wire 
is 0.15 inch®. The total copper cross sec¬ 
tion is 0.0013 X40= 0.052 inch®. The 
area to copper cross-section ratio of 3 is 
satisfactory to accommodate the 40 turns 
and the additional necessary insulation 
materials. 

Permanent Magnets 
To evaluate the approximate individual 
demagnetizing effects that arise under 
full-load operation of the alternator, it is 
first necessary to appraise the leakage 
factors in the circuit. From the many 
empirical methods developed for deter¬ 
mining leakage and fringing, the tech¬ 
nique described in reference 6 has been 
selected for use in the following manner. 

Let F and/be defined such that 
fRgSg = 

where the constants F and/ are functions 
of the geometry of the magnetic circuit. 
The value of / varies over a small range, 
usually from 1.2 to 1.6, with a value of 
/=1.35, typical for most permanent 
magnet circuits. The leakage constant F 
usually varies from 2.0 to 10. It is shown 
in reference 6 that for the circuit of Fig. 3 

a value of F= 2.3 is predicted. 

The individual demagnetizing effects in 
the magnetic circuit arising in the opera¬ 
tion of the alternator are indicated in 
equation 3. The loss resulting from the 
effective air gap of the circuit is 

2.3X17,900X0.012X2.54 
1.35X0.235X6.45 

=610 gilberts 

For a minimum average permeability of 
5G0 specified for the iron path at the peak 
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reactive voltage, the peak loss in magneto¬ 
motive force in the iron for an average 
path length of 2.5 inches and cross section 
of 2.6 centimeters* is 


HiSi 


36,500 X2.5 X2.54 
2.6X500 


= 180 gilberts 


To present a conservative estimate of 
the effectiveness of the magnet shielding, 
it is assumed that a maximum residual of 
20 per cent of the total armature reaction 
remains uncompensated by the magneto¬ 
motive force of the magnet shielding. As 
a result a possible maximum value for 
AF is 


AF’=»0.08v(Naia) =110 gilberts 

The magnetomotive force of the magnet 
under full-load operation must be able 
to withstand a maximum demagnetizing 
force of 


=610-1-180-1-110 =900 gilberts 

Since most applications of the alter¬ 
nator require that the magnets be not de¬ 
rated by temporary short-circuit cur¬ 
rents, the magnets should be stabilized in 
their completed circuit to withstand a 
total demagnetization force of a short- 
circuit current at rated speed. The mag¬ 
nitude of AF will not be doubled because 
of the current-limiting characteristic of 
the design of the alternator; a maxiTm iTri 
demagnetizing force of 1,000 gilberts 
shall be considered possible. 

Alnico V has a B-H characteristic such 
that the demagnetizingforceHmShouldnot 
exceed 475 oersteds; thus 

1,000 

=2.1 centunetets=0.83 inch 


The average flux density of Alnico V is 
approximatdy lliOOO gausses when oper¬ 
ated on a minor hysteresis loop which has 
the maximum demagnetizing condition 
near the maximum energy point. The 
cross-sectional area of the magnet is given 
by 

, 2.3X17.900 __ 

11 000—centimeters* 

For a working rotor length of 7=1.7 
inches, the cross-section dimensions of the 
magnet become 1.7 inches by 0.34 Wb , 

Experimental Evaluation 

With the use of the magnitudes of the 
various parameters calculated in the fore¬ 
going sample design method, a flux-switch 
alternator was constructed for the pur¬ 
pose of evaluating the accuracy of 
design procedure. The voltage and power 
performance of the unit are shown in Fig. 
8. The full-load voltage of 250 volts at 
rated load of 3,000 watts was adiieved 
within the specified voltage-regulation re¬ 
quirement. 

The over-all ef&dency of the alternator 
was measured carefully at 88 per cent at 
full load. This would indicate a total loss 
of 360 watts in the unit. The sample de¬ 
sign estimated a 210-watt core loss and a 
50-watt copper loss in the winding. In 
addition there occurred a copper loss in 
the magnet shielding and mechanical 
losses. The magnet shielding consisted of 
one turn of copper with approximatdy the 
same cross section as the copper in a single 
winding, i.e., 0.052 inch*. The total 
power dissipated in the single turn did not 
exceed 5 watts; therefore there occurred 


approximately a 100-watt dissipation in 
mechanical losses. The alternator bgd a 
total weight of 42 ounces, with an over-all 
length of 3 inches and a diameter of 2.65 
inches. 

Conclusions 

A design procedure for flUx-switch al¬ 
ternators is presented in this paper. The 
design charts which form the basis of the 
method were developed empirically from 
previous experimental data for flux- 
switch alternators in the 100- to 5,000- 
watt range. Emphasis has been directed 
towards the design of high-frequency 
power units which maximize the output 
per volume. 

The results of the sample design for a 3- 
kw alternator, which are verified experi¬ 
mentally, indicate that the observance of 
the principles outlined herein can assist 
in obtaining the design of flux-switch al¬ 
ternators having the characteristics of 
peak power with minimum volume. 
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Discussion 

Robert M. Saunders (University of Cali¬ 
fornia, Berkeley, Calif.): In this fine paper 
the authors do indicate (albeit somewhat 
obscurely) the necessity of maintaining a 
constant reluctance magnetic circuit as far 
as the permanent magnets are concerned. 
Since I consider this point extremely 
important, I will take this opporttmity of 
re-emphasizing it. 

Concerning the problem of having the 
permanent magnets subjected to high- 
frequency magnetomotive forces, I should 
like to inquire if the magnet shields reially 
are performing a necessary fimction. It is 
well known that the incremental permeabil¬ 
ity of Alnico V is very low. In fact one 
may think of Alnico V a.s a constant flux 
source under many conditions. If the 
permeability of the magnets is very low. 


then the leakage paths assume a more 
significant role as paths for the armature 
reaction flux. At the outset I would be 
inclined to say that the magnet shielding 
coils were quite unnecessary. The answers 
to two questions might serve to clarify this 
issue: (1) Did the authors compare units 
built with and without the shielding coils? 
(2) Was the 5-watt dissipation in the shield¬ 
ing coil an experimentally observed value 
or a calculated one? 


S. E. Rauch and L. J. Johnson: The authors 
wish to thank Mr. Saunders for his interest¬ 
ing and valuable questions concerning the 
effectiveness of magnet shielding in the 
types of ^temators described in this paper. 
In answer to his first question, it is possible 
to state d^nitely on the basis of compara¬ 
tive experimental tests that magnet shield¬ 


ing is necessary in order to prevent destruc¬ 
tive demagnetization dining short-circuit 
conditions. In addition, the load charac¬ 
teristics are improved approximately 30 
per cent for regulation under rated loads. 
A change of reluctance in the armature 
circuit and armature reaction have com¬ 
parable demagnetizing effects on permanent 
magnets. Magnet shielding as presented 
in the paper is very effective in reducing 
the transient or cyclical demagnetizing 
forces. Mr. Saunders’ remark, on the 
requirement of constant reluctance in the 
magnetic circuit is equivalent to a state¬ 
ment that all demagnetizing forces on a 
permanent magnet must be held constant 
for optimum power to volume ratios. In 
other words, peak demagnetizing forces 
must be equalized by magnet shielding. 

The 6-watt description in the magnet 
shielding loop was a calculated value based 
upon previous experimental data. 
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Predetermination of Sound Pressure 
Levels of Magnetic Noise of 
Polyphase Induction Motors 

E. ERDELYI 

MEMBER AIEE 


Synopsis: This paper gives a general 
procedure for calculating in decibels the 
slot frequency sound pressure level pro¬ 
duced by a polyphase induction motor 
operating at any arbitrary speed and load. 
To do this, it is necessary, first, to calculate 
the frequencies, pole numbers, and magni¬ 
tudes of the important air-gap magnetic 
fields; second, to calculate from these the 
frequencies and magnitudes of those air- 
gap force waves with relatively few nodes 
that are most likely to produce noise; 
third, to calculate the stiffness and resonant 
frequencies of the core and frame structure 
for vibrations of low numbers of nodes; 
fourth, from all these, to calculate the radial 
deflections of the stator core and frame 
that are due to the significant slot frequency 
force waves; and, fifth, to calculate the 
decibel level of sound pressure at any point 
in space that is' caused by the calculated 
deflection of the frame. After outhning 
the procedure required for these five steps 
in some detail, the paper gives the numerical 
results of calculations and the corresponding 
test sound levels for a particular 4-pole, 
30-horsepower polyphase induction motor 
of open-frame construction. Calculations 
and tests were made for six operating 
conditions with different loads, voltages, 
and line frequencies. The calculated values 
for the six conditions were 86, 88, 91, 
75, 62, and 82 decibels respectively, and 
the corresponding test values were 88, 90, 
94, 74, 64, and 86, showing excellent agree¬ 
ment. 


E lectrical engineers have known 
for decades that polyphase induction 
motors of all sizes produce and radiate un¬ 
pleasant noise. Many efforts of a prac¬ 
tical nature have been made to reduce the 
noise level in induction motors of all 
sizes. From the viewpoint of users of 
medium-sized induction motors of more 
than one pole pair, it is the magnetic 
noise that is felt to be the most trouble¬ 
some factor. 

Early research in the magnetic noise 
of induction motors was closely linked 
with investigations of other effects of 
higher harmonic magnetic flux density 
waves in the, air gap. Even until recently 
t'hf* r<»o nTnTnptida tion. for low magnetic 
noise level induction motors was inti¬ 
mately related to slot combinations. 
Krondl/'* Hildebrand,® ^on,'* and Mor¬ 
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rill® have discussed in great detail the 
question of slot combinations, and the 
calculation of the mode, frequency, and 
magnitude of the radial force waves re¬ 
sponsible for the vibration and noise of in¬ 
duction motor frames. Using these 
“rules,” designers found that the concept 
of moat opportune dot numbers is prac¬ 
ticable only for a definite type of motor 
and they became aware that the noise 
problem was not a simple, electromag¬ 
netic one, but also one of engineering 
mechanics and acoustics. 

Alger,who was the first to provide a 
simplified, comprehensive treatment em¬ 
bracing all phases of the problem, was 
also the originator of the concept of 
“sonance design.” According to him, the 
induction motor as regards its mechanical 
vibrations can be represented as a simple 
inextensional ring, and he analyzed the 
motor’s natural behavior on this basis. 
To analyze its acoustic behavior Alger 
chose to represent the motor by an in¬ 
finitely long vibrating cylinder. He pro¬ 
vided the designer with formulas and 
curves of sound intensities of the noise 
radiated from the induction motor. 
Simultaneoudy, Jordan in Germany pro¬ 
vided a simplified solution.®’® His assump¬ 
tions regarding the vibrational aspect 
of the motor is approximated by a radiat¬ 
ing sphere, and Gauss’s theorem is used 
to determine the sound power level at a 
distance from the motor. 

In the method as presented by Alger it 
is assumed that the “stiffening” effect 
of the frame can be neglected. Although 
tbis Eissumption was necessary at the 
start of an investigation of all phases of 
the magnetic noise, it cannot be justified 
in the noise analysis of medium-sized 
induction motorsfor thefollowing reasons. 

It is the aim of every designer to mis¬ 
match the frequencies and modes of the 
forces creating the vibrations, and the 
natural frequencies of the induction 
motor’s structure. However, the natural 
frequencies of an induction motor differ 
conaderably from those of the stator core 
alone. In addition, the stator core has 
but one natural frequency in each mode, 


while the more complicated structure of 
the induction motor may have three or 
more important natural frequencies in 
ggr b mode. (The term “mode” denotes 
the number of complete periods of a 
sinusoidally distributed quantity along 
the periphery of the stator bore.) This 
can be observed clearly from Fig. 1. 
The dashed curve illustrates the d 3 Uiamic 
deflections of a stator core represented by 
a single ring. The deflection amplitudes 
increase gradually with the frequency of 
the force wave until resonance is reached. 
Beyond the resonant frequency the am¬ 
plitudes attenuate continuously with the 
increase of frequency. The full curve rep¬ 
resents the same plot of a structure con¬ 
sisting of two rings connected by radial 
ribs and mounted on a support which ap¬ 
proximates the actual motor structure 
more closely. After the first resonance the 
amplitude attenuates, but suddenly in¬ 
creases again, to reach several new res¬ 
onances at different points of the fre¬ 
quency range. 

This, however, is not the only objec¬ 
tion to the single-ring theory. It can be 
verified that the sound waves radiated by 
the stator core are strongly attenuated by 
the outer ring. It becomes obvious that 
the major part of the magnetic noise is 
caused by the vibration of the frame. 

It will be the purpose of this paper to 
develop further the method as initiated 
by Alger, by avoiding many simplifica¬ 
tions necessitated in tlie original treat¬ 
ment. The analysis involves three dis¬ 
ciplines of physicd science, and is conse¬ 
quently discussed in three different sec¬ 
tions. 

S3niibols and Notations 

Electrical Quantitibs 
jB(r, Fp=amplitude of the vth or pth flux 
density, harmonic 
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Fig. 1. Comparison of dynamic behavior of single ring with that of induction motor structure 


inconstant defined by equation 10(A) 
i(*i. 0 “Ordinate of radial flux density 
distribution at x, at time t 
C\, Ci, cis, csa “integer constants 
/=frequency 
g=length of air gap 
Carter coefficient 

“order of mode of radial force waves 
p “number of pole pairs 
(P “permeance function 
01 “number of stator slots 
02 “number of rotor slots 

number of slots per pole per phase 
■Sio“ width of stator slot opening 
/“time 

afi “position of a point in air gap (asinO at 
center of reference phase) 
d“a function of (sio/g) 

« “eccentricity of air gap 
Vi. V 2 “ coefficient in permeance function 
Ato“ permeability of free space 
n“ amplitude of force wave 
P“ order of rotor harmonic referred to a 
double pole pitch, as fundamental 
period 

p'“^p order of rotor harmonic referred to 
air gap circumference as funda¬ 
mental period 

<r“ order of stator harmonic referred to a 
double pole pitch as fundamental 
period 

order of stator harmonic referred to air 
gap circumference as fundamental 
period 
T“pole pitch 
ti“ tooth pitch 
« “ circular frequency (2wf) 

«/“ frequency of force wave 

Enginbbring Mechanics Quantities 

amplitude of sinusoidally vaiying 
quantity 

Aim* (hit -Sm, bm “Fourier expansion coeffi¬ 
cients 


6“subscript denoting bending 
rigidity factor 
E“Young’s modulus 
£'“E/(l-«r2) 

/“moment of inertia 
«=subscript denoting inner ring 
■Er“ constant to replace summation 
“coefficient of potential energy 
/“length 
w“ order of mode 
wy “coefficient of kinetic energy 
0“ generalized force 
“generalized co-oniinate 
r=subscript denoting principal mode 
/’“kinetic energy 

U, u “radial displacement of outer and 
inner ring 

Y“ potential energy 

W, z«=tangential displacement of outer and 
inner ring 

FP“work of external force 
y“ normalized eigenvector component 
jit“mass per radian 

^ “phase angle or rotation of cross section 
©•“Poisson’s ratio 
M“ frequency of force wave 
wr“ natural frequency of rth principal 
mode 

Acoustic quantities 

C“ sound velocity 

“Hankel function of order m 

derivative of Hankel function 
of order m 

A “separation constant 
/“Sound pressure integral 
A “Constant 
^“pressure 
Po * static pressure 
5 “Velocity 

Zn“ circular cylinder function 
Z“ co-ordinate 
PO “density 
eo “Circular frequency 


The noise of electromagnetic origin ap¬ 
pears at different frequencies depending 
on the nature of the driving forces. The 
double-frequency noise is excited by the 
main air-gap field. These 120-cycles-per- 
second (cps) radial forces are unavoid¬ 
able as the induction motor could not 
function without the main flux. The 
effect is generally harmless in smaller or 
medium-sized induction motors and pro¬ 
duces a humming sound. For large 2- 
pole motors, where the radial force wave 
due to the fundamental flux is a second¬ 
mode force wave, the vibration and 
noise caused by these forces may become 
vigorous. 

The troublesome magnetic noise can be 
traced mainly to radial forces which occur 
when the air-gap flux density distribution 
contains two harmonic fluxes with pole 
pairs differing by a small integer. The 
higher harmonic flux density distribu¬ 
tions are inherent in the limitations of in¬ 
duction motor-winding arrangements, and. 
could be avoided only if the number of 
phases and the number of slots per phase 
could be substantially increased. The; 
amplitude of these so-called space har¬ 
monics, which create the radial forces, de¬ 
pend on the armature current. The non- 
uniform permeance of the air gap caused* 
by the open or semiopen slots of the 
stator creates the so-called permeance 
harmonics. The order and frequency dis¬ 
tribution of these are the same as those 
caused by the slot harmonic flux dis¬ 
tribution waves. However, the Tnag nj- 
tude depends mainly on the supply volt¬ 
age and is independent of the load cur¬ 
rent. 

The rotating fundamental and higher 
harmonic flux density distributions will 
cause a continuous change Of the energy 
density in the air gap. As a 'consequence 
radial rotating force waves occur which 
modulate the average attraction between 
the stator and rotor. The mechanical 
response to these force waves is a forced 
vibration of the induction motor struc¬ 
ture which creates the noise. 

To bring the treatment into a manage¬ 
able mathematical form it is necessary to 
make simplifying assumptions, i.e., the 
magnetic induction in the air gap is as¬ 
sumed proportional to the magnetomo¬ 
tive potential difference radially across 
the air gap. Symmetrical, balanced, 3- 
phase, integral slot, double-layer windings 
are assmned for the stator, and closed 
slots, nonskewed squirrel-cage windings 
for the rotor. 

The calculation of the force wave due 
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to the main air-gap flux density is given 
in detail in references 6 and 7. The cal¬ 
culation of the mode, amplitude, and 
frequency of the radial force waves 
caused by the interaction of higher har¬ 
monic flux density distributions is given 
in reference 10 , and has previously been 
given by Alger,^ KrondU'® Morrill,® and 
others, without considering the influence 
of the permeance harmonic. This could, 
in the past, be justified because most of 
the writers were interested only in the 
mode and frequency of the force wave, as 
they did not compute the vibrational re¬ 
sponse of the motor. In an analysis in¬ 
tended to calculate the dynamical re¬ 
sponse of the induction motor, the cumu¬ 
lative influence of the permeance har¬ 
monics and the increase in the magnitude 
of the force waves by combinations of the 
flux density harmonics, other than slot 
harmonics, cannot be neglected. 

From consideration of the magnetic 
energy in the air gap it can be shown that 
the radial force per unit area is 

n(xi, i) = (l/2)(l//to)6*(^Ci. i) newtons per 

meter® (1) 

where b(xi, t) is the resultant magnetic 
induction in the air gap. Assuming tha,t 
all magnetic lines cross the air gap radi¬ 
ally, and assuming an unsaturated ma¬ 
chine, the magnetic induction in the air 
gap can be expressed as 

t)+b2{xu t) (2) 

In this equation, 6 i(ri, t) is the resultant 
of magnetic induction due to the currents 
in the stator, and can be expressed as 

= sinM—(«rV3Ci/;?>T)] (3) 

and 62 (»ii 0 the magnetic induction in the 
air gap due to the rotor currents 

/) = 2 sin [cop t—ip'-n-xi/pr)] (4) 

p 

The order of the stator harmonic <r 
satisfies the equation 

«=^C3ci-|-l) 

and the order of the rotor harmonics 
satisfies the equation 

p'ssCjQsH-O-' (®) 

where ci and Ci are any integers, positive 
or negative, including zero. 

The so-called slot harmonics, i.e., 
those caused by the distribution of each 
phase bdt in a small number of slots, are 
responsible for the major part of the 
magnetic noise. They obey the condi¬ 
tions. 

and psi 


where Cu and c^a are constants, and may 
be any positive or negative integer except 
zero. A negative expr^sion for a’ or p' 
denotes that the direction of rotation of 
the corresponding flux density wave op¬ 
poses the direction of the main flux den¬ 
sity distribution. 

To obtain the resultant for the flux 
density distribution of a slot harmonic 
order it becomes necessary to add the 
magnitude of the corresponding per¬ 
meance harmonic to equation 3. 

The consideration of the air-gap per¬ 
meance variation can be simply treated 
by using a suggestion of Weber^^- and 
Heller.’^® The permeance of a slotted 
armature can be expressed approxi¬ 
mately by the average value and the first 
two harmonics as 

(p(x) = [1 +2i}i cos (QiTXi/ pT) 

— 2iJ2 cos {2Qi'irx/pT)\{lif)/gke) (8) 

where 

and 

In these equations 

h={,Tt/sw) — 1 (lO'A.) 

and /3 is a function of the ratio of the slot 
opening width to air-gap length, origin¬ 
ally established by Carter. Fig. G.ll of 
reference 2 reproduces this curve. 

The foregoing expressions for i}i and 172 
are strictly true only for integral values 
of 6 . For nonintegral values of h an ap¬ 
proximation can be formd by interpola¬ 
tion. 

The first two penneance harmonics may 
be foimd by dividing the amplitude of the 
fundamental flux distribution by ke, and 
mtiltiplying it by and 772 respectively. 
When combining slot and permeance 
harmonics of the same order, it is im¬ 
portant to remember that the slot har¬ 
monics are produced by the primary 
current, while the magnetizing current 
is responsible for the permeance har¬ 
monics. These two are out of phase by 
an angle and must be combined 

vectorially. The vectorial combination 
depends further on the number of dots 
per pole per phase, i.e., on g. For even 
values of g the positively rotating first 
slot harmonic and the positively rotating 
permeance harmonic add, while the 
negativdly rotating slot harmonic and the 
associated negatively rotating permeance 
harmonic subtract. For odd values of g 
the positively rotating waves subtract, 
and the negativdy rotating waves add. 


Introducing the expressions thus ob¬ 
tained for the flux density waves into 
equation 1, and after trigonometric trans¬ 
formations, the following components of 
the resulting force can be recognized 
as: 

1. Constant forces tuiiformly distributed 
over the whole armature circumference. 

2. Double-frequency force waves. 

3. Nonpulsating and nonrotating force 
waves distributed sinusoidally. 

4. Product terms. 

Be-'JSp' cos {(w±top0^~ [(<r'±p')(ir3cypT)] I 

( 11 ) 

A careful analysis shows the force 
waves under categories 1, 2, and 3 to be 
unimportant from a noise production 
viewpoint, with the exception of the 120 - 
cps force wave due to the fundamental 
flux density wave in 2-pole motors. The 
force waves in category 4 will most fre¬ 
quently become responsible for strong 
noise-producing force waves if the ex¬ 
pression 

flr'=fcp'=m» 

has a low integral value. 

The mode of the forced vibration of the 
induction motor frame will depend 
largely on quantity of the force wave. 

If w»=0, a uniform force distribution 
pulsating with frequency wi—Wp' will re¬ 
sult. The case m* = 1 represents the well- 
known 1 -sided pull. The resultant 1- 
sided force revolves around the air gap 
with an angular velocity wj!±Wp'. This 
occurrence has been extensively treated 
in the literatrure. Case »»»=*2 will arise 
if there are two flux distribution waves 
with pole pairs differing by two in the air 
gap. The sinusoidally distributed force 
wave will have two complete periods 
around the air gap. This force wave 
tends to deform the stator core periodi¬ 
cally in the shape of an ellipse. The 
vibrations of the stator core are trans¬ 
ferred by the dastic system to the outer 
frame. The vibration amplitudes in 
this mode may become significant and a 
high-intensity noise occur. On account 
of its rigidity the deformations of lie 
rotor in this mode are insignificant with 
the exception of the case where the fre¬ 
quency of the force wave coincides with 
the critical frequency of the rotor. 

The conditions for w® larger than two, 
but still a small number, are similar to 
the second-mode deformation. The tend¬ 
ency now will be to deform the stator 
into the shape of a polygon which rotates. 
The flexursd rigidity of the stator in¬ 
creases rapidly with the order of the 
mode, and as a consequence the d 3 mamic 
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Fig. 2. Shift of force waves created by slot 
harmonics 

deflections will rapidly decrease with in¬ 
creased mode orders. In medium induc¬ 
tion motors it will suffice to consider 
force waves up to the fourth mode only. 
Higher modes may become significant in 
cases where the natural frequency of the 
induction motor in that mode coincides 
or is near to the force wave frequency in 
the same mode. 

From the vast number of force waves 
caused by the interference of the flux 
density waves in the air gap, the low¬ 
mode force waves resulting from the in¬ 
teraction of one stator and one rotor slot 
harmonic are the most frequent and 
dangerous ones from the viewpoint of 
noise production. The amplitude of 
these may be increased by some other 
flux combination as shown in the Ap¬ 
pendix. 

The frequency of the radial force waves 
is of utmost importance and can be cal¬ 
culated from equation 11. Considering 
the harmonics to be the result of the re¬ 
spective fundamental cuitents, the fre¬ 
quency of force waves due to interaction 
of two flux density waves rotating in the 
same direction is found to be 

«/= KpVP)— 1](1—rjw (13J 

and for those due to interaction of two 
flux density waves rotating in opposite 
direction 



A B 


Rg. 3. Force distribution along generatrix 
in skewed bar rotors 


«*»(+.-) “«2i+^)+( - Qs+^) == (2i-(22-f2/>; 

“<+.-) = 12—(C2//>)(1—r)]w 

4. Negatively rotating first-order stator 
slot harmonic with negatively rotating 
first-order rotor slot harmonic 

01+/»)-(- 

““0i+0s; =(02//>)(l—r)w 

The mode of the force waves created by 
the interaction of higher slot harmonics 
can be calculated for those of the f the 
order to be 

€( 0 i — 02 )+ 2 />; and 

f(“0i+02)+2/> 

The amplitude of the force waves can 
be shown to be 

n=Cl/2XlOV42r)B a'Bp* newtons per meter* 

(15) 
or 

11=55.6 Bp' So-', pounds per square inch 

(16) 

Influence of Magnetic Saturation, 
Skew, and Air-Gap Eccentricity 

The simplifying assxunptions which 
lead to the equation for the calculation of 
the force waves are seldom satisfied’. Non¬ 
ideal conditions encountered in practice 
may change the amplitude of the force 
waves and be responsible for new force 
waves. The effect of magnetic saturation 


in iron will depend on the stator phase 
connections. In a wye-connected induc¬ 
tion motor primary, no triple harmonic 
current can flow, and the flux distribu¬ 
tion wave will be flattopped. This may 
introduce third and fifth harmonic posi¬ 
tively rotating flux density waves of the 
same speed as the fundamental. In a 
delta-connected motor, the magnetizing 
currents may contain third and higher 
harmonic components which will create 
pulsating and rotating flux distribution 
waves of fundaniental pole pitch of third 
and five times normal frequency respec¬ 
tively. The pulsating flux distribution 
wave of three times normal frequency 
be resolved into two waves rotating in 
opposite directions. In addition, the 
saturation of the tooth tips of the stator 
slot harmonics and of the rotor slot 
bridges will effectively increase the am¬ 
plitude of the permeance harmonics. 

Influence of Skewing 

Skewing has two different effects on the 
flux distribution and consequently on the 
force waves. The force waves created by 
the interaction of flux distribution waves 
caused by fundamental currents are not 
reduced by skewing. The force wave it¬ 
self appears twisted to the left and to the 
right along the rotor axes, as shown in 
Fig. 2, i.e., the force distribution which 
has been uniform along a generatrix of the 
rotor win vary for dcewed bar rotors. 
The effect of skewing can be analyzed by 
resolving the force waves into two com¬ 
ponent waves, as shown in Fig. 3. The 
first component represents a cosine¬ 
shaped force distribution along a genera¬ 
trix with the period hQi/iQi+l), and an 
amplitude at the mid-point of the stator. 
This wave is in time phase with the 
skewed force wave. The second com- 


(2H-[(pyjf>)—1](1—j)}« (14) 

Again the interaction of flux waves of 
the first slot harmonic order are most 
bothersorhe and their mode ord er and fre¬ 
quency are as follows: 

1. Positively rotating first-order stator 
slot harmonic interacting with positively 
rotating first-order rotor slot harmonic 

«*«'(H-.-i->“(0i+P)-(02+P)=0j-02; 

"(+.+) = ( 02/^)(l—j)« 

2. Negatively rotating first-order stator 
slot harmonic with positively rotating 
first-order rotor slot harmonic 

*'*»{-,+)®“(0i+P)-h(02+/>) = —0i+02+2i>; 

[2+(02//>)(1—rlJco 

3. Pp^tivdy rotating first-order statbr ^9* Slmpllfieel 

slot harmmiic with negatively rotating crow section of in¬ 
firm-order rotor slot harmonic duetion motor 
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ponent has a sine-shaped force distribu¬ 
tion along the length of the stator. The 
origin of the sine wave is in the middle of 
fhp core, .has the same period as the first 
component, but is displaced by t/2 
radians on the armature periphery. The 
force waves caused by higher harmonic 
rotor currents may be considerably re¬ 
duced by skewing, because of the in¬ 
creased differential leakage of the squirrel- 
cage rotor to higher harmonics. 

Influbnce op Air-Gap Eccentricity 

The air gap of an eccentric rotor can be 
approximately expressed as 

g(^i) cos (jCiir/pr) (17) 

where Xi is measured from the point where 
the air gap is largest. In approximation, 
the air-gap permeance will vary as a re¬ 
ciprocal of g(jca) which can be resolved in 
series 

l/g(xi) = (l/g)[ao+ai cos (,vXi/pT)+ 
at cos (2 vXi/Pt)+ ... cos 

. (v7rXi/pT)+...] ( 18 ) 

Multiplying the fundamental air-gap 
induction by the expression in the square 
bracket, two sets of flux density waves of 
the order (<r^+w) and (ff'—v) will appear. 
Because v may have a value of 1, flux 
density waves that differ only by 1 will 
appear. As a consequence, the phe¬ 
nomenon of the 1-sided pull will occur, and 
other new force waves will be created. If 
the rotor draft is not in the same line 
with the axis of the rotorj the radial length 
of the variable air gap will become a func¬ 
tion of the rotor speed. It will then be 
necessary to replace in equations 17 and 
IS (.TXi/pr) by (irxi/Pr)—M, where 
is the angular vdodty of the rotor. 


Dynamic Response of Motor Frame 

to Electromagnetic Force Waves 

The solution to the vibrational behavior 
of an induction motor, which is a con¬ 
tinuous system, leads to a set of partial 
differential equations. The complexity 
of an induction motor structure makes it 
necessary to establish these from La¬ 
grange’s equations of motion.. The neces¬ 
sary expresaon for the dastic and kinetic 
energies will be found by the application 
of tbft principle of Rayleigh and Ritz. The 
cross section of an induction motor is 
shown in Fig. 4. 

The stator structures of induction 
motors may differ greatly in design, but 
they all consist of cylindrical rings, radial 
and tangential ribs, and supports. To 
make the problem susceptible to a nu¬ 
meric^ solution it is essential to define the 
structural rdations of the dements which 


determine the dynamic behavior of the 
system as a whole. It will be necessary 
to make assumptions based upon em¬ 
pirical observations, such as the effect of 
damping and rdated matters, as follows: 

1. All displacements are extremely small 
compared with the dimensions of the system. 

2. All vibrations take place in planes 
perpendicular to the axis of the motor. 

3. The stator core made up of steel lamina¬ 
tions will be considered as a homogenous 
body. 

4. The cross section determining the 
rigidities of the stator core extends radially 
from the bottom of the stator slot to the 
outer diameter of the punchings, and the 
stator teeth and windings add only to the 
mass. 

6. The outer ring will be considered a 
complete cylinder. The local effects of 
plate and free edges of ventilating openings 
will be ignored since they can be treated 
separately as secondary effects. 

6. The mass of the ribs, supports, and other 
components of the frame’s casting will be 
supposed to be uniformly distributed when 
calculating the kinetic energy of the ring. 

7. The end shields will be ignored. It has 
been experimentally determined that the 
effect of the end shields on the mode shap^ 
and frequencies of the main system is 
negligible. 

8. The motor will be analyzed as if it 
were a free body in space. Measurements 
show that the natural frequencies and 
modes are almost the same whether the 
motor is bolted to the base or supported on 
rubber blocks. The experiments of Plun- 
kett“ have proved that a normal base has 
negligible effective mass compared to that 
of the motor, as frequencies are over 500 
cps. 

9. Experimental evidence indicates that 
elastic damping can be considered neg¬ 
ligible if the system be not at, or very near 
to, a resonance. 

With the use of a system of generalized 
co-ordinance, Lagrange’s equation of mo¬ 
tion can be written as 

(d/dt)i^^T/bqj) - (5r/52ri+(2> V/q)) =0 

(19) 

To apply the theory of small oscilla¬ 
tions, the equation can be simplified to 

WiSi+ Y^kijqj =0 (20) 

This equation represents a system of n 
differential equations of the same type as 
the one encountered in the theory of elec¬ 
tric circuits. The solution can be at¬ 
tempted by setting 

qi = sin (21) 

gisa —ojMi sin (a)/+\^') (2^) 

If these values of gi and gi are sub¬ 
stituted into the system of equations de¬ 
fined by equation 20, rimultaneous equa¬ 


tions will result. Lest the system have 
only a trivial solution, its determinant of 
the coefficients must vanish. The deter¬ 
minant will have n roots in w*, the so- 
called eigenvalues, from which the res¬ 
onant frequencies can be calculated. 

When these eigenvalues are introduced 
into , the system of equations given by 
equation 20, solutions for the coefficients 
Ai can be obtained. The n eigenvalues 
will yield n such solutions, each repre¬ 
senting a so-called principal mode of 
vibration. The At quantities are called 
eigenvectors, and there will be alto¬ 
gether n eigenvectors, each with n com¬ 
ponents. Each eigenvector determines 
an orthogonal principal mode of oscilla¬ 
tion, which is purdy harmonic, i.e., all 
particles move with the same frequency 
and phase. The magnitude of the eigen¬ 
vector components are not independent 
and are determined only so far as their 
ratio is concerned. It is of advantage to 
choose the value in such a way as to make 

which is called the normalizing condition, 
and to express the eigenvectors as 


The steady-state dynamic deflections 
caused by the vibratory forces can ako be 
found by applying Lagrange’s equation in 
the form 


nnQi+J^gjkii = Qt sin (25) 

where Qt is a so-called generalized force. 
It is very difficult to solve such a system 
of equations, but the deflection can be 
easily computed by using the principle 
that the maximum potential energy m 
the vibrating system is of the same magni¬ 
tude as the maximum kinetic energy. 
In reference 10 it is shown that the static 
deflection in the rth mode is 




(26) 


and the dynamic deflection is 


r«in 


s."-S aa'” 

r-l 


ci>r* 

w,*—«* 


( 27 ) 


On applying the Rayleigh-Ritz method, 
assumptions are made for the deflection 
curves, usually expressing it as a Fourier 
series, with undetermined coefficients. 
These coefficients are used as generalized 
co-ordinates. Next the kinetic and elastic 
energies are expressed as functions of the 
co-ordinates, and then introduced into 
Lagrange’s equation of motion. The co¬ 
efficients of this system of equations will 


DBCBivffiER 1955 Erdelyi—Magnetic Noise of Polyphase Induction Motors 


1273 







Rg. 5(left). Sys¬ 
tem of co-ordin¬ 
ates for vibrating 
stator 


yield the characteristic dete rminant whose 
nonvamshing solutions can then be es¬ 
tablished. Theoretically the deflection 
equations should have an infinite number 
of terms and the deter minan t would be¬ 
come of infinite order. In practical prob¬ 
lems it becomes a necessity to consider 
finite rather than infinite determinants by 
assuming as negligible the higher orders 
of members representing the deflection 
curves. 

Cnbrgibs of Componbnts op Induction 

Motors 

The outer frame and the inner core will 
be considered as cylindrical shells, as ex- 
plmned in the assumptions. In reference 
10 it is shown that, when considering 
these components as inextensive, the 
potential energy of bending can be ex¬ 
pressed as 



Rg. 7 (right). 
Deformations of 
supports 


Fig. 6. Deformations of radial rib 


On the basis of actual solutions of the 
dynamic equations of the system, it was 
found that the consideration of exten- 
sional energies of the outer and intiPr 
rings change the results of the analysis of 
the lower mode vibrations by a negligible 
amount. However, this cannot be ig¬ 
nored in either very small or medium 2- 
pole induction motors. 

The radial displacement of the outer 
Fig- 5, in the most general case, can 
be represented by 


„ , „ f 2 «- 17=22 (^» cos mO+Bm sin m9) 

Vb=‘(D/2ro^) I [(d^u/d0^)-u]>d0 (28) w 

Jo 


D=(E/)/(i-<r*) (29) 

The meaning of the S 3 nnbols is given in 
Fig. 5. The kinetic energy of the core or 
frame can be calculated to be 






Elastic Energy of Radial Ribs 

Ribs are subjected to extensional and 
bending deflections during vibration. 
Based on notations of Fig, 6, the exten¬ 
sional energy can be calculated to be 

F«®®(l/2^r)Erj4r(«a —(31) 

and the energy of bending deflections 
as 

Vb ’=‘Q(Dr/lr^)(wb — Wa)^— 

The elastic energy of the tangential 
ribs is extremely small, and to simplify the 
analysis may be neglected. 

Elastic Energy op Supports 

Based on Fig. 7, the elastic energy nan 
be expressed 

Vo =■ [( 6 « - (Qurf^/ls) + 2 ^^'*] 

(32) 


and correspondingly for the radial dis¬ 
placement of the inner ring, the expansion 
will be chosen as 

«cos rne+bm sin tn0) (34) 

m 

The values of m are chosen 2, 3... After 
preliminary calculatioia, it is seen that 
six terms in each Fourier series represent 
the deflection functions with a sujBSdent 
approximation for practical purposes. 

To satisfy the conditions of deforma¬ 
tions of the inner core and outer frame 
without extensions, it is necessary to 
choose the tangential displacement of the 
outer tings as 

cos mO—Ant sin m9) 


and for the inner ring 

=2!^ (l/m)(bm cos me- dm sin mB) (36) 
m 

The coefficients of all the deflection 
curve expansions are time-dependent 
fimctions of sinusoidal form. 

Introducing the radial and tangential 
deflection expressions into the energy 
expressions 28, 29, 30, 31 and 32, La¬ 
grange’s equations can be written with the 
use of the Fourier coefficients as general¬ 
ized co-ordinates 


n mr 

W 

w, 


When evaluating the bending energies, 
no-product terms containing a generalized 
co-ordinate of odd subscript, multiplied 
by one of even subscript. This fortunate 
situation simplifies the numerical work. 
The 24-by-24 determinant reduces to two 
12-by-12 determinants. The limitations 
of space precludes writing out all the 144 
members of each determinant. 

The task of finding the eigenvalues and 
eigenvectors of the two determinants in¬ 
volves great computational difficulties but 
can nowadays be solved with advanced 
digital electronic computers in a fraction 
of an hour. The numerical work, the re¬ 
sults of which are given in the Appendix, 
have been carried out on the electric data- 
processing machine of the International 
Business Machines Company. 

The results of a typical vibrational 
analysis are represented in Fig. 8 for the 
second-mode vibrations of the experi¬ 
mental motor. The difference between 
the single-ring theory and the more com¬ 
plete analysis becomes clear. A single 
uniform ring is symmetrical about any 
diameter. For this reason there will be 
two vibrations of the same frequency as¬ 
sociated with each mode. The designa¬ 
tion of one is arbitrary, and the other will 
be displaced by a quarter-wave length. 
Since the real motor is made up of two 
such rings, interconnected with ribs and 
mounted on a support, there will be four 
frequencies associated with each mode. 
Fig. 8(A) shows the mode at which the 
sinusoidal distribution of the deflection 
has the amplitude of the top radial rib, 
and is called a cosine mode. Two points 
on the same radial line, each belonging 
to one ring, are both moving outward at 
the same instant. This mode of vibra¬ 
tion is referred to as an in,-tact mode. In 
Fig, 8(B) the amplitude of the displace¬ 
ment distribution is again at the top rib. 
However, the point of the outer ring is 
moving outward, while at the same in¬ 
stant ihe corresponding point on the 
same radial line of the irmer ring is mov¬ 
ing inward. The type of vibration is re¬ 
ferred to as a counter-tact mode. In 
Fig. 8(C), the zero amplitude of the sine 
wave displacement coincides with the top 
rib. This motion is designated a sine 
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IN-TACT SINE MODE 
CALC. 490 CPS. 
ME AS. 473 CPS. 



COUNTER-TACT COSINE MODE 
CALC. 10,430 CPS. 

NOT MEASURED 



COUNTER-TACT SINE MODE 
CALC. 1,140 CPS. 

MEAS. 1,220 CPS. 



5EN0TES THEORETICAL VIBRATION OF OUTER RING 
DENOTES THEORETICAL VIBRATION OF INNER RING 
DENOTES EXPERIMENTALLY OBSERVED ^LITU^K OF VIBRATION 
DENOTES EXPERIMENTALLY OBSERVED NODE OF VIBRATION 


1 

0 

1. 

A 




i 



1*- b -4*" b -4 



y 

FIs. 8 (left). Cal- Sound Radiated by Vibrating Frame 
ciliated and meas¬ 
ured second mode Since virtually all modern sound de¬ 
vibrations of In- lectors respond directly to variations in 
duction motor pressure, it is of interest to determine the 
sound pressure at a characteristic point 
near the induction motor. For this pur¬ 
pose the acoustic wave equation 


Fig. 9 (above). 
System of co-ordi¬ 

VV=(lA®)(2>V/2><*) 

(44) 

nates for vibrating 

where 


cylinder 

c* = yPa /p 

(4S) 


mode, as the two points of the rings on 
the same radial line move outward at the 
same instant, and it is an in-tact sine 
mode. Fig. 8(D) represents the corre¬ 
sponding counter-tact sine mode. The 
complete modes of vibration contain also 
harmonic components which complicate 
the shape of the displacement along the 
directrix of the vibrating cylinder. 

The forced response, i.e., the steady- 
state deflections of the outer frame can be 
readily found by using the natmal fre¬ 
quencies and the eigenvectors of the com¬ 
plete system. It is of advantage to find 
first the vibration amplitude caused by a 
single-mode single-frequency force wave. 
With the aid of the principle of super¬ 
position, any picture of complete vibra¬ 
tion can be constructed. 

It will be necessary first to resolve the 
rotating force wave given by the general 
equation 

Pie, /) = Pmv cos iat—ntjO) 

into two component waves by carrying 

out the trigonometric operation 

Pid, t) ^Pmv cos at cos mve-\-Pmv sin at sin 

(38) 

This last equation represents two pul¬ 
sating force distributions displaced by 
one quarter length along the armature 
circumference, and lagging by one quarter 
of a cyde. The dastic energy caused by 
static deflection as a result of the cosine 
force distribution can be found to be 

=^i‘ir/2)Pmifim9 

and this must be equal to the kinetic 


energy. Equating these energies and 
carrying out the necessary substitutions, 
can show that the static deflection in rth 
principal mode will be 

= [Pnt^ ir/2)yo»t»] iyAnf Kt) (40) 

where 

Kt = ( ir/2) wr*2^ [Mw* - l)(yaTO*+ 

W)+A«o(w*-l)(W-l-W]/»»* (41) 
The dynamic deflection can be given by 

= [Prn,iT/2)yaJ'^yArPaT^]/[KrW- 

«*)] (42) 

With the use of this equation the de¬ 
flection at the top rib due to the pulsating 
cosine wave can be calculated and, suni- 
larily, the same quantity caused by the 
pulsating sine component of the wave. 

To find the magnitude of the total dis¬ 
placement of the outer ring at the top 
rib, it is necessary to add first the de¬ 
flection produced by the rth principal 
modes and caused by the cosine compo¬ 
nent of the force wave. Then‘the de¬ 
flections produced by the rth principal 
modes corresponding to the sine com¬ 
ponent of the force wave are summed 
separately. Finally, the two components 
are combined by the parallelogram law. 
The result will be 

x„.{[i:V«cos]’+ 



will be solved for the spedal case at hand. 

The frame of an induction motor is by 
no means of a shape, that lends itself 
easily to this radiation and boundary 
value problem. It therefore becomes es¬ 
sential to make approximations without 
losing sight of their physical significance. 
The stator, as illustrated in Fig. 9, will be 
extended on both sides by semi-mfinite 
cylinders, so that the vibrations of the 
stator will not be transmitted to the ex¬ 
tensions. This artifice can be represented 
by an infinitely long cylinder vibrating in 
a belt only. 

When the specified assumptions are 
made that the pressure variations will 
have the same frequency as the vibrations 
of the stator, the instantaneous pressure 
can be expressed as 

/>=^exp i—jat) (46) 

If equation 46 is introduced into equa¬ 
tion 44, the wave equation may be written 

(V*-1-W=0 (47) 

where 

**=coVc* 

The solution of the wave equation in 
cylindrical co-ordinates is 

exp ijnd)[Znif'\/^ 

« exp ijhz—jat) (49) 

The constants in these solutions must 
be evaluated to satisfy the boundary 
conditions, i.e., the behavior of the sound 
pressure p, at the surface of the cylinder 
and at infinity. 
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Amplitude and frequency of the vibra¬ 
tions of the cylindrical surface determine 
the velocity of the particles on the cylin¬ 
drical surface when secondary reactions 
are neglected. The gradient of pressure 
and the time differential of velocity are 
correlated by Newton’s second equation 
of motion. Hence 

p(bg/bt)=bp/br (50) 

When each single-mode and single-fre¬ 
quency vibration are considered individ- 
ually, the sound pressure on the cylin¬ 
drical surface (f=fl) must for all values 
of z, beween +& and —6, satisfy the con¬ 
dition 


The numerical solution of this integral 
causes some difficulty. The roots of the 
derivatives of the Hankel functions are 
not available and it is necessary to take 
recourse to a numerical integration. For 
this purpose it becomes advantageous to 
evaluate the integral in three parts as 
follows 


•f»=2 f lsin(Ab)/hb]X 

Jo 

where 0<fi<;fe 


(55) 


U.-2f 


“^**“** sin (a\/^;«-y 8 ) 


dy (S6j 


where a=ib/a), /3=(r/o), n = ak, and 
/j=- 4 ,r sin (a\/i?g-a;2) _ 

From the practical viewpoint it is not 
necessary to carry out the integration to 
infinity; it suffices to evaluate it from 
zero to a finite upper limit, and estimate 
the order of the unevaluated part. 

The results of computations for the 
value of the integral for the second-mode 
(4-node) vibrations of the experimental 
induction motor for a point 0=0, and 
z=0, at 1 foot from the induction motor 
are shown in Fig. 10. The integrals are 
complex quantities, the slightly waved 
curve represents the amplitude of the 
integral, the straight line the phase 
angle. 

Results of theoretical calculations are 
given in d 3 mes per square centimeter. 
It is now customary to specify the sound 
pressure level based on 0.0002 dyne per 
square centimeter as a standard refers 
ence sound pressure! and to express tliis 
quantity in terms of decibel units de¬ 
fined by 

5PZ=20 logic (p/0.0002) (58) 


(dp/drjr=a =jAm(a*p exp (JmB—jat) (51) 

and be zero for any other values of z on 
the cylindrical surface. Furthermore, 
Summerfeld’s radiation conditions must 
be satisfied at infinity. 

The solution of the wave equation is 
carried out in reference 10, where it is 
shown that 

p{r, e. z. X 

exp b, r, z) (52) 

where 


Table I. Comparison of Calculated and Measured Resonant Frequencies of Experimental Motor 


Mode 


Description of Mode 


Calculated 

CPS 


Measured 

CPS 


Error, 
Per Cent 


Second. 


Third 


'Gounter-tact sine. 

In-tact cosine. 

.1,140. 

. 4RR 

.- 6.6 

> In-tact sine...... 


482. 

. —4 4 


. 47.<t 


In-tact sine. 


. - . - 1 


In-tact cosine. 


. ],080 


Counter-tact sine... 


.1,166. 

.1,540. 

.+1.2 




J(w, b, r, z) = r [sin (kb)/hb] exp Uhz)X 
•/ — 00 


Table 11., Comparison of Calculated and Measured Sound Pressure Levels (SPL) of Experimental 

Motor 


(53) 


The value of the integral for z = 0, i.e., 
at the middle of the vibrating belt is 
given by 


Motor Operation 
Amperes Volts CPS 


Distance 
of Micro¬ 
phone 
from 
Stator, 
Feet 


Descrip¬ 
tion of 
Noise 


„ . Figure 

Noise Calculated Measured Con- 
Frequency, SPL, SPL, talning Error, 
CPS Decibels* Decibels Necord Per Cent 


J(m,d,r)*.o*=2 


i 


" [sin (W)/Ai]X 

40... 

40.... 

401 

..440., 
.367.. 

. . 60. 

. .60. 

..1. 

..1. 


....1,716. 

....1,419. 

-85.9. 

....87.7. 

..,.87.8... 

....90.0... 

...10. 

...11. 

,.,..-2.2 
.-2.6 


No load.. 

..440.. 

..60. 

-.1. 


....1,121. 
_1,736. 

. ...90.8. 
... 74 8 

•...94.0..* 
74 0 

...12. 

......3.4 

.... 

40. 

40........ 

.,440.. 

..440;. 

. .60. 

. .60. 

.1.. 

..2.. 


....i;476. 

....1,716, 

....62.0. 

....82.1. 

!!!!64!o.!'. 

....84.6... 

...10. 

...14. 

..... —2.9 


• Data taken from Table VI. 
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Fij. 13. Sound spectrum of experimental motor at 40 ampereS; 293 volts, 40 cps 


Conclusions 


The method outlined in a general man¬ 
ner for the calculations of sound pres¬ 
sures of magnetic noise has been used in 
detailed computations in reference 10, 
and a review of the results is given in the 
Appendix. 

A comparison of calculated and experi¬ 


mentally established resonant frequencies 
is given in Table I, while Table II records 
the calculated and measured sound pres¬ 
sure levds (SPL) of the experimental 
motor at different operating conditions. 
The records of the experimental sound 
spectra are given in Figs. 11 through 16. 

A study of the results reveals good 
agreement between calculated and meas¬ 


ured values. Considering the extreme 
complexity of the problem, the approm- 
mation and assumptions, together with 
the large number of numerical operations 
which had to be made, the agreement be¬ 
tween theory and exp^mnent is better 
than expected. It would, as a rule, be 
unreasonable to expect the theoretical 
results to approach sound measurements 
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Fig. 14. Sound spectrum of experimental motor at no load, 440 volts, 60 cps 
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Rj. 16. Sound spectrum of ambient noise in anechoic room 


by such a dose margin. In view of the 
agreement between theoretical and test 
results, it can be conduded that a method 
has been established to calculate: 

1* The natural behavior and forced 
response of stators of medium induction 
motors. 

2. The sound pressure levels of the 
magnetic noise caused by electromagnetic 


forces in the air gap of induction motors. 

It is only proper to stress the fact that 
while the analysis presented in this paper 
is of a general nature, solutions for spe- 
dfic designs of induction motors would 
have to be carried out separately for each 
dass of design. 

It is reasonable to question whether 
this tedious and complex method, in¬ 


volving the use of most advanced dec- 
tronic digital computers, is practicable. 
Clearly the total study is a greater task 
than can be carried out by a single in¬ 
dividual. However, it is possible to cal¬ 
culate and construct curves representing 
the d 3 mamic deflections as a function of 
the frequency and mode order for a con¬ 
stant amplitude force wave in a manner 
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Table III. Force Waves Resulting from First- 
Order Slot Harmonics in Experimental Motor 


Stator Harmonics 



-29 

+31 

CO 

ll 



lfr=27(l-s)/. 

...//= 2-27(1-s). 


+28 f ’”*“2. 

l//=2+27(l-s)/... 

,. .tnv = e 
...//■= 27(1-s)^ 


illustrated in Fig. 1. The solution of the 
integral for the calculation of the sound 
pressure level can also be plotted as a 
function of the noise frequency and mode 
for a characteristic point of the induction 
motor. The resonant frequencies which 
are of utmost importance can be tabu¬ 
lated. The only analytical work left for 
the designer would be the calculation of 
the force waves. The remaining task 
would then be the selection of the right 
information from prepared curves, and 
the calculation of the sound pressure level 
by simple slide rule operations. 


Appendix. Data and Review of 
Calculations for Experimental 
Motor 

The theory contained in the paper has 
been applied to an experimental motor of 
the following name plate data: 30 horse¬ 
power, 4-pole, 440 volts, 3-phase, 60 cps, 
1,780 rpm, 38 amperes, temperature rise 
40 degrees, frame K~365. 

The most important design data of the 
motor are as follows: outer diameter of 
stator punchings 13.5 inches, diameter of 
stator bore 9 inches, outer diameter of 
rotor 8.962 inches, inner diameter of rotor 
2.626 inches, length of stator 6.75 inches, 
number of stator slots 60, depth of stator 
slot 1.16 inches, average width of stator 
slot 0.3 inch, stator slot opening 0.126 
inch, total number of conductors in stator 
960, phase connection delta, coil pitch 
1-12; number of cast aluminiun non- 
skewed rotor bars 54, cross-sectional area 
of rotor bar 0.19 square inch, cross-sectional 
area of cast aluminum rotor end rings^ 1.50 
square inch. The weight of the inner 
ring is 120 pounds; that of the cast-iron 
frame 95 pounds. 

The modes and frequencies of the force 
waves ^caused by the interaction of the 
first-order slot harmonics are given in 


Table IV. Second-Mode Force Waves in 
the Experimental Motor of Frequency 
2-27(1-s)f 


Interfering Flux 
Waves 

Rotor Harmonic 
Induced by 
Stator Harmonic 

Remarks 

Stator, 

Rotor, 

P 

—29_ 

... 28.. 

. 1. 

,. significant 

—23- 

... 22.. 

.- 5 


-17_ 

... 16.. 

.-11 


— 11- 

... 10.. 

.-17 


— 6_ 

... 4.. 

.-23 


1 .... 

....-2.. 

.-29. 

,. significant 


Table V. Summary of Calculated Deflections for Second-Mode Force Waves of Experimental 

Motor 


Motor Operatiiig 
Amperes Volts CPS 


100-Potinds- 

Noise per-Radian Force Wave 

Frequency, Deflection, Pounds per Deflection, Deflection, 

CPS M Inches Radian M Inches m Centimeters 


40. 

40. 

40. 

No load 
40. 


,440.60.1,716. 9.23.84.5. 7.8 . 

367.50.1,419.14.4 . 84.5.12.17. 

294 .40.1,121.28.2 .84.5.23.9 . 

440 . 60.1,735 9.15.23.1. 2.12. 

440.60.1.475.12.98. 4.6. 0.6 . 


.19.6 
.30.7 
.60.5 
. 5.34 
. 1.51 


Table III. They are well in the audible 
range, and the amplitudes are of the same 
order of magnitude. But only the force 
wave resulting from the interference of 
the positively rotating 28th rotor Imr- 
monic acquires significance. A detailed 
calculation has shown that the second- 
mode (4-node) deflection amplitude as a 
response to a second-node sinusoidal force 
wave of 100 pounds-per-square-inch am¬ 
plitude is of the order of 10 microinches 
for frequencies between 1,000 and 2,000 
cps. A sixth-mode (12-node) force wave 
of the same amplitude would cause de¬ 
flections of the order of 1/10 microinch in 
the same frequency range. The sound 
pressure caused by the vibration of the 
motor in the sixth and 10th mode would 
be well below the threshold of hearing. 

A closer analysis of the higher harmonic 
flux density waves in the air gap of the 
experimental motor reveals the interesting 
fact that other harmonic flux density wave 
combinations will result in second-mode 
force waves of the same frequency as the 
second-mode force wave of the slot har¬ 
monic; see Table IV. 

A detailed calculation will again show 
that only the first and the last force wave 
have amplitudes large enough to be con¬ 
sidered. 

The amplitude of the 29th stator slot 
harmonic flux density wave has been 
calculated to be 0.1416 weber per square 
meter. The amplitude of the associated 
permeance harmonic is 0.145, and the 
resultant of these two, 0.235 weber per 
square meter. The amplitude of the 
28th rotor slot harmonic flux density wave 
is 0.168 Weber per square meter. The 
amplitude of the force wave resulting from 
these two flux density harmonics is 55.4 
pounds per radian. This force wave is of 
the second mode (4-node) and its frequency 


1,716 cps. The amplitude of the second- 
harmonic flux density wave caused by the 
current and induced in the rotor by the 
29th stator flux density harmonic is 0.027 
weber per square meter. The magnitude 
of the force wave due to the interference of 
these last two flux density waves is 29.2 
pounds per radian. It is again a 4-node 
wave of 1,716 cps. The two calculated 
force waves are 2.7 degrees apart and the 
amplitude of the resultant wave is 84.6 
pounds per radian. 

At no load, the fundamental rotor current 
will become negligible and with it the 28th 
slot harmonic flux density wave. Conse¬ 
quently, at no load the fimt component of 
the previously calculated force wave can 
be entirely ignored. The amplitude of the 
second harmonic rotor flux density wave 
will be 0.0214 weber per square meter, and 
the amplitude of the 2-mode (4-node) 
force wave 23.1 pounds per radian. The 
frequency of this wave is 1,736 cps. The 
amplitude of another 2-mode force wave 
caused by the interaction of the 31st stator 
slot harmonic and the 32nd rotor harmonic 
have been calculated to be 4.6 pounds per 
radian at 1,476 cps, when the motor was 
operating at 60 cps and at full load. Com¬ 
putations have also been carried out for 
the motor operating at full load with the 
supply frequency reduced to 60 and 40 cps 
respectively. 

The results of the rather lengthy cal¬ 
culations to find the resonant frequencies 
in different modes are given in Table I. 
The eigenvectors pertaining to these 
resonances are given on pages 189-92 of 
reference 10. A typical deflection curve, 
calculated for a 2-mode (4-node) 100- 
pounds-per-radian amplitude force wave 
between 1,000 and 2,000 cps, is given in 
Fig. 1. Table V reproduces the calculated 
deflections for second-mode force waves of 


Table VI. Calculated Sound Pressures of Experimental Motor 


Noise Deflection, 


Motor Operating 

Fre- 

Centi¬ 

meters, 

10"»* 


Equa¬ 

tion! 




Amperes Volts 

CPS 

CPS 

It 

10+« 

10«S 

lOgli, 

40.440. 

40.367. 

40.294. 

No load. .440. 

40.440, 

40.440. 

,.60.. 

...1,716.. 

...1,419.. 

...1,121.. 

...1,476., 

...1,736.. 

...1,716.. 

..19.6 .. 
..30.7 .. 
..60.5 .. 
.. 6.34.. 
.. 1.61.. 
..19.6 .. 

..0.492.. 
0.560.. 


.116.0., 

. 79.0.. 

..1.98 .. 
..2.43 .. 

. .4.296. 
. .4.385. 

..40.. 

!.0.660.. 
0.486.. 

..17.8.. 

. 49.6.. 
.118.9.. 

..3.47 .. 
..0.66 .. 

. .4.640. 
..4.738. 


0.645.. 


. 86.0.. 

..0.126.. 

..3.100. 

..60.. 

'.0.315,. 


.116.0.. 

..1.28... 

..4.107. 


RMS, 

SPL, 

Decibels . 


...85.9 
...87.7 
.. .90.8 
...74.8 
...62.0 
...82.1 


* Identical with last column of Table V. 
t Colunm 4 values taken from Fig. 10. 

$ bp/ir 2(0.0002) = {13.2X 1.21 X 10 -»X5X10’/ir 2) -17.8. 

§ Product of columns 5, 6, 7, and 8. 

Value of r is 51.5 centimeters in all rows except the last where r 82.0 centimeters. 
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the experimental motor. The sound 
pressures have been calculated in accordance 
with the theory, with the use of the follow¬ 
ing data: c =34,400 centimeters per second; 
PC == 0.00121 gram per cubic centimeter, 
i.e., values at 20 degrees centigrade and 
760-miUimeter mercury pressure have been 
used. The final calculation of the sound 
pressure is given in Table VI. 
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Discussion 

R. F. Horrell (Electric Machinery Manu¬ 
facturing Company, Minneapolis, Minn.): 
I agree with the ideas presented by this 
paper, and feel it applies more aptly to the 
smaller or National Electrical Manufac¬ 
turers Association frame-size motors which 
have realitively shallow frames in compari¬ 
son to the depth of core back of the stator 
slot. In this case the stator core may 


approach the rigidity of the frame. On 
larger machines, the reverse may be true 
and I would like to ask if the author has 
observed or considered any cases where the 
core vibrated within and independently 
of the frame? In this case the model points 
would be at the ribs, and the frame can be 
considered dead since it does not respond to 
the core vibrations. I feel sure that other 
manufacturers have experienced this condi¬ 
tion at some time the same as we have, 
although it is not a common occurrence. 

E, Erdel 3 ri: The author wishes to express 
his thanks to Mr. Horrell for his discussion. 
Mr. Horrell was right in pointing out that 
the analysis of the paper is applicable to 
medium-size induction motors onl)', as 
emphasized in reference 4. 

Iri large induction motors with a con¬ 
siderable number of pole pairs, the frame 
is generally stifier than the stator core.' 
An independent vibration of the core with 
nodes at the ribs may occur if the frequency 
of the driving force happens to approach 
the natural frequency of the single ring 
alone. The analsrtical treatment of this 
case can be carried out by the method 
given in the paper, and very little computa¬ 
tional work would be required as the elastic 
equations of the single inextensional ring 
are quite simple. 


Characteristics of Single-Conductor 
Electric Cable at High Frequency 

J. T. SABOL 
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I N MOST electrical applications, some 
means of transmitting the electric 
energy from the source to the point of 
usage is necessary. High-frequency in¬ 
duction-heating applications are no excep¬ 
tion, but they present a more complex 
transmission problem because of the 
phenomenon cf skin and proximity effects, 
which substantially limit current-carry¬ 
ing capacities of bus bars, coaxial cables, 
or single-conductor cables used. This 
paper deals exclusively with the charac¬ 
teristics of single-conductor cables trans¬ 
mitting power at frequendes of 10,000, 
3,000, and 1,000 cg^cles. Tabulations 
have been made of ph 3 ^ical characteristics 


Paper 55-679, recommeaded by the AIEE In¬ 
sulated Conductors. Committee and approved by 
the AIBB CommittM on Technical Operations for 
pre^tatipn at the AIBB Fall General Meeting, 
Chicago, , Ill., October 3—7, 1955, . Manuscript 
submitted June 11, 1952; made available for print¬ 
ing July 17, 1965. 

■Ji T. Sabol is with the Ohio Crankshaft Company, 
Clevdand, Ohio. 


of the cables used in both the calculations 
and the tests in addition to resistance 
and reactance values per unit (pu) length 
at 10,000, 3,000, and 1,000 cydes. Cur¬ 
rent-carrying capadties of various diam¬ 
eter cables and for different arrange¬ 
ments at these same frequendes are 
tabulated. Calculations are based on the 
established equations given which apply 
to higher and lower frequendes than those 
used. Multipliers diown on the tables 
for correcting the values of cables in 
conduit and of ambient temperature 
other than 30 degrees centigrade (C) 
are the same as apply for 60-cyde fre¬ 
quency. 

Resistance and Reactance 
Calculations 

The a-c resistance and portion of 
reactance assodated with flux lines in 
copper pu length of isolated solid round 
conductors are 


where 


p—resistivity 

Ao=* diameter of copper 

Jlfo, Ml, $ 0 , ffj=Bessel functions^ 
/“frequency, cycles per second 

d —reference depth' 


2t\/ 




(absolute-ohm-centimeter system) 
(ohm-inch system) 


Rearranging these equations and multi¬ 
plying by two to obtain values pu length 
of run (go and return) results in : 


A. “0.898 


P il^O 


\ V2 d ) 


AedM, 


W2dJ 

s (J-(<>i-Oo)) 


(3) 
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Since these equations apply to isolated 
conductors, correction for the proximity 
effect inherent to transmission lines must 
be included in resistance and internal 
reactance calculations. This correction 
factor is 



where W is the distance between centers 
of conductors. 

Therefore, the corrected resistance and 
reactance pu length of cable side by side is 




Equation 8 gives the reactance pu 
length of run as a result of flux within 
the conductor. For external reactance, 
the following equation applies 

W 

Xo =®8it/2.54X 10“* Cosh”i —- ohm/inch 




Fig. 2. Two cables, 1-inch spacing 



When appl 3 ring these equations to 
stranded conductors, a problem of the 
nonhomogeneous cross section of the 
stranded conductor arises. In the cal¬ 
culations herein, it is assumed that the 
resistivity of the stranded conductor is 
equal to the resistivity of the copper 
multiplied by the ratio of the cross-sec¬ 
tional area occupied by the stranded 
conductor to the actual cross-sectional 
area of the copper. 

These are ^tablished equations for 
resistance and reactance and include 
both skin and proximity effects of con¬ 
ductors carrying alternating currents. 
These effects, though nominal at 60- 
cycle frequency, are appreciable enough 
to cause a reduction as great as 40 per cent 
in current-carrying capacity when con¬ 
ducting a 10,000-cycle current. Ap¬ 
proximate distribution of current in the 
copper conductor is shovm in Figs. 1(B) 
through 3(B) and represents combined 
skin and proximity effects. The uniform 
current distribution shown in Fig. 4 is 
for an isolated conductor in free air. 
For solid copper at 85 C, the reference 
depth d is 0.029 inch for 10 kc, 0.052 inch 
for 3 kc, and 0,092 inch for 1 kc. It is 
evident from these distributions of current 
that a multiplicity of cables arranged 
with similar polarities opposite will 
utilize a greater portion of the copper 
and tiius approach uniform circum¬ 
ferential distribution. With such ar¬ 
rangement for a given cable temperature. 



Fig. 3. Four cables, similar polarities opposite 


the radiation of PR loss per cable is 
reduced, consequently reducing current- 
carrying capacity. The effect of radia¬ 
tion influence between conductors is 
appreciable for spadngs of 2 inches or 
less horizontally and 4 inches or less 
vertically with a 2-cable arrangement. 

Calculated values of resistance and 
impedance using the foregoing equations 
are given in Tables I, II, and III. Curves 
plotted in Fig. 5 provide a visual com¬ 
parison of 10,000-cycle, 1,000-cycle, and 
d-c resistance of cables investigated. 
Current-carrying capacity and watts per 
foot of run are also given in Tables I, 
II, and III. Physical characteristics of 
extraflexible cables used in the cal¬ 
culations and standard stranded cables 
are given in Tables IV and V. These, 
calculations are based on assuming a 
copper temperature of 85 C, and a copper 



(A) (B) ‘ CC) 

Rg. 4. Current distribution of isolated conductor in free air 
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Table I. Resistance and Impedance Values. Cables in Free Air, Extraflexible, Stranded Cable, 10,000 Cycles, 30 C Ambient Tempera¬ 
ture, 85 C Maximum Copper Temperature 


B &S 
or 1,000 
Circtilar 
Mils 


Two Cables Side by Side 


Two Cables 1-Inch Spacing 


Four Cables 

Similar Polarities Opposite 


Current Resistance. Impedance, Watts Current Resistance, Impedance, 

R^n MrUiohms per Foot Rating, Milliohms MilUohms per Foot Rating, MiUiohms MilUohms 

Run Amperes per Foot per Foot Run Amperes per Foot per Foot Run Amperis per Foot p^oot 


16.60... 

13.30.. . 

11.95.. . 

10.60.. . 
10.05... 

8.29.. . 

7.64.. . 

7.67.. . 

8.71.. . 

6.41.. . 


. 8 . 1 ... 
. 9.0... 
. 11 . 6 ... 
. 12 . 0 ... 
. 12 . 8 ... 
.15.0... 
.16.6... 
.18.6... 
.20.4... 
.22.7... 


.6.99 ... 
. 2.86 ... 
.1.71 ... 
.1.205... 
. 1 . 000 ... 
.0.776... 
.0.533... 
.0.496... 
.0.416... 
.0.840... 


...29.80. 
...25.30. 
...22.13. 
... 20 . 00 . 
...17.40. 
...15.91. 
...14.10. 
...18.70. 
...12.67. 
... 11 . 88 . 



...3.72 ... 

...8.26 


...1.65 ... 

...6.65 


...0.772... 

...4,78 


...0.668... 

...4.20 


...0.490... 

...4.02 


...0.395... 

...3,81 


...0.290... 

...3.06 


...0.262... 

...3.03 


...0.230... 

...2.69 


...0.192... 

...2.56 


n rouowmg values ror rating at otner taan 30 C ambient: For ambients of 20 C. 40 C and 50 C mr 

. 9 respectively. For two cables in nonmagnetic conduit, multiply current values by 0.78. This note also applies to Tables II and ill. 


Table II. 


Resistance and Impedance Values. Cables in Free Air, Extraffexible, Stranded Cable, 3,000 Cycles, 30 C Ambient Temperature, 

85 C Maximum Copper Temperature 


B & s 
or 1,000 
Circular 
Mils 


Two Cables Side by Side 

Watts Current Resistance, Impedance, 

per Foot Rating, Milliohms Milliohms 

Run Amperes per Foot per Foot 


. 7.9... 
. 8.5... 
. 11 . 6 ... 
.11.9... 
. 12 . 0 ... 
.13.8,.. 
.16.2... 
.17.2... 
.18.2... 
. 20 . 8 ... 


... 33. 
... 5«. 
... 96. 
...117. 
...130. 
...168. 
...187. 
... 211 . 
...236. 
, ..278. 


,7.26 .. 
.2.70 .. 
.1.26 ,, 
.0.87 ,. 
.0.71 .. 
.0.652,. 
.0.434.. 
.0.384.. 
.0.326.. 
,0.270,. 



Two Cables 1-Inch Spacing 

Watts Current Resistance, Impedance, 

per Foot Rating, MiUiohms MiinniimQ 

Run Amperes per Foot per Foot 


. 6 . 86 ,... 
.2.46 ... 
. 1.10 ... 
.0.785... 
.0.680... 
.0.426... 
.0.320... 
.0.291... 
.0.238... 
.0.195... 


Four Cables 

Similar Polarities Opposite 

Watts Current Resistance Impedance, 

per Foot Rating, Milliohms Milliohms 

Run Amperes per-Foot per Foot 


.11.3... 

. 12 . 2 ... 

.14.8... 

,15.6... 

.16.7... 

.18.0... 

.19.8... 

. 22 . 6 ... 

.23.6... 

.27.0... 


...3.62 . 
...1.35 . 
...0.504. 
...0.348. 
...0.284. 
.,. 0 . 221 . 
...0.173. 
...0.154. 
...0.130. 
...0.108, 


,..4.03 
...2.41 
...1.58 
...1.41 
...1.24 
...1.09 
...0.96 
...0.96 
...0.87 
...0.82 


Tabk III. 


Resistance and Impedance Values. Cables in Free Air, Extraflexible, Stranded Cable, 1,000 Cycles, 30 C Ambient Temperature, 

85 C Maximum Copper Temperature 


B & S 
or 1,000 
Circular 
Mils 


Two Cables Side by Side 

Watts Curreiit Resistance, Impedance, 

per Foot Rating, MiUiohms MiiHninw 

Run Amperes per Foot per Foot 


Two Cables, 1-Inch Spacing 


Four Cables, 

Similar Polarities Opposite 


Resistance, Impedance, Watts Current Resistance, Impedance. 

puFoot Rating, Milliohms MUliohms per Foot Rating, MiiHnTimg MiUiohms 

Run Amperes per Foot per Foot Run Amperes per Foot per Foot 


. 8 . 0 ... 

. 8.7... 
. 11 . 6 ... 
.11.3... 
.11.5... 
.13.6... 

.15.2_ 

.16,9_ 

.18,9.... 

, 20 . 6 .... 


.6.90 .. 
.2.60 .. 
. 1.21 .. 
.0.75 .. 
.0.607.. 
.0.350.. 
.0.266.. 
.0.234.. 
.0.203., 
.0.160.. 


..7.0 . 
..2.82 . 
..1.76 . 
..1.37 . 
.,1.17 . 
..1.025. 
..0.916. 
..0.890. 
..0.816; 
..0.762. 


. 8 . 0 ... 
. 8.7... 
. 12 . 2 ... 
.12.4... 
. 12 . 6 ... 
.13.1... 
.16.7... 
.19.0... 
.20.3... 
.24.6... 


.6.82 .... 
.2.40 ... 
.1.06 ... 
.0.630... 
.0.410... 
.0.270... 
.0.190... 
.0.176... 
.0.147... 
.0.115... 


...7.57. 
...3.50. 
...2.62. 
...2.18. 
.,. 1 . 88 . 
...1,71. 
...1.62. 
...1.47. 
...1.36. 
...1.26. 


. 11 . 6 ... 

.12.5... 

.14.8... 

.14.9... 

.16.0... 

.17.8... 

. 20 . 0 ... 

. 22 . 1 ... 

.24.6... 

.26.6... 


...3.45 . 
...1.26 . 
...0.484. 
...0.30 . 
...0.203. 
...0.140. 
...0.106. 
...0.093. 
...0.081. 
...0.064. 


...3.6 

...1.41 

...0.704 

...0.548 

...0.468 

...0.410 

...0.366 

...0.356 

...0.326 

...0.301 


resistivity of 0.866 microhm-inch. Only 
the 2-cable arrangements have been cal¬ 
culated. The resistance and impedance 
values for a 4-cable arrangement have 
been established empirically, based on 
test results, A sample calculation for 
350,000-circular-mil cable, side by side, 
at 10,000 cydes, is included in the 
Appendix. 


Calculations Checked by Test 

To prove the effect of assumptions 
made and equations applied in calculating 
the impedance and current-carrying char¬ 
acteristics of the single-conductor cable, 
tests were made on various cable sizes 
with various arrangements at 10,000, 
3,000, and 1,000 cycl^. In all cases, 


it was found that the experimental results 
did not deviate more than 10 per cent 
from the calculated values. Fig. 6 
shows the arrangement of equipment 
used: a motor generator M-G suppljrmg 
the high-frequency power, generator out¬ 
put metered by a voltmeter VI, a watt¬ 
meter Wly a varmeter El, and an am¬ 
meter Al. Capacitance C is added to 
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Fi3< 5. Curves of resistance versus cable size/ two cables side by side for 10 kc/1 kc/ and direct 

current 


balance the machine as dose to imity as 
possible for accurate power readings. 
Two 26-foot lengths of cable axe connected 
to bus stud outlet B, and friction tape E 
is used at 1-foot intervals to maintain 
proximity; transite supports hold cables 


in air and a positive electric connection 
G short-circuits cables on the generator. 
Cable current and voltage are metered 
by Ammeter A2 and voltmeter V2. Only 
the 24-foot length of cable from V2 to G is 
used in applying test results, thereby 


eliminating the 2-foot loop caused by the 
insertion of current transformer CT2. 
Thermocouple wires Tl, T2, and T3 are 
brazed on one cable at positions shown to 
determine location of maximum tempera¬ 
ture rise. 

Simultaneous readings of meters are 
taken from which impedance Z is com¬ 
puted. The power metered at W1 in¬ 
dudes not only the PR loss of the cable 
but also capacitor, bus, and stray losses. 

A test was made using copper tubing and 
the PR loss measured calorimetricaJly 
to check the value used for stray losses. 
Precautions are taken to eliminate ex¬ 
ternal factors from affecting results, 
such as maintaining still air, acctuacy of 
meters, good thermocouple wire contact, 
and using the same potentiometer for 
recording temperatures Tl, T2, and T3 
during test. 

Current Caxrjring Capacily 

The maximum current which a cable 
can safely carry is determined by the 
TnaxiTnum allowable temperature for that 
cable. All current values herein listed 
are based on an ambient temperature of 
30 C and a maximum temperature rise 
of 65 C. Since cturent-carrying ca¬ 
pacity depends on the maximum al¬ 
lowable temperature of the copper, the 
ability of a unit length of cable run to 
dissipate the power adsorbed PR, es¬ 
tablishes these values. Cable arrange¬ 
ment, spacing, contact resistance and 
positioning determine copper tempera¬ 
ture for a given current. For the 2- 
cable arrangement, the current-carrying 
capadty is calculated by using the watts 
pu length, which result in a tanperature 
rise of 55 C in ambient of 30 C, as es¬ 
tablished by previous 60-cycle tests. 
The calculated high-frequency resistance 
values as tabulated are used in this cur¬ 
rent determination. 

Arrangements 

The resistance i > lower and current- 
canying capacity is higher for the two- 
c^ble arrangements with the outside of 
the cables spaced 1 inch apart than with 
the cables side by side. The increase 
in current-canying capacity is somewhat 
greater than the square root of the re¬ 
duction of resistance because for a given 
temperature the cables spaced 1 inch 
apart dissipate higher power. It was 
found that the majority of decrease of 
resistance and increase of heat dissipa¬ 
tion caused by spacing occurs within a 
spacing of about 1 inch, and any further 


Table IV. Characteristics of Electric Cable. Extraflexible/ Varnished-Cambric Insulation 
Glyptal-Treated Braid Cover/ 85 C Maximum Copper Temperature 


Size 


Conductor 


Diameter, Inches 

Weight per 
1,000 Feet, 
Pounds 

B'&S or 
Closest 1,000 
Circular Mils 

No. Of 
Strands 

Size of 
Strands 

Insulated 
Thickness 
in 64tb8 

Conductor 

Over-All 

14...... 

19;.. 

.....27.... 


...0.071..... 

.....0.185 . 

. 24 

10 . 

.... 27. . . 

. 24..., 


...0.121 . 

. 0.266 . 

..... 65 

6 .. 

.... 61... 

__ 24.... 


...0.181. 

.0.370_ 

. 166 


la.s 

..,24_ 

.4. 

...0.261. 

.0.456_ 

. 268 


175 

. . 24, ... 

......6...... 

...0.360 . 

.0.686_ 

. 361 

0 

av.s 

. . ; 24. ... 

.....5 . 

...0.460 . 


. 632 

00^ 

R.SO. 

_.24 _ 

......6...... 

...0.613 . 

.....0.866 _ 

. 976 

260 . 

!!;; 650. .. 

.....24.... 


...0.673 . 

.....0.946..., 

......1,190 

860 . 

.... 926... 

.....24.... 


_ 0.799 _ 



600..... 

_ 1,325... 

..i..24.... 


.,..0.970..... 


.2,346 
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Table V. Characteristics of Electric Cable. Standard Strand/ Varnished-Cambric insulated 
Single Braided/ 85 C Maximum Copper Temperature 


B&S or 
Closest 1,000 
Circular Mils 


No. of 
Strands 


Conductor 

Diameter of Insulated 
Each Strand, Thickness 
Inches in 64ths 


Diameter, Inches 


Conductor 


Over-AU 


Weight per 
1,000 Feet 
Pounds 


<5. 7.0.0012.4.0.184. 0.378. 130 

4. 7.0.0772.4.0.232.0.422.'_ 180 

2 . 7.0.0074.4.0.292.0.482. 265 

0.19.0.0746.6.0.378.0.694. 416 

0000.19.0.1065.6.0.628. 0.749.... 766 

2S0.37.0.0822.6.0.675.0.828. 908 

350.87.0.0973.6.0.681.0.966.1.260 

500.37.0.1162.6....0.814.1.172.1,866 


increase in spacing results in little effect. 
Therefore, in the tabulations, a 1-inch 
spacing has been chosen. 

A test was made to find the effect of 
transposing the cables as shown in 
Fig. 7. This test was made using 
250,000-circular-mil cable, and it was 
found that the current-carrying capacity 
is increased 4.5 per cent and the imped¬ 
ance value is decreased 9 per cent by 
transposing 13 times in a 26-foot run. 
This arrangement was not given further 
test because of the extremely small 
advantage gained by transposing. 

The current-carrying capacity and 
impedance values for the 4-cable arrange¬ 
ment, Fig. 3, are established by test. 
Comparing the 2-cable and 4-cable 
arrangements it was found that the 
individual ratios of current-carrying ca¬ 
pacity, resistance, and impedance are 
approximately the same for different 
sized cables. These ratios are as 
follows: 

Current for four cables =“1.8 currents for 
two cables. 

Resistance, for four cables=0.4 resistance 
for two cables. 

Impedance for four cables=0.4 impedance 
for two cables. 

With the 4-cable arrangement, the 
individual resistance of each cable is 
reduced because of more uniform cturent 
distribution. However, the current- 


carrying capacity is not double that of the 
2-cable arrangement because of decreased 
heat dissipation. 

Lineal Contact Resistance 

A single 350,000-circular-mil cable 
short-circuiting the machine output in a 
large loop had var 3 dng temperature along 
its length, indicating variations in re¬ 
sistance. This effect is explained by 
variation in contact resistance between 
strands. If each strand is insulated, 
preventing flow of current from wire to 
wire by lineal contact, the current dis¬ 
tribution would approach that of an 
isolated conductor and the resistance 
would be lower than when the strands 
are all in good contact. Therefore, it is 
evidently a variation in contact resist¬ 
ance between strands which causes this 
variation in cable temperature throughout 
its length. 

Conclusions 

1. It is obvious from the current and 
impedance values given in the tables that 
standard stranded cables can be used 
efficiently to transmit high-frequency power 
over relatively long distances, 

2, Current-carrying capacity of conductors 
is increased by spacing throughout the 
length of run; the impedance is also in¬ 



creased. Such arrangement makes instal¬ 
lation cumbersome because of the diffieulty 
in maintaining proper spacing between 
cables. 

3. Transposing cables increases current- 
carrying capacity and decreases impedance. 
The effects, however, are so small that this 
arrangement is not recommended. .. 

4. Current-carrying capacity is increased 
by using four cables side by side and stag¬ 
gering polarities; the impedance is reduced 
to 40 per cent of the impedance for two 
cables. This arrangement is not only the 
most favorable for long runs but also the 
most economical. 

5. Lineal contact resistance, inherent to 
stranded conductors, produces differences 
in current-carrying capacities of like cables. 

6. All the current-carrying capacities and 
impedance ratings shown in the tables for 
extra flexible cables apply to standard 
stranded cables with a reasonable degree 
of accuracy. 


Sample Calculation for 350,000- 
Circular-Mil Extraflexible Cable 
Two Cables, Side by Side, at 
10,000 Cycles 

Ao““0.80 
IF'= 1.070 inch 

/0.80 

P=0.855X10-» \ “1.46X10-* 


Ag = 10"®\/373,300 = 0.611 (conversion; 
actual circular mils to diameter) 



Fig. 7. Two cables, transposed 
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F 


.Yo = 0.01226 ohm 
Z = 0.01267 ohm 

For current-carrying capacity (10 kc, 
side by side) 


Watts=7*i2 to I 


V W 
F- 


195 amperes 


where IF=22.1 for 350,000-circular-mil 
cable (cable isolated). For two cables 
side by side = 195 X 0.92 = 184. 



= 517 X10-«X 1.02 X0.7246X 1.505 = 

574 X 10~* ohm 

Tan =574X10-" 

Tan 43.56 = 550X10"" ohm 
. W' 

JYo = 8jr/X2.54X10-»Cosh-i —X12 = 

Aa 

6,132X10-" ohm 

Z = \/i?*+(.X’-fXo)" = 6,710 X10 -" ohm 
For 1-inch spacing 
/e=381X10-«X1.088=415X10-* ohm 
.X' = 400X10-"ohm 
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Discussion 

Ti - J. Higgins (University of Wisconsin, 
Madison, Wis.): An exhaustive account of 
the theory and data available for the design 
of. bus systems is encompassed in a paper by 
the discusser.^ I have kept this account 
up-to-date through maintenance of a file on 
the subsequently published literature and 
presentation of this latter in a conference 
paper, as part II of the foregoing paper, at 
the 1954 AIEE Pall General Meeting. 
However, he does not find therein informa¬ 
tion on the resistance and reactance of 
stranded conductors as used for in-plant 
distribution which is equivalent to that in 
Mr. Sabol’s excellent paper. In conse¬ 
quence, he believes Mr. Sabol’s formulation 
of design equations for the resistance and 
reactance of stranded cables, subsequent 
experimental investigation of their accuracy, 
and careful investigation of other influential 
design factors such as current-carrying 
capacity and desirable geometric arrange¬ 
ment comprise a valuable contribution in the 
field of in-plant power distribution at 
induction-heating frequencies. 

Reference 
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T he operation of an electrical network 
may be defined by means of driving 
point and transfer impedances. Accord¬ 
ing to the American Standard Association 
definition,^ the driving point impedance 
at any pair of terminals of a network is the 
ratio of an applied potential difference to 
the resultant current at these terminals, 
all terminals being terminated in any spec¬ 
ified manner. Similarly, the transfer im¬ 
pedance between any two pairs of ter¬ 
minals of a network is the ratio of a 
potential difference applied at one pair of 
terminals to the resultant current at the 
other pair of terminals, all tei^nals being 


terminated in any specified manner. 

Driving point and transfer impedances 
as a circuit analysis tedmique have been 
widely used in such electrical utility engi¬ 
neering problems as load flow, short cir¬ 
cuit, regulation, stabilily, and trans¬ 
mission loss studies. In stability studies, 
the driving point and transfer impedances 
are measured with all other terminals 
being short circuited.* In other studies, 
the driving point and transfer impedances 
are measured with all other terminals 
open and are then designated as self- and 
mutual impedances. 

The self- and mutual resistances of the 


transmission system are used in several 
methods of calculating transmission loss 
formulas,®’^ and are usually obtained by 
measurements on the network analyzer 
and then transcribed to punched cards for 
calculations undertaken by an automatic 
digital computer. 

This paper describes several digital 
methods of calculating self- and mutual 
impedances that have been successfully 
programmed for an automatic digital 
computer. These new methods offer 
several distinct advantages over previous 
analogue methods: 

1.. Greater accuracy. 

2. Lower cost. 


Paper 55-680, recommended by the AIEE System 
Engineering Committee and approved by the AIEE 
Committee on Technical Operations for presenta¬ 
tion at the AIEE Pall General Meeting, Chicago, 
Ill., October 3-7, 1966. Manuscript submitted 
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the digital computer programs. 
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3. Very small set-up time as general 
programming decks are available. 

4. Elimination of necessity of transcribing 
network analyzer results to punched cards 
and associated time and possibility of 
error when these self- and mutual imped¬ 
ances are required for digital circuit studies. 

The techniques described may be applied 
to the determination of driving point and 
transfer impedances for cases in which 
the terminals are terminated in any other 
specified manner. 

The high-speed internally programmed 
digital computer applied to electrical net¬ 
work problems provides the utility engi¬ 
neer with a new tool for obtaining more 
economical and accurate network solu¬ 
tions. 


3. Impress a known current at a given 
bus and read the resulting voltages at all 
busses. 

The mutual impedance between the en¬ 
ergized bus and. each of the other busses in 
the network is given by the ratio of the 
voltage at each of these busses to the im¬ 
pressed ciurrent. The self-impedance of 
the energized bus is, of comse, equal to 
the voltage at that bus divided by the im¬ 
pressed current. 

This procedure is repeated with cur¬ 
rents impressed, in turn, at each of the 
busses in the network. In this way a 
complete set of network self- and mutual 
impedances is obtained. 

Description of Digital Methods 


GENERATORS 

O—f 


REFERENCE BUS 



LOADS 


Fig. 1. Schematic representation of network 


GENERATORS 


o-^ 

OH- 




/ 

/ 


\ 



/ 


\ 

\ 

\ 


TRANSMISSION STSTEM 


Fig. 2. Method of measurement of self- and 
mutual impedances 


Network Analyzer Measurement of 
Self- and Mutual Impedances 

Consider the schematic circuit repre¬ 
sentation of a power system as shown in 
Fig. 1, in which a given bus is selected 
as the reference bus. The circuit per¬ 
formance is defined by the following equa¬ 
tion 

kbua2>bualbue (1) 

The self- and mutual impedances (Zboa) 
which relate all bus voltages and bus 
currents are desired. 

The following procedure is used to de¬ 
termine the network self- and mutual im¬ 
pedances of the transmission system by 
means of a network analyzer; see Fig. 2: 

1. Remove from ground all line-charging 
capacitors, synchronous condensers, loads, 
and generators. 

2. Ground the reference bus. 


Three methods of computing network 
self- and mutual impedances by means of 
an automatic digital computer have been 
programmed by the authors. The pro¬ 
cedure used in each of the methods is de¬ 
scribed in the following, and is illustrated 
by application to the simple system 
in Fig. 3. 

Method I: Matrix Analysis of Power 
System Network 

This method is an application of Kron’^ 
method of analysis of stationary net¬ 
works.® The first step in its application 
is the specification of the network branch 
impedance matrix. This is a diagonal 
matrix and relates branch voltages to 
branch current flow as shown in the fol¬ 
lowing: 

Ebrsnoh ^Zbrancblbrtinoh (2) 

The branch impedance matrix for the 
system of Fig. 3 is 

Zbrancli “ 


As can be seen, the branch impedances are 
the line and transformer impedances of the 
network. The axis numbers are the num¬ 
bers assigned to the dements in Fig. 3. 

In method I the configuration of the 
network is defined by means of a transfor¬ 
mation matrix C <. This matrix relates the 
voltage at each bus (with respect to an 
arbitrary reference) to the voltage acrosf* 
each of the branch elements. It also re¬ 
lates the voltage acting around each loop 
in the network to the branch voltages. 
Thus 

Ebus, loop = C{Ebriineh (4) 

The assumed positive direction of current 
flow is indicated by the arrow along the 
branch as shown in Fig. 3. That loop 
currents and branch currents thread com¬ 
mon elements in the same direction is an 
allowance for method II and not required 
for this method. The C« used to relate 
bus voltages and loop voltages to the 


branch 


branch \ 

bl 

b2 

b3 

b4 

bS 

b6 

b7 

bS 

b9 

bl 

0.042-1- 

70.126 









b2 


0.o64-f 

i0.0365 



, 





b3 



0.006-i- 

i0.140 







b4 




0.028-1- 

jO.084 






bS 





0.004-h 

y0.1215 





bd 






0.004-1- 

i0.0365 




b7 







0.028-1- 

i0.084 



b8 








0.028-1- 

.70.084 











0.066-1- 

i0.168 
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branch voltages for the system of Fig. 3 is 


bus or 
loop 

branch 
bl b 2 

b3 

b4 

bS 

b 6 

b7 

b 8 

bo 

B 1 

-1 


1.09 






-1 

B 2 


-1 




-1 




B3 










B4 



1.09 




1 

1 


C,=B 6 






-1 




B7 



1.09 





1 


B 8 



1.09 







BIO 



1.09 






-1 

El 

1 



1 



1 

1 

1 

L 2 


1 

1.01869 


1 

1 

0.93458 

0.93458 



then, for the impedances to be • trans¬ 
formed such that the total input power is 
invariant, the following relations must be 
satisfied 

Lld=CI„ew (8) 

Znew = Ct*ZoldC (9) 

( 5 ) where C is obtained by interchanging the 
rows of columns of Cj, and Cj* is obtained 
by conjugating the elements of C*. In 
the methods of this paper, C« is equal to 
Ct* since all the elements of the matrix C* 
are real numbers. Also 

Enew ^Znewlnew (10) 


Here the reference was assumed as bus 3. 

Specification of the transformation 
matrix C* is the equivalent of drawing up 
a network analyzer plugging diagram of 
the network. The electrical location of 
each bus with respect to the reference is 
defined, as well as the composition of each 
loop in the system. For example, the 
voltage at bus 1 with respect to bus 3 is 
equal to the voltage in branch 3 multi¬ 
plied by the turns ratio of transformer 2 
minus the voltages in branches 9 and 1. 
Also, the matrix Ct indicates that loop 1 is 
composed of branches 1, 4, 7, 8 , and 9; 
while loop 2 is made up of branches 2, 3, 5, 
6 , 7, and 8 . The effects of off-nominal 
turns ratios are also represented. The 
voltage acting around loop 2 as viewed 
looking upward from bus 3 is equal to the 
voltages in branches 6 , 2, and 5 plus the 
voltages in 7 and 8 multiplied by the turns 
ratio of transformer 1 plus the voltage in 
branch 3 multiplied by the product of the 
turns ratios of transformers 1 and 2 . 

The concept of invariant transforma¬ 


tion as developed by Kron is briefly re¬ 
viewed here in order to introduce the next 
step. Consider a given circuit in which 
the voltages, impedances, and currents are 

Eold=ZoldIold (6) 


From the relations given in equations 4, 
7 , 8 , 9 , and 10 , the following may be 
written 


Iiiranch™CIbu», loop 
Zbus, loop ~ CZ {branobO 


( 11 ) 

( 12 ) 


If it is possible to relate this set of volt¬ 
ages to a new set of voltages Enew such 
that 

Euow“Ct*Eold (^) 


Also 

Ebui, loop ’ 


loopIbuB, loop 


(13) 


By interchanging rows and columns, the 
matrix C is obtained from Ct which is 
given by equation 5. Thus 


\ bus or loop 
branchX. Bl B 2 

B3 

B4 

B 6 

B7 

B 8 

BIO LI 

L2 

bl 

-1 








1 

1 

b 2 


-1 








1.01869 

b3 

1.09 



1.09 


1.09 

1.09 

1.09 



b4 









1 

1 

C=bS 










1 

h6 


-1 



-1 





0.93468 

b7 




1 





1 

0.93468 

b 8 




1 


1 



1 


b9 

-1 







-1 

1 



(14) 


Performing the operations indicated in 


CtZbranouC—Zbua, loop “ cquation ( 12 ) 3 delds 

bus \ bus or loop 


\ 

loop 

Bl 

B2 

B3 

B4 

B 6 

B7 

B 8 

BIO 

LI 

L2 

Bl 

0.10513 
-HO. 46033 

• 0 

0 

0.00713 

4-7*0.16633 

0 

0.00713 

4-7*0.16633 

0.00713 

H-70 16633 

0.06313 

4-70.33433 

-0.09800 

-70.29400 

0.00666 

4-7*6.15545 

B2 

0 

0.00800 

4-7*0.07300 

0 

0 

0.00400 

4-7*0.03650 

0 

0 

0 

0 

-0.00800 

-7*0.07306 

B3 

B4 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0.00713 
-^70.16633 

0 

0 

0.06313 

4-7*0.33433 

0 

0.03513 

4-7*0.26033 

0.00713 

4-7*0.16633 

0.00713 

-1-7*0.16633 

0.06600 
-I- 70 .16800 

0.05900 

4-7*0.31246 

B 6 

0 

0.00400 

4-7*0.03650 

0 

0 

0.00400 

4-7*0.03650 

0 

0 

0 

0 

-0.00400 

-7*0.03650 

B7 

0.00713 

4-70.16633 

0 

0 

0.03513 

4-70.26033 

0 

0.03613 

4-7*0.26033 

0.00713 

4-7*0.16633 

0.00713 

4-7*0.16633 

0.02800 

4-70.08400 

4-0.03283 

4-7*0.23396 

B 8 

0.00713 

4-7*0.16633 

0 

0 

0.00713 

4-7*0.16633 

0 

0.00713 

4-7*0.16633 

0.00713 

4-70.16633 

0.00713 

4-7*0.16633 

0 

0.00666 

4-7*0.15546 

BIO 

0.06313 

4-7*0.33433 

0 

0 

0.00713 

4-7*0.16633 

0 

0.00713 

4-7*0.16633 

0.00713 
+j0. 16633 

0.06313 

4-7*0.33433 

-0,06600 
- 7 O.16800 

0.00666 

4-7*0.15545 

LI 

-0.09800 

-70.29400 

0 

0 

0.06600 

4-7*0.16800 

0 

0.02800 

4-7*0.08400 

0 

-0.06600 
- 7 O.16800 

0.18200 
4-7*0.64600 

0.06234 
4-7*0.16701 

L 2 

j 

0.00666 

4-7*0.15545 

-0.00800 

-70.07300 

0 

*0.05900 . 
4-7*0.31246 

-0.00400 

-7*0.03660 

0.03283 
-HO. 23396 

0.00666 

4-70.15646 

0.00666 
4 - 70 .15545 

0.05234 

4-7*0.15701 

0.06714 

4-7*0.48662 
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Since the voltages acting around each 
loop in the network are zero, the loop cur¬ 
rents may be eliminated as variables. 
The impedance matrix Zbut, loop may be 
compounded as follows 



Then, since Eioop equals zero 

Sloop = 0 —ZjIbua'i'Ztlioop 

and 

Z4 looD “ ~ ZIbua 

By multiplying through by the inverse 
of Z4 the following is obtained 

Iwop “—Z4~^ZjIi,u« (17) 

By substituting equation 17 into 16 
the following is obtained 

Ebuo = [Zi — Z2(Z4)“*Za]Il,ua (18) 

= Zbualbua % (19) 

Thus 

Zbua “ Zi— Zi(Zi) —'Zi (20) 

By inspection of equations 15 and 16, 
the network lopp impedance (Z 4 ) is given 
by 


Method II: Self- and Mutual Im¬ 
pedances PROM Impressed Currents 

The network analyzer procedure of se¬ 
quentially impressieg current at each bus 
in the network and reading the voltage 
distribution can be simulated digitally by 
calculating the voltage distribution for an 
assumed impressed current. The steps in 
the digital computation are indicated as 

1. With the reference bus grounded, 
impress a current l-h/O at a generator or 
load bus in the network. 

2. Assume a current flow through the 
network from the energized bus to the 
reference. 

3. Compute in each branch the voltage 
resulting from the assumed flows in step 2. 

4. Compute the voltage acting through 
each loop by summing the branch voltage 
in the loop. Include the effects of off- 
nominal transfer ratios. 

5. Compute the balancing currents re¬ 
quired to make the summation of the 
voltages around each loop equal to zero. 

6. Superimpose the balancing flows de¬ 
termined in step 5 on the assumed flows 
of step 1. 

7. Determine the branch voltages due to 
the exact flows determined in step 6 


LI _ L2 _ 

Z 0.182OO-K70.54600 0.05234-hy0.157 oT 
" L2 I 0.05234-h/0.15701 0.06714-hfO,48652 

The network loop admittance matrix 
may be obtained® by inverting Z4. Thus 

_LI_ L2 

2 0 ■ 57125-il. 83313 -0.07582-HjO, 64257 

* "L2 - 0.07582-h/0.64257 0.26372-72.23457 


By performing the operations indicated 
by equation 20, the following matrix of 
self- and mutual impedances is obtained 


8. In terms of the branch voltages of 
step 7 determine the voltage at each bus 


in the network with respect to the reference. 

The voltages determined in step 8 are 
numerically equal to the open-drcuit im¬ 
pedances since the impressed current was 
equal to l+iO- In a manner similar to 
network analyzer procedure, the complete 
set of impedances may'^ be determined by 
repeating steps 1 through 8 with currents 
impressed in turn at each of the network 
busjjes- 

Preparation of Problem for Digital 

Solution by Method II 

In method II the network is defined in 
terms of loops and tracks. A procedural 
requirement of the method is that loop 
currents threading a common branch do 
so in the same direction. ..Potitive direc¬ 
tion of flow in radial branches is assumed 
directed into the loop network. The cur¬ 
rent directions indicated in Fig. 3 have 
been chosen to satisfy these conventions. 

To define the geometry or configuration 
of a network, it is necessary, in addition 
to outlining the composition of the various 
loops in the network, to describe how the 
various lines and busses are connected. 
In this method, the connection pattern is 
defined in terms of tracks. The tracks 
specify the sequence in which the network 
branches and busses appear along a path 
which originates at the reference and 
threads the network in a negative direc¬ 
tion (against the arbitrarily chosen direc¬ 
tion of positive flow) to a radial bus or to a 
junction beyond which the lines and 
busses appear in another track. The net¬ 
work is completely “tracked” when every 
bus in the network appears in a track. 
From the foregoing, it is apparent that the 
network tracks may be used to relate bus 
voltages throughout the network to the 
reference. 

A number of authors have used the 
loop-track concept in solving network 


0.02986 
+j0.17162 

0.00542 
+j0.03970 

0 

0.01003 
-biO.11333 

0.00271 
+i0.01985 

0.00564 

4-70.09748 

0.00123 

.+70.08164 

0.01759 

+7*0.13305 


0.00678 
-h;0.06093 

0 

0.00672 
+i0.04370 

0.00339 

4-70.03046 

0.00380 

4-70.03470 

0.00089 

+7*0.02569 

0.00348 

+7*0.03370 



0 

0 

0 

0 

0 

0 




0.01318 . 
-h70--l-2485 

0.00336 

4-jO.02185 

0.00611 

4-70.09892 

-0.00095 

+7*0.07299 

0.00533 

+7*0.09605 





0.00369 

4-70.03348 

0.00190 

4-70.01735 

0.00044 

+7*0.01285 

0.00173 

+7*0.01686 






0.01904 

4-7*0.13768 

0.00396 

+7*0.09244 

0.00492 

+7*0.09533 







0.00886 

+7*0.11189 

0.00450 

+7*0.09460 








0.03597 

+7*0.18857 
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Table I. Tracks Selected for the System of 
Fig. 1 


Track 1, B-b 

Track 2, B-b 

9-3 . 

.9-3 

8-2-. 

.8-2- 

7-a. 

.7-S 

4-7. 

.4-7 

1-4. 

...6-1- 

10-1 . 

.2-6 

8-9 . 

.6-2 


3^6 


problems by digital means.®*’ The tracks 
used in the digital determination of the 
open-circuit self- and mutual impedances 
of the simple system considered in this 
paper are shown in Table I. The par¬ 
ticular notational scheme used for this 
study is that an element in the track is 
specified by B—b± where B is the bus 
at the input end of branch b, shown plus 
for lines and minus for transformers. 
For example, track 1 is indicated by a 
dashed-line path drawn In Fig. 4. 

AsstJMED Flows and RBSxn.TiNG 

Voltage Drops Dub to Impressed 

Currents 

As pointed out in the statement of 
method II, it is necessary to assume a dis¬ 
tribution of flow in the network due to im¬ 
pressing current at a given bus. The only 
requirement on the assumed flow distribu¬ 
tion is that there be continuity of flow, 
i.e., the current entering a junction equals 
that leaving the junction. From this and 
from the previous discussion of tracks, it 
is seen that the assumed flow between the 
energized bus and the reference may be 
assumed through the line elements in the 
track between the energized bus and the 
reference. Of course, where off-nominal 
transformer ratios exist in the track, their 
effect must be considered in determining 
the assumed flow in the elements between 
the transformer and the reference bus. 
The assumed branch flows resulting from 
impressing a current of l+jO at bus 1 are 


shown in Table II as /branch. The branch 
voltages due to these current flows are 
shown as Ebwnoh and are given by 

Ebraneb ^ Zbranahlbraiieh ( ^ ) 

Loop Voltages Drops and Balancing 
Flows 

In this method of analysis the branch 
current distribution resulting from current 
impressed at a given bus may be con¬ 
sidered to have two components: 1 . 
arbitrarily assumed distribution of cur¬ 
rent, and 2 a set of balancing currents 
which circulate in the network loops. The 
balancing currents produce voltages in 


around the loop. However, when off- 
nominal ratios are present, the net loop 
voltage is computed in terms of the 
brandi voltages as viewed from an arbi¬ 
trary reference point in the loop. Simi¬ 
larly, in a loop wth no transformers, the 
circulating current has the same value in 
each branch in the loop. Where trans¬ 
formers are encountered, the circulating 
current is expressed in terms of that value 
existing at the reference point in the loop. 

For the system of Fig. 3 the loop volt¬ 
ages Eii and are related to the branch 
voltages Ebi, Ebi-Eni by the transforma¬ 
tion matrix C/ which is shown as 




LI 

L2 


bi 

b2 

b3 

b4 

bS 

b6 

b7 

b8 

b9 

rr“ 



1 



1 

1 

in 


1 

1.01869 


1 

1 

0.93458 

0.93458 



(26) 


the network loops which nullify those pro¬ 
duced by the a.ssumed currents. Thus, 
the superposition of the balancing flows 
on the assumed flows results in the cor¬ 
rect distribution of flow in which each of 
the fundamental electric circuit relation¬ 
ships are satisfied, ie.: 1 . the summation 
of currents into a junction is zero, and 2 . 
the summation of branch voltages around 
each loop is zero. 

The relationship between the set of 
loop-balancing currents and the set of 
loop voltages resulting from an assumed 
distribution of flow is 

Loop ~ “YloopEloop (24) 

Here Yioop is the loop admittance matrix, 
equation 22 , and is equal to the inverse of 
the loop impedance matrix, equation 21 . 
The loop impedance matrix Z 4 may be ob¬ 
tained directly by the operation C / 
Zbranch C' where C/ is defined by 

Eloop “Cj^briinch (25^ 

In a network in which there are no off- 
nominal transformer ratios, the net volt¬ 
age acting around each loop is obtained by 
merely summing the branch voltages 


This matrix is, of course, identical to the 
submatrix used in method I to relate loop. 
and branch voltages. This is evident from 
an inspection of equation 5. 

The vdltages in loops 1 and 2 resulting 
from the assumed flow distribution for 
current impressed at bus 1 are calculated 
from equation 25. Thus 


LI 0.08400-hjO. 25200 
L2 0.05900-hjO. 31246 


(27) 


For example 

JSli = JSw H".EwH"jB67+FM 

=0 -I- <,0.02800-t-i0.08400) -l-(0.02800-l" 
7*0.08400) -l-(0.02800 -f-70.08400) 
= 0 08400-1-70.25200 


Matrixes 22 and 27 can now be used in 
equation 24 to determine the loop bal¬ 
ancing currents 

_L1 -0.30468-70.00419 

Iioop-l2 - 0.54547+j0.01467 

Branch Flows from Loop Flows 

The balancing currents flowing in the 
individual branches of the network are re¬ 
lated to the loop-circulating currents by 
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Fig. 4. Simplified system with track 1 identified 
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the matrix CThis is the transpose of the 
transformation matrix C/ which in turn 
relates loop voltages to branch voltages. 
The C' matrix of method II is identical 
to the submatrix in method I which re¬ 
lates branch and loop currents. 

Branch balancing currents obtained by 

Ibal“CTloop (29) 

for impressed current of 1+iO at bus 1 are 
given in Table II as /bu. The exact 
branch currents (the balancing currents 
superimposed on the assumed flows) are 
also shown in Table II as 

Itotel =Ibal+IbraB 0 k (30) 

Branch Voltage Drops and Bus Volt¬ 
ages 

As indicated in step 7 in the statement 
of method II, branch voltages due to the 
•exact current distribution must be com¬ 
puted. These voltages, of course, are re¬ 
lated to the current flows by the branch 
impedances. Thus 

Bbranoh ^ Zbranobltotal (31) 

The branch voltages resulting from 
unit current impressed at bus 1 are shown 
in Table II. 

The voltages at each network bus are 
then determined with respect to the ref¬ 
erence bus by summing the branch volt¬ 
ages in each track away from the refer¬ 
ence. Voltages determined in this fashion 
are the open-circuit impedances between 
the energized bus and the other network 
busses. The form of this calculation is 
indicated by Table III for the case in 


Method III— ^An Iterative Solution 

FOR Bus Voltages 

Both the methods previously described 
are direct methods in that the answer 
produced are accurate within the precision?? 
carried in the problem solution. Iterative 
problem solutions, using repetitive calcu¬ 
lations, are frequently superior for digital- 
computer application. The application 
of iterative means to the problem of im¬ 
pedance calculations consists of succes¬ 
sively improving an assumed set of bus 
voltages until satisfaction of Kirchoff’s 
laws has been achieved wildun the pre¬ 
cision desired in the problem solution. 

In the ultimate solution, the sum of all 
currents entering a bus p (node) must 
equal zero; see Fi^. 5. Thus 

Y,y^(Et-Ep)=0 


“admittance between bus p and bus q 
Ftf “Voltage at bus q 
Bp “Voltage at bus p 


t .(t 


« 

The admittance matrix Y*^, for the 
system of Fig. 3 is as follows: 


ratio transformers occur in the system. 
Fig. 6, the effect of the off-nominal tmms- 
- ratio upon the current flowing into bus p 
must be taken into account. In this case 

2]l^(B,-Bp)-t-(l-ffe)p,X 

a 

m 

whence 

^ y^%+Cl+k)piJ^ 

p _ i_M_ 

E ^ 

(34> 

The transformer requires that 
Bi=(l+k)p;Ep (35) 

In the application of this method to the 
computer, one (driving point) bus voltage 
is set equal to 1+jO. the reference bus 
voltage is set equal to O+jO, and an initial 
voltage distribution assumed. The com¬ 
puter is then required to recognize which 
of the equations 32, 34, or 35 should be 
used for each bus, and perform the indi¬ 
cated calculation. When all voltages have 
been calculated, the calculation is re¬ 
peated with the use of the improved set of 
voltages to calculate a further improved 
set. When the desired convergence has 
been achieved, the input current to the 
system is calculated and the self- and 
mutual impedances determined. The ac¬ 
tual computer program includes the use 
of an “accelerating factor” to speed the 
convergence of the voltages to final values 


g 1 _2_3_4_S_ 6 7 8 9 10 


3.571 2.381 

-yiO.714 _ -y7.143 


0.271 2.967 

-J8.222 -27.077 


2.967 0.306 

-J27.077 -jT.lSO 


3.571 3.571 

-ilO.714 -ilO.714 


0.271 

-J8.222 


2.967 2.967 

-J27.077 -J27.077 


3.571 3.571 

-ilO.714 -jlO.714 


3.571 1.786 

-ilO.714 -J5.357 


0.306 

-J7.130 


2.381 1.786 

~/7.143 -i5.367 


whidi bus 1 is energized with 1+iO cur¬ 
rent- ^ 


Equation 32 will apply to the calcula¬ 
tion of most bus voltages throughout a 
system; however, wh«i off-nominal turns* 


Consider, for example, the case in which 
bus 1 is energized with a voltage of l+^O. 
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Table II. Branch Flows and Voltages Due to Impressing 1 +|0 at Bus 1 


0 

0 

1.09+i0 

i+io 

0 

0 

1+iO 

i+io 

0 


0.006544-iO. 15260. 
0.02800+i0.08400. 
0 
0 

0.02800+i0.08400. 
0.02800+i0.08400. 
0 


-0.30468-i0. 
-0.64647 4-iO. 
-0.65686+iO, 
-0.30468-i0. 
-0.64647+i0. 
-0.54647+i0. 
-0.81447+i0. 
-0.81447+iO. 
-0.80468-i0. 


- 0.80468 - jO . 00419.. 
0.64647+i0.01457.. 
0.63434+iO.01484.. 
0.69532-/0.00419.. 
- 0 . 54547+iO.01467.. 
0.64547+i0.01467.. 
0.18563-i-/0.00942.. 
0.18563+i0.00942.. 
. -0.80468-/0.00419. 


.-0.01227-/0.03857 
.-0.00271-/0.01986 
. +0.00113+/0.07490 
.+0.01982+/0.06829 
. -0.00895—/0.06621 
.-0.00271-/0.01986 
.+0.00440H-/0.01685 
.+0.00440+/0.01685 
. -0.01686-/0.05142 


The first assumed values of voltages at aU 
busses are tabulated in Table IV under 
iteration no. 0. In the calculation of any 
given voltage, the improved value of all 
other voltages is used. The voltages are 
dete rmin ed in the order of the listing of 
the busses in Table IV. 

As a typical step, consider the calcula¬ 
tion of E*. In general 

Ea 

y^-t£i-{-7«^£7-(l+fe)4-sy»~K-g5-E2) 

(36) 

The values of Ej and E 3 for the first 
iteration are zero, as shown in Table IV. 
The first iteration for E 4 is then 

(3.571 -7l0.714)(l +i0) -t-(3.571 - 
il0.714)(0)-(0.93468j(0.271- 

78 . 222)(0 - 0 ) _ 
* 3.571-il0.714-l-3.571-il0.714 

= 0.5-f-i0 

An appropriate accelerating function is 

E ““ 1.3(Enen — Eold) "i"Eold 

Therefore 

E 4 = 1.3(0.5-0)-|-0=0.66-h70 

The values for the first iteration for the 
remaining bus voltages are shown in 
Table IV under iteration 1. 

The second iteration for E 4 using the 
appropriate values of other voltages from 
Table IV is given by 


Table III. CdhipUteir Rciulti of Method II, 

Bus 1 of Fig. 3 Energized 


Bb 

R 

noos . 

.0.001133V.! 

0802-. 

.0.001235... 

p7na . 

.0.006641,.. 

0407 ...... 

.0.010047... 

0104 ...... 

......0.029866... 

1001 ...... 

......0.017595... 

0809 . 

.0.001234..i 

0903 . 

......0.001183... 

0802-. 

.0.001236... 

P7nft . 

_..0.006641... 

0407 . 

.0.010047... 

0601-. 

.0.009390... 

0205 . 

,.,...0.006441..; 


..,.0.002728... 

0306 . 

......0.000015... 


,.0.133067 


(3.571 -il0.714)( 1 -h/O-f0.42250-4- 
iO) -0.93468(0.271-i8.222) X 
(0.60747 - 0.18294-hiO.01071) 
7.142-i21.428 

(Note that the best-known values of 
other voltages are used: Ej and E? from 
the first iteration, but Es from the second 
iteration). 

(4.88993-jl1.98125)(7.142-fi21.428) 
510.1673 

=0.57169-f-i0.03766 

Use 

E*=1.3(0.57169 -H0.03766 - 0.66 -iO)+ 
0 . 66 -l-i 0 

=0.54820-|-i0.04896 (38) 

Table V gives the results of the itera¬ 
tions for the case in which bus 2 is ener¬ 
gized with a voltage of 1 +i 0 and the 
initial values for the voltages on all other 
busses equal to the final values as shown 
in Table IV. 

When a converged set of voltages has 
been calculated for a given bus energized 
at 1+jO voltage, the input current at the 
energized bus can be calculated from a re¬ 
lation of the form 

j«=^r‘«(i-E«)-f- 

5](H-i)«iy^’*(Ei-E„) (39) 
m 

With input current and all bus voltages 
known, the self- and mutual impedances 
are obtained by dividing the bus voltage^ 
by the impressed current. 

Applicatioii of Autoiuatic Digital 
Compute 

Generality op the Method ^ 

The methods set forth thus far in the 
paper are general procedures which could 
be carried out by slide rule on small net¬ 
works. However, for the size of network 
frequently encountered in utility trans¬ 
mission systems, the magnitude of the 
calculating effort would, of course, make 
such an approach impractical. Thus, in 
the past these impedances have generally 
been obtained by network analyzer mea¬ 
surements. The digital methods set forth 


in this paper are appropriate for stored- 
program digital computers. 

A stored-program computer is one in 
which a large internal data storage is pres¬ 
ent where both the instructions and the 
constants used in a particular problem 
may be read in initially and called up for 
action with very little delay. These com¬ 
puters are generally referred to as medium 
and large-sized units as compared to the 
simple multiplier now used in many 
punched-card installations for financial 
calculations. 

Computer Used in Development 

The specific computer used by the 
authors in the development of these meth¬ 
ods was the International Business Ma¬ 
chines type-d50 magnetic drum data- 
processing machine. The type-d50 is char¬ 
acterized by the fact that its main data, 
storage is a magnetic drum rotating at a 
speed of 12,000 rpm, on which are ar¬ 
ranged storage positions for 2,000 10 - 
decimal digit numbers with their sign. 
The average time in which a number may 
be obtained from the drum is 2.4 milli¬ 
seconds. The approximate opera^g 
timps are, in milliseconds: for multiplica¬ 
tion, 12 . 6 ; for division, 16.5; and for 
addition, 3.6 milliseconds. 

The communication with the computer 
is in terms of standard pimched cards with 
the input reading at a rate of 200 cards 
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Hg, 6 (above). Nodal circuit analysis with o|F-nominal turns-ratio 
transformers 


Fig, 7 (right). General Electric Analytical Engineering Section 
type-650 computer installation 



per minute and the output punching at 
the rate of 100 cards per minute. The in¬ 
structions for this computer are of the 
single-datum address form. The 10-digit 
instruction word is composed of a 2-digit 
operation instruction (add, subtract, 
divide, multiply, shift), a 4-digit indica¬ 
tion of the location in memory where the 
data are stored, (data address), and a 4- 
digit indication of where in memory the 
next instruction will be found. The 650 
computer installation of the General 
Electric Analytical Engineering Section 
is shown in Fig. 7. 

For example, the computer instructions 
for the operation (a), (b)—c would be 
written as follows; see Table VI: 

0 = 12345.67891 at address 1001 
6=023.4667891 at address 1002 
c=289589.9649 to be sent to 1003 

This type of computer is so balanced 
that it is of approximately equal value for 
financial computations involving large 
volumes of input-output data as well as 
engineering computations which are gen¬ 
erally characterized by a moderate 
amount of data and a fairly long calculat¬ 
ing sequence. It has been indicated that 
many of the proposed installations are 
going to be in electrical utility companies. 
Thus, many utility engineers will find in 
the near future that they have a versatile 
computer tool hidden in their own organi¬ 
zation. 

Flow Diagrams 

When preparing a program of instruc¬ 
tions for a digital computer, the program¬ 
mer usually finds it necessary to organize 
the steps in some form of outline so that 
the operations may be oriented in then- 
proper sequence. The form of this outline 
as generally used by computer program¬ 
mers is the flow diagram. The flow dia- 
' gram consists of two major units: the 
calculating steps and the logical steps. 
The caliculating sequencci consisting of 

12’92 


many steps, may be represented by a 
single box on a flow diagram. A logical 
step is one in which there is a choice in¬ 
volved. In a digital computer, all choices 
are reduced to taking alternative instruc¬ 
tions on negative values of certain num¬ 
bers or by taking alternate instructions on 
zero values of certain numbers. A flow 
diagram is thus made up by connecting 


the arithmetic steps with logic steps with 
lines toindicate the sequence of operations. 

Figs. 8, 9, and 10 show flow diagrams 
for methods I, II, and III, described 
earlier. These flow diagrams indicate 
only the major steps, and what appears 
to be a simple arithmetic box may, in 
turn, itself be represented by a detailed, 
flow diagram, which it would usually be 
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Kesults or Method III Iterations, Bus 1 Energized 


Iteration Number 


Bus 

0 

1 

2 

3 

7 

1.. 

...1-l-yo.. 

..1-f-yo .. 

..iH-yo 

..1-i-yo 

..1-i-yo 

2.. 

• f n • • 

..o-f-yo .. 

..0.18294 .. 

..0.21909 .. 

..0.22819 


(0 . . 


..-yo. 01071.. 

..+yo.00310.. 

..-l-yo.00862 

3.. 

.. .0 

. .6 

.0 

. .0 

. .0 

4.. 

. 

..0.65 

..0.64819 .. 

..0.65969 .. 

..0.64391 


1 0 

. -l-yo 

. -t-yo.04894.. 

.. -l-yo.02483.. 

. . -l-yo.05606 

5.. 

. 1 .. 

. .0.60747.. 

..0.61232 .. 

..0.61653 .. 

..0.60178 


10 

.. +yo .. 

..-l-yO. 04573.. 

. . -l-yo.02320.. 

.. -l-yo.05146 

6.. 

. 1 .. 


..0.11889 .. 

..0.10673 .. 

..0.11484 


10 

•0-i-y0 

. -y0.00695.. 

.. -l-yo. 00408.. 

.. -f-yO.00382 

7. . 

.}:. 

.0.42250.. 

.0.46755 .. 

..0.64173 .. 

. .0.56687 


10 

• -Fyo 

.-fyO.03179.. 

.. -l-yo. 05469.. 

. . -l-yo.06173 

8. . 

(. 

..0.36615.. 

.0.54340 .. 

..0.47296 .. 

. .0.46216 


* 1 0 

..-i-yo .. 

. +y0.07400.. 

.. -l-yo. 07921. . 

.. -l-yo.07462 

9. . 

. I .. 

.0.33591.. 

.0.49853 .. 

.0.43389 .. 

. .0.42399 


10 

.. -hyo .. 

. -t-yO.06788. . 

.. -l-yo.07266. . 

.. -l-yo.06845 

10. . 

j . . 

.0.94685.. 

.0.76154 .. 

..0.77789 .. 

. .0.76760 


to 

. +yo .. 

.H-yO.04121.. 

..-l-yo.03174. . 

.. -fyO.03279 


Final 


• iH-iO 

.0.22832 . 

. +i0.00812. 

.0 

.0.65490 . 

. -l-yO.05227. 
.0.61205 . 

. -t-jO.04885. 
.0.11394 . 

.-l-iO. 00411. 
.0.55901 . 

. -t-yO.06395. 
.0.46418 . 

. -l-yO.07281. 
.0.42588 . 

. +y0.06678. 
.0.77118 


• i+yo 

.0.22980 
.-l-yo. 00834 
.0 

.0.65082 
.-l-yo. 05473 
.0.60824 
.-f-iO.06114 
.0.11488 
.•fjO. 00415 
.0.55681 
.-l-jO.^0 
.0.462^, V. 
.■fjO. 07331 
.0.42466 
.'4-iO. 06726 
.0.76982 



Table V. Results of Method III iterations. Bus 2 Energized 



Iteration Number 


Bus 

0 1 2 3 7 8 

Final 


3. 


11 +i0 
( 0.22980 

I -l-iO,00834. 
..0 


.0.60794 . 

.-(-yO. 05902. 

.1+yo 

.0 


.0.64081 . 

. -1-yO.00639. 

• i-f-yo 
.0 


.0.65642 
. -yo.0025.5. 

.1-i-yo 
.0 


.0.66270 . 

. -yo.01613. 

.i-fyo 
.0 


.0.65565 ...0.65343 

. -y0.01706... -yo.01635 


4-1-yo 


... 1 -i-yo 


4. 

(0.65082 . 

.0.72166 . 

..0.73092 ., 

.0.74746 

.0.72318 

.0.71808 

. .u 

,.0.72007 


1 -l-yo. 05473. 

.-yo. 00752. 

.. -yo.01698. 

. . -yo.02536. 

. . -yo. 03121. 

. . -yo.02818. 

.. —yo. 03025 

. 5. 

(0.60824 

.0.67435 . 

.0.68310 .. 

.0.69856 .. 

.0.67586 

.0.67110 .. 

.0.67352 


1 -l-yo.05114. 

. -yo.00702. 

.. -yo.01686. 

.. -yo.02370. 

. .+y0.02916. 

. . -yo.02633. 

.. —yo.02827 

6. 

(0.11488 

.0.61553 . 

..0.46534 . 

.0.51039 . 

..0.60008 . 

..0.49997 . 

..0.50000 


t -f-yO.00415. 

. -yo.00124. 

. .H-yO.00037. 

. .-l-yo.00000. 

.. -l-yo.00000. 

. . -l-yo.00000. 

..-l-yo. 00000 

7. 

(0.55681 

.0.60284 . 

..0.62101 . 

..0.54441 . 

..0.66670 . 

..0.66867 . 

..0.56933 


1 -f-yO. 06400. 

.-fyO.02355. 

.. -l-yo.00676. 

.. -l-yo.02394. 

. .-l-yo.00371. 

. . -yo.00037. 

..-f-yO. 00093 

8. 

( 0.46289 

..0.60274 . 

..0.37673 

..0.41569 . 

. .0.41792 . 

..0.41803 . 

..0.41809 


1 -l-yo. 07331. 

. -f-yO.03827. 

.. H-yO.06534. 

. .+y0.03024. 

. . H-yO.02934. 

.. -fyO.03243. 

..-l-yo. 03184 

9. 

(0.42466 

.0.46122 . 

..0.34562 . 

..0.38136 . 

..0.38341 . 

.0.38351 . 

.0.38356 


1 -f-yO. 06725. 

.-|-y0.035U. 

.. -l-yo.05994. 

. .-l-yo.02774. 

. .-hyO.02691. 

.. -l-yo.02975. 

..-l-yo. 02921 

10. 

(0.76982 . 

.0.50074 . 

.0.63569 . 

..0.55851 . 

. .0.55268 . 

..0.55414 . 

.0.55256 


1 -l-yo. 03142. 

.-l-yo. 05573. 

..-fyO.02367. 

. .-tvO.00783. 

;.-l-yo. 00353. 

. . -f-yO.00388. 

..-l-yo. 00432 
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LOAD Zbranch. Cf , AND PROGRAM 


® t ^branch ^ “ Z bus ,loop 


CONSIDER Zb„,,,oop- 


£i Iz 

^3 Z4 


INVERT Z 4 




necessary to develop before the detailed 
coding could proceed. 

For example, consider the flow diagram 
of method II as shown in Fig. 9. The 
first major step consists of loading into 
ma chi ne memory the branch impedances, 
the connection matrix Ct^ and the pro¬ 
gram for determining Yioop. Then, the 
calculation of the matrixes Zioop and its 
inverse Yioop is performed. Next, the 
generator index m is set equal to 1 and the 
remainder of the program and remaining 
data required are loaded. The foregoing 
has consisted of preparation for the main 
calculation which is to be repeated for 
each generator. This main calculation 
consists of initializing various voltages 
and currents by setting them equal to 
zero, and then performing the arithmetic 
necessary to develop the set of bus volt¬ 
ages throughout the system. With the 
arithmetic performed and the answers 
punched out, a test is made to see if this 
calculation has been performed for the 
last generator or if more similar calcula¬ 
tions remain to be done. If more calcu¬ 


lable VI. Computer Instructions 


Location 
of In¬ 
struction 

Opera¬ 

tion 

Instruction 

Next In- 
- Data struction 
Address Address 

Description 

0500.. 

...60.. 

..1001.. 

..0501... 

.Reset add a 

0501.. 

.. .19.. 

..1002.. 

..0502... 

, Multiply by b 

0602.. 

., .31.. 

..0008.. 

..0503... 

.Shift right 8 
and round 

0503.. 

.. .20.. 

..1003.. 

..0504... 

. Store result c 


lations remain, the index m is increased by 
1 and another pass through the main cal¬ 
culating loop is made. Eventually, m 
becomes equal to M, the total number of 
generators: and the calculation is com¬ 
plete. 

Study With Large System ^ 

The power system of Fig. Hwas used 
as an example in order to assist in judging 
the merits of the various approaches de¬ 
scribed. This system consists of 30 busses, 


-fig. 8, Computer^flow diagram for method I 


LOAD AND PROGRAM 


LOAD Z branch, AND PROGRAM 


SET n « I 


^branch ^ 


SET ALL Ep »0 




































Fig. 11. Iliastratfve system study 








38 lines, 14 loops, and 6 autotxansfonners 
representing off-nominal turns ratios. 

A summary of the computer time re¬ 
quired to obtain the self-impedances of 
all generators and the mutual impedances 
between the generators and all busses is 
as follows: 

Computer Time 

Method in Hours 

I .4 

II .1 

HI. 2 

The time to obtain and record these re¬ 
sults from the network analyzer is ap¬ 
proximately 4 hours. Usually, in obtain¬ 
ing network analyzer results, it is neces¬ 
sary to average the mutual impedances 
to obtain a perfectly symmetrical matrix. 

The digital approaches are particularly 
advantageous when: 1. high accuracy is 
required, and 2. the self and mutual im¬ 
pedances are required in the form of 
punched cards. 

Method I requires a shorter program, 
but more data storage than method II. 
It is thought that it will, in general, be 
easier to prepare the problem for solution 


by method I than by method II. These 
two programs are prepared for a maxi¬ 
mum of 15 loops and 60 lines but may be 
extended by using cards as temporary 
storage. Methods I and II require the 
inversion of a matrix in size equal to the 
number of loops and, comequently, they 
are both limited in this respect. For a 
system with a very large number of bus¬ 
ses, the calculating time for method I 
becomes prohibitvely long because of the 
matrix operations required by equation 
20. For all three methods, the comput¬ 
ing times become more nearly equal for 
smaller systems. 

The preparation of the problem for 
solution will be the simplest by method 
III. Also, method III is much less 
limi ted with respect to size of network 
that can be handled in the 650 than 
methods I and II. 

Conclusions 

Tliree methods of obtaining self- and 
mutual impedances suitable for use in 
high-speed internally programmed digital 
computers have been described. The 
application of these methods has resulted 


in more economical calculation of trans¬ 
mission loss equations. These methods are 
also suitable for determination of other 
forms of driving point and transfer imped^- 
ances. It is thought that electric utility 
engineers will continue to find many other 
problems for which automatic digital 
computers will provide more accurate and 
economical solutions. 
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Discussion 

R. Bruce Shipley (Tennessee Valley Author¬ 
ity, Chattanooga, Tenn,): This paper is a 
good example of the advancement being 
made in the application of digital computers 
to network problems. We of the electrical 
utility industry have been very backward in 
adopting the methods made available by 
. EZron about 20 years ago. 

I prefer the first method described by the 
authors because it seems more direct and be¬ 
cause I have had some experience with it. 
The’ slowness of this method is surely due to 
matrix multiplication and inversion. Can 
this be improved by using other techniques? 
Would it be faster to eliminate one row and 
one column at a time until the desired ma- 
tHv is obtained? A modification of method 
I‘ pro’viding more flexibility, more ease in 
setting up the problem, and probably con¬ 
siderably less computer time follows. 

Consider, for example, a system that has 
no transformers. Select a reference bus 
and number all other busses consecutively. 
By Kron’s mesh method determine the im¬ 
pedance matrix completely ignoring all lin^ 
that form loops. This impedance matrix 
representing the system when only radial 
lines connect to the ref^ence bus can be 
written by inspection. The diagonal ele¬ 
ments are the sums of the impedances be¬ 
tween the reference bus and the bus in ques¬ 
tion. The mutuals (if ^y exist) are simply 
the common impedances between any two 
busses and the reference bus.' Now to^get 
the desired impedance matrix, the lines 
that were ignored are inserted one at a time. 


This is done by forming a C for each line 
that is to be inserted. Fortunately all of 
these C’s have the same form. They have 
Vs in the diagonal. The last column of the 
C contains off-diagonal Z’s. The “off- 
diagonal Vs" occur in the rows correspond¬ 
ing to the busses that are being coxmected by 
the subject line. When numbered busses 
are connected, two “off-diagonal Vs" appear 
and one of them carries a minus sign. 
When the subject line connects the reference 
bus to another bus, only one off-diagonal I 
appears. Thus the computer may be pro¬ 
grammed to give QtZC by merely insertmg 
the impedance of tlie subject line and indi¬ 
cating its terminal coimections. The engi¬ 
neer is thereby relieved of ever determining 
a C or inserting it into the computer. 
C(ZC has one more row and column than 
the original Z that was determined by in¬ 
spection. The rows and columns of the 
original Z remain unchanged in the CtZC 
operation since this portion of C is the unit 
matrix. The off-diagonal elements of the 
new row and column are merely the differ¬ 
ence between two impedances (when the 
line connects two numbered busses) which 
are indicated by the “off-diagonal Vs" in 
C. The new diagonal element is the sum of 
self-impedances of the two busses plus the 
lirip impedance minus twice the mutual im¬ 
pedance between the two busses. When 
the line being inserted terminates on the 
reference bus and some other bus, the 
off-diagonal elements’ of the last row and 
column of C<ZC contain only one impedance 
as indicated by the location of the single 
“off-diagonal I" appearing in C. The last 
diagonal element of C{ZC contains the sum 


of the line impedance and the self-impedance 
of the numbered bus to which it is con¬ 
nected. Then the last row and column of 
CtZC is eliminated by the normal method. 
The process is repeated until all the lines 
that were ignored are included to give ’the 
desired impedance matrix. Note that this 
same procedure can be used to remove an 
p-ri«5tiTig line from the system by m^ely in¬ 
serting the negative of its impedance into the 
computer. Thus it is eady to change im¬ 
pedances of any lines that were used and 
lines may be switched into and out of the 
system at will. 

A-c network analyzer speed and accuracy 
ppti also be improved. One source of in¬ 
accuracy results fsom stray capacitance 
currents in the analyzer. Improvements 
can be made by plugging oiffy a small por¬ 
tion of the system at a time. Intercon¬ 
necting lines are simply ignored. Thus the 
self- and mutual impedances of small por¬ 
tions of the system are obtained. Mutual 
impedances between separate portions of 
■tlie system are ignored at 'this point and 
considerable reading time is saved. WJ'th 
the use of a connection tensor and a digital 
computer, all of 'the portions . are intercon¬ 
nected and the lines that were omitted are 
inserted to give the desired impedance ma¬ 
trix for the whole system: 

Is accuracy overstreseed in this phase of 
the problem? If the result^are to be used 
eventually for economic dispatch, the im¬ 
pedance matrix (particularly the resistance 
component) should represent l^e actual 
transmission system. Transmissioii-line re¬ 
sistance may vary 20 per cent or more de¬ 
pending upon the ambient temperature and 
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i.ltirfh importance of accuracy 

I. further decnphasized if the usual B coZ 
• tant assumptions are introduced If B 

iho I correct value for 

livi.ri derivative. B constants de- 

t » 1 ^ purpose of making JPBF check 
the transmission losses can introduce ap¬ 
preciable error in the PB product 


H. W. Hale and J. B. Ward (Purdue Uni- 
\ ersi ^ Lafayette, Ind.): This paper maWs 
a significant contribution to the art of trans- 
uussion sptem analysis. At present, there 
IS a definite need for the accuracy of digital 
methods in the calculation of network im¬ 
pedances for use in loss equations. While 
published results^ have demonstrated a 
close correlation between the losses de¬ 
termined by summing JtT* over all lines and 
t hose determined by the application of loss 
equations, there have been no means of 
alloctiting the observed discrepancy to 
specific factors. 


The discusst^s have long been of the opin- 
i«*ii that the inaccuracies involved in the 
measurement of the network impedances 
may cause substantial error in the loss 
equation coefficients. The use of digital 
mtrthods in the computation of the imped¬ 
ances will eliminate this source of error 
and should result in improved loss equations. 
Ill addition, with this source of unknown 
error removed, it should be possible to 
make a tliorough evaluation of the inac¬ 
curacies resulting from various assumptions 
and tipproxiraations. 

We wish to raise a point concerning the 
ine,th<Hls used in the present paper. It 
apiiears that the three methods are based 
on the condition that the reference bus 
voltage Is zero. In effect this approach 
dctcnniucs the network impedances for the 
specific case of the neutral terminals of the 
aiitotransfoniicrs being connected to the 
r<‘fercnce bus. This is not a true represen¬ 
tation of actual system conditions. Kron' 
has shown that, provided certain conditions 
are met, sucli a representation is proper; 
however, the limitations of such an equiva¬ 
lent should be recognized in order for it to 
be use?fl intelligently. 

It is rleeincd likely that, as digital methods 
are developed for treating an increasing 
number of transniLssion system problems, 
the digital calculation of network iraped- 
auees will become incfeasingly important. 
Tlie authors are to be commended for their 
timely contribution to this pha.se of network 
analy.sis. 


RriinsttisNCBrt 

1. See rcfereticc 3 of the 

a. 'I'ltNHOHlAI. AKAbVSia OP iNTItORATBD TRANS¬ 
MISSION SysTRMS — Part II, Gabriel Kron. AIEE 
"J ronmeiians, vol. 71, pt. Ill, 10S2, pp. 605-12. 


E. E. Georg© (Ebasco Services, Inc., New 
York, N. Y.); This paper contains much 
iiifarmation that is Interesting and useful, 
llie table comparing the three methods of 
impedance calculation is of especial value. 

It is difficult for the average engineer to 
understand these methods unless he works 
them out long-hand for a small system- 
lliis presupposes familiarity with matrix 
multiplication, a subject neglected in many 
recent books on engineering mathematics 
and in our usual engineering handbooks. 


There are several minor details of the 
paper which might confuse the inexperienced 
reader. Under method I, two phaiTi s of 
loop voltages are included in the transfor¬ 
mation matrix, but the basic principle (in¬ 
dependent meshes) involved in their selec¬ 
tion is nowhere explained. 

Equations 12 and 20 would be easier to 
follow if the order ofc multiplication and 
the order of forming rows and columns in 
multiplying the matrices were designated 
by arrows or otherwise. There are con¬ 
ventional standards for these things, but 
how do you find them when you need 
them? 

The authors are to be commended for 
spelling out some of the subscripts for 
various quantities. This makes the paper 
much easier to read because it lessens the 
number of s 3 rmbols which have to be kept 
in mind. 

^ Equation 16 is a conventional abbrevia¬ 
tion for a large compound matrix but it 
would help to explain that Zi represents 
the bus terms, Z 4 the loop terms, Z* the 
loop to bus mutuals, etc. 

The derivation of the accelerating func¬ 
tion is evident after the final iteration, but 
how does one proceed to find this function 
when working the problem for the first 
time? The accelerating function is needed 
because the solution, like most admittance 
methods, is very slow to converge. If 
voltages instead of currents are required, 
it seems that very few iterations would be 
needed because most voltages on a power 
system are close to 100 per cent, but line 
currents can have any value. Mathe¬ 
maticians favor the admittance method 
because it is easier to modify the network 
for transmission-line changes, but there 
appear to be other ways of taking care of 
this problem when working with the 
impedance method. 

It might be interesting to know how 
methods I, II, and III would compare in 
time if a 701 or similar large computer were 
available for matrix inversion, iising the 
650 computer for the balance of the work. 
Method I appears to be the most direct 
for typical conditions. 


Tsai H. Lee (The Detroit Edison Company, 
Detroit, Mich.); The digital computer 
has made mathematics an attractive rthI 
practical tool in power system analysis. 
The authors have provided an excellent 
demonstration as to what can be done 
when mathematical rigor is combined with 
the digital computer to analyze a classical 
network problem. It is time for power 
system engineers to examine critically 
many of the traditional problems solved 
by slide-rule and a-c network analsrzers. 
Some of the problems known to be under 
investigation by various companies in¬ 
terested in applying digital computers to 
system engineering include: 

1 . Ketwork impedance calcuiations. 

2. Short-circuit calculations. 

3. Load flour studies. 

4. Stability studies. 

5. Loss studies. 

G. Microwave relaying. 

7. Preparation of impedance data from equipment 
punched-card file. 

8. Parameter study in bundle conductor design. < 


The author’s statement that the digital 
method provides greater accuracy is really 
an understatement. We have found that 
in cases where the resistance is required 
in network impedance calculations, the 
results from the a-c network analyzer are 
far from satisfactory. For example, the 
resistance is required in the leakage im¬ 
pedance matrix for the loss formula, and 
in the determination of system X/R ratios 
for circuit breaker applications. The 
inherent limitations of the a-c network 
analyzer in angle measurements and the 
fact that most system impedances have 
angles around 60-80 degrees led us to use 
the digital method for the leakage im¬ 
pedance matrix in our 1954 loss study. 

The method we used was essentially 
“Method II, Using Impressed Currents.” 
A leakage matrix impedance was developed 
for the 120 -kv system containing 12 loops 
and about 60 elements. Since we did not 
have the IBM 650 at that time, we used 
the UDEC at Wayne University for matrix 
inversion, and the IBM 604 for the other 
calculations. The symmetry of the leakage 
impedance matrix provided a convenient 
check on the results. The UDEC-fi04 
procedure is quite satisfactory, although 
rather time-consuming. 

At present we are converting this into 
a 650 program which is capable of handling 
systems up to 26 loops. This larger system 
is possible by making the matrix inversion 
a separate 650 run. Further savings in 
650 storage can be achieved by storing 
only the upper half of the S 3 unmetric 
matrix. The program makes use of a 
“complex arithmetic interpretive routine” 
which makes the 650 behave as if it were 
a complex arithmetic computer. Pro¬ 
gramming network problems is very simple 
using this method. 

Matrix inversion generally has limitations 
other than available computer storage, 
e.g., roimd-off errors and the niynber of 
useful digits in the inverse. Most power- 
system loop impedance matrices have large 
diagonal elements which make them better- 
behaved than matrices from many other 
physical systems. It would be appreciated 
if the aulhdrs can tell of their experiences 
in inverting power system matrices, es¬ 
pecially the higher order ones. 


A. F. Glimn> R. Habennann, Jr., J. M. 
Henderson, and L. K. Kirchmayer: Several 
interesting points have been raised by the 
discussers. 

Mr. Shipley has proposed a method 
somewhat parallel to method I but probably 
a great deal shorter in calculation time. 
The method of closing a radial network, 
("tree”), one loop at a time looks promising. 
With no experience with the method, we 
would expect a favorable computer time 
comparison with method II. 

Our concern' with accuracy deserves a 
few words of explanation. We define 
error or inaccuracy as the difference be¬ 
tween actual and observed or calrnlatod 
value of a quantity; a mistake as an error 
due to misunderstanding or inadventure; 
and a blunder as an error resulting from 
ignorance or carelessness.: 

Automatic diptal computation reduces 
the opportunities for mistakes and blunders 
to whidh such mass data handling as the 
determination of network impedances is 
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subject. In addition, the accidental and 
syst^natic errors peculiar to analogue 
computation do not appear in digital cal¬ 
culation. Accidental errors arise from such 
sources as imperfection of the observer’s 
senses, the effects of voltage fluctuations, 
heat, etc., upon the instruments, or other 
unavoidable causes. Systematic errors 
result from such causes as the observer’s 
bias in reading the instrument and instru¬ 
ment calibration. The numerical process 
errors of truncation and round-off error, 
such as exist in digital computation, are 
negligibly small. 

The foregoing indicates that much of the 
error heretofore met in impedance determi¬ 
nation is reducible. We believe such 
reduction should be made since it is eco¬ 
nomically justified. 

As suggested by Mr. Shipley, we also 
have found interconnection procedures 
useful for systems too large for the network 
analyzer or for a digital program. We 
have used similar procedures for the inter¬ 
connection of loss formulas.^ 

We agree with Dr. Hale and Dr. Ward 
that , the elimination of network impedance 
measurement error should result in im¬ 
proved loss equations. Regarding their 
statement that grounding the reference 
bus in tlie determination of the network 
impedances is not a true representation of 
actual system conditions, we have the 
following comments: 

Kron has shown* that a tensor equation 
properly representing system performance 
is 


and all other loads and generators 
are disconnected. This current is 
the sum of the autotransformer 
neutral currents for this condition 
and is due to off-nominal turn ratios 
in the network loops 

Zaa — — -^“the self-impedance between the 

junction of the autotransforraer 
neutrals and the reference bus 
/^=the ratio of current flowing in the short- 
circuited reference generator to the 
current flowing in generator j when 
network impedances are determined 
as described in the paper 

Where off-nominal turn ratios are such 
that the expression (X^—is not neg¬ 
ligible, equation 40 is necessary completely 
to specify network performance. 

The tj and Xj are easily calculated from 
the impedances determined in the paper 
since the impedances are, in fact, the 
voltage distribution when l+yo current is 
impressed at generator j. Furthermore, all 
line currents are readily available in method 
II so that tj may be determined by taking 
the ratio of the current in the reference 
generator and that in generator j. 

Mr. George has raised the point that 
some principle for the selection of the 
independent meshes should be explained. 
It is our practice to inspect the loop trans¬ 
formation matrix to see that each element 
in the network appears at least once in the 
matrix unless such element is radial. From 
a count of the number of busses and elements 
in the network, we determine the number 
of loops required, and we use the matrix 
in a generic check to be sure that the sum 
of the currents entering each bus is zero. 
It can be shown® that for a single network, 

/i=number of independent meshes 

= 7 —a+1 (41) 


number of junctions in the network 
and y is the number of elements 
(impedances plus ratio transformers.) 
in the network 

Our choice of the accelerating function is 
mainly the result of experience in a great 
many iterative solutions of digital studies. 
As pointed out by Mr. George, method III 
is extremely slow to converge unless some 
accelerating means is used. 

The use of a “complex arithmetic inter¬ 
pretive routine,’’ as suggested by Mr. Lee, 
does indeed make programming of a study 
such as network impedance determination 
very simple. It must be remembered, 
however, that the price of such simple 
programming is extra computer operating 
time 

Our experience in inverting power system 
matrices is simply that we have had no 
trouble—yet; we have performed such 
studies on five systems, each less than 15 
loops. Our inversion program, and, in 
fact, all programs indicated in the paper, 
are written in fixed decimal point arith¬ 
metic. However, a floating point inversion 
program is available if our present pro¬ 
cedure fails on a particular system. 

The authors wish, of course, to thank 
the discussers for their comments and 
suggestions. We anticipate, along with 
the discussers, that digital computers will 
becom of increasing value to power system 
engineers. 


1. Analysis op Losses in Loop-Interconnected 
Systems, A. F. Glinm. L. K. Kirchmayer, G. W. 
Stagg. AIRE Transactions, vol. 72, pt. Ill, 
Oct 1963, pp. 944-63. 

2. See reference 2 of H. W. Hale and J. B. Ward 
discussion of the paper. 

8. Tensor Analysis op Networks (book), 
Gabriel Kron. John Wiley and Sons, Inc., New 
York. N. y., 1939. 


(40) 

ER=-ZaaI” 

where 2!jk are the network impedances 

described in the subject paper, 

and 

reference bus voltage 

P*=> current supplied to the system when 
the reference generator is energized 


where 

a=>the 
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T he past 15 years have seen a great in¬ 
crease in the installed capacity of mer¬ 
cury-arc rectifiers for transportation, 
industrial, and electrochemical applica¬ 
tions. The trend toward higher d-c op¬ 
erating voltages, higher unit rectifier rat¬ 
ings, and larger grouping of units, par¬ 
ticularly in electrochemical services, has 
imposed increasing duty on rectifier 
switching equipment.^ To meet these 
present and futiure demands, and also to 
incorporate improvements indicated by 
the industry’s past experience, a new 
anode circuit breaker has been developed. 


Anode circuit breakers are used in each 
anode circuit of a mercury-arc rectifier 
xmit for automatically isolating an anode 
which conducts current in the reverse 
direction, a condition ordinarily called 
arc back or sometimes backfire. The 
use of anode breakers for clearing arc 
backs minimizes momentary circuit dis¬ 
turbances, and reduces the stresses on 
associated equipment by quickly clearing 
the fault. Without the use of anode 
breakers, an entire rectifier unit must be 
tripped out of service by the opening 
breakers on both the d-c and a-c sides to 


permit the faulted rectifier anode to re¬ 
cover. The anode circuit breaker, by 
interrupting the circuit between the trans'^ 
former and the anode, in effect opens both 
sides at once and no other switching op¬ 
eration is required to interrupt the arc 
back. 

On normal load, the anode breaker car¬ 
ries pulsating unidirectional current. 
When an arc back occurs, current flows in 
the reverse direction to normal and sub¬ 
stantially the transformer winding is sub-^ 
jected to a short circuit. If other units 
are in parallel with the,arcing-back unit, 
their d-c output is also fed into the arc 
back, and this also passes through the cbr-i 
responding pole of the anode breaker. 

Paper 55-722, recommended by the AJ£B Switch- 
gear Committee and approved hy the ATBE Conit 
mittee on Technical Operations for presentatioii 
at the AIEE Fall General Meeting, Chicago, Dl.; 
October 3-7, 1955. Manuscript submitted June 
7, 1956; made available for printing July 22,1955. 

S. A. Bottonari and J. H. Sprow are with the 
Westinghouse Electric Corporation, East Pitts¬ 
burgh, Pa. 
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-ARCING CONTACTS 


Fis. i. 


Diagram of circuit-breaker operation 



Thus, in effect, the anode breaker in in¬ 
terrupting an arc-back must open an a-c 
fault having a high d-c component, so 
that the total fault current does not 
naturally pass through zero as in an or¬ 
dinary a-c fault. This condition requires 
that the interrupter of an anode breaker 
must be designed and built similar to a 
d-c breaker. This means that, in the 
present state of the art, it must develop 
sufficient arc resistance to reduce the cur¬ 
rent to zero, i.e., a higher arc voltage as 



Dg. 2. Single-pole assembly 


compared to the requirement in a-c arc 
interruption. 

Because of the high magnitude of arc- 
back currents in present systems, anode 
breakers are of the high-speed type,® 
which means substantially that, for arc 
backs occurring at the normal point of 
transition from conduction to nonconduc¬ 
tion, the duration of the arc-back current 
must be limited to one loop of current; 

i.e., it must be forced to zero after having 
reached its first crest. 

Since the arc-back current is reverse to 
normal load current, the anode circuit 
breaker must inherently be a reverse cur¬ 
rent-tripping breaker. To achieve re¬ 
verse current tripping, anode breakers 
generally employ a polarized holding 
magnet. When current flows in the nor¬ 
mal direction, it sets up a magnetic flux 
aiding the holding magnet flux. A re¬ 
versal of this current decreases the total 
flux, thus tripping the breaker. This is 
illustrated in Fig. 1. 

In the development of this new type of 
anode breaker, certain design objectives 
were suggested by operating experience 
with preceding designs. The following 
features appear to be the most important: 

1. Reliability of operation. 

2. High-speed opening. 

3. Mechanical and electrical simplicity. 

4. Ease of inspection and maintenance. 

6. Minimum number of parts. 

In this list of prominent requirements 
the interrupting speed has been a subject 
of much discussion. There has been no 
small amount of opinion indicating that 
speed in an anode circuit breaker is of 
paramount importance. The authors 
hold that, while speed is of great impor¬ 
tance, other duties are required of the 
anode breaker in actual service which are, 
so far as the designer is concerned, op¬ 
posed to simple speed of interruption 
considered alone. 

For one thing, the anode breaker pole 
must carry continuous loads of over 2,000 
amperes and may approach 3,000 am¬ 
peres in the near future. The amperes in 
this case are rms amperes of pulsating 
unidirectional current and not the simple 
direct current.® This current conse¬ 
quently causes more heating for equal 
numerical values than pure direct current 
and the corresponding design problem is 
more severe. The over-all problem im¬ 
poses practical limits to the reduction in 
weight of the movable current-carrying 
parts such as the movable contact mem¬ 
bers. 

In anode circuit-breaker applications, 
nearly every interruption involves clear¬ 
ing a fault which would result in a maxi¬ 
mum short-circuit current of a system. 
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DM BREAKER SCHEMATIC CONNECTIONS 


Fig. 3. Schematic diagram of 6-poie assembly 


In addition, continuous processes do not 
permit convenient access to the equip¬ 
ment for servicing except at planned in¬ 
tervals. Both of these circumstances re¬ 
quire that a circuit breaker operate with a 
minimum of attention during production 
periods. Although it is obviously impos¬ 
sible to build a breaker that will inter¬ 
rupt an indefinitely large number of faults 
without maintenance, the realistic design 
practice should be to make the over-all 
structure sufficiently durable so that in¬ 
spection and maintenance is not required 
after each arc-back opening. This again 
forces the designer to incorporate more 
weight in high-speed movable parts than 
would be required if speed alone were the 
paramount criterion of performance. 

Pole-Unit Construction 

The anode circuit breaker under discus¬ 
sion is unique in that the assembly is made 
up of six identical pole units. Fig. 2, each 
of which is an independently operating 
unit. There is no mechanical tie between 
poles, and the only electrical tie is through 



Rg. 4. Schematic of operating mechanism 
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Fi 9 . 5. Unassembled parts of arc chamber 


control circuits. This completely elim¬ 
inates all critical mechanical adjust¬ 
ments between the separate poles and, 
thereby, further reduces maintenance. 
The arrangement is shown schematically 
in Fig. 3. 

Because of the random nature of anode 
faults, the breaker ordinarily remains 
closed for long periods of time, and then 
may trip and be reclosed several times 
before the system returns to stable condi¬ 
tions. Reliable tripping is obtained 
through the use of noncorrosive materials 
and adequate opening forces. Proper 
closing is somewhat more difficult to 
achieve because accumulations of foreign 
particles on the holding magnet surfaces 
may cause failure of the breaker to hold in. 
This difficulty is reduced by having the 
magnet holding surface in a vertical plane 
and by designing the magnet so that the 
holding magnetic flux can be increased 
sufficiently during the closing operation to 
hold the breaker during the dosing im¬ 
pact. With an intentional series air gap 
in the holding magnet drcuit, the effect 
of an increase in the armature air gap re¬ 
sulting from foreign partides will not 
cause the pole unit to fall open from a 
moderate decrease of holding force. Be¬ 
cause of the vertical holding magnet sur¬ 
faces, any dirt that does collect may be 
removed easily as the surfaces are readily 
accessible for deaning and inspection. 

The individual pole unit is dosed 
quickly by means of a d-c solenoid. To 
obtain fast dosing without excessive 
shock, the springs and linkage systems 
have been designed to matdh the force 
curve of the dosing solenoid. The use of a 


solenoid on each pole unit not only pro¬ 
vides desirable fast-dosing action but en¬ 
tirely eliminates the necessity of making 
mechanical adjustments required when one 
dosing device operates a 6-pole assembly. 

High opening speed is essential in 
anode circuit-breakers to limit the mag¬ 
nitude of fault current which has a rapid 
rate of rise. To obtain high opening 
speed, the moving contact arm and toggle 
linkage must be carefully designed for 
minimum weight. The main contact 
fingers are made from a copper section to 
obtain maximum strength and heat dis¬ 
sipation and yet be as light as possible in 
weight. The moving toggle linkage is 
made of high-strength alloy to reduce the 
weight of moving parts. The moving 
contact current is conducted through a 
hinge joint Instead of shunts because of 
simplidty, durability, small space re¬ 
quirements, and low weight. 

Noncritical contact adjustment has 
been achieved without sacrifidng speed 
of operation since there is a gap of 1/8 
inch between the main contacts before 
the ardng contacts part. This also re¬ 
sults in improved transfer of current from 
the main contacts to the ardng tips with 
only insignificant pitting of the main con¬ 
tact surfaces. 

Fig. 4 shows the general construction of 
the contact-operating linkage. This shows 
the moving contact arm in the position 
where the ardng contact tips are just 
touching. The closing and opening 
linkage is comprised of pin B, Fig. 4, and 
the links on either side. Although pin B 
does not go over center, the toggle can¬ 
not collapse as long as the armature H is 
held by the magnetic attraction of the 
holding magnet. If the armature is re¬ 
leased, pin B will move upward which 
causes its toggle to collapse and the mov¬ 
ing contact arm will be pulled open by the 
spring F. Pin C remains nearly station¬ 
ary until the contact atm is open, tifien it 
is moved upward by the retrieving spring 
S in the closing magnet. 

The closing toggle is comprised of pin 
C, Fig. 4, and the links on dther side. 
In this toggle, pin C moves over center, 
but it is prevented from moving further 
by the compressive force present in the 
puU rod G when the dosing solenoid 
plunger hits the bottom of the dosing 
magnet. This toggle can be dosed or 
opened manually by inserting a main¬ 
tenance handle E and raising or lowering 
the handle. If the armature is not held, 
the toggle nearest the moving contact arm 
will collapse and the breaker will open. 
The breaker can also be tripped with or 
without load current by simply de-ener¬ 
gizing the holding coil circuit. 



Fig. 6. Six-pole draw-out assembly 


Arc-Chute Construction 

The arc-interrupting dement is of the 
magnetic “De-ion”^ type espedally modi¬ 
fied for the development of high arc volt¬ 
age and the interruption of high currents. 
It consists essentially of a U-shaped blow¬ 
out magnet with a single blowout coil 
combined with a suitable arc chute. The 
arc chamber, enclosed in an insulating 
jacket, is located between the blowout 
magnet pole faces. 

Fig. 2 shows the assembled blowout 
magnet and arc chute. Fig. 5 shows the 
tmasserabled parts of the arc chute. The 
deionizing dement consists of spaced 
plates of fired refractory zircon porcdain 
cemented into a compact unit, similar to 
thfi ceramic arc chutes which have been, 
used so successfully in a-c power drcuit 
breakers. No asbestos composition is 
used where the arc will be exposed to it.. 
The complete interrupter thus has high 
heat-shock resistance, low moisture ab¬ 
sorption, and high dielectric strength. 
This results in an ability to withstand 
numerous arc interruptions with a low 
rate of deterioration. 



Fig. 7. Six-pole frame-mounted assembly 
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Table I. Results of Tests 




I 

I 



Fig. 12. Oscillogram of test on 650-volt d-c 145,000-ampere potline 


Time 

ITo. of to Peak Time to 

72,000- Peak Current, Extinction, 

Ampere Current, Milli- Milli- 

'Test Potlines Amperes seconds seconds 


1*. 

. .. 1... 

...59,000.. 

.... 8.4..'. 

...13.9, 

2* 

. .. I... 

.. .66,000.. 

_ 9.3... 

.. .13.9 . 

3. . 

. .. 1... 

.. .48,000. 

...; 8.'8... 

. . .12.5 

4^. 

. . .2. .. 

...63,000. 

.... 8.4..'. 

. . .14.6 

5*. 

9 

...62,000. 

.... 8.4... 

. . .13.9 

6*. 

. . .2... 

. . . .61,000. 

.... 8.8... 

.. .13.4 

7*. 

. . .2. .. 

...61,000. 

.... 8.4... 

...13.9 

8.. 

. . .1. . . 

...44,000. 

_4.6. . . 

. . .12.1 

9.. 

. . .1. . . 

...34,000. 

.... 4.6... 

. . .12.1 

10.. 

...].. . 

...52,000. 

.... 7.9... 

.. .13.4 

lit. 

. . .2. . . 

...46,000. 

_ir».8.. . 

. . .20.4 

12. . 

. . .2.. . 

...23,000. 

.... 3.2.. . 

. . .13.4 


■* Transition interruptions. 

t Anode short-circuiting switch closed at 180 
•degrees after transition causing delay in anode 
•circuit-breaker opening. 


Application and Ratings 

Referring to Figs. 6 and 7, the pole unit 
shown in Fig. 2 can be arranged in 6-pole 
assemblies for either draw-out or station¬ 
ary mounting. These circuit breakers can 
be used in systems with ratings up to 
1,000 volts d-c and 3,000 rms anode am¬ 
peres. Each pole unit has an interrupting 
rating of 75,000 amperes.® 

Tests 

During the development of this anode 
•circuit breaker, many laboratory tests of 
its interrupting performance were made. 

' Direct-current tests were made on a 
machine combination of 6,000 kw total at 
760 and 1,600 volts. Fig. 8 sliows an 
oscillogram of the interruption of a full 
short circuit on this system at 760 volts. 
Final current would have been 80,000 
amperes, but the breaker limited the 
current to 43,000 amperes in 7.5 milli¬ 
seconds. Total interrupting time was 13 
milliseconds. Fig. 9 shows a similar test 
at 1,600 volts on a system* the final short- 
circuit current of which would have 
reached 40,000 amperes. 

Simulated arc-back tests were made in 
the laboratory on a 4,000-kva 6-phase 
double-wye-connected rectifier in parallel 
with the 5,200-kw generator combination 
at 1,300-volt d-c output. 

Arc backs were simulated by using a 
ciuick-make switch to short circuit the 
anode to which the breaker under test was 
connected. A total of 38 interruptions, 
resulting in eight tests of transition from 
conduction to nonconduction, were made. 
The transition openings resulted in 
24,000- to 26,000-ampere crest anode 
currents. Peak inverse voltage, i.e., 
yngvimiiTn open-cuTcuit voltage across the 
breaker under test was approximately 


2,500 volts. Fig. 10 shows a typical os¬ 
cillogram made of a transition test on this 
setup. 

Twelve tests were also made with the 
pole unit in one phase of a 6-phase recti¬ 
fier which had an output of 750 volts d-c. 
Four of these interruptions occurred at 
transition which resulted in a crest anode 
current of 42,500 amperes and a peak in¬ 
verse voltage of 1,150 volts. A typical 
oscillogram is shown in Fig. 11. 

In addition to the laboratory interrupt¬ 
ing tests, field tests were made on two of 
the largest potline supplies in this coun¬ 
try. In one typical series of tests, a total 


of 24 simulated arc-back interruptions 
were made. Table I shows a representa¬ 
tive group of 12 consecutive tests, part of 
which were on a single 72,000-ampere 
potline supply at a 650-volt d-c output 
and part of which were on two of the 
72,000-ampere supplies connected in 
parallel. No maintenance, such as read¬ 
justment or replacement of parts, was 
required during the total of 24 arc-back 
interruptions tests. At the conclusion 
of the tests, the circuit breaker was still 
in satisfactory condition for continued 
service, both for carrying-current and 
arc-back interruptions. Table I shows 



Fig. 13. Oscillogram of lesl on 850-volt d-c 125^000-ampcre potline 
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the results of these tests, in six of which 
the simulated arc back occurred at transi¬ 
tion which results in the maximum current 
to be interrupted. Arc-back current did 
not exceed 61,000 amperes and the total 
interrupting time did not exceed 14.6 
miUiseconds on the transition tests. A 
typical oscillogram can be seen in 
Fig. 12. 

Additional tests were made on a large 
potline operating at 850 volts. A 


typical oscillogram of this test is shown 
in Fig. 13. During these tests, the 
breaker showed excellent performance 
with respect to consistency of operation, 
contact life, and stability of adjustments. 
This new design anode circuit breaker 
not only meets higher voltage and current 
requirements but also incorporates many 
operating and performance features of 
great interest and advantage to the 
industry. 
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Discussion 

Robert N. Wagner (Alutninutn Company of 
America, Pittsburgh, Pa.): The authors 
are to be congratulated on a well-written, 
clear and concise paper. But more im¬ 
portant, the authors and their company are 
to be commended on the development of a 
completely new engineered piece of appa¬ 
ratus in a field where there has not been a 
wide choice of good devices. 

The Aluminum Company of America 
has had one of these circuit breakers in¬ 
stalled in one of their plants on a trial 
basis for about 1 year. Wliile I have not 
seen the breaker personally, the engineers at 
the plant advise that the unit is well de¬ 
signed, .simple, rugged, and apparently will 
have low maintenance. It has withstood 
many artificial and natural arc backs with¬ 
out requiring repair or replacement of 
parts. It is quiet in operation. 

In the early model there were some 
details concerning auxiliary switches and 
linkages that showed up weaknesses and 
need improvement. 

I have studied a large number of oscillo¬ 
grams of operations of the breaker. It 
seems tliat the average breaker time to peak 
current is about 10 per cent longer than 
what has been considered the optimum in 
the industry to date. This means 10 per 
cent higher peak current. 

Apparently the breaker blowout features 
are so constructed that the arc is ex¬ 
tinguished very rapidly after current peak. 
This is verified by the fact tliat most oscillo¬ 
grams show an overswing of the trace at 
zero. Undoubtedly this accounts for the 
fact that the voltage developed across the 
breaker is 30 to 60 per cent higher than 
previous experience. 

Both of these characteristics are nominal 
in value, and it would be very difficult 
quantitatively to evaluate their effect 
on the life of the breaker or the other elec¬ 
tric components of the circuit. 


L. L. Baird (General Electric Company, 
Philadelphia, Pa.): The authors have 
pointed out that high opening speed is 
important in an anode circuit breaker but 
have wisely considered tiie other require¬ 
ments of an anode ^ circuit breaker such 
as reliability and adequate service life. 
How well these factors have been evaluated 
and combined determines the worth of the 
design, and the contribution to the art. 

. The authors state that this anode breaker 


is unique in that six identical pole units are 
used, each of which is an independently 
operating unit. It is not entirely consistent 
with the stated aims of mechanical simplic¬ 
ity and minimum number of parts to have 
provided six separate closing mechanisms. 
The separate mechanisms have been used 
to "eliminate all critical mechanical adjust¬ 
ments between separate poles,” but from 
the diagrams presented each pole has been 
provided with a mechanical adjustment 
which would not appear to be any less 
critical than if a medhanical tie was used 
between poles with a single closing mech¬ 
anism. 

In an anode breaker, it is desirable to have 
a combination of opening speed and inter¬ 
rupter action whidi will limit the crest 
value of the current loop as much as possible 
to reduce magnetic stresses on other circuit 
components. The oscillograms presented 
do not indicate sufficient arc voltage signifi¬ 
cantly to decrease the initial current peak. 
On circuits with higher rates of rise there 
would be even less limiting of the crest 
value. 

In Figs. 10 and 11, the cathode current 
shows a sharp decrease at the time of peak 
anode current. Is this caused by the 
d-c machine circuit breakers opening? 
Whatever the cause, the anode breaker has 
been assisted in clearing the circuit. 

Fig. 12 shows backup' breaker arc volts. 
It appears that this breaker opened simul¬ 
taneously with the anode breaker pole. 
Where is this breaker in the test circuit? 
Dom it aid the interruption of the test 
breaker? 

The oscillogram in Fig. 13 is interesting. 
The arc back was initiated on phase 1, 
but by the time the arc back is cleared, all 
other phases cease conducting. Were the 
other breaker poles tripped open by the 
rapidly decreasing forward current? Such 
action is undesirable for essential service 
applications in which only the phase having 
the arc back should be de-energized. Open¬ 
ing of the other breaker poles would also 
have aided the test pole to clear the circuit. 

In the paper, under the heading of tests, 
no data have been presented to substantiate 
the continuous current rating of 3,000 
amperes. What standard of heating per¬ 
formance was used in assigning this current 
rating? 


S. A, Bottpnari and J. H. Sprow: "We 
appreciate and wish to thank Mr. Wagner 
and Mr, Baird for their interest and the 
comments that have been submitted. 


Replying to Mr. Wagner’s discussion, we 
wish to state the following. 

1. The design of the auxiliary switch 
linkage has been changed to correct the 
mechanical difficulty that has been en¬ 
countered. 

2. Mr, Wagner points out that the 
average time to peak current is about 10 
per cent longer than that considered opti¬ 
mum in the industry to date. This occurs 
because the contact lead or the gap between 
the main contacts when the arc tips part is 
about 50 per cent greater than in the 
previous designs. The following advan¬ 
tages are obtained: 

(a). The adjustment of the contact lead is very 
much less critical. 

(5). Maintenance is reduced and longer main 
contact life and adjustment results. 

(c) . Main contact surfaces are maintained in 
good condition for conducting of normal load 
current. 

(d) . Transfer of current from main contacts; 
to the arc contacts during tripping operation of 
faults is improved. 

CWe feel that these advantages more than offset; 
the 10 per cent increase in peak current.) 

3. The development of arc voltage 
accounts for rate of decay of current, scr 
consequently, this accounts for the higher 
arc voltages noted by Mr. Wagner. Funda¬ 
mentally, high arc voltages are necessarily 
related to fast interruptions of direct 
currents. 

In reply to Mr. Baird’s discussion, many 
items were necessarily omitted for the sake 
of brevity, and we have the following 
comments on his questions: 

1. The number of different parts used! 
in a 6-pole installation of the new breaker 
is much smaller than the number of parts 
for a comparable integrated 6-pole breaker. 
Also, due to the simplicity of the closing 
solenoid, the total number of all parts is 
probably comparable with the number of 
parts for a motor-operated 6-pole breaker j 
at the same time, the use of crossbars, gear 
trains, motors, etc., has been eliminated.. 
This also means a reduced inventory of 
variety for the user. 

2. On the new breaker, provision has 
been made to adjust the main and stationary 
contacts of eadi pole, compared with the 
same ^justments on each pole of a 6-pole 
breaker. One additional adjustment on 
each solendoid, completely independent of 
other poles, should then be compared witii 
the several related adjustments usually- 
required with a motca- inechanism. Our 
contention is that adjustments on the new- 
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breaker are not so critical as • those on 
single-panel 6-pole assemblies, which lends 
to greater simplicity as far as the user is 
concerned. 

3. Speed has been considered from the 
standpoint of operational advantages as 
outlined in the comments given on Mr. 
Wagner’s discussion. Further, the breaker 
has been tested for performance on the 
basis of systems limited to rates of rise of 
10 million amperes per second. 

4. In Fig. 10 and 11, the sharp cathode 
current drop' is not due to any backup 
breaker action. This is a natural reduction 
of current that occurs when a single anode 
breaker-pole arcs back, and the remaining 
five poles do not arc back. A more com¬ 
plete treatise on this condition was given in 
a paper by Dillard and Baldwin. ^ 


5. In Fig. 12, the illustration is not 
sufficiently clear to show that the backup 
breaker did not trip open until 4/7 of a cycle 
later. The trace which has been interpreted 
as arc-volts is actually a trace of the holding 
coil current, with the zero line given. The 
film actually shows the start of the anode 
cathode voltage across the backup breaker 
about 200 degrees after fault extinction. 
The backup breaker was in series with the 
breaker under test. 

6. In Fig. 13, it will be noted that phases 
3 and 5 of the same phase group as phase 1 
have contributed all the fault current possi¬ 
ble for this test. The purpose of the test 
was to check the interrupting ability of the 
anode breaker. All six phases were timed 
to trip intentionally for this test, but in 
actual practice only pole units conducting 


reverse current will trip out, as substan¬ 
tiated in many other tests with this and 
previous designs. 

7. With regard to temperature rating 
of the breaker at 3,000 amperes, tests 
indicate that when the breaker is in an 
enclosure such as a cubicle, the maximum 
temperature rise is approximately 50 
degrees. This is withip the standard limits 
of 15 degrees above ambient permitted for 
an enclosure plus 50 degrees rise as per¬ 
mitted for class A insulation.* 


Rbpbrbncbs 

1 Rectifibr Arc-Back Study on thb Analogob 
COMPUTBR, J. K. DUlard, C. J. Baldwin, Jr. AIBE 
Transactions, vol. 73, pt. I. July 1964, pp. 198-208. 

2. See reference 2 of the paper, pt. II, p. 1. 


Measurement of Resistance of Enersized 
A-C Motor Windings 


KJ.WALDSCHMIDT 

ASSOCIATE MEMBER AIEE 


A METHOD has recently been pre¬ 
sented which allows the resistance 
of a-c ■windings to be measured while the 
circuit is energized.^ The method to be 
described herein, although not as univer¬ 
sally applicable as the pre'viously de¬ 
scribed method, achieves the same end 
without the use of special equipment. 

Discussion 

One of the most widely used methods 
of determining the temperature rise of 
electric machinery operated at constant 
load is to measure the resistance of the 
windings after thermal equihbrium has 
been reached. The average temperature 
of the windings can then be calculated 
from the change in resistance over the 
measured ambient temperature value. 

The conventional me'thod of obtaining 
the hot resistance is to operate the motor 
at a constant load suffiden'tly long to 
establish thermal equilibrium, then de¬ 
energize the windings and measure the 
•resistance. In many instances thfe 


'Paper SS-731, recommended by the AJEB Rotating 
Machinery Committee and approved by the AIEB 
•Committee bn Technical Operations for presenta¬ 
tion at the AIEE Pall General Meeting, Chicago, 
Ill, October 3-7, 1966. Manuscript submitted' 
June 17, 1956; made available for printing August 
16, 1966 

■K. J. Waldschmidt is with the A. O. Smith 
.Corporation, MUl'waukee, Wis. 

•The author wishes to acknowledge the help of 
L. Makbus, A. O. Smith Corporation, in conjunction 
-with whom these circuits were developed. 
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method is entirely satisfactory, but it 
does have inherent disadvantages which 
may prove unsatisfactory for certain ap¬ 
plications. These disadvantages are: 

1. To determine when thermal equilibrium 
has been established, either the motor must 
be disassembled prior to testing and thermo¬ 
couples inserted, or the test must be run an 
excessive period of 'time to be sure that the 
windings have leveled out thermally. 

2. The rate of cooling of the windings is 
rnnMi rrmm immediately upon de-energiza¬ 
tion. A period of time elapses after de¬ 
energization before the resistance can be 
measured and the value obtained is there¬ 
fore somewhat less than the value at shut¬ 
down. It is common practice to record a 
series of resistance readings at known time 
intervals after de-energization and extrapo¬ 
late back to time of de-energization. This 
is not entirely accurate, especially if con¬ 
siderable time elapses before the first 
reading is obtained. 

3. In certain continuous tests it may be 
necessary to obtain the resistance peri¬ 
odically without disrupting the test by 
stopping the motor. 

Method 

In order to use a Wheatstone bridge to 
measure the resistance of energized a-c 
windings, two conditions regarding the 
connection of the bridge must be fulfilled. 
First, the two points where the bridge is 
to be connected must be at very nearly 
the same , alternating potential so that the 
bridge will not be damaged and, second, 
the incoming power lines must be at the 


same direct (bridge) potential so that the 
source resistance does not shunt 'the cir¬ 
cuit being measured. 

The circuit shown in Fig. 1 fulfills 
these two requirements. The motor and 
choke coil windings being balanced (or 
very nearly), the.incoming power lines 
will be at the same direct potential and, 
consequently, the source resistance will 
not affect the resistance being measured. 

It should be pointed out that a center tap 
of the winding under test is necessary to 
apply this circuit; however, the great 
majority of present-day motors are of dual 
voltage and a center tap is therefore 
readily available on the high-voltage con¬ 
nection. For the choke coil it is quite 
convenient to use the secondary of a dual¬ 
voltage transformer or another single¬ 
phase motor of approximately equal rat¬ 
ing. Fig. 2 shows the drcuit used for 3- 
phase resistance measurement. Again, 
it is necessary to have a winding center 
tap available. 

Interpretation of Bridge Reading 

Examination of Figs. 1 and 2 shows the 
reading obtained on the bridge to be a 
series-parallel combination of the motor 
and choke coil windings. To convert 
the bridge reading to the desired line-to- 
line motor winding resistance, it is neces¬ 
sary to make certain assumptions which 
result in a negligibly small error. 

Referring to Fig. 1, it is assumed that 
the resistance of M) is equal to that of 
M 2 , and, likewise, Ci is equal to C 2 ; 
in actual motors there is apt to be a small 
diff^ence in resistance between these 
windings. It is therefore assumed that no 
bridge current flows into 'the source, i.e., 
both inccanin g power lines are at the same 
direct (bridge) potential. A discussion 
of the error introduced by this assump¬ 
tion is found in the Appendix. 
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Fig. 1. Circuit for measurement of resistance 
of energized single-phase windings 


In Fig. 1, denoting the resistance of 
each portion of the winding under test by 
M, that of each portion of the choke coil 
by C, and the bridge reading by R, the 
line-to-line winding resistance is 

2M^4{R-C/2) 

If lead and switch resistances are not 
negligible, the equation will have to be 
njodified slightly. Lumping the lead re¬ 
sistance between points a and b with Ci, 
between e and/ with Cs, and considering 
these as new choke coil resistances C', 
the line-to-line winding resistance is 

2M^4:[R-{Rb+C'/2)] 

where is the lead resistance associated 
with the bridge between points c and d. 

For Fig. 2 the line-to-line winding re¬ 
sistance is given by 

2M=&R-2C 

where M, R, and C have the same conno¬ 
tation as for the single-phase case. If 
the lead resistance is not negligible, it is 
necessary to m«ike a slight circuit change 
to keep the circuit balanced. Denoting 
the lead resistance between points a and 
b, c and d, and e and/ (all assumed equal) 
by Rl, insertion of a resistance 3/2 R^ 
between points h and K results, for the 
line-to-line winding resistance, in 

2M=Q{R-Rs)-2iC-{-2RL) 

where Rb again is the lead resistance asso¬ 
ciated with the bridge between points g 
and h. As for the single-phase case, it is 
assumed that all the windings are bal¬ 
anced. The error introduced by not in¬ 
serting a resistance 3/2 between points 
h and K (for the case of the lead resistance 
being significant) was not calculated. 



Fig. 2. Circuit for measurement of resistance 
of energized 3-phase windings 


Procedure 

Although the procedure to be followed 
in appl3dng this circuit is more or less 
self-evident, there are a few items it 
may be well to point out. 

1. With regard to associated equipment, 
the resistance of the choke coil should not 
be greater than the winding under test so 
that a fair degree of sensitivity is obtained. 

2. Before connecting the bridge into the 
circuit, the voltage.across that portion of 
the circuit into which the bridge is inserted 
should be measured. If more than a few 
volts appears, it may be short-circuited by 
an electrolytic motor-starting capacitor 
having a few hundred microfarads of capac¬ 
ity. 

3. When not actually taking a reading, 
the choke coil should be disconnected from 
the circuit by means of the switch indicated 
to prevent the windings from heating. 
Following a reading, the resistance of the 
choke coil should be measured, the dotted 
portions of Figs. 1 and 2 being used for this 
purpose, and the value obtained should be 
used in calculating the resistance of the 
winding under test. The temperature rise 
of the choke coil will be very low if it is ener¬ 
gized only while taking resistance measure¬ 
ments, Hence, the rate of cooling of the 
choke coil will be low enough to obtain 
accurate resistance values after shutdown. 

Fig. 3 shows a comparison of tempera- • 
ture rise versus time by thermocouple and 
resistance for a 1-horsepower 220/440- 
volt totally enclosed motor. The choke 
coil used in obtaining these data was 
another motor of equal rating. As ex¬ 
pected, the rise by resistance is somewhat 
higher than by thermocouple. 

Conclusions 

The method given is a practical means 
of obtaining the resistance of energized 
a-c windings without a need for special 
equipment. But it is only applicable to 
windings having a center tap available. 


Appendix. Discussion of Error 

For convenietice in calculating, approxi¬ 
mate equations were given for obtaining the 
test winding resistance from the bridge 
reading. These equations were approxi¬ 
mate only if unbalanced resistances ap¬ 
peared in the circuit, i.e., if no unbalance 
erists, the equations are exact. 

When imbalance exists, an exact solution 
of the circuits is virtually impossible since 
it requires a knowledge of the source resist¬ 
ances and of any other loads paralleling 
the test winding. Furthermore, assiuning 
source resistances known, an exact analysis 
leads to at least a cubic equation in the 
unknown winding residence. 

Using the approximate equations, error 
resulting from unbalance varies with the 
ratio of source resistance to winding resist¬ 
ance, and choke coil resistance to winding 



Fig. 3. Temperature rise versus time by 
resistance and thermocouple, 1-horsepower 
1,800-rpm 3-phase totally enclosed induction 
motor 
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0 12 3 4 5 6 


SOURCE RESISTANCE/M| 

Fig. 4. Error resulting from use of approxi¬ 
mate equations for calculating winding 
resistance 


resistance, and, of course, with the degree of 
unbalance. For the single-phase case. 
Fig. 4 gives the error resulting from both 5 
and 10-per-cent winding resistance unbal¬ 
ance plotted as functions of both source and 
choke coil resistance. The mayiTntim error 
with 10-per-cent unbalance is only 0.23 
per cent; for 5-per-cent unbalance the 
maximum error is 0.06 per cent. 

The error was calculated in the following 
manner. Values of Mi and M 2 were 
assmned, with M 2 first 6 per cent and then 
10 per cent greater than Mi. Values of C 
and the source resistance were assumed, 
and an exact calculation was made to de¬ 
termine the resistance, looking into the 
circuit from the bridge terminals. With 
this bridge reading, the value of the line-to- 
line winding resistance was calc nlatpd using 
the approximate equation and comparing it 
with the original assumed value. An 8- 
place desk calculator was used in carr 3 nng 
but the computations. In view of the small 
error introduced by the approximations in 
the ringle-phase case, a similar calculation 
for the 3-phase condition was not made. 


Reference 

1. A Circuit tor Mbasuring thb RbsiStancb 
OR Enbkgizbd A-C Winding, R. E. Seely. AIER 
Transactions, vol, 74, pt. I, May 1956, pp. 214-18. 
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Discussion 

R. E. Seely (General Electric Company, 
Fort Wayne, Ind.)t Mr Waldschmidt is to 
be congratulated for developing a new 
simple means of measuring the resistance 
of energized dual-voltage a-c windings. 
The circuit which Mr. Waldschmidt uses 
seems quite novel to me since it does not 
require the use of capacitors to isolate the 
flow of the d-c bridge current as did the 
circuit which I described in a recent paper. ^ 
The fact that the capacitors are not needed 
in Mr. Waldschmidt’s circuit should mean 
that the bridge in his circuit should not be 
effected by switching surges in the line 
supplying the energized winding. I would 
appreciate the author’s comments on this. 

In his paper, Mr. Waldschmidt only 
makes reference to tests on a 1-hp 230/440- 
volt motor. I would appreciate informa¬ 
tion on the range of motor sizes which have 
been tested using his circuit. 

No doubt this circuit is normally used to 
measure resistance of motor windings when 
the motor is running under load. I was 
wondering if it had ever been used to get 
winding resistance when a motor was 
stalled and, if so, whether there are any 
particular problems in getting satisfactory 
readings. 

I also wonder whether Mr. Waldschmidt 
has ever considered making the circuit of 
Fig. 2 such that the bottom two choke 
coils are connected in parallel when checking 
their resistance. If this were done then the 
bridge would read C and not 3/2 C. 

Repkrencb 

1. See reference I of the paper. 


J. M. CLAYTON 

ASSOCIATE MEMBER AIEE 

I N THE design and selection of trans¬ 
mission-line insulation, consideration 
must be given to three types of voltage 
which can appear across the insulation. 
These are lightning surges, switching 
surges, and normal operating voltage. 
With wood-pole structures, where the 
insulation may consist of a combination of 
porcelain insulators with wood in series, 
the insulators and wood should be pro¬ 
portioned to give the most suitable design 
as determined by line performance and 
economic considerations. Therefore, line 
design requires a knowledge of the in¬ 
sulation characteristics of different com¬ 
binations for the various applied voltages. 
Since insulation strength is influenced by 
weather, the characteristics should be 
known under both wet and dry conditions. 


T. J. Wi g gins (University of Wisconsin, 
Madison, Wis.): This paper describes a 
rather unique mode of measurement of 
resistance of the windings of a-c tnotors 
while energized. The data of Fig. 3 
evidence a particular merit of this method, 
as compared with thermocouple measure¬ 
ment. Those who have occasion to desire 
knowledge of the resistance of windings 
under load operation should find the 
method described in this paper a very useful 
one, when applicable. 


Z. J. Waldschmidt: I appreciate the com¬ 
ments of the discussers. In regard to Mr. 
Seely’s question regarding switching surges, 
very little disturbance of the bridge galva¬ 
nometer has been noted due to line-voltsge 
surges. This is undoubtedly due to the 
symmetry of the circuit into which the 
bridge is connected. Mr. Seely’s inference 
that the capacitors used in the circuit 
described by him^ are responsible for 
galvanometer disturbance is open to ques¬ 
tion. Line-voltage fluctuations due to 
switching are a relatively high-frequency 
phenomena which should be effectively 
short-circuited by the series capacitors. 
It would seem more reasona.ble that the 
bucking transformer presents a different 
ratio of transformation for tlie high-fre¬ 
quency surges than for the fundamental 
line frequency, and therefore the surges 
are not entirely “bucked out.” The circuit 
described by Mr. Seely was set up and 
galvanometer disturbance due to switching 
surges noted. It was found that with 
moderate line-voltage fluctuation, the gal¬ 
vanometer disturbance was noticeable but 
not overly anno 3 n[ng. However, when the 


D. F. SHANKLE 

MEMBER AIEE 

A large volume of data has been pub¬ 
lished on the insulation characteris¬ 
tics of various combinations of porce¬ 
lain insulators and wood. However, 
the range of combinations that may be 
under consideration in designing wood- 
pole structures for operation at 230 kv has 
not been completely covered. The per¬ 
formance of porcelain insulators under im¬ 
pulse and 60-cycle voltages is presented 
in the literature for wet and dry condi¬ 
tions.^-* Also, the impulse and 60-cycle 
characteristics of both wet and dry wood 
are published.’’^-^ Data are available 
on the impulse characteristics of wood 
and porcelain combinations under wet and 
dry conditions, with the range of combina¬ 
tions being covered more completely for 
dry conditions.® A recent paper presents 


series capacitors were by-passed (in which 
case the source resistance would be measured 
in parallel with the load resistance), the 
disturbance of the galvanometer became 
quite violent. It is appreciated that the 
bridge setting in the latter case was such 
that the same voltage difference would 
cause a higher disturbance than in the 
former case; the conclusion may be drawn, 
however, that something other than the 
capacitors is responsible for the disturbance. 

In regard to motor sizes tested, the circuit 
has been used almost exclusively on 
fractional-horsepower sizes. For large in¬ 
tegral motors, it would probably be neces¬ 
sary to use a Kelvin bridge. The circuit has 
not been used to measure resistance with 
the motor locked, although there should not 
be any particular problems when used for 
this purpose. I did not have available a 
dial-type bridge, and felt the change in 
resistance under locked conditions would be 
too rapid to follow with a decade-box- 
type bridge. With a decade-box-type 
bridge, a value of resistance could be 
preset and readings taken when this value 
was attained. A word of caution is perhaps 
in order here if the circuit is to be used on 
locked single-phase motors. In most cases 
it will be found that the auxiliary winding is 
paralleled with one half of the main winding, 
and tlie combination in series with the 
other half of the main winding on the high- 
voltage connection. The center-tap will 
not then be at a potential mid-way between 
the line potential, and damage to the 
bridge might possibly result if connected in. 


Reference 

1. See reference 1 of the paper. 


the impulse strength under wet condi¬ 
tions of wood and suspension-insulator 
combinations typical of 230-kv construc¬ 
tion and below.® The characteristics 
of wood and porcelain insulators, when 
subjected to switching surges either alone 
or in series combination, have been in¬ 
vestigated only to a very limited degree.^ 
Insulation strength under wet conditions 
is particularly lacking, and further data 
would be of value in the design of trans¬ 
mission lines. This paper presents the re¬ 
sults of impulse, switching-surge, and 60- 


Paper S5-712, recommended by the AIEE Trans¬ 
mission and Distribution Committee and approved 
by the AIEE Committee on Technical Operations 
for presentation at the AIEE Fall General Meeting, 
Chicago, 111., October 3-7, 1966. Manuscript 
submitted June 8, 1955; made available for print¬ 
ing August 2, 1966. 

J. M. Ci,AYTON and D. F. Shamklb are with the 
Westinghouse Electric Corporation, East Pitts¬ 
burgh, Pa. 

The authors wish to acknowledge the assistance 
of W. A. Schulz, Public Service Company of 
Indiana, Inc., and L. B. LeVesconte, Sargent and 
Lundy Engineers, in planning the test progr^. 
Their studies of 230-kv wood-pole designs empha¬ 
sized the need for further data on the insulation 
characteristics of these structures. The pole-top 
Structure and suspension insulators used m the 
tests were furnished by the Public Service Com¬ 
pany of Indiana, Inc, 
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Insulation Characteristics of ^X^ood and 
Suspension Insulators in Series 



Table I. Combinations of Insulators and 
Wood 


Ko. of 
Suspension 
Insulators, 
lO-Inch 
Diameter, 
5*/<-Inch 
Spacing 


Wood 
in Series, 
Feet 


Nominal System 
Voltage, Kv 


. 0. 89 

.4. 69 

. 7... 116 

. 0. 116 to 138 

.13.138 to 161 

. 9.161 to 230 

.13. 230 

. 0. 230 

.13. 230 


Fis. 1. One side of 230- 
kv H-frame structure used 
in tests. Details of ground 
wire down lead shown in 
section AA 


(X OVERHEAD 

IP7ASE GROUND 
WIRE WIRE 


cycle flashover tests made of various com¬ 
binations of standard suspension insula¬ 
tors in senes with a large spar crossarm, 
thereby supplementing the previously 
published data. 

Tests were made with the number of 
insulators ranging from 4 to 14, and the 
length of wood ranging from 0 to 13 feet. 
This range of values is characteristic of 
insulation levels of lines ranging from 69 
to 230 kv. Tests were made on nine 
wood and porcelain combinations, with 
the results presented so that the insula¬ 
tion strength added by the wood can be 
determined for other combinations not 
specifically covered by the tests. Insula¬ 
tion characteristics were determined for 
both wet and dry conditions. 

Scope of Tests 

The primary objectives of the tests were 
to extend the impulse data on wood and 
porcelain combinations, and to deter¬ 
mine the switching surge strength of 
wood. Also it was desirable to complete 
the series of tests by obtaining 60-cycle 
flashover data. To accomplish this, tests 
were made to determine the impulse, 
switching surge, and 60-cycle flashover 
characteristics under wet and dry condi¬ 
tions on various combinations of insula¬ 
tors and wood; see Table I. 

The nominal system voltage correspond¬ 
ing to the various combinations is shown 
in the right column. For 69 and 115 kv, 
the number of insulators and length of 
wood are representative of typical con¬ 
structions in these voltage classes. The 
combination of 10 insulators and 13 feet 
of wood is not representative of any volt¬ 
age class; however, by interpolation the 
data bn this combination can be used on 
Imes in the 138- to 161-kv class. . Several 
combinations representative of 23P-kv 
construction were studied. 


5-3/4" 'X 10" SUSPENSION I 
“ INSULATORS 


Test Equipment and Procedures 

All tests were made on the pole-top 
structure shown in Fig. 1, which repre¬ 
sents one side of an H-frame structure 
typical of 230-kv construction. The large 
spar crossarm and pole are cresoted sea¬ 
soned yellow pine. The diameter of the 
crossarm ranges from 8 to 8®/* inches, and 
the short section of pole included in the 
flashover path is 9 V 2 inches in diameter. 
None of the structure members was 
changed in the coturse of the tests. 

The maximum leng;th of crossarm that 
could be included in the flashover path 
is 11 feet, the distance from the insulator- 
suspension point to the pole. Two addi¬ 
tional feet of wood was placed in the flash- 
over path by including the 2 feet of pole 
just above the crossarm. This was 
possible since the overhead ground wire 
down lead was mounted away from the 
pole as indicated in section A A of Fig. 1. 
Shorter lengths of wood were obtained by 
placing wire bands short-circuited to 
groimd around the crossarm at the desired 
distance from the insulator string. The 
length of the insulatca: string was changed 
by adding or removing insulators, and 
not by short-circuiting part of the insula¬ 
tors in a string. All tests were made 
using the same group of standard suspen¬ 
sion insulators having a diameter of 10 
inches and spacing of 5®A inches. 

A 3/4-inch-diameter coppertube, lOfeet 
long, was placed on the insulator string 
to simulate the presence of the line con¬ 
ductor. Also a 1/2-ihch rod, 10 feet long, 
was placed in ;^e position normally 
occupied by the ground wire. With the 




SECTION 

AA 


TO GROUND 
, CONNECTION 


simulated conductor and ground wire, 
the field distortion and voltage distribu¬ 
tion across the insulation should closely 
approximate that of an actual line. De¬ 
tails of the pole-top test structure and 
of the simulated conductors are shown in 
Fig. 2. 

In the wet tests, standard rain was 
applied by the rain maker shown in Fig. 
2(F). Standard rain is water having a 
resistance of 7,000 ohms per cubic inch 
applied at the rate of 0.2 inch per minute. 
Before starting a series of wet tests, the 
test sample was throughly wet and checks 
were made to determine when the flash- 
overvoltage had dropped to the wet value. 
These tests showed the voltage dropped 
to the wet value within 2 to 3 minutes 
after the application of rain, and then 
leveled off without further appreciable 
change. For the dry tests, the moisture 
content of the wood was much the same 
as would be expected on an actual line, 
since the test specimen remained outside 
until brought into the laboratory for 
testing. 

Impulse Tests 

All impulse tests were made using 
standard lV2x40-microsecond waves 
of positive polarity. This polarity was 
used since positive surges applied to the 
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simulated line conductor correspond in 
polarity to a natural lightning stroke of 
negative polarity terminating on the 
overhead groiuid wire, i.e., in both cases 
the line conductor is positive with respect 
to ground. The tests were based on 
lightning strokes of negative polarity, 
since approximately 90 per cent are 
negative. Some typical oscillograms of 
the test waves are shown in Fig. 3(A) 
and (B). 

Switching Surge Tests 

Switching surges were simulated in the 
laboratory by the energizing transient 
which results when two 600-kv trans¬ 


formers connected in cascade are en¬ 
ergized at the crest of the applied volt¬ 
age wave. The transient voltage ob- 
tained by this method has a frequency of 
300 cycles per second and rises to first 
crest in 1,700 microseconds. The trans- 
: formers were energized by a switching 
scheme synchronized with the OO-cyde' 
voltage and, therefcare, produced a imi- 
form switching transient each time. The 
switching surges were recorded by a 
magnetic oscillograph using a capadtance 
coupling device and a d-c amplifier with 
an integrating circuit. Some typical 
osdllograms are shown in Fig 3(C) and 

(D). 


OO-Cycle Tests 

The 60-cyde flashover voltage was 
determined by the usual laboratory 
technique of gradually increasing the 
applied voltage with a stepless regulator 
until flashover occurs, and measuring the 
voltage at time of flashover. The pro¬ 
cedure is repeated five times and the 
average value is taken as the flashover 
voltage. 

Results of Tests 

The results of the impulse, switching 
surge, and 60-cyde tests are presented 
and discussed separately. 

Impulse Tests 

The complete results of the impulse 
tests are summarized by the volt-time 
curves of Fig. 4, which were obtained by 
plotting tlie crest magnitude of the 
applied surge against the time to flash- 
over. In the dry tests on the combina¬ 
tions having high insulation levels, the 
magnitude of the applied voltage was not 
high enough to obtain the short times to 
flashover. Therefore, the extrapolated 
values have been indicated by dashed lines 
on the upper four curves of Fig. 4(A). For 
each combination tested, curves are given 
for the insulators with wood in series and 
for the same number of insulators alone. 
Therefore, the insulation strength added 
by the wood is indicated by comparing 
the two sets of curves. The relative 
impulse strength under dry and wet con¬ 
ditions is shown by comparing the curves 
of Fig. 4(A) with those of Fig. 4(B). 

The results of tests on insulators alone 
are summarized by the time-lag curves of 
Fig. 5i which are plotted directly from the. 
volt-time curves of Fig. 4. The curves 
are based on flashover tests on strings of 
4, 10, and 14 insulators only, which are 
the only lengths tested without wood in 
series. The volt-time curves of Fig. 4 for! 
8 and 12 insulators are plotted from the. 
time-lag curves of Fig. 5. The volt-time' 
curves for 8 and 12 insulators are needed 
in Fig. 4 so that the insulation strength 
added by wood in combination with 8 or 
12 insulators can be determined. 

In general the curves of Fig. 5(A) are 
in excellent agreement with the published 
time-lag curves^’® for standard suspension 
insulators, which are based bn mucdi more 
extensive tests. For most points, the 
two sets of curves do not differ by more 
than 2 to 3 per cent; however, the 6- and 
8-microsecond curves differ by as much as 
5 to 6 per cent in some cases. The curves 
of Fig. 5 are not intended to replace 
previously published data,^'* or other data 
that may be available on dry suspension 
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INSULATION ADDED BY WOOD IN KILOVOLTS PER FOOT OF WOOD 




Fig. 5 (left). 
Time-lag curves 
of standard sus¬ 
pension insula¬ 
tors having a di¬ 
ameter of 10 
inches and 5 Vi* 
inch spacing 

A—Dry, cor¬ 

rected to stand¬ 
ard conditions 
B—^Wet, based 
on standard rain 


Fig. 6 (below). 
Insulation 
strength added 
by wood in kilo¬ 
volts per foot of 
wood 

Dry — Corrected 
to standard con¬ 
ditions 

Wet—Based on 
standard rain 


2 4 6 8 lO I 2 I 4 


SUSPENSION INSULATORS 



TIME IN fj. SEC 


insulators. Their purpose is to present 
the results of these tests, and to compare 
the insulation strength of insulators alone 
under wet and dry conditions. 

Comparing the curves of Fig. 5(A) and 
(B) indicates that standard rain has 
appreciable effect on the impulse strength 
of insulators alone. These results caused 
some concern and were checked very 
carefully since in the past it has been 
assumed that the impulse strength of por¬ 
celain was relatively unaffected by rain. 
The possibility was investigated that in 
the wet tests some of the insulators may 
have been punctured, resulting in a lower 
flashover value. However, the sub¬ 
sequent 60-cycle wet tests were in good 
agreement with the published data,^** in¬ 
dicating the insulators were in good con¬ 
dition during the wet impulse tests. Also 
the shape and grouping of the wet time- 
lag curves, Fig. 5(B), are different from 
the dry curves of Fig. 5(A). This sug¬ 
gests that the flashover phenomenon has 
been influ enced by the rain. If the effect 
of a punctured insulator is a constant 
error, then it will not change tJie shape 
and grouping of the time-lag curves. Al¬ 
though the wet tests on insulators alone 
are limited to strings of 4, 10, and 14 in¬ 
sulators, indications are that rain has 
appreciable effect on the impulse strength 
of porcelain, and this problem diould be 
investigated further. 

The results of other tests reported in 
the literature® indicate that rain has 
appreciable effect on the impulse strength 
of electric equipment. Several hundred 
tests were made on breakers, switches,.all 
types of insulators, bushings, and current 
and voltage transformers, using positive 
and negative waves. In these tests the 
wet withstand values for about one third 
of the tests are below the dry values by 
about 10 per cent or more. 

The curves of Fig. 6 present the insula¬ 
tion strength added by wood as a func¬ 
tion of time in kilovolts per foot of wood. 
They were obtained from the curves of 
Fig. 4 by subtracting the insulation of the 
insulators from the total insulation 
strength of the wood-porcelain combina¬ 
tion, and dividing by the number of feet of 
wood. Inspection of the curves indicates 
that the insulation strength added per 
foot of wood is influenced by the number 
of insulators and also by the length of 
the wood. However, this influence is 
not so critical as to preclude the possibility 
of the data for insulator-wood com¬ 
binations not specifically covered by the 
tests. For example, in the wet tests for 
the combinations of four insulators plus 
4 feet of wood and eight insulators plus 
7 feet of wood, the wood adds 20 and 22 
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Table III. Summary of 60-Cycle Flashover Tests 


No. of 
Insulators 


Wood 
in Series. 
Feet 


Flashover Voltage, Kv. Rms Ratio, With Wood to Insulators Only 


Dry* 


Wetf 


Dry* 


Wett 


4 . 

4 . 

8 . 

8 . 

. 0 . 

. 4 . 

. 0 ....... 

. 7 . 

. 282 . 

. 283 . 

. 495J . 

. 491 . 

......188 

. 177. 

.335t 

.370 . 

.1.00. 

.0 09. 

.0.94 

1 10 

10 . 

. 0 . 

.682 . 

.401 



10 . 

. 13 . 

. 591 . 

. 461 __ 

.1 01. . 

1 16 

12 . 

. 0 . 

. 715t . 

. 480$ 



12 . 

. g . 

.692 . 

.627 . 

.0 07 

1 10 

12 . 

. 13 . 

. 727 . 

.663 . 

. . . . 1 02 

1 Mi 

14 . 

. 0 . 

.818 . 

.606 



14 . 

. 13 .. 

.822 . 

.624 . 

. ..1.00. 

.1.03 


* Corrected to standard conditions, pressure is 29.92-inch mercury, temperature is 77 degrees Fahrenheit, 
and humidity is 0.6085-inch mercury. 

t Standard rain, water having a resistance of 7,000 ohms per cubic inch applied at the rate of 0.2 inch per 
minute. 


t From previously published data.*!* 


Table II. Summary of Switching Surge Tests 


No. of 
Insulators 

Wood 
in Series, 
Feet 

Flashover Volthge, Pu* 

Dry Wot 

4. 

.... 0. 

... -t-l.OOf. . 

. .-.-i-i.oot 




-0.95 

4. 

-4. 

...-1-1.04 . . 

..-f-1.00 



-0.92 . . 

..-0.95 

10. 

_ 0. 

. . . -t-1 OOf 

+ T OOf 



-0.98 .! 

..-0.98 

10 .... 

-13. 

...-1-1.04 .. 

..-1-0.98 



-0.94 . . 

..-0.92 

14.. .. 

_0. 

.. . -|-1 oof 

+ 1 oot 



-0.93 . . 

! ^ -0.98 

14. 

_13_ 

4.0 OA 

J.A QA 

-1.00 


Positive and negative signs indicate polarity of 
switching surge. 

* 1.0 pu is the positive flashover voltage of in¬ 
sulators alone. 

t Reference values taken as 1.0 pu. 


kv per foot respectively at 4 microseconds; 
see Fig. 6 (A) and (B). In the higher in¬ 
sulation levels, Fig. 6(C) to (F), wet wood 
adds 43 to 50 lev per foot at 4 micro¬ 
seconds. In using the data, it is sug¬ 
gested that the curves be used which most 
nearly approximate the number of insula- 
i tors and length of wood under considera¬ 
tion. 

The typical impulse oscillograms of 
Fig. 3 will be discussed briefly. In the 
wet and diy tests with wood in the flash- 
over path, a partial flashover was ob¬ 
served in many cases; i.e., the insulators 
only flashed over, apparently without 
breakdown of the wood insulation. A 
partial flashover could not be distin¬ 
guished from full flashover by a visual 
observation since full flashover is not 
always accompanied by external arcing 
across the wood. However, the partial 
flashover was indicated by a small step 
in the oscillogram, as shown in Fig. 3(B). 
When full flashover does occur over a 
porcelain and wood combination, the 
voltage does not immediately drop to 
zero as it does in the case of insulators 
alone, as indicated in Fig. 3(A). In the 
case of wood insulation the sustained 
voltage is caused by the resistance of the 
wood, which is high as compared with 
the resistance of an arc across an insulator 
string. The volt-time curves of Fig. 4 
are based on the time to full flashover, 
with the partial flashovers being dis¬ 
regarded. 

SwrrcHiN’G Surge Tests 

The results of the switching surge 
tests, summarized in Table II, have been 
presented in per-unit (pu) values. In 
each case the positive flashover value of 
the insulators alone is taken at 1.0 pu, 
and this is compared with the flashover 


with wood in series. Only the cases are 
presented where measurements were made 
on the insulator string with and without 
wood in series. The results are presented 
in pu values, since a very accurately 
calibrated measuring device and a large 
number of tests would be necessary to 
determine magnitudes with sufficient 
accuracy for a fair comparison with the 
impulse and crest 60-cycle flashover volt¬ 
ages. In general, only two or three 
switching surge flashovers were made for 
each case. These indicated that the 
switching surge flashover voltage was 
between the crest 60-cycle and full-wave 
impulse values. Therefore, in designing 
for switching surges, it should be con¬ 
servative to assume the switching surge 
and crest 60-cycle flashover voltages are 
equal. 

The pu values in Table II indicate that 
switching surge strength is not increased 


by the wood insulation. Therefore, in 
designing a line, the switching surge 
strength is determined by the porcelain 
only, and wood insulation should be 
neglected. In general, the negative flash- 
over voltage was 2 to 7 per cent below 
the positive values. This is opposite 
to what has been observed in impulse 
tests with IV 2 X 40-microsecond waves 
of positive and negative polarity. For 
impulse waves, higher negative polarity 
voltages are required to flash over an 
insulator string, as compared with positive 
waves. 

60-Cycle Tests 

The results of the OO-cjrde flashover 
tests summarized in Table III show that 
60-cycle insulation strength is not in¬ 
creased by wood. However, some of the 
values indicate that wood increases the 
insulation strength by 10 to 15 per cent. 


voltage of the same number of insulators 


1200 


1000 


Fig. 7. Curves showing 
the 60-cycle insulation 
strength of standard sus¬ 
pension insulators based 
on the published data.^'^ 
Points indicate the values 
obtained in these tests 

Dry—Corrected to stand¬ 
ard conditions 
Wet—:Based on standard 
rain 
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These apparent increases are probably 
due to limitations in the measuring 
accuracy and variations in the flashover 
values of the insulators, and do not repre¬ 
sent a true increase in insulation. The 
results of these tests are further evidence 
that 60-cycle insulation strength must be 
based on porcelain insulators only. 

The curves of Fig. 7 are a reproduction 
of data published^’* on the 60-cycle insula¬ 
tion strength of standard suspension in¬ 
sulators. The points on the curves, in¬ 
dicating the values obtained in this series 
of tests, are in good agreement with the 
previous data. This indicates that flash- 
over voltage was not influenced apprecia¬ 
bly by the presence of the H-frame struc¬ 
ture. 

Application of Data 

The results of these tests have shown 
that switching-surge and 60-cycle insula¬ 
tion strengths are not increased by wood. 
Therefore, in designing for these voltages, 
the required number of insulators should 
be determined from the published litera¬ 
ture, or other data that may be avail¬ 
able for the specific insulators should be 
used. Since wood increases the impulse 
insulation strength of wood-pole struc¬ 
tures appreciably, the wood should be 
considered. Some examples will illus¬ 
trate the use of the data for determining 
the impulse strength of wood structures. 

In designing a wood-pole structure, a 
common problem that arises is the deter¬ 
mination of the impulse insulation 
strength of the structure, which is needed 
in estimating line lightning performance. 
As indicated in Fig. 4, the insulation 
strength is variable with time. There¬ 
fore, the first part of the problem is to 
determine the time on which the insula¬ 
tion should be based. Studies of line 
performance® on the analogue computer 
using a typical lightning wave (4 x 40 
microseconds) have shown that the volt¬ 
age across the insulation is essentially a 
chopped wave in most cases. The effects 
of the tower inductance and reflections 
from adjacent towers are to produce a 
short duration wave which is closely ap¬ 
proximated by a standard iVa x 40 wave 
chopped in 2 to 4 microseconds, depend¬ 
ing upon span length and tower footing 
resistance. Therefore, in reference 9, 
the insulation strength has been based on 
the 2- to 4-microsecond time-lag curves; 
see Table I, reference 9. Therefore, the 
equivalent insulation strength of a wood- 
porcelain combination should be based on 
the time lags given in Table I, reference 
9, when estimating lightning perform¬ 
ance. This is illustrated by an example. 

Dbcbmbbr 1955 


Example 1 

Determine the equivalent insulation for 
wet conditions of a shielded 230-kv line 
where insulation consists of 12 suspension 
insulators and 10 feet of wood. Since the 
spans are 1,000 feet and the footing resist¬ 
ance 10 ohms, the insulation strength 
should be based on 4 microseconds, as 
indicated in Table I, reference 9. In this 
example it is assumed that the available 
data on the insulators indicate that the 
4-microsecond strength is 1,300 kv for wet 
conditions. From Fig. 6(D), the wood 
adds 50 kv per foot or a total of 500 kv. 
Therefore, the total insulation is 1,800 kv. 
From Fig. 6 of reference 9, 1,800 kv at 
4 microseconds are equivalent to 17 
standard insulators; the estimating 
method is based on standard insulators. 
Therefore, in using the line performance 
estimating curves,® 17 insulators should 
be used in entering the curves. 

Another typical problem is co-ordina¬ 
tion of the porcelain-wood insulation with 
the parallel air gap. It may be desirable 
to co-ordinate the two paths so that flash- 
over always occurs through the air gap, 
thereby preventing flashover across the 
wood insulation. Or it may be desirable 
for the two paths to have equal insula¬ 
tion. If it is desirable for the paths to 
have equal insulation, then the compari¬ 
son should be based on the time-lag values 
in Table I, reference 9. If it is desirable 
for the air gap to flashover always, then 
a range of time lags should be investigated 
to make sure that the air-gap insulation 
is always below the porcelain-wood com¬ 
bination. The data in the curves of 
Fig. 6 can be used for plotting the volt¬ 
time curve of the porcelain-wood com¬ 
bination for comparison with the air- 
gap volt-time curve. 

The 230-kv line in example 1 is assumed 
to be shielded by overhead ground wire. 
For the case of an unshielded line, it 
may be desirable to determine the maxi¬ 
mum stroke current terminating on the 
line conductor that does not cause flash- 
over. In this case a full wave appears 
over the insulation and, therefore, the 
16-microsecond strength should be used in 
estimating line insulation, as will be illus¬ 
trated by the following example. 

Example 2 

Determine the stroke current required 
to flash over an unshielded line having 
12 insulators and 9 feet of wood. The 
line surge impedance is 400 ohms, and 
the 16-microsecond strength of the in¬ 
sulators is 1,110 kv. From Fig. 6(D), 
wet wood adds 5 kv per foot at 16 micro¬ 
seconds, or a total of 45 kv . Since the 


line surge impedance is 200 ohms looking 
in two directions, the current required to 
cause flashover is 1,155/200 or 5,775 
amperes. The stroke-current probability 
curve indicates that about 85 per cent of 
the strokes to transmission lines exceed 
this value.® 

In applying the data obtained in these 
tests, it should be recognized that all 
impLilse tests were made on a single 
sample of wood and do not apply to all 
types of wood. In general, the data will 
be most applicable to large spar cross- 
arms similar to the type used in the test. 
Some similar tests on small spar and plank 
crossarmse indicate a higher insulation 
strength than reported herein. 

Conclusions 

The conclusions based on the results 
of these tests may be summarized as 
follows: 

1. Wood insulation increases the impulse 
strength of wood and porcelain combinations 
appreciably. The insulation strength added 
by the wood depends on the length of 
wood, number of insulators in series, the 
time-lag curve considered, and whether the 
conditions are wet or dry. 

2. Limited tests made on insulators alone 
indicate that standard rain reduces the 
impulse strength of insulators. These tests 
indicate that the effect of rain on insulators 
should be studied further. 

3. Wood insulation under wet or dry 
conditions does not increase the switching 
surge or 60-cycle strength of wood and 
porcelain combinations. Therefore, switch¬ 
ing surge and 60-cycle insulation must be 
based on the porcelain insulators only. 
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Discussion 

Brent Ottinger (Consumers Power Com¬ 
pany, Jackson, Mich.): To design a well- 
balanced structure with the flashover dis¬ 
tance to ground co-ordinated with insulator 
impulse strength, the engineer must be able 
to predict the impulse insulation added by 
wood in series with porcelain. 

This papem presents, in usable form, ad¬ 
ditional data on insulation strength ex¬ 
pected for lengths of wood characteristics of 
higher voltage wood-pole transmission lines. 

Since the impulse insulation added by 
wood depends upon internal moisture, 
it would be of interest to know if a specimen 
of the crossarm was tested for per cent 
moisture for dry and wet conditions. 

Some advantages are gained with the use 
of double plank crossarms. What results 
might have been expected under similar 
test conditions if the specimen had been 
double-plank fir crossarms? 

W. H. Elnutz (Northern Indiana Public 
Service Company, Hammond, Ind.) Ac¬ 
ceptance of the results of this paper would 
call for greatly increasing the lengths of 
wood paths, additions of more porcelain, 
or some combination of both, on transmis¬ 
sion lines of moderate voltage. Experience 
indicates that this increase of insulation is 
not warranted. 

The fiashover values of wet wood added 
to porcelain, as stated in the paper, are 
based on 0.2 inch of rain per minute. This 
is 12 inches per hour—a deluge experienced 
in few sections of the world. Then too, 
lightning would be called on to strike during 
this downpour and further strike a line. 
The cost of many coincidences is prohibitive. 

In 16 years’ experience in 1,632 year- 
miles of shielded and grounded wood- 
pole transmission lines, purposely set out to 
observe, we have had 0.9 outages per 100 
circuit-miles per year. The wood insula¬ 
tion in these lines was calculated to have 
70 per cent of the impulse insulation value 
of wood with 16-per-cent moisture content. 

H. A, Cornelius (Commonwealth Edison 
Company, Chicago, Ill.): This paper 
shows that “standard rain" in the labora¬ 
tory reduces the wet impulse voltage with¬ 
stand level for porcelain insulators about 
10 per cent below the dry impulse voltage 
withstand level. Since the AIEE standard 
for “rain” is water having a resistivity of 
7,000 ohms per cubic inch, it is obvious that 
the impulse voltage withstand level of dirty 
and wet insulators in the field will be lower 
than in the laboratory. Surface contamina¬ 
tion may produce low-resistivity water, 
with increases in surface leakage currents 
and lowered sparkover values. 

Have the authors made any tests to 
determine the effects of lower resistivity 
“rains?” Also, were all the tests made on 
the same wood members, or on different 
wood members to avoid any cumulative 
effect on a particular wood member from 
applying repeated impulse test voltages? 

F. E. Andrews and R. W. Caswell (Common¬ 
wealth Edison Company, Chicago, Ill.): 
One of the important facts brought out by 
this paper is the reduction in impulse 
strength of porcelain insulators under wet 
conditions. It is noted that in the ex¬ 


amples, which are for wet conditions, the 
authors have used insulator flashover 
values from the AIEE Committee Report.^ 
These impulse flashover values for porcelain 
are on the basis that the wet and dry 
values are the same. It is therefore of 
interest to consider how the use of these 
new data, showing reduction in impulse 
flashover when the porcelain is wet, will 
affect such calculations. A comparison of 
the expected tripout rate developed by each 
method under wet conditions has been made. 

1. 69-kv wood-pole line with static wire using 
five S*/t- by 10-inch suspension insulators in series 
with 4 feet of wood arm. Span length 200 feet. 

2. 138-kv wood-pole H-frame line with static 
wires' using eight SVe- by 10-inch suspension 
insulators in series with 7 feet of wood. Span 
length 600 feet. 

3. 230-kv wood-pole H-frame line with static wire 
using twelve 6V4- by 10-inch suspension insulators 
in series with 10 feet of wood. Span length 1,000. 

In each case the calculations were made 
for structure ground resistances of 10, 20, 
and 60 ohms; isokeraunic level was 46. 

As may be expected, the lower flashover 
value for porcelain under wet conditions 
increases the estimated tripout rate. How¬ 
ever, for the lines considered with a 10- 
ohm ground resistance, the resultant rate 
after the increase is less than one per 100 
miles per year. With a resistance of 20 
ohms tile increase is from just about one per 
100 miles per year to about 1.6. However, 
with 60 ohms resistance the tripout rate 
increases from the range of from three to 
five depending on line characteristics to 
the range of four to eight per 100 per 
year. It will be recognized that the change 
in tripout rate due to lower flashover value 
of porcelain will be materially affected by 
what pwcentage of the total insulation the 
porcelain represents. From this it appears 
tiiat where an appreciable amount of wood 
is used in series with porcelain to provide 
the impulse insulation and the ground 
resistance is reasonably low, the use of the 
lower impulse insulation value for porcelain 
under wet conditions will not make any 
significant increase in the tripout rate. 

Reference is made to Pig. 3(B) covering 
partial flashover and the statement that 
full flashover. of wood is not always accom¬ 
panied by external arcing across the wood. 
Some connection with the fact that wood 
has an arc quenching ability as far as 60- 
cycle flashovers are concerned may exist. 
Would the authors care to elaborate further? 

The tests covered in this paper refer to 
suspension-type insulators in series with 
wood members and show that wet impulse 
flashover of tlie suspension in sulators is 
less than the dry value. Similar data cover¬ 
ing pin-type insulators normally used on 
34.6-kv to 69-kv lines would be of value. 

Reference 

I. See reference 9 of the paper. 

J. M. Cla 3 rton and D. F. Shankle; We wish 
to thank the discussers for their comments. 

With reference to Mr. Ottinger’s question, 
no measurements to determine per-cent 
moisture were made for dry or wet condi¬ 
tions. However, in the dry tests the mois¬ 
ture content should be typical of that 
found in actual service since the specimen 
was stored outdoors preceding the laboratory 
tests. In the wet tests the specimen was 
thoroughly wet and checks were made to 


determine that the flashover voltage had 
dropped to the wet value before starting a 
series of tests. However, the depth of 
moisture penetration was not determined. 

As to the insulation characteristics of 
double-plank fiur crossarms, the results of 
impulse tests on large spar and plank cross- 
arms has been reported.^ In general, the 
impulse strength at 4 microseconds of the 
plant crossarm is about twice that of the 
large spar crossarm. At 16 microseconds 
it is approximately five times the streng^th 
of the spar crossarm. The impulse streng^th 
of a double-plank crossarm may be some¬ 
what less than the single plank tested, de¬ 
pending upon the cross-section areas. 

With regard to Mr. Knutz’s comments on 
the results of the tests, these impulse values 
for large-spar crossarms are in good agree¬ 
ment, with similar tests. ^ Other tests on a 
plank crossarm indicate that it has much 
higher insulation strength than a spar cross- 
arm. 

The tests were made using standard 
rain of 0.2 inch per minute since this is the 
usual laboratory procedure, and also the 
results can be compared with other pub¬ 
lished data obtained under similar condi¬ 
tions. No tests were made to determine 
the effect of rate of rainfall on the insula¬ 
tion strength of wood and porcelain. 

In reply to Mr. Cornelius’ question on the 
effect of contamination and low-resistivity 
water no tests were made for these factors. 

With reference to the cumulative effect 
from repeated application of impulse volt¬ 
ages, all tests were made on the same wood 
members. However, cumulative effects on 
the wood appear to be negligible since the in¬ 
sulation strength of the wood did not change 
much for various combinations tested. 

Messrs. Andrews and Caswell raise a 
question concerning the arc-quenching 
ability of wood with reg^ard to 60-cycle 
current. In the impulse tests where the 
time to flashover was of the order of 6 to 
16 microseconds, very little external arcing 
across the wood was observed. For shorter 
times to flashover some arcing across the 
wood was visible, but seldom over the full 
leng;th of the wood. The exception to this 
is that in the wet tests full length arcs over 
the wood were observed. In the switching 
surge and 60-cycle flashover tests very 
little arcing over the wood was observed. 

The fact that the insulation breaks down 
without external arcing over the wood 
indicates that the current flows through the 
wood and not over its surface. It is logical 
to assume that the flow of current through 
the wood generates deionizing gases that 
tend to quench the 60-cycle power follow 
current. The generation of these gases 
may depend on the nature of the impulse 
flashover. In the case of a short time to 
flashover occurring in a few microseconds 
where the flashover path is over the surface 
of the wood, there may be a tendency for 
the 60-cycle current to follow the same path. 
In the situation there would be little or no 
deionizing gases generated in the wood. 
Whereas if the impulse flashover is through 
wood, the 60-cycle current should follow 
the same path and expell gases which may 
extinguish the follow current. Thus the 
nature of the impulse flashover may have 
significant effect on the ability of the wood 
to interrupt 60-cycle power follow current. 
Reference 

1. See rtference 6 of the paper. 
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Sequence Impedances of Symmetrical 
3-Phase Transformer Connections 


tions are converted to equations in terms 
of a jSO components in Appendix II. 
Some illustrative examples are given in 
Appendix III. 

Nomenclature 
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D uring the past 40 years or so, a 
large amount of material on the cir¬ 
cuit theory of transformer impedance 
characteristics has been published in the 
form of specific technical articles and as 
parts of articles and books of broader 
scope. This material covers a number of 
aspects of the subject including circuit 
theory of multicircuit transformers,^"^ 
equivalent circuits,analyses in terms 
of S3niimetrical components,method 
of making calculations,® and tests. Al¬ 
though a large part of the published ma¬ 
terial relates to 3-phase transformer con¬ 
nections, practically all of the funda¬ 
mental circuit theory is developed from 
a single-phase point of view. From such 
development certain basic concepts have 
emerged which have been carried over, 
more or less logically, to the 3-phase 
problem. 

In the general application of the 
method of symmetrical components to the 
solution of 3-phase problems, 3-phase dr- 
cuits are resolved into three single-phase 
circuits, one for each of the sequences, 
positive, negative, and zero. These so- 
called sequence circuits can be expressed 
in a ntunber of forms such as diagram¬ 
matic equivalent circuits, physical equiva¬ 
lent circuits, and mathematical equations 
which relate the various voltages, cur¬ 
rents, and impedances; the choice of form 
depends upon how they are to be used. 
But regar(hess of their form, the sequence 
circuits of 3-phase transformer connec¬ 
tions are usually derived by making full 
use of concepts which have been de¬ 
veloped on a single-phase basis. Such 
procedure has been found to yield correct 
results in all of the more common cases 
such as connections which have only two 
sets of terminals and multicircuit connec¬ 
tions which consist of simple wye and 
delta circuits only. Therefore there is a 
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strong temptation to generalize by as¬ 
suming that the procedure is applicable 
to all 3-phase transformer connections. 
To make such an assumption, however, 
is a mistake and can lead to incorrect re¬ 
sults because the concept that all mutual 
impedances are bilateral vrhich allows 
the single-phase problem to be greatly 
and beautifully simplified is not com¬ 
pletely applicable to the derivation of the 
sequence circuits of all 3-phase transformer 
connections. Apparently this fact and, 
more important, its implications which 
are exposed in this paper are not generally 
recognized. 

That the existence of this situation has 
at least been suspected by others is un¬ 
questionable. Rather vague hints that 
all is not as it should be appear in a num¬ 
ber of places in the published literature; 
one article® is devoted to a discussion of 
the effects of ‘'these strange phenomena” 
on the theory of 3-circuit transformers. 
Furthermore it is inconceivable that pub¬ 
lished equivalent circuits of some par¬ 
ticular 3-phase transformer connections 
could have been developed and used 
without their peculiarities having been 
questioned. Yet, apparently, no thorough 
investigation has been presented. 

This paper presents such an investiga¬ 
tion. The paper consists of a theoretical 
analysis of the sequence impedance char¬ 
acteristics of symmetrical 3-phase trans¬ 
former connections in general which, in 
effect, is a development of circuit theory 
for the sequence circuits. 

This analysis is conducted on the basis 
of impedances as viewed from the external 
terminals of the transformer connections, 
starting with self- and mutual imped¬ 
ances and carried through to usable ex¬ 
pressions which completely define the 
impedance characteristics for the three 
sequences. The general analysis includes 
all possible symmetrical 3-phase trans¬ 
former connections. The derived mathe¬ 
matical expressions can be converted to 
equivalent circuits; however, in some 
cases the equivalent circuits may consist 
of other than simple impedance elements. 
In Appendix l a method of determining 
from test that part of the mutual imped¬ 
ances which prevents their being recipro¬ 
cal is given. The sequence voltage equa- 


Eaa, Ebh, Ecft“per-unit (pu) voltage from 
neutral terminal to ^4, B, and C 
terminals respectively of the h 
terminal set based on magnitude of 
rated no-load line-to-neutral voltage 
Iah, Isk, Ic* “pu current flowing into termi¬ 
nals A, B, and C respectively of the 
k terminal set based on the voltage 
base used for Ejut and an arbitrary 
volt-ampere base which is common 
for all impedances and currents 
ZAhAJi—V^ self-impedance of circuit from 
line terminal Ah to neutral terminal 
Nh based on an arbitrary volt-ampere 
base, which is common for. all 
impedances and currents, and the 
voltage base used for Eaii 
ZA hBk—V^ mutual impedance between 
circuits Ah to Nh and Bk to Nk 
based on same volt-ampere base as 
Zahah and voltage bases correspond¬ 
ing to Emi and Eah 

Eft, E;j, B/)= positive-, negative-, and zero- 
12 0 

sequence components of Eaji 
I k, Ik, Ift “positive-, negative-, and zero- 
12 0 

sequence components of lAk 
angles through which the positive- 
sequence components of no-load 
voltages at terminal sets h and k 
respectively must be rotated to 
bring them in phase with an arbitrary 
reference voltage 
Ek'=Ehexpjiph 
1 1 

Eft'“Eftexp (-jVft) 


2 2 

Ik'=Ik^pjv>k 
1 1 

Ik'-Ik exp i-jvk) 

2 2 

Znk=P^ mutual impedance which reflects 
^ the influence of current I*' on the 


voltage Eft' 

Zftft=pu mutual impedance which reflects 
^ the influence of current Jft' on the 


voltage Eft' 

-Zftft“PU self-impedance which reflects the 
influence of current h' on the voltage 


Ek' 

•1 . . 
Zft-fc“pu positive-sequence senes-opposi- 

^ tion (short-circuit) 'impedance be¬ 

tween terminal sets h and k 
Zt(fik)—pvi positive-sequence branch mutual 

^ impedance betwe^ terminal sets h 

and k with terminal set no. 1 as 
reference 

2^uftft)“pu positive-sequence branch self¬ 
impedance at any tanmnal set h 
with terminal set no. 1 as reference 
Zjtk, Zkh, Zhh, Zn-k, Znu), Zuhh)'^sa.va& as 
2 2 2 2 2 2 

the foregoing except for negative 

sequence 

Zu, Zkk, Zkk, Zft-ft=same as the foregomg 
0 0 0 0 
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Fig* 1. Terminals of mulfieircuit 3-phase 
transformer connections 


except for zero sequence 

Zhk* ~ZjUiCk) 

cos ( <pit — (p]c) -f- •\/Z(ZA.n3k—ZMCk) 

sin {<ph— vk)] 

Zhk" ^^[{^ZjihAk — ZAhBk—ZAhCk) 

sin im — ^k)— \/^{ZAhBk—ZAhok) 

cos {<Ph — <Pk)\ 

Zt(hk)' ^^Zi-h+Zi-k—Zh-k) 

ZnM)''^ZBk''-Zni''-Zi^'' 

Self- and Mutual Impedances 

Single-Phase Basis 

The definitions of self- and mutual im¬ 
pedances as applied to transformer con¬ 
nections are the same as those for any 
static linear network: 

“The self-impedance at any pair of ter¬ 
minals of a network is the ratio of an ap¬ 
plied potential difference to the resultant 
current at these terminals, all other ter¬ 
minals being open.’’^^ “The mutual im¬ 
pedance between any two pairs of ter¬ 
minals of a network is the ratio of the 
open-circuit potential difference between 
either pair of terminals to the current at 
the other pair of terminals, all other ter¬ 
minals being open.”^^ 

Thus the self-impedance at any pair of 
terminals of a transformer is simply the 
self-impedance of the winding connected 
between the two terminals; and the mu¬ 


tual impedance between any two pairs of 
terminals is simply the mutual impedance 
between the windings associated with 
the two pairs of terminals. Although 
these definitions are on a single-phase 
basis, they apply for all transformer con¬ 
nections including 3-phase connections. 
It should be noted that the definition of 
mutual impedance implies that the roles 
of the two pairs of terminals can be inter¬ 
changed without affecting the results. 
In other words, mutual impedances of 
static linear networks are bilateral or 
reciprocal. 

Sequence Basis 

From the definitions of self- and mutual 
impedances on a single-phase basis defini¬ 
tions on a sequence basis could be de¬ 
duced, thus: 

1. The positive-sequence self-impedance 
at any terminal set of a 3-phase transformer 
connection is the ratio of an applied positive- 
sequence potential difference (on a line-to- 
neutral basis) to the resultant positive- 
sequence current at this terminal set, all 
other terminal sets being open. Negative- 
and zero-sequence self-impedances could 
be defined in a similar manner. 

2. The positive-sequence mutual imped¬ 
ance between any two terminal sets of a 
3-phase transformer connection is the ratio 
of the open-circuit positive-sequence po¬ 
tential difference (on a line-to-neutral 
basis) at either terminal set to the positive- 
sequence current at the other terminal set, 
all other terminal sets being open. Nega¬ 
tive- and zero-sequence mutual impedances 
could be defined in a similar manner. 

These definitions may be satisfactory 
as such, but they do not reveal the rela¬ 
tions between impedances on a single¬ 
phase basis and those on a sequence 
basis;, nor do they even suggest that the 
characteristics of the impedances on one 
basis might differ from those on the other. 
Actually, the foregoing definitions of 
positive- and negative-sequence mutual 
impedances are not strictly correct in 
that they imply reciprocity in all cases. 
Therefore, to investigate thoroughly the 
concepts of sequence self- and mutual 
impedances, explicit algebraic expressions 
in terms of ordinary self- and mutual im¬ 
pedances are derived in the following 
analysis: 

Fig. 1 shows diagrammatically the ter¬ 
minals of a 3-phase multicircuit trans¬ 
former connection having n terminal sets, 
each of which consists of three line ter¬ 
minals and a neutral terminal. The dia¬ 
gram is intended to give no hint of the 
winding circuits associated with the 
various terminal sets. The coil connec¬ 
tions may consist of any number of delta 
circuits, wye circuits, phase interconnec¬ 
tions, autotransformer connections, series 


connections, parallel connections, cou¬ 
pling circuits, and combinations of these. 
(Using the definition of Garin and 
Paluev,® “The term phase interconnec¬ 
tion will be used to describe circuits in 
which the electrical and magnetic phases 
to not coincide.” In other words, each 
electrical phase is not restricted to a 
single magnetic phase. Examples of this 
type of circuit are zigzag, extended delta, 
inscribed delta, and various phase-shift 
connections.) In fact, the core (or 
cores) and coils may be constructed, ar¬ 
ranged, and connected in any conceivable 
manner provided: 

The connection possesses 3-phase sym¬ 
metry, defined as follows: 

A system of impedances possesses 3- 
phase symmetry if positive-sequence cur¬ 
rent through the system or any part 
thereof produces only positive-sequence 
potential differences between any two 
points of the system, negative-sequence 
current produces only negative-sequence 
potential differences, and zero-sequence 
current produces only zero-sequence po¬ 
tential differences. 

It is assumed that, if the coils asso¬ 
ciated with any terminal set are con¬ 
nected so that a physical neutral point 
exists, as in the case of a wye circuit, then 
this neutral point is connected to the 
neutral terminal through zero nnpedance. 
If, as in the case of a delta circuit, no 
physical neutral point exists, the neutral 
terminal is assumed to be isolated from 
the coils as far as electrical connections 
are concerned; however, if necessary for 
visualization of line-to-neutral voltages, 
the neutral terminal may be assumed to be 
symmetrically connected to the coils 
through extremely high impedances. 

For steady-state conditions of currents 
which vary sinusoidally with time at a 
single constant frequency, the voltages 
from line terminals to neutral tenninal of 
any terminal set h can be expressed in 
complex-quantity notation as functions of 
line currents and self- and mutual im¬ 
pedances, thus 


( 1 ) 


( 2 ) 


(3) 

in which all currents, voltages, and im¬ 
pedances are in pu based on a common 
volt-ampere base and voltage bases are 
related to one another in the same man- 


^ XZ^JhAklAk ~\~Zj,ftBk^Bk 4 ' 

* = 1 

ZAhCkIck) 

n 

^Bh — ^ X ^BhAklAk "^ZBhBklBk 4 " 

ZahCklok) 

n 

^Ch — ^^XZchAxlAk -\-ZchBklBk 4 - 
*=.1 

ZchCkIck) 
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ner as corresponding positive-sequence 
rated no-load voltages. 

The various impedances in equations 
1, 2, and 3 are for line-to-neutral circuits. 
Thus, e.g., is the mutual impedance 
between the two circuits Ah to Nh and 
Ak to Nk; \ik=h, is the 

self-impedance of the circuit Ah to Nh. 
All mutual impedances are reciprocal, i.e. 

ZAjiBk—ZskAJi, etc. 

Using standard equations given in any 
text on symmetrical components^® all 
currents of equations 1, 2, and 3 are re¬ 
placed by their symmetrical components 
and the symmetrical components of 
voltages are found to be 

n 

•E* ^ [{.ZAliAk-{-ZBhBk-^ZchCk)-\- 

i-l 

o-KZ^nak -^-ZahCk -^ZchAk ) + 

oi.ZAJtCk -^ZskAk -\-ZchBk )] h + 

1 

{{.ZAhAk -{-Zanck +ZchBk )+ 
aKZAhCk+ZBhBkA-ZchAk)-^ 

oiZAhBk-\-ZB'>Ak-hZchCk)]h~i' (4) 

2 

[{.ZAJiAjt -{-ZAhEk -\-ZAhCk ) + 

O’H.ZaiiAk+ZcnBk -^-Zchck)-^ 
aiZaHAk'hZBhBk 

0 

% 

[(.ZAhAk-\-ZBhCk'^ZchBk)-\- 

k~\ 

o( ZAhCk +2 BhBk +ZchAk ) + 

O’KZAhBk •\-ZBhAk -^ZchCk )] ij! + 

1 

A-ZaiiBk -^Zcwk) + 
aiZAhsk -^ZahCk -\-ZohAk )+ 

0’\ZAhCk'\-ZBhAk'\-ZchBk)\Ik-\~ (S) 
2 

[(.ZAhAk -^ZAhBk -\-ZAJtCk ) + 
diZcHAk +ZchBk +Zcnck ) + 

d^ZahAk +ZBhBk •\'ZBnCk)\Ik] 

0 

n 

Eft ^ [{.ZAnAk-\-ZBnAk'\-ZcnAk)-\- 
d\ZAhBk'\-ZBhBk'^ZohBk)'\' 

oiZAkck -^Zahck -\-Zcnck )] Ik + 

1 

[(-^XftXA; -^ZahAk A-ZckAk) + 
diZAHBk -hZaiiBk +ZonBk )+ 

d^ZAnck+Zskck+ZcnckyilkA- (6) 
2 

[{ZAhAk +ZBhBk +ZcttCk)-\' 

{ZAkBk -^ZahOkA-ZcriAk) + 

(-Z^iiftCA:+'^JSftXft+-^CftBA:)] 1* } 

0 

in which a is the usual operator used in 
analyses by the method of S3anmetrical 
components, i.e. 

. 2v 1 . .“s/S 

2+J-^ 

Positive-, negative-, and zero-sequence 
components of voltage are denoted by 
E, E, and E respectively. Similar nota- 
12 0 

tion is used for currents and impedances. 


To simplify notation, identification of the 
reference phase is omitted from the sub¬ 
scripts of symmetrical components of 
voltages and currents, it being under¬ 
stood that in all cases the reference is 

phase A. Thus, for example. Eh is used 

1 

instead of the usual notation which would 

be Eaji- 
1 

Three-phase symmetry has been as¬ 
sumed. It follows from the definition 
of such S 3 nnmetry that the coefficients of 

Ik and Ik in equation 4, the coefficients of 
2 . 0 

Ik and Ik in equation 5, and the coeffi- 
1 0 

cients of h and h in equation 6 must each 
1 2 

be equal to zero. Equating these coeffi¬ 
cients to zero and solving the resulting 
six equations ydelds 


ZAhAk = ZahBk = ZahCk 
ZAhBk = ZahCk ™ZchAk 
ZAhCk — ZahAk = ZohBk 


(7) 

( 8 ) 
(9) 


Equations 7, 8, and 9 are the sole cri¬ 
teria of 3-phase S 3 unmetry of multicircuit 
transfdnner connections. It will be 
noticed that in each of these equations 
the phase identification subscripts appear 
in cyclic order, which is exactly as would 
be expected for S 3 rmmetry. 

It should be pointed out that 3-phase 
symmetry does not require that 

ZAhAk’=ZAhBk 
ZAhAk =ZAltCk 
or 


This also applies to the negative-sequence 
components; this is the result of either 
arbitrary designation of corresponding 
phases of the various terminal sets or dif¬ 
ferences in coil connections associated 
with the various terminal sets or a com¬ 
bination of the two. It is desirable to 
eliminate the effects of this condition to 
simplify the analysis. Therefore, let 

Eft'=EftexpjVft (14) 

1 1 

Ik'=Ik expj<pk or Ik=Ik' exp (—j<pk) (15) 

11 11 

Eft'=Eft exp ( —j<ph) (15) 

2 2 

Ik'^^h exp {—j<Pk) or h^h' exp^V* (17) 
2 2 2 2 

This is exactly the same type of rota¬ 
tion and is used for the same purpose as 
that used for wye-delta transformer con¬ 
nections in terms of symmetrical com¬ 
ponents, i.e., positive-sequence com¬ 
ponents of voltage and current experience 
a phase rotation of 90 degrees in one 
direction because of the wye-delta trans¬ 
formation while negative-sequence quan¬ 
tities experience the same angular rota¬ 
tion, but in the opposite direction. The 
angle may be 30 degrees instead of 90 
degrees depending upon the convention 
used in designating corresponding phases 
of the wye and delta terminal sets. 

Substitutions of equations 15 and 17 
in equations 11 and 12 respectively fol¬ 
lowed by substitutions of the resulting 
equations in equations 14 and 16 respec¬ 
tively yield. 


ZAhBk=ZAhCk 


Eft' — ^ jZjiklk' 

1 1 

(18) 

Therefore, these relations cannot 

: be 

n 


taken for granted. Consequently, 

for 

Eft'=y]Zftftjft' 

2 2 2 

(19) 

the sake of generality, it will be assumed 


that 


in which 


ZAhAk^ZAhBk I 

ZAhAk ^ZAhCk j 

(10) 

Zhk “ (.ZAhAk +d^ZAhBk +dZAhCk) 

1 


ZAhBk ^ZaBCB I 


expj (<pft—w) 

(20) 

{Substitutions of equations 7,8, and 9 in 

Zhk — iZAjiAk+dZAhBk +a^ZAhCk) 


equations 4, 5, and 6 3 deld 


2 

expiC^oft—^ft) 

(21) 

n 

Eh =■ {ZaBAJc -¥d^ZAhBkA-dZAhCk)Ik 

1 *!=1 1 

(11) 

Equations 20 and 21 can be expanded 
respectively to 


Zhk^Zhk'+jZhk'^ 

(22) 

Eh = ^^fZAkAkA-dZAhBk -\-(l^ZAhCk)Ik 

2 ^ 


1 

Zjik—Zhk'—jZhk” 

(23) 


(12) 

2 

in which 



n 

Eh = 'y^XZAhAk +ZA}tBk-j-ZArtCk )Ik (18) 

0 0 

In general the positive-sequence com¬ 
ponents of no-load voltages, taken simul¬ 
taneously at the various sets of terminals 
will not be in phase with one another. 


Zhk'='z[{^ZAhAk—ZAnBk~ZABOk) 

2 

cos <Pk)-\~\^(.ZAhBk~ZAhCk) 

sin 9>A:)1 (24) 

Zhk''’=‘\K^ZAhAk—ZAhBk—ZAhCk) 

2 
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sin. (<e>A—<<>*)“• 

cos( «»*—«>*)] (25) 

The positive-sequence self-impedance 
at any terminal set h can be obtained 
from equation 22 by letting k — h, thus 

1 ^ 

j‘\/^(ZjUiBh~ZAhCh)] 

From equation 9 and because of the 
fact that actual mutual impedances are 
reciprocal 

ZAjtch—ZjinBh 

Therefore, the positive-sequence self¬ 
impedance at any terminal set h becomes 

Znn —Zjuun—Z mbh ( 26) 

1 

Similarly from equation 23, the nega¬ 
tive-sequence sdf-impedance at any ter¬ 
minal set h can be found to be 

Zhh^ZjihAh—ZjuiBii (27) 

2 

From equation 13, the zero-sequence 
self-impedance at any terminal set h can 
be found to be 

Z}A’^ZMAh+2ZAhBh (28) 

0 

A discussion of the significance of equa¬ 
tions equivalent to equations 26, 27, and 
28, in practically the same form, has been 
presented by .Garin^* and win not be re¬ 
peated here. By interchanging the posi¬ 
tions of the h and k subscripts in equa¬ 
tions 24 and 26 and utilizing equations 7, 
8 , and 9, it will be seen that 

(29) 

(30) 

Therefore interchange of positions of 
subscripts in equations 22 and 23 results 
in 

(31) 

Zhh^Zvk' (32) 

2 

Equations 22 and 23 are expressions 
for the positive- and negative-sequence 
mutual impedances between any two 
terminal sets h and k, h being the ter^ 
m i nal set at which the voltage is measured 
and k being the terminal set at which the 
current is measured. Equations 31 and 
32 are expressions for the positive- and 
negative-sequence mutual impedances 
between the same two terminal sets but 
with their roles reversed, k being the 
terminal set at whidh the voltage is 
ineasured and h being the terminal set at 
which the current is measured. A glance 
at these four equations reveals some 
rather interesting facts; 

laie 


1. The positive-sequence mutual imped¬ 
ances are, in general, nonreciprocal. More¬ 
over, they are nonredprocal in a very 
definite manner. If actual mutual im¬ 
pedances are pure inductive reactances, as 
usually assumed in transformer-impedance 
circuit theory, then the positive-sequence 
mutual impedances between any two termi¬ 
nal sets are the negative conjugates of one 
another. 

2. The same is true of the negative- 
sequence mutual impedances. 

3. The positive-sequence mutual imped¬ 
ance from one terminal set to another 
terminal set is equal to the negative- 
sequence mutual impedance taken in 
reverse order. In other words 

Znk^Zkh and Zkh^Zjik 
12 12 

From equation 13, the zero-sequence 
mutual impedance is 

Zhk^Zjjuk-^-ZjutBk+ZAJiCk (33) 

0 

Interchanging the positions of the h 
and k subscripts in equation 33, and ap¬ 
plication of equations 8 and 9 results in 

Zhk’^Zjei, (34) 

0 0 

Therefore, the zero-sequence mutual 
impedances between terminal sets are, 
unlike the positive- and negative-se¬ 
quence mutual impedances, always re¬ 
ciprocal. 

Series-Opposition Impedances 

Single-Phase Basis 

For practical reasons, the impedance 
. characteristics of transformers are usually 
expressed in terms of series-opposition 
impedances (generally referred to as 
short-circuit or leakage impedances) in¬ 
stead of self- and mutual impedances. 
On a single-phase basis, the pu series- 
opposition impedance between any two 
windings r and ^ on the same magnetic 
circuit is given by the well-known expres¬ 
sion 

Zr—s ’^Zrr~{‘Zit — 2Zrs 
where 

Zrr, the pu self-impedances of the r 
and 5 windings respectively 
Zri=the pu mutual impedance between 
the two windings 

The derivation of this expression is 
based on the assumption that the sum of 
the pu currents in the two windings is 
zero, i.e, 

iV4-I,-0 

Sequence Basis 

Similarly, the positive-sequence series- 
opposition impedance between any two 


terminal sets k and k is the impedance 
which would be measured if the currents 
at the two terminal sets were forced to 
meet the relation 

(35) 

11 

It is, of course, assumed that no other 
terminal sets are carrying current. 

For negative and zero sequence, the 
forced relations are 

(36) 

2 2 

(37) 

0 0 

utilizing equations 18 and 35, the 
positive-sequence series-opposition im¬ 
pedance between terminal sets is found 
to be 

Zh-k’^iEh’—Ek')/Ih' =‘Z)i]i-\-Zkk—Zjij,— 

1 111111 

Zkh (38) 
1 

Similarly, from equations 19 and 36 
the negative-sequence series-opposition 
impedance can be found to be 

Zh-k^Zhh+Zkk—Zjik—Zkh (39) 

2 2 2 2 2 

From equations 13, 28, 33, 34, and 37, 
the zero-sequence series-opposition im¬ 
pedance between tenninal sets h and k 
can be determined 

Zj,-k=Z},h+Zja:—2ZMc (40) 

0 0 0 0 

It will be noticed that equation 40 is 
of the same form as that of the series- 
opposition impedance between windings 
on a single-phase basis whereas equa¬ 
tions 38 and 39 are of slightly different 
form. The difference, of course, is be¬ 
cause the positive- and negative-sequence 
mutual impedances are not necessarily 
reciprocal. 

Substitutions of equations 22 and 31 
in equation 38, and substitutions of equa¬ 
tions 23 and 32 in equation 39 5 neld 

Zk-k =‘Zkn+Zkii—2Zkk' (41) 

111 

Zn-k—Znh+Ziik—2ZMc' (42) 

2 2 2 

But from equations 26 and 27 

Zkh™ Zkh 
12 

Zkk’^Zkk 

12 

Th^efore 

Zk-k=^Zk-k (43) 

1 2 

Equation 43 states that the positiye- 
and negative-sequence series-opposition 
impedances between any two terminal 
sets are equal, as would be expected. 
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Also there is nothing unusual about equa¬ 
tions 41 and 42. When self- and mutual 
impedances were combined to obtain 
these expressions, the j terms, which 
prevent the mutual impedances from 
being reciprocal, disappeared. There¬ 
fore, the nonreciprocal feature of posi¬ 
tive- and negative-sequence mutual im¬ 
pedances does not appear in the expres¬ 
sions for positive- and negative-sequence 
series-opposition impedances between any 
two terminal sets. It might be con¬ 
cluded from this that the nonreciprocal 
feature has no practical effect on the im¬ 
pedance characteristics of 3-phase trans¬ 
former connections because these charac¬ 
teristics are usually expressed in terms of 
series-opposition impedances, which ap¬ 
pear to be free of the effects. Related 
to such reasoning, there is a popular mis¬ 
conception that the impedance charac¬ 
teristics, with the possible exception of 
zero sequence, of 3-phase transformer 
connections can be completely expressed 
in terms of series-opposition impedances 
between all possible pairs of terminal 
sets. That such reasoning is, in general, 
unsound is revealed by continuing the 
analysis to obtain sequence branch im¬ 
pedances. 

Branch Impedances 

Single-Phase Basis 

The usual procedure in developing the 
circuit theory of multicircuit trans¬ 
formers on a single-phase basis is to as¬ 
sume that all windings are carrying cur¬ 
rent and that the sum of the pu currents 
in the various windings on the single mag¬ 
netic circuit is zero. In other words, 
magnetizing current is neglected, which 
is justifiable in case of single-phase trans¬ 
formers having a closed magnetic circuit 
of high-permeabiHty material. This as¬ 
sumption having been made, the number 
of independent winding currents is re¬ 
duced to one less than the number of 
windings involved; and expressions for 
voltages across individual windings as 
functions of winding currents and trans¬ 
former impedances alone become mean¬ 
ingless. Continuation . of the analysis 
fr om this point usudUy leads to a system 
of transformer voltage equations^ or an 
equivalent system of current equations.^* 
In either case, the number of independent 
voltages and currents is one less than the 
number of windings involved. The sys¬ 
tem of voltage equations is of the form 

n 

JSr*~lSi = ^ r«=2, 3, ..., w 

-» = 2 ^ ^ ■ 

where n is the number of windings in¬ 


volved, and winding no. 1 is designated as 
the reference winding. The impedances 
Zi(rs) are referred to as branch imped¬ 
ances and each consists of three series- 
opposition impedances, thus 

Ziixa'i = +^1-S ~Zr-a) 

If there are only three windings, 1, r 
and s, Zi(ra) is that branch of the 3-ter¬ 
minal star equivalent network which 
connects to the no. 1 terminal; hence 
the logic of the name branch impedance 
and the subscript notation. 

The transformer voltage equations (or 
current equation) are the ultimate 
mathematical expressions which define 
the impedance characteristics of the 
transformer. They are the equations 
which the equivalent circuit must satisfy 
if such is used to represent the trans¬ 
former impedance characteristics. 


Sequence Basis'' 

To obtain the voltage equations on a 
sequence basis and the sequence branch 
impedances which they yidd, the general 
analysis is continued. 

Equation 18 can be partially expanded 
to 


Eh'=ZhiIi'+'^ Zutlk' ( 44 ) 

1 1 1 ifcZa I 1 

Making the assumption that nmgne- 
tizing current is negligible, which is justi¬ 
fiable in the case of positive sequence 


'£h'-0 

jfcll 

from which 


n 



Substitution of equation 45 in equa¬ 
tion 44 yields 


En’^^{Zu-ZniW ^46) 

1 jTa1 


The positive-sequence component of 
voltage at terminal set no. 1, which is 
arbitrarily chosen as the reference ter¬ 
minal set, is from equation 46 


E,'^J2^Zu,-ZiiW 


(47) 


fc-2 


Subtracting equation 47 from 46 to ob¬ 
tain the difference between the positive- 
sequence component of voltage at any 
terminal set h and the reference terminal 
set 

n 

E}ti=*E]t'—Ei' Znjuolk'i 

1 1 1 ^ ^ 

A»2, 3.4, ...» (48) 


in which 

Zi(hk)’^Zhk'^Zit—Ziti-~Zi!t (49) 

1 1111 

The system of positive-sequenc^e trans¬ 
former voltage equations is given in equa¬ 
tion 48; and the positive-sequence branch 
impedanc^e between any two terminal 
sets h and k with terminal set no. 1 as 
reference is given in equation 49. It 
should be noted that positions of sub¬ 
scripts of the branch impedancse have 
si gnifiranc e. Within the subscript paren¬ 
thesis, h represents the terminal set be¬ 
tween which and terminal set no. 1 volt¬ 
age is measured and k represents the ter¬ 
minal set at which current is measured. 

Utilizing the general equation 22, equa¬ 
tion 49 becomes 

Ziaift)=‘iZhk' +Zii'—Zjii —Zi}e*)-\' 

jW-Zki''-Zik'') (SO) 

There are only three impedance in the 
j term of equation 50 because from equa¬ 
tions 25 and 8, 

By use of the general equation 41, equa¬ 
tion 50 can be reduced to 

Zi{hk)'^Zi(}ik)'+jZi(hk)'' 

i 

in which 

Znnk)'-iZi-h-^Zi-i,—Zn-k)/^ 

111 

Zum’=Za’-Zu'-Za’ (»> 

Later Zk#*)*' will be expressed in t^s 
of winding-to-winding series-opposition 
impedances. By referring to equations 
29, 30, and 41, it can be seen that inter¬ 
changing the positions of the subscripts 
h and It in equation 51 results in 

Zickio^ZunW—jZum'' 

1 

Equation 48 gives the difference be¬ 
tween the positive-sequence component 
of the voltage at any terminal set and 
that at the reference t^minal set as the 
sum of (»i”"l) terms. One of the terms 
is the product of the terminal set’s own 
pojftive-sequence component of cairrent 
and a branch impedance, whereas each 
of t he other terms is the product of some 
other terminal set’s positive-sequence 
component of current and a branch im¬ 
pedance. Thus, in each of equations 48, 
there is one branch impedance Znnu) 

which resembles a self-impedance, so it 
will be referred to as a branch sdf-im- 
pedance. The remaining (»—2) imped¬ 
ances, Ziqufc) for k—2 to n and k^h, re¬ 
semble mutual impedances, so they will 
be referred to as the branch mutual im¬ 
pedance. 
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Table I. Phase-Shift Angles and Impedance Relations for Combinations of Simple Wye and 

Delta Connections 



Wye to wye or delta to delta. 0 or 180. 

Wye to delta. 30 or 210. 

Wye to wye or delta to delta. 60 or 240. 

Wye to delta. 90 or 270. 

Wye to wye or delta to delta..120 or 300. 

Wye to delta.ISO or 330. 


.ZAhBk’=‘ZAhCk 

.ZjLhAk * —ZAhCk and ZAkBk’^O 
^ZAJiAk ’^ZAHBk 

•ZAJtBk = —ZAhCk and ZAhAk =0 
.ZAkAk=’ZAhCk 

.ZAhAk — —ZAhBk and ZAhCk = 0 


cuits. In such cases, possible values of 
the angle (<Ph—<pk) are limited to those 
which can be obtained with the various 
combinations of simple wye and delta 
connections; and for each possible angle, 
it can be shown that certain definite 
relations exist between the mutual im¬ 
pedances ^AhAk) ^AhBk) a.nd ZAhCk’ -A- 
list of the possible angles and associated 
relations between mutual impedances is 
given in Table I. 


Upon letting k — h and utilizing equa¬ 
tions 8, 9, 25, and 38, equation 51 yields 

Zi(hh)=‘Z\-n (SS) 

1 1 

This is the positive-sequence branch 
self-impedance which appears in equation 
48 and is simply the positive-sequence 
series-opposition impedance between the 
h and the reference teiminal sets. 

The positive-sequence branch mutual 
impedance between terminal sets h and k 
with terminal set no. 1 as reference is 
given by equation 51, while that between 
terminal sets k and h (order reversed) is 
given by equation 54. 

The negative-sequence equations which 


correspond to equations 48, 51, 
can be found to be 

54, and 55 

n 

Eh'—El =^^Zi(hk)Ik' 

2 2 2 

(56) 

Zuhk) =Znhk)' —jZichk)" 

2 

(57) 

Zukh) ’^Zi(hk)'-\-jZi(hk)' 

2 

(58) 

Ziihh) —Zi-h 

(59) 


2 2 


The assumption that the sum of pu 
terminal currents is zero, which was made 
in the positive- and negative-sequence 
cases, is not generally applicable in the 
analysis of zero-sequence characteristics, 
especially in cases of 3-phase 3-legged 
core-type construction; and, most cer¬ 
tainly, regardless of type of core or cores, 
the sum of the zero-sequence components 
of terminal currents cannot be assumed 
to be zero if any circuits, such as a delta 
connection, are involved which provide a 
path for circulating zero-sequence current. 
Therefore, the approach to zero-sequence 
branch impedances must be made with¬ 
out this assumption. 

Substitution of equation 33 in equation 
13 yields 

n 

E.h—'y^Zhkik ( 60 ) 

0 j^iO 0 

but from equation 40 

Zhk’^^iZnh-^Zkk’-Zh-k) ( 61 ) 

0 0 0 0 


Although Zhk is the zero-sequence mu- 
0 

tual impedance between terminal sets h 
and k, it will also be referred to as the 
zero-sequence branch impedance between 
the two terminal sets to make equation 
60 as nearly as possible consistent with 
equations 48 and 56. It should be noted 
that there is no reference terminal set in 
case of zero sequence because the as¬ 
sumption that 27=0 has not been made. 

It has already been shown that the 
zero-sequence mutual impedances be¬ 
tween terminal sets are always reciprocal. 
This fact is not altered by referring to 
them as zero-sequen<» branch impedances. 

Significance of General Equations 

The branch mutual impedances given 
by equations 51, 54, 57, and 58 are very 
similar to the sequence mutual imped¬ 
ances given by equations 22, 23, 31, and 
32 in that they exhibit the same type of 
nonreciprocal characteristics which have 
been pointed out with respect to the lat¬ 
ter. However the statement regarding 
negative conjugates does not apply be¬ 
cause, in general, Zunv^' has both real and 
imaginary components. 

Since there are (»—1) equations 48 
and since each contains (»—1) imped¬ 
ance terms, there are (w—1)* impedances 
involved of which (n—1) are branch 
self-impedances and the remaining (n*— 
3»-l-2) are branch mutual impedances. 
In the most general case, none of the 
mutual impedances is reciprocal; there¬ 
fore, the necessary and sufficient number 
of independent impedances required to 
define the positive-^quence impedance 
characteristics of a 3-phase transformer 
having n terminal sets is (»—1).* 

Depending upon the way in which the 
windings are arranged and connected, 
some or all of the branch mutual imped¬ 
ances may be reciprocal, so the number 
of independent impedances is less than 
(» — 1)® in a large majority of cases. 

If there are no phase interconnections, 
the possible winding connections are 
limited to those which, in effect, are 
equivalent to simple wye and delta cir- 


Substitution of any one of these com¬ 
binations of angle and impedance rela¬ 
tions in equation 25 reduces Z***' to zero. 
Therefore if there are no phase intercon¬ 
nections Znj^k)", equation 53, reduces to 
zero, which makes all branch mutual im¬ 
pedances reciprocal. Hence, the number 
of independent branch mutual impedances 
is reduced to (»*—3«-|-2)/2, and the total 
number of independent branch imped¬ 
ances, self plus mutual, is n(«—1)/2. In 
some cases which involve phase inter¬ 
connections, reciprocity of branch mutual 
impedances can be obtained by arranging 
the windings on the magnetic phases in a 
manner which results in Zunk) = 0. This 
is illustrated in example 1 of Appendix III. 

The system of equations 48 defines the 
positive-sequence impedance characteris¬ 
tics of the transformer based on the as¬ 
sumption that magnetizing currents can 
be neglected. It, with equation 45, gives 
all of the information needed for con¬ 
struction of the »-terminal positive-se¬ 
quence equivalent circuit of a transformer 
having n terminal sets, except the phase 
shifts which were eliminated by equa¬ 
tions 14 and 15. If necessary for a par¬ 
ticular analysis, these phase shifts can 
be injected by proper rotation of positive- 
sequence quantities before combining 
with the other sequences to obtain actual 
line quantities. Such procedure is no 
different from the usual 90-degree rota¬ 
tion of positive-sequence quantities re¬ 
quired in analyses which include delta- 
wye transformations. Although all of 
the necessary information is contained in 
equations 45 and 48, in some cases it may 
not be possible to construct an equiva¬ 
lent network made up of simple elements 
because of the nonreciprocal feature which 
some of the mutual branch impedances 
may possess. 

The only difference between positive- 
and negative-sequence branch mutual 
impedances is the difference in algebraic 
sign before the j term. Otherwise all 
of the foregoing discussion with respect 
to positive sequence also applies to the 
negative sequence. 

The system of equations 60 completely 
defines the zero-sequence impedance 
characteristics of the transformer as 
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viewed from the terminals. It contains 
w* impedances of which n are self-imped¬ 
ances and n(n—l) are mutual imped¬ 
ances. Since all of the mutual imped¬ 
ances are reciprocal, the number of inde¬ 
pendent mutual impedances is n{n—1)/2 
and the total number of independent im¬ 
pedances required to define the zero-se¬ 
quence impedance characteristics is «-|- 
n(n —1)/2 = »(«-f l)/2. 

In circuits which have no physical neu¬ 
tral point and which are not connected to 
other circuits, no zero-sequence current 
can flow. Thus, the number of terms in 
each of equations 60 may be less than 
n and the number of independent im¬ 
pedances required to define the zero- 
sequences impedance, as it is viewed 
from the terminals, may be less than 
«(w-+-l)/2. 

The system of equations 60 gives all 
of the information necessary for construc¬ 
tion of the zero-sequence equivalent cir¬ 
cuit of a transformer having n terminal 
sets. The branch self-impedances which 
appear therein may be pure zero-sequence 
magnetizing impedances or a combina¬ 
tion of series-opposition impedances be¬ 
tween windings and magnetizing imped¬ 
ances, An example of the former is the 
zero-sequence self-impedance of a simple 
wye circuit in the absence of any circuit 
such as a delta connection, which allows 
zero-sequence current to circulate. 
Examples of the latter are a wye circuit 
in the presence of a delta circuit, and a 
zigzag connection. Some zero-sequence 
self-impedances may be infinite for prac¬ 
tical purposes, such as in the case of a 
delta-connected circuit. 

Determining Branch Impedances 

The positive-sequence branch self¬ 
impedance as given by equation 56 is 
simply the series-opposition impedance 
between the h and reference terminal 
sets. A convenient method of deter¬ 
mining the series-opposition impedance 
between terminal sets in terms of wind- 
ing-to-winding series-opposition imped¬ 
ances, after details of windings and con¬ 
nections are known, has been presented 
by Garin and Paluev.® The series-op¬ 
position impedance between any two ter¬ 
minal sets can also be obtained by a 
direct short-circuit test. 

The positive-sequence branch mutual 
impedance give by equation 51 consists 
of the sum of two terms. The first term 
contains three series-opposition imped¬ 
ances, each of which can be determined 
by either calculation or test as explained 
in the preceding paragraph. The second 
term jZuhk)" is somewhat more elusive; 


however, it also can be determined either 
by calculation or by test. 

After details of windings and connec¬ 
tions are known, it is possible to obtain 
an expression for Zunki" as a function of 
winding-to-winding series-opposition im¬ 
pedances by a number of methods, all of 
which involve consideration of the h, k, and 
reference terminal sets simultaneously, 
A comparatively simple method based on 
conservation of phasor power,® which 
gives all of the required terminal-set-to- 
terminal-set series-opposition impedances 
in addition to Zunk/, may be shown as 
follows: 

Assiune that only the h, k, and refer¬ 
ence terminal sets are carrying current, 
then from equation 48 

Ehi=‘Zi(M)h'-\-Zi(hk)Ik' (62) 

1 1111 

Eki—Zukh)h'-\-Znkk)Ik' (63) 

1 1111 

The total phasor power input per electric 
phase is 

P+jQ^-EkiW+Ekm =Znmhn+ 
11 11 11 

Zunk)Ik'I\'+Zim)h'I*k'+ 

1 11 1 11 

Zukk)Ik'I*k' (64) 


1 

1 


must be equal to the total loss per mag¬ 
netic phase. Also, since M, N, and 0 are 
arbitrary and independent of one another, 
corresponding coefficients in equations 
66 and 67 can be equated thus 


if 

(68) 

Z,-k^h{Z) 

1 

(69) 

Zi-h+Zi-k — Zh-k^fiiZ) 

1 1 1 


2Znm'’^ -M2) 


From these equations, the following can 
be found 

Zn-k=MZ)+MZ)-MZ) 

1 

(70) 

Zuhkf — — '^J*{Z) 

(71) 


Use of this method of obtaining the 
positive-sequence branch impedances in 
terms of winding-to-winding series-op¬ 
position impedances is illustrated in 
example 1 of Appendix III. 

As stated previously, the first term of 
the positive-sequence branch mutual im¬ 
pedance can be obtained by making 
three short-circuit tests. The second 
term can be obtained indirectly from 
tests in the following manner. 

It is shown in Appendix I that 

ZxQik)" =• :i:'\/Zh~kiZi-hllk' — Zi-Hllk) (72) 
1 1 1 


in which M and N are real quantities. 
Substitutions of these expressions in 
equation 64 yield 

P +jQ = Zu}th)M^-i~Zukk,)N *+ 

1 1 

\Zi(nk)-¥Zi(,kn)]MN cos &+ 

1 1 

j[Zi(hk)~Znkh)]M^Nsm 9 (65) 
1 1 

Substitutions of equations 51, 54, and 
55 in equation 65 3 deld 

P+jQ ^Zt-hM^+Zi-kN^-i- 
1 1 

{Zi-n+Zi-k-Zn-k)MN cos 9- 
1 1 1 

2Zi(jtk-)'MN sin 9 (66) 


in which Zu-k is the series-opposition im- 
1 

pedance between the h and It terminal 
sets. Its value can be obtained from a 
short-circuit test between the two ter¬ 
minal sets. 

Zi-niik is the apparent series-opposi- 
1 

tion impedance from the reference ter¬ 
minal set to the h and k terminal sets in 
parallel, on a pu basis. It can be calcu¬ 
lated from the values of Zh-k> Zi-k, and 
1 1 

Zi-k which in turn can be determined 

from short-circuit tests between terminal 
sets as indicated by the subscripts. Thus 


After the details of windings and con¬ 
nections are known, the phasor power loss 
per magnetic phase for the same assumed 
conditions can be found by the method 
presented by Garin and Paluev® to be 

P+jQ = Jlf®/i(Z)-|-i^!f»(Z)-b 
MN cos 9[ftiZ)] + 

MN sin 9[ft{Z)] (67) 

in which Z represents winding-to-winding 
series-opposition impedances. 

Based on conservation of phasor power, 
the total (net) input per electric phase 


2{Zh-kZi-h’^Zh-kZi-k'\~ 

ZilnZi.k)-(Zi-H^+Zi.k^+ZH-k^) 

„ , 11 _ I - 

Zi-Mik is the actual series-opposition 
1 

impedance from the reference terminal 
set to the h and k terminal sets in parallel. 
It can be obtained from a direct short- 
circuit test made by applying power to 
the reference terminal set with both the 
h and k terminal sets short-circuited. 
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Rg. 2. The wye-delta>zigzag transformer 
connection 


Number of Tests Required 

Based on the previous discussion, the 
total number of independent impedances 
required to specify the positive-sequence 
impedance characteristics of a trans¬ 
former having n terminal sets is, in 
general, {n -1 ) * Therefore, (« — !)»tests 
are required to obtain these impedances, 
assuming that only one impedance is ob¬ 
tained from each test. The («—1)* 
tests can be as follows: 


be avoided; however, this hardly seems 
practical with commercial test equip¬ 
ment. 

The choice of plus or minus sign in 
equation 72 can be determined from cal¬ 
culation based on details of design or by 
tests of the type mentioned in the pre¬ 
ceding paragraph but of a qualitative 
nature only. 

In general, the total number of imped¬ 
ances required to specify the zero-se¬ 
quence impedance characteristics has 
been shown to be »(»+l)/2; therefore, 
this number of zero-sequence tests is 
required. They can be: 

1. Impedance tests at each terminal set 
with all other terminal sets open. This 
is a total of n tests. 

2. Impedance tests between all possible 
pairs of terminal sets. This is a total of 
«(«—1)/2 tests. 

The sum of tests no. 1 and tests no. 2 is 
«(»4-l)/2. 

Conclusions 

The theoretical analysis presented 
herein leads to the following conclusions: 

1. In general, the necessary and sufficient 
number of independent impedances re¬ 
quired for specification of the positive- or 
negative-sequence impedance characteristics 
of a symmetrical 3-phase transformer con¬ 
nection is («—1)*, in which n is the number 
of terminal sets. 

2. In the absence of phase interconnec¬ 
tions, the number of independent imped¬ 
ances given in conclusion no. 1 is reduced 
to »(«—1)/2. 

3. In general, the necessary and sufficient 
number of independent impedances re¬ 
quired for specification of the zero-sequence 
impedance characteristics of a symmetrical 
3-phase transformer coimection is «(»-|- 
l)/2, in which n is the number of terminal 
sets. 


completely in terms of series-opposition 
impedances between terminal sets, it is 
always possible to express them in terms 
of series-opposition impedances between 
windings. 

9. The effects of nonreciprocal mutual 
impedances are particularly serious in cases 
of parallel operation of multicircuit trans¬ 
formers which are not identical and which 
contain phase interconnections; see example 
2, Appendix III. 

10. In Appendix II the general equations 
in terms of S3rmmetrical components are 
converted to equations in terms of 
components. A comparison of the two sets 
of equations reveals: 

a. In terms of symmetrical components 
there are no mutual impedances between 
quantities of different • sequences; but 
within both positive- and negative-sequence 
expressions there are nonreciprocal mutual 
impedances. 

b. In terms of a/50 components there 
are mutual impedances between a. and jS 
quantities but no nonreciprocal mutual 
impedances are involved. 

Therefore, from the point of view of 
equivalent circuit representation aj80 
components have an advantage because 
by their use it is possible to represent the 
mutual impedances in conventio nal equiv¬ 
alent circuits made up of simple ele¬ 
ments. 

Appendix I. Determination of 
Zi(hk)" from Test 

Referring to equation 48, if a series- 
opposition test is applied between the 
reference terminal set and the ft and k 
terminal sets in parallel, the following 
equations result 

(73) 

1 1111 

(74) 

11111 


1 . ^ Short-circuit tests between, all possible 
pairs of terminal sets. This is a total of 
n(»—1)/2 tests. 

2 . Short-circuit tests between the reference 
terminal set and all possible combinations 
of two other terminal sets short-circuited 
simultaneously. This is a total of (»—1) 
(n—2)/2 tests. 

The sum of tests np. 1 and tests no. 2 
is (»—1)2. 

It is theoretically possible to obtain 
the necessary information from tests 
other than those outlined in the fore¬ 
going. For instance, during a short- 
circuit test from one terminal set to 
another terminal set, voltages at the in- 
:^tiye twninal sets can be measured. 
If the vdues (both magnitude and phase 
angle) cab be determined with sufficient 
accuracy, the; tests outlined under 2 can 


4. In general, simple short-circuit tests 
between all possible pairs of terminal sets 
will not give sufficient information for 
specification of the positive- or negative- 
sequence impedance characteristics of a 
multicircuit transformer connection. 

6 . Some positive- and negative-sequence 
mutual impedances between ter minal sets 
can be nonreciprocal if phase-intercon¬ 
nected windings are involved. 

6 . Some of the positive- and negative- 
sequence branch mutual impedances which 
appear in the transformer voltage equa¬ 
tions and which are used in constructing 
equivalent circuits of multicircuit trans¬ 
formers can be nonreciprocal if phase 
interconnections are involved. 

7. All zero-sequence mutual impedances 
are always reciprocal. 

8 . Although in some cases it may not be 
possible to express the positive- and nega¬ 
tive-sequence impedance characteristics 


1 1 

From which it can be found that 

Jft' =* [Ziaot) —ZnKk)]W 
1 111 11 

which can be rearranged to obtain 

i^KfcZ) —Zi(wt)] W +/»') 
-1_ ^ 1 

>111 1 

and 


(75) 


( 76 ) 


[Z\{Kh)—Zi(k,n)]Uh'+h') 
—-—— L_i-1- 

1 Zi(iM)+Zi(kk'>—Zi()tK)—Z\(}in) 


(77 


Substitutions of equations 76 and 77 in 
equations 73 and 74 yield 

11 
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[Zi(fih)Znkki —Zi(jh.k)ZiQ3i)] (/*'+/*') 

s -i-i-i_i_^ ^ 

+Zi(hk)—ZiQiK)—Zi(ich) 
1111 

Dividing equation 78 by (In+h') to 
obtain the desired series-opposition im¬ 
pedance 

1 1 

=- 77 -— 7 - 
1 Ih +h 

1 1 

Znhh)Zi(kk)—Zi(hk)Znkh) 

^- - - - -^ (79) 

ZnHh)+Znkk)—Zi(M()—Znkh) 

1 1 1 1 

Substitutions of equations 51, 54, and 65 
in equation 79 yield 

9- _ -y / [Z\m'i*V 

Zx-Mik^Zi-kUk - - - (80) 

1 1 Zk-k 

1 

in which 

2{Zi-kZi-k-\-Zi-kZh-k-\- 

11 11 

Zx-kZk-k)— (-2i_ft*+2i_fc*+ 

11 11 

Zn-k') 

7 /__ 1 _ 

1 4Za_a, 

1 

Solving equation 80 for Zioik)* 

ZxOMi'' == Zk-kiZi-huk'—Zx-nuk) (81) 

11 1 


Appendix II. Conversion to 
Components'^ 

If the positive- and negative-sequence 
currents which appear in equations 48 
and 66 are expressed in terms of « and /3 
components, these equations become 

n 

■Efti' —~^^Zx(fik){I<a.'-\-jI§k') (82) 

1 1 

*-2 

n 

Bnx' ^-^Zxw{I«k'-jUk') (83) 

Jfc-2 

Solving equations 82 and 83 for the 
01 and jS components of voltage 

tt 

Eethx ' = ^ [{Zx{hk) +Zx<Hk) )Iak '+ 

ZjLm^ 1 2 

*-2 

j{Zx(,hk)—Zx(jhK))Ifik'] (84) 
1 2 

n 

Epnx' *=" o [(^i(»A:)+^l(ftA:))Ii|Sfc' — 

2^^ 1 2 
Jfc-2 

j{Zx(}iK)—Zx{iac)Iotk'] (8S) 

1 2 

Substituting equations 61 and 67 in 
equations 84 and 86 

■ n ^ ^ 

Eoihx'’=^^^^{^-k+Zx-k—Zn-k)I(at-- 
: *-(2 

Ziww] (86) 


n 

Sfikx' = (Zx-k+Zx-k-Zk-k)rfik'+ 

Ai->2 

z,(87) 

Equations 86 and 87 do not contain any 
nonreciprocal mutual impedances; but 
they do contain mutual impedances between 
a and l3 quantities as long as Zi(i,k )" t^O. 

Appendix III. Examples 

Example 1 

The classic example of a multicircuit 
^ transformer having phase interconnections 
is the wye-delta-zigzag connection in which 
the zig and zag windings have the same 
number of turns. Such a connection is 
shown in Fig. 2. The terminals of the wye 
circuit have been chosen as the reference 
terminal set; the terminals of the delta 
circuit are designated as h and those of 
the zigzag circuit are designated as k. The 
windings per magmatic phase are identified 
by numbers 1, 2, 3, and 4, as in Fig. 2. 
From equation 48 

EAx'=Zx(/ik)Ik'+Zx(jik)j^k' ( 88 ) 

1 1111 

Ekx'=Zi(kh)Tn*-hZx(kk)Tk^ (89) 

1 1111 

From equation 66 

Zx(/a)’=‘Zx-k (90) 

1 1 

Zx(kk)=Zx-k (91) 

1 1 

and from equations 61 and 64 

Zxm=k2:x-k+Zx^k-Zk-k)+jZx0k)‘' (92) 
1 2 1 1 1 

Zx(k/t) = n^Zx-h -{-Zx-k—Zh-k) —jZxQikt " (93 ) 

1 2 1 1 1 

Utilizing the method presented by Garin 
and Paluev* or any other convenient 
method, the vm-ious terminal-set-to-termi¬ 
nal-set series-opposition impedances can be 
expressed in terms of winding-to-winding 
series-opposition impedances 

Zx-k^Zx-x (94) 

1 

Zh-k^nZx-i-\^Zz-A—-Zi-i (96) 

I 2 Z o 

AU that remains to be done is to get an 
expression for in terms of winding- 

to-winding series-opposition impedances. 
This is accomplished by use of the method 
described in the section entitled "De¬ 
termining Branch Impedances.” 

Referring to Fig. 2 and using the no-load 
voltage at terminal Al as the reference 

**90® 

From equation 16 

h^-jlk' (97) 

II 

Ik^-jh' (98) 

1 . 1 . 

Letting and equations 

.1 



Delta Zig Wye 




Rg. 3. Symmetrical arrangement of wye, 
delta, and zigzag windings which results in 

97 and 98 become 

h=--jM (99) 

1 

Ik = -jN^^ (100) 

1 

Using these as the pu input currents at 
the Ti and h terminal sets, the pu currents 
in the windings of magnetic phase A can 
be fotmd to be 


- 






Using the method of Garin and Paluev,* 
the pu phasor power loss per magnetic 
phase is 


P+jQ^M^Zx-x+N*{^Zx-z+\zx-*- 

—Z 8 - 4 ^ -¥MN cos + 

lzx-t-lZz-,-lzz-A +MN sin ^ 

2 2 2 / 

(^ j^ ' ^l^ iZx-i+Zx-t—Zx-x—Zt-i)^ 

Thus from equations 68 through 71 

Zx-k^Zx-2 (101) 

X 

Zx-k^^Zx-t+^Zx-i—^Zi-i (102) 

Zk-k=‘:zZi-t’^Zi-A—'TZx-i (103) 

1 2 2 D 

Zx{m*=‘~A — 7k (Zx^s+Zi-4—Zx-4—Zi-t) 


Equations 101, 102, and 103 are the same 
as 94, 96, and 96 and serve as a check. 

After substituting the appropriate sub¬ 
sequent equations in equations 88 and 89, 
the following are obtained 
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currents at individual terminal sets are 


©ipM 


Cl 


^81 


o 

® IJ'az 

o 

liri 

® ||^3 


1 1 L4 


2^2-3 — Z2-1) +j (-Zi_8+22-4 — 


^ k \ — j^”(221-2+^1-3+2 i_4—22_j — 
^2-4 ) (2i-3+22-4 — 22-3 — 




Equations 105 and 106 specify the 
positive-sequence impedance characteristics 
of the transformer in terms of winding-to- 
wiiiding series-opposition impedances. It 
should be noted that the coefficient of Jju' 

1 

in equation 106 is not the same as the 
coefficient of In' in equation 106 in that 
1 

the algebraic sign before the j term is plus 
in one case and minus in the other. There¬ 
fore, unless 2 i- 3+22-4—22-3—•2 ^i- 4*=0, it 
is not possible to represent the positive- 
sequence impedance characteristics of the 
transformer by an equivalent circuit made 
up of practical elements. If2i-3+22-4— 
22- 3—2i- 4 can be reduced to zero by physical 
symmetry of coils on each magnetic phase 
or otherwise, the mutual branch impedances 
will be reciprocal and a conventional 3- 
temiinal either star or mesh equivalent 
circuit can be used. Fig. 3 shows a sym¬ 
metrical arrangement of the coils which 
accomplish this. 

Example 2 

Continuing from example 1, assume that 
the windings on each magnetic phase are 
phy.sically arranged so that the pu im¬ 
pedances (only reactive components for 
sake of .simplicity) on an arbitrary volt- 
ampere base are 

2i-2 =7*0.24 22-3 =70.05 

2i_3=>70-J8 22-4=70.12 

2i^4 =7*0.10 23-4 =7*0.06 

Equations 105 and 106 become 

Ehi' =70.2400Ja'+0*0.1475 -0.0217)/*' 

1 1 1 

(107) 

Eu’ =0*0.1475 +0.0217)/*' +7*0.1300/*' 

X 1 1 


B h Fig. 4. The wye- 

delta - inscribed 
q delta transformer 

' connection 


If a second transformer were exactly 
the same as the first except for a change 
of connections which interchanged the 
roles of windings 3 and 4, the no-load 
voltage phasor diagram and the three 
positive-sequence impedances between pairs 
of terminal sets would be exactly the same 
as those of the first transformer. There¬ 
fore, it might be concluded that the two 
units should operate perfectly in parallel. 
That such is not the case is demonstrated 
as follows: 

Using subscripts R and 5 to distinguish 
quantities of the two transformers, equa¬ 
tions 107 and 108 become 

EftiB'=70.2400/*ie'+(70.1476- 0.0217)/*B' 
11 1 


Ekin' =0*0.1475+0.0217)/wi'+70.1300/*a' 
1 11 


and the corresponding equations for the 
second transformer are 

£:fti5'=7*0.2400/*a'+O*0.1475 +0.0217)/*s' 

1 1 1 

(111) 

Ekis' =0*0.1475 -0.0217)7*5' +70.1300/*s' 

1 11 

( 112 ) 

Because the two units are paralleled at 
all three terminal sets 

Ehin '= Ekis' and Ean = Eas' (113) 

1 1 1 1 • 

Substitutions of equations 109, through 
112 in equations 113 and solving the result¬ 
ing equations for the various /’s yield 

/*5'=(0.600-70.170)/h'-70.149/jc' (114) 

I 1 11 

Inn =7*0.276/^'+(0.500 +70.170)/5:' (1 IS) 

II 1 

Ins' = (0.600 +70.170)/ff'+70.149/ji' (116) 

1 11 

hs = -7*0.276/h'+(0.500 -70.170)/jc' 

1 11 


/£r'=/*je'+/A5'=combined h current of two 
111 

units in parallel 

/jc'=/fcs'+/*s'“Combined k current of 
111 

two units in parallel 

If the combined currents at the h and k 
terminal sets are 


/ia'= -0.3596 +7*0.0332 |/uj' | =0.3611 

1 1 

ha = -0.0044+70.1308 |/*b' | =0.1309 

1 1 

/*»'=0.3640-7*0.1640 | hn' \ =0.3993 

1 1 

/15'=0.4404+7*0.0668 1 hs' \ =0.4464 

1 1 

/*5'=0.0044+7*0.3692 | hs' 1 = 0.3692 

1 1 

/*5'=0.4360 -7*0.4360 |/*5'| =0.6166 

1 1 

The current at the various terminal sets 
expressed in pu of currents corresponding 
to perfect parallel operation are 

/ib'= 0.897 /is'*1.104 

1 1 

/*jj'=0.523 /*s' = 1.477 

1 1 

/*b'= 0.799 /fts' = 1.233 

I 1 

It is easily seen that this is a far from 
satisfactory division of currents. 

Example 3 

Shown in Fig. 4 is a wye-delta connection 
with a third set of terminals taken from the 
mid-points of the delta windings. The 
terminals of the wye circuit have been 
arbitrarily chosen as the reference terminal 
set; the terminals taken from the apexes 
of the delta are designated h and those 
taken from the mid-points are designated k. 
The windings per magnetic phase are 
identified by numbers 1,2, and 3 as indicated 
in the figure. 

Utilizing the method employed in example 

I, the following are obtained from equation 
48: 

E*i'=2i_ft7*'+(2i(**)'+7*2i{**)')/*' (118) 

II 11 

Eki' =(2i(**)' -7*2i(ft*) *')/*'+2i.*/*' (119) 

11 11 

in which 

2i_*=(22 i_2 +22i_s—4 
1 

2i_*=(2 i_ 2+2 i_ 8+22-3)72 
.^i(**)^=(22 i_2+22i_3— 22-3)74 

2i(**)'=^(2i_,-2i_2) 

4 

The negative sequence equations corre¬ 
sponding to equations 118 and 119 can be 
found from equation 56 to be 

E*,'=2i_*/*'+(2u**)'-7*2i(*fc)*’)/*' (120) 

212 2 

Ew'=( 2 :i(»*)'+ 72 i(**)")/*+ 2 i-*/*' (121) 

2 2 12 

It is not possible to represent equations 
118 and 119 by a conventional equivalent 
network made up of practical elements 
unless 2 i-2=2i- 3. The same is true with 
respect to equations 120 and 121. 

Using equations 86 and 87 of Appendix 

II, the voltage equations can be expressed 
in terms of <x. and components, thus 

Ea*i' = Z\-\Joai' +2lC**:) 'lak'— ^i(ftA:) ''IPh ' 

1 

( 122 ) 

Eofcl'=-2^1(ft*) Ta*'+2 i(a*) "//J*'+2i_*/a*' 

1 

(123) 


/ff'=0.00+7*0.50 
1 


/k'=0.80-7*0.60 

1 
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^ni — ' +Zi(jik) "lak' 

(124) 

Epkl = Zkjo;) 'IPh'~Zn}ik) "Jaft ' +Zi_AiI/S*' 

(125) 

The interconnected a and jS equivalent 
networks which represent equations 122 
through 125 can be constructed with 
practical elements, but there will be bi¬ 
lateral mutual impedances between a and 
P quantities. 
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Principles and Practices of Modern 
System Planning 


A. P. FUGILL 

FELLOW AIEE 


I N THE electric power industry, plan¬ 
ning for the future has always been an 
integral part of the responsibility for 
being prepared to carry ever-increasing 
loads. In the early days, the art of plan¬ 
ning for system development may have 
been more intuitive than precise, but the 
foundations for present-day concepts 
were being well laid. The influence of 
proper planning on a company’s earnings 
gradually became more fully recognized 
so that in the last few years there has 
been a widespread effort throughout the 
industry to make it more effective. As 
improved technologies made system plan¬ 
ning more of a science and less of an art, 
attention was turned to improvements in 
organizational pattern. It is now gener¬ 
ally recognized that planning in its broad¬ 
est sense has an important place in the 
electric power industry distinct from de¬ 
sign engineering and operation. System 
planning is thus defined by th’e AIEE 
System Hanning Subcommittee of the 
Committee on System Engineering; ‘ ‘Sys¬ 
tem planning is the preparation of a ra¬ 
tional program for the development of an 

Paper 55-673, recommended by the AIEE System 
Bngineering Committee and approved by the 
AIBB Committee on Technical Operations for 
presentation at the AIEE Pall General Meeting, 
Chicago, IlL, October 8-7, 1966. Manuscript 
submitted June 2,1965; made available for printing 
July 18, 1955. 

A. P. Fugill is with The Detroit Edison Company, 
Betroit, Mich. 


electric power system, so that it can 
evolve in an orderly and economic man¬ 
ner. It includes forecasting and analyz¬ 
ing loads, rationalizing standards of serv¬ 
ice, anticipating trends in equipment 
design and co-ordinating the various ele¬ 
ments of the system into a well-designed 
whole; it is particularly concerned with 
plans for changes and additions to genera¬ 
tion, transmission, substations, and dis¬ 
tribution facilities. It is not concerned 
with the problems of day-to-day opera¬ 
tion or design except to the extent that 
these problems affect future system de¬ 
velopment. Briefly, electric system plan¬ 
ning is the process of determining when, 
what facilities should be provided where 
in order to assure adequate electric service 
at Tninimtim average annual cost to the 
community.” In the modem concept of 
the term, the activities of the planning en¬ 
gineer affect not only the engineering and 
operating departments but also the con¬ 
struction, commercial, and financial de¬ 
partments, and are certainly of vital in¬ 
terest to management. . 

Two basic patterns for a planning or¬ 
ganization seem to have evolved. Since 
both have their advantages and disadvan¬ 
tages, the actual organization in most 
companies is a combination of the two. 
In one pattern the organization is func¬ 
tional, with a separate planning depart¬ 
ment usually reporting directly to a high 


level ofBlcer in the company, given over¬ 
all responsibility for plaiming throughout 
the system but with no design engineer¬ 
ing or operating responsibilities. In the 
other pattern, perhaps the more tradi¬ 
tional one, the organization is regional, 
with p lanning functions combined with 
design engineering or/and operating func¬ 
tions for each part of the complete sys¬ 
tem; for instance, one group may have 
responsibility for generation, another for 
transmission, and another for distribu¬ 
tion. 

In The Detroit Edison Company, the 
planning organization more closely ap¬ 
proximates the second basic pattern. 
The Planning and Project Engineering 
Department carries the major responsi¬ 
bility for planning for system develop¬ 
ment but also is responsible for basic de¬ 
sign and other engineering. Within this 
department, the regional pattern is fol¬ 
lowed, with different groups responsible 
for the component parts, of the system. 
In addition, many other departments and 
also top management, have a distinct 
part in the planning activities. To pro¬ 
vide the necessary co-ordination with this 
type of organization, the committee idea 
is used. These committees, composed of 
representatives from all interested de¬ 
partments, generally function as advisory 
©r study groups with authority to make 
recommendations but with the responsi¬ 
bility for action left with the line organiza¬ 
tion. 

To show how such an organization 
functions, three steps which are funda¬ 
mental to all system planning are dis¬ 
cussed in the following: 

1. Prediction of the total system load and 
its distribution throughout the territory 
served. 
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a. For short-term planning, 5 years or 
less. 

b. For long-range planning, 5 to 25 
years. 

2. Determination of the standard of service 
to be maintained. 

3. Development of the most economical 
system to meet these requirements. 

Short-Term Total Load Prediction 

The prediction of the total system load 
is especially important because it deter¬ 
mines to a large extent when the money 
for system expansion will be spent and is 
an important factor in how much money 
is to be spent. The amount of genera¬ 
tion needed can be determined directly 
from the total load to be carried. Much 
has been published in the technical press 
about load prediction. Techniques have 
been presented for processing known 
facts of past history on system loads, in¬ 
tegrating that information with known 
future plans for residential, commercial, 
and industrial expansion, and taking into 
account the best thinking on business, 
economics, and political trends for the 
future. The value of such work should 
not be underestimated. The Detroit 
Edison Company takes advantage of all 
the technical help it can get. In the last 
analysis, however, the company depends 
on the judgment and experience of men 
in the organization who have lived with 
this problem for many years. A Load 
Study Committee under the chairman¬ 
ship of the manager of engineering has 
the responsibility to carry on a continuous 
study of the Company’s probable future 
electric system load growth. Its mem¬ 
bership consists of representatives of the 
engineering, operating, commercial, and 
financial departments and its findings are 
reported to a vice president. This com¬ 
mittee prepares a load growth curve for 
the electric system which, with top man¬ 
agement approval, forms the basis for all 
system development. For short-term 
load prediction, this curve has proved 
quite accurate, and, when conditions 
dhange suddenly, the committee can 
make the necessary corrections immedi¬ 
ately. 

Short-Term Load Distribution 
Prediction 

This committee does not attempt to 
determine the distribution of load 
throughout the franchise area. This is 
left to the engineering and operating de¬ 
partments, with whatever assistance they 
need from other interested departments. 
Until a few years ago, it was generally 
su:$cient to extrapolate historical load 
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growth curves by areas and introduce 
corrections for known variations caused 
by the expansion plans of industrial cus¬ 
tomers. The residential and commercial 
load pattern, which was dependent upon 
the increased use by existing customers 
and the addition of new customers result¬ 
ing from a series of well-distributed small- 
scale building operations, could be pre¬ 
dicted with sufficient accuracy. All that 
has changed in the past few years. The 
decentralization trend in industry, the 
growth of mass residential housing, and 
the fast expansion of suburban shopping 
centers have changed the land-use picture 
rapidly. A decision by one large cus¬ 
tomer sometimes with very little advance 
warning, can cause a large load to develop 
in an entirely unexpected location. Grad¬ 
ually, a pattern is beginning to evolve, 
however, and, by keeping in close contact 
with local industry, resdtors, and com¬ 
mercial customers about their future 
plans, it is now possible to prepare for 
most eventualities. The location of rail¬ 
roads and the availability of water and 
sewage facilities provide a valuable due 
to the direction in which future expansion 
is likely to take place. Since the timing 
is the most difficult factor to predict, it is 
stiU necessary to resdiedule proposed con¬ 
struction rather more frequentiy than is 
desirable. In any event, future system 
plans must be made flexible, subject to 
change as developments take place. It 
no longer safe: to assume that a particular 
area will not require a major supply 
source just because its present character 
is rural or suburban. 

Long-Range Prediction 

Most companies, however, fed that 
they must have as definite plans as pos¬ 
sible for much longer periods; certainly 
10 years and probably 20 to 30 years. 
In many cases, conditions 20 years hence 
may have a vital effect on the construc- 
titSn program of the next few years. Take 
the trend toward higher voltages in trans- 
missidn, subtrananiaon, or distribution 
as an example. It is generally believed 
that some day voltages higher than the 
present ones will be used in all these areas. 
In most cases, the time for starting these 
higher voltage systems, however, de¬ 
pends on the rate of load growth over the 
next 20 years or perhaps the load which 
will exist 26 or 30 years from now. Quite 
frequently it is desirable, in order to ob¬ 
tain the most economical over-all plan, 
to convert the system sevaral years earlier 
than is actually necessiary from the opera¬ 
tion standpoint. 


year predictions cannot be expected when 
predicting conditions 25 years hence. To 
obtain a sufficient degree of accuracy, 
different methods are needed and many 
approaches have been tried. The De¬ 
troit Edison Company has used many of 
the conventional methods. The system 
load curve has merdy been extrapolated 
at different rates of increase, introducing 
the effect of a possible recession or slow¬ 
down in growth. The historical curves 
of percentage of total load by areas have 
been used and extended with modifica¬ 
tions based on a knowledge of special 
trends in particular areas. The problem 
has been approached by an analysis of the 
known trends in each of the different 
classes of load—^residential, commercial, 
and industrial. But it is recognized that 
changes in the character of the different 
areas, in the social habits of people, and 
in business activity are important influ¬ 
ences which can only be approximated in 
any analysis. 

In this long-range pl annin g for both 
total load and load distribution, there¬ 
fore, The Detroit Edison Company is 
thankful that in 1947 the Detroit 
Metropolitan Area Regional Planning 
Commission was established. Its pur¬ 
pose was to try to determine and perhaps 
influence a pattern of growth for the 
whole metropolitan area, to set up a land- 
use pattern, and to predict probable 
population shifts, movement of industry, 
and employment requirements. It was 
hoped that such information would permit 
more intelligent plaxming for all utili¬ 
ties—gas, water, sewer, dectridty, smd 
transportation—and improved placement 
of industry, real estate developments, and 
recreation facilities. At the same time, 
it might tend to rejuvenate blighted areas 
and prevent the further deterioration of 
other areas. The whole effort was a co¬ 
operative one between private industry 
and the public authorities with equal 
representation from both groups. It has 
proved a very successful endeavor, and 
the benefit of this work is just now begin¬ 
ning to show in the planmng efforts. 

Among other valuable data, this com¬ 
mission has made available estimates of 
the growth of populatibn and manufac¬ 
turing employment in the metropolitan 
area. Although this does not cover the 
entire service territory, it does cover the 
area where the bulk of the load exists. 
In compiling these data, the commission 
has divided the total territory covered 
into areas, each area being as homo¬ 
geneous in character as possible. Using 
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and the manufacturing employees in each 
area were estima,ted. Since this infor- 
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mation was far more authoritative than 
any similar data The Detroit Edison 
Company could compile, it was decided 
to use tWs in predicting a load for 1970. 
Although this work was originally done 
to estimate future revenue and was con¬ 
cerned with kilowatt-hours more than 
with kilowatts, it was relatively simple to 
convert it to the peak load basis needed 
for system development planning. These 
estimates were made for both an optimis¬ 
tic and pessimistic economic outlook. In 
the former case, a continuous period of 
prosperity was assumed. For the latter 
case, a 5-year slowdown was introduced 
with a load increase based on a study of 
experience in the last depression. 

For each area the residential, commer¬ 
cial, industrial, and miscellaneous loads 
were estimated separately, using the 
population and manufacturing employ¬ 
ment figures for each area. For the resi¬ 
dential load, the ratio of population to 
customers was assumed to decrease 
slightly, and the use per customer was as¬ 
sumed to increase at the same rate per 
year which has existed since 1948, about 
6 per cent per year. 

For commercial loads, the number of 
customers was estimated by using the 
present ratio of residential to commercial 
customers in each area and reducing the 
ratio slightly because of the trend toward 
super markets and integrated shopping 
centers. The use per customer was as- 
stuned to increase at 6 per cent per year, 
the same rate as has existed since 1940. 

It was more difficult to predict the in¬ 
dustrial load growth from the number of 
manufacturing employees because of the 
wide variation of use per employee in the 
various types of industry. For the 
United States as a whole, for instance, in 
1947 the kilowatt-hours used annually 
per employee for several industries were 
as follows: 

Chemical, 42,000 
Petroleum, 38,000 
Primary metals, 23,000 
Machinery, 4,800 
Automobile, 8,400 

Hence, if the increased number of em¬ 
ployees was caused by the chemical in¬ 
dustry, the increase in load per employee 
would be far greater than if it were caused 
by an automobile factory; Since 1939, 
the load per employee has increased 4,8 
per cent per year for the whole United 
Sthtes but only 1.5 per cent per year in 
The Detroit Edison Company’s territory. 
This is probably because of the rapid 
growth, nation wide, in the al uminum and 
dlectrochemical industries, while Detroit’s 
growth has bedi largdy in the machiuefy 
and automotive industry , For instance. 


in the United States 24 per cent of all 
manufacturing employees are in these 
low-use industries, while in Detroit the 
figure is 64 per cent. Excluding the 
chemical, iron and steel, and fabricated 
metals group, the figure for the United 
States is 2.7-per-cent increase per year, 
which is the value that was used unless a 
more definite knowledge of the industry 
pattern in the area was available. 

By summing up for all areas, a total 
load for the system was obtained. This 
figure was checked for reasonableness by 
several methods and seemed to stand the 
tests. The maximum figure for 1970, 
by the way, turned out to be just about 
three times the peak load in 1952, which 
was the time base used in the study, a 
tripling of load in 18 years. 

Determixiatioii of Standard of Service 

In determining the standard of service 
to give the customers, again a committee 
works in co-operation with the line or¬ 
ganization. Since the broad question of 
service is far too comprehensive to be 
covered here, only one phase of the sub¬ 
ject—^the continuity of service—will be 
considered. Although all electric power 
companies are particularly conscious of 
any interruption of service to a customer, 
it is not economically feasible, perhaps 
not even possible, to provide perfect serv¬ 
ice. Over the years, what is considered 
the proper balance between cost and 
probability of outage throughout the sys¬ 
tem has been developed. That balance 
is not a constant, however, and it must be 
constantly borne in mind that continuous 
service is becomingincreasingly important 
to all customers. Each year more resi¬ 
dential and farm customers as well as 
small commercial customers are using 
more electricity and are so dependent 
upon continuity of dectric service that 
even diort outages may cause them real 
hardship and financial loss. 

For many industrial and large commer¬ 
cial customers, the change in conmtions 
is even more radical because of decen¬ 
tralization and automation. Many of 
these customers have been used to mul¬ 
tiple underground feeds with a low inter¬ 
ruption rate. When they move to a less 
concentrated load area, they are not pre¬ 
pared to accept the somewhat greater in¬ 
terruption rate resulting from overhead 
feeds. Furthermore, with the growth of 
automation in many industrial processes, 
the situation is aggravated. In many 
cases, it is no longer only a question of a 
complete interruption of service. As 
some of this equipment is now designed, a 
voltage dip causes a complete interruption 


of the process because of the charac¬ 
teristics of the automatic control. It is 
desirable to reduce the number of voltage 
dips to a reasonable minimum, but there 
must also be a recognition on the part of 
the designer of the automatic equipment 
and the user of their responsibility to 
make the equipment less sensitive to 
transient change in voltage. 

Although a practice has been made of 
continuously reviewing customer service, 
the management has come to the conclu¬ 
sion that this fimction should be strength¬ 
ened by the establishment of a Service 
Study Committee. This committee, un¬ 
der a chairman reporting directly to the 
manager of engineering, is composed of 
high-level representatives of the en^neer- 
ing, operating, commercial, and financial 
departments. Their assigned duty is to 
study service requirements, analyze serv¬ 
ice defects, corrdate programs for the 
maintenance and improvement of the 
quality of service, and to make recom¬ 
mendations on specific programs to be 
iitidprtfllfpu for general improvement in 
service by the system. Although this 
committee has been very active for several 
months, it is still too early to report on 
what has been accomplidied except that 
results to date have been very promising. 

Design for System Development 

The third step in system planning, the 
design of the system itself, is closely asso¬ 
ciated with engineering design and sys- * 
tern operation. It is distinctly a job for 
engineers with a high degree of compe¬ 
tence as technical specialists and as sys¬ 
tem planners with a broad outlook. 

There is no need to discuss the detailed 
techniques which are used in this phase of 
system development. Load division and 
voltage regulation studies, stability stud¬ 
ies, and fault studies are part of the d^y 
routine of engineers in this work. • With¬ 
out any disparagement of the value of 
this work or the techmcal ability re¬ 
quired, it is not particularly difficult to 
design an electric system to meet a g^ven 
set of specifications. The real problem 
is to determine the moSt economical sys¬ 
tem to meet these requirements. 

There are always several methods to 
accomplish the desired result, not all 
equally good but all entirdy adequate. 
Ffit'h*^'** intuitivdy or by a formal study, 
these plans must be measured against the 
expense to determine which one will give 
the over-all lowest cost relative to the 
benefits derived. This economic com¬ 
parison of alternative plans is becoming 
such a complicated procedure that some 
companies are creating specialists who 
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spend all their time in this field of en¬ 
gineering economics as differentiated from 
the broader field of economics as it af¬ 
fects the company’s financial position 
and rate structure. 

In The Detroit Edison Company this 
work of design for system development is 
done largely in the engineering depart¬ 
ments, with assistance as required from 
the operating and construction depart¬ 
ments. To provide over-all co-ordination 
and make available the experience and 
judgment in the various departments, a 
System Development Committee has re¬ 
cently been reorganized under a chairman 
reporting directly to the manager of en¬ 
gineering. This committee consists of 
supervisory heads in the departments 
most concerned with system development. 
Their function is to review plans for 
major system development prepared by 
the line organization and to make recom¬ 
mendations to management concerning 
those plans which affect broad company 
policies. This committee is very useful 
to the planning activities. 

Machine Computation in Engineering 

A brief discussion of the impact of large 
scale computing machines on the prac¬ 
tice of engineering may be in order, par¬ 
ticularly as it affects system planning. 
It is part of the engineering responsibility 
to reduce the cost of producing electric¬ 
ity to a minimum consistent with the 
quality of service it is desired to maintain. 
Some of this reduction can be obtained 
from refinements in the design of the over¬ 
all system and its component parts. 
Much of this reduction in the future, 
however, must come from more precision 
in system planning. Some way must be 
found to tailor the construction more 
closely to actual needs, to predict more 
accurately just when each facility will be 
needed, and how large it should be for 
greatest economy. In other words, by 
more accurate knowledge, it should be 
possible to reduce safely the margin in 
facilities which has to be included to take 
care of the limitations in the predictions. 

In many cases it is known how to ob¬ 
tain this more accurate knowledge, but 
the volume of computation. and data 
processing needed make it uneconomical 
or even impossible to obtain. For in¬ 
stance, all load prediction has its roots 
in the historical record of past loads. But 
to obtain all the data on total load and 
load distribution in the form desired is a 
recording and analyzing job which re¬ 
quires far too much man power and costs 
too much; therefore approximations have 
to be made. Again, in evaluating the ef- 
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feet of different emergencies on customer 
service, more statistical data could be 
procured and more precise methods for 
using the techniques of outage proba¬ 
bility could be developed if it were not for 
the fact that the amount of calculation 
and data handling is out of reason. As 
further examples, in making economic 
studies of alternative plans, in evaluating 
system losses, in combining system losses 
with power plant efficiencies, or in mak¬ 
ing any of the analytical studies neces¬ 
sary in designing a S3rstem, the mere 
weight of computation is often over¬ 
whelming. So approximations are made 
and enough margin is introduced to cover 
those approximations. This additional 
margin costs money. 

The increasing availability of large 
scale analogue and digital computers 
seem to offer a way out of this morass of 
computation and data processing. The 
network analyzer, which is widely used in 
system study work, went a long way 
toward simplifying the solution of the 
problem of system performance. With¬ 
out such equipment, few would have been 
able to design as economical systems as 
are now in use. Of course, the sys¬ 
tems would still have been adequate, but 
it would have been necessary to provide 
more margin in the equipment. Also, 
occasionally, a transmission line might 
have been installed in the wrong place or a 
cable added which did not carry its fair 
share of the load. 

And now the large scale digital com¬ 
puter seems to be developing into an even 
more useful tool. The Detroit Edison 
Company is perhaps more fortunate than 
many other electric power companies, 
having had available for several years 
card-programmed computing machines 
which have been calculating customers’ 
bills and employee payrolls. Now the 
company has a far more powerful 
computer. Two university computation 
laboratories are available with a com¬ 
petent consulting staff and large- 
scale computing machines. For several 
years therefore these machines have 
been applied to engineering problems 
with encouraging success. Real progress 
is expected in the next few years. The 
industry, particularly in the engineering 
field, is just on the thrediold of the ap¬ 
plication of large-scale machine compu¬ 
tation to the solution of the problem. 
The work to date, however, shows that 
the availability of such a tool will com¬ 
pletely change the ideas on many of the 
problems where the necessity for making 
extensive calculations or processing large 
quantities of data has made approxima¬ 
tions necessary. With the greater accimacy 


obtainable, really significant dollar sav¬ 
ings can be made by reducing the margin 
for i^orance now in use in planning for 
system development. 


Development of Personnel 

One other situation relative to system 
planning deserves consideration. It is 
recognized by those dose to system plan¬ 
ning activities, that the personnel en¬ 
gaged in this devdopment work needs 
specialized training. That need is grow¬ 
ing more important with each passing 
year. For the most part, the people who 
are now in system planning have grown 
up with the job and gradually acquired 
the necessary skills. The problem ahead 
is to fill the ranks with younger men, per¬ 
haps those right out of college. With the 
engineering field as broad as it is today, 
the educational institutions do well to 
give the graduate engineer a good basic 
understanding of the principles of engi¬ 
neering. They can hardly be expected to 
train him in the specialized field in which 
he may find himself after graduation. 
There are a few courses available in some 
universities, particularly in the graduate 
area, under the general classifications of 
system engineering which cover the tech¬ 
nical side of system planning, i.e., the 
methods for making studies of system 
performance. Similar information is 
available in scattered form in text books 
and company-sponsored courses. But 
there seem to be no co-ordinated programs 
to develop an engineer with the conven¬ 
tional bachelor’s degree into a planning 
engineer with specialized knowledge. 
About aU that can be done is to start him 
working in this field with the hope that 
he will acquire the necessary knowledge as 
he works. 

If this function of adequate system 
planning as it seems to be developing for 
the future is to be performed, this problem 
of providing some organized educational 
and training programs should be con¬ 
sidered. These programs should include, 
in addition to the courses referred to as 
system engineering, such subjects as the 
application of modem computers, the use 
of sampling techniques, probability meth¬ 
ods and statistical analysis, and the basic 
principles of economics and accounting. 
It is possible that this responsibility could 
be shouldered by the educational institu¬ 
tions, preferably in the graduate area, 
with the co-operation of the industry. 
In any case, it is up to the electric power 
industry where such trained personnel is 
heeded, to make that need known and in¬ 
itiate action to get such programs started. 
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Discussion 

R. G. Hooke (Public Service Electric and 
Gas Company Newark, N. J.): It is a 
tradition of the publishing industry, I 
believe, that an author who writes what his 
readers enjoy reading is likely to find 
favor. Perhaps that is why some of us in 
Public Service Electric and Gas Company 
have thoroughly enjoyed Mr. Fugill’s 
well-organized and thoughtful presentation 
of the ways of modem system planning. 
We subscribe without qualifications to his 
“three steps which are fundamental to all 
system planning.” 

Our first co-ordinated effort at load fore¬ 
casting was made in 1923 when an inter¬ 
departmental committee was organized for 
this purpose. Although there have been 
the inevitable changes of personnel and 
important modifications of procedure over 
the years, our present Load Development 
Committee still establishes the first funda¬ 
mental parameter for system planning; 
the load to be planned for this year, next 
year, and 10 years hence. 

In the early 1940’s with the advent of 
unit substations and the trend toward more 
or less promiscuous tapping of our subtrans- 
tnission system to supply what were then 
wartime emergency loads, we began to set 
down certain rules in accordance with 
which we were satisfied to plan the system. 
In the dozen years since that time, these 
rules have become formalized into what we 
call our “Planning Standards.” These are 
largely empirical statements of the facility 
outages to be designed for and the service 
to be rendered under both normal and 
emergency conditions. Service, of course, 
is defined by the two factors, voltage and 
continuity. We find that definite estab¬ 
lishment of standards for these factors 
greatly simplifies system planning work. 
There is never any argument about ex¬ 
pansion schemes which fail to meet our 
service standards. Such proposals are 
simply not offered and the time necessary 
to convince their advocates that they are 
inadequate is saved. 

Mr, Fugill’s third fundamental involves 
economic analyses. We started an ap¬ 
proach based on annual carrying charges not 
long after the organization of pur Load 
Development Committee. At that time 
we were impressed by the conception that 
it is not capital expenditure which counts, 
but the annual costs necessary to provide 
the service-by one or another of the various 
alternative means. Perhaps one reason for 
this was the fact that our planning organi¬ 
zation was (and is) a part of the operating 
department where the emphasis tends to^ be 
on annual expenses rather than on capital 
costs. 

More recently we have found the expres¬ 
sion “minimum present worth of all future 
revenue requirements” very helpful in our 
t hinlging about economic problems. It 
seems to tie in better with the terminology 
familiar to management from financial 
statements, since “revenue requirements” 
clearly means the money necessary to pay 
all costs, both of operation and of capital 
recovery. The phrase, however, does not 
imply that revenue may never exceed re¬ 
quirements or must be limited in any way. 
Some use the term “fixed charges” to mean 
capital recovery only, i.e., return on 


capital plus depreciation; others include 
taxes and insurance in their definition; 
while a third group considered operation 
and maintenance also as a part of “fixed 
charges,” no matter whether expressed as a 
percentage of fixed costs or directly es¬ 
timated in annual dollars. Similar con¬ 
fusion suiTOunds the words “annual costs” 
and “aimual expenses.” But when we 
speak of the revenue requirements of each 
of several plans, there is never any confu¬ 
sion; we are including all of the costs and 
we are stating the facts in trenchant terms 
from the standpoint of those to whom otu* 
findings are addressed. A plan which 
minimized the present worth of all future 
revenue required to service it is clearly the 
economic choice, to be discarded only if 
some other proposal has advantages justify¬ 
ing added requirements for revenue. In¬ 
cidentally, this descriptive terminology 
also helps to avoid use of erroneous proce¬ 
dures in economic studies and is partic¬ 
ularly effective in certain specific situa¬ 
tions, for instance in justifying the replace¬ 
ment of an under-reading customer’s 
meter. 

Mr. Fugill emphasizes very effectively the 
fact that closer and closer planning is a 
major source of those savings necessary to 
permit utilities continued operation witli 
rate increases far less than proportionate 
to the increases in costs of practically all 
other things we buy. This was the prin¬ 
cipal argument justifying purchase by 
Public Service of the initial portion of its 
a-c network analyzer in 1937. We are 
impressed and we would like to com¬ 
pliment the Detroit Edison Company on 
its progressive policies in applying digital 
computers to engineering and planning 
problems. It appears to us that in this 
area utilities may be at the threshold of a 
major advance in techniques. Mr. Fugill 
spe^s of his use of these computers in 
somewhat general terms. Perhaps it would 
be possible for him to recite some specific 
problems to which they are currently 
being applied. We have used an Inter¬ 
national Business Machines (IBM) type 
604 recently for the development of depre¬ 
ciation annuity tables and per-cent-con¬ 
dition factors for various lives and disper¬ 
sion patterns. We are also considering the 
use of computers not only to handle intri¬ 
cate engineering problems, but also to aid 
in analyzing our load forecasts, applying 
diversities and producing final figures of 
kilowatt and kilovar loads for network 
anal 3 ^er application. We should be in¬ 
terested to know more about the most 
recent problems on which they have been 
found helpful in Detroit. 

The over-all results of system planning 
are very difficult to measure. Of course, 
they appear in the safely narrowing mar¬ 
gins of reserve. While this is not a wel¬ 
come process for the operating supervisor, 
it is surely one of the objectives to be 
striven for from the point of view of the 
economic welfare of the community, pro¬ 
vided always that it is accompanied by 
improving service continuity and voltage 
regulation. 

Fig. 1 shows that on the Public Service 
systan, even without correcting for the 
declining purchasing power of our dollar, 
there has been a substantial downward 
trend in gross dollars of fixed plant invest¬ 
ment per kilowatt of system peak demand. 



Fig. 1. Dollars invested in electric plant per 
kilowatt of system annual peak load (not cor¬ 
rected for inflation) 


All of the improvement, of course, cannot be 
credited to system planning, but surely a 
substantial amount of it rests on more 
accurate load forecasting, recognition of 
acceptable minimum planning standards, 
and properly conceived economic compari¬ 
sons of alternative projects. Again we 
think Mr. Fugill is to be congratulated for 
the organization and clarity of his paper. 


A. J. Wood (General Electric Company, 
Schenectady N. Y,): The purpose of this 
discussion is to point out our experience in 
the advanced education of power system 
engineers. Mr. Fugill’s excellent paper 
discusses the requirements and functions of 
a power ssrstem planning engineer and 
points out that system planners must have 
a large fund of knowledge both in the tech¬ 
nical and in the economic aspects of engi¬ 
neering which may be acquired through 
experience and formalized educational pro¬ 
grams. 

In 1949, the company with which the dis¬ 
cusser is associated, after requests by 
utijity executives and engineers for as¬ 
sistance in establishing their own training 
programs, offered to the electrical utility 
industry an intra-industry educational 
program, the Power Systems Engineering 
Course (PSEC).» This course, a spe¬ 
cialized technical training program, is an 
outgrowth of 26 years’ experience in educa¬ 
tional courses given for the training of 
power system application engineers of the 
discusser’s company. It was offered to the ■ 
industry as a whole when it was recognized 
that a co-operative educaticmal program was 
an economic answer to the necessity for an 
effective, organized training course for 
power system engineers. 

The PSEC is an integrated program con¬ 
sisting of (1) formal classroom lertures, (2) 
informal seminar sessions, (3) inspection 
trips to various electric equipment manu¬ 
facturing facilites, and (4) an engineering 
work assignment program. The formal 
classroom lecture series consists of four 
basic technical courses in power system 
analysis, power systmn protective relaying, 
surge phenomena, and advanced circuit 
analysis and operational methods. ^ These 
courses are augmented by classes in elec¬ 
trical utility engineering practices, trans¬ 
mission losses and the economic operation 
of power systems, and a supervised course 
in the solution of power systems engineering 
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problems. These seven courses, each run¬ 
ning for a period of 8 months, provide the 
nucleus of the PSEC, but they are only one 
part of the entire program. 

The series of seminars, led by authorities 
from both utilities and electric equipment 
manufacturers, provides an opportunity 
for the PSEC participants to gain an in¬ 
sight into the power system as a whole and 
to discuss the application of modem com¬ 
puters, both analogue and digital, with 
engineers experienced in their use in solving 
complex engineering and economic prob¬ 
lems. Broad subjects included in the sem¬ 
inar program are power generation, power 
transmission and distribution, power sys¬ 
tem protection, power system control, and 
the application of conu)uters and analyzers 
to system problems. Further insight into 
system engineering is provided by inspec¬ 
tion trips to the electric equipment manu¬ 
facturing facilities located close at hand. 

One of the most important experiences 
of the PSEC student is the engineering 
work assignment program which enables 
the utility engineer to study problems of 
his own system. These assignments are 
under the guidance of engineers experienced 
in the various special fields of power system 
application engineering and provide a fur¬ 
ther opportunity for the utility engineer to 
gain the broad-gauge experience which is 
required by system planning. 

As of 1955, 124 engineers have completed 
the course. These engineers represent en¬ 
rollment from 37 domestic utilities, 9 
foreign utilities, 6 consulting engineering 
firms, and 2 universities, as well as en¬ 
gineers from the company with which the 
discusser is associated. In addition to the 
direct participants, the graduates have 
assisted in setting up similar courses taught 
in graduate schools and as company courses 
in several locations throughout the United 
States. It is estimated that the total 


number of engineers who have participated 
in these courses,' directly and indirectly, is 
in the neighborhood of three to four times 
the number who have participated directly 
in the PSEC. 

Mr. Fugill points out that the electrical 
utility industry must examine carefully the 
problem of providing organized educational 
and training programs. With this we 
agree. Furthermore, we believe that the 
type of program represented by the PSEC, 
an intra-industry training program, given 
with the co-operation of the electrical 
utility companies, engineering colleges and 
universities, and electric equipment man¬ 
ufacturers is a major step in the proper and 
economical training of power systems en¬ 
gineers. 

Rbfbrbkcb 

1. Tbb Powbk Svstsms Enoinbbsing Course, 
L. E. Saline. General JSleeiric Review, Schenectady, 
N. Y., vol. 54, no. 9. 1961, pp. 18-21. 


A. P. Fugill: In Mr. Hooke’s discussion he 
raised two points which will be covered in 
this closure. The expression “minimum 
present worth of all future revenue require¬ 
ments’* which the Public Service Electric 
and Gas Company is using in economic 
comparisons, warrants considerable at¬ 
tention. It may state what is actually 
meant more accurately than some expres¬ 
sions used by others for the same pmrpose. 
It may also appeal to those in the financial 
phase of the business. It does, however, 
have tlie disadvantage of being in a language 
strange to the everage engineer. Like so 
many e.xpressions used in economic com¬ 
parison studies, its meaning would have to 
be clearly defined before it would be gen¬ 
erally accepted by many in the industry. . 

Mr. Hooke suggests tliat mention be • 


made of specific problems where digital 
computers are cvurently being used. Typ¬ 
ical engineering problems now being solved 
by The Detroit Edison Company on the 
IBM Type 650 EDPM are: 

1. Optimum power plant load scheduling in¬ 
corporating the effect of transmission losses. 

2. Computation of interchange billing for economy 
power transfer between interconnected systems. 

3. Calculation of optimum turbine beat balance 
cycles for turbine design and plant operation. 

4. Determination of pipe stresses for steam 
piping layout. 

6. Calculation of total losses by summation of 
individual branch losses in a system network to 
determine optimum locations for capacitors. 

6. Determination of fault currents in a complex 
system network. This problem is still in the early 
stages of development. 

7. Preparation of general subroutines useful in 
the treatment of matrices and other mathematical 
solutions needed in system network manipulation. 

In Mr. Wood’s discussion, he has given a 
good description of the effort the General 
Electric Company is making to fill the void 
in training facilities for system planning 
engineers. Our company has taJcen ad¬ 
vantage of this course several times and 
found it most valuable. There are also a 
few other sources of training for system 
engineering available in different cities. 
Still more of this type of organized educa¬ 
tion is desirable, since these courses can 
accomodate only a relatively few engineers. 
These courses, however, concentrate on the 
technical side of power system engineering. 
There is also a need for greater availability 
of training in the other subjects mentioned 
in the paper, which are necessary to develop 
a well-rounded planning engineer. 

The author wishes to thank these dis¬ 
cussers for the interest they have shown in 
this paper and for the effort they have 
spent in preparing their discussions. 


General Study of Area Supply Methods 
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E lectric, power systems usually 
have four superimposed voltage 
levels as follows: 

1. Utilization level. 

2. Distribution level. 

3. Sub transmission level. 

4. Transmission level. 

Each of these levels may be visualized 
as a web covering the area of the S 3 ^tem. 


Paper 55-669, recommended by the AXES System 
Engineering Conunittee and approved by the 
AIEE Committee on Technical Operations for 
presentation at the AIEE Fall General Meeting, 
Chicago, Ill., October 3-7, 1955. Manuscript 
submitt^ June 7, 1965; made available for 
lirinting July 18, 1955. 

J. A. Casazza is with the Public Service Electric & 
Gas Company, Newark, N. J., and J. R. Rankiu 
b with Rutgers University, New Brunswick, N. J. 


The webs decrease in density from the 
utilization level to the transmission level. 

Experience has shown that a major 
element in power system costs is that of 
the connections between these levels. In 
this analysis the connections between the 
distribution and utilization levels are 
called distribution transformers, the con¬ 
nections between subtransmisaon and 
distribution levels are called substations 
and the connections between transmis¬ 
sion and subtransmission levels are called 
switching stations. These connections 
essentially consist of step-down trans¬ 
formers vrith the necessary switching 
and protective apparattK. The function 
of these step-down transformers, is to 


allow the higher-voltage web to supply 
power to the lower-voltage web. Be¬ 
cause of its greater density the lower- 
voltage web makes the power available 
to a larger portion of the area. 

The utilization, distribution, and sub¬ 
transmission webs are usually split into 
separate sections of parts, the utilization 
web sometimes having several thousand 
times as many parts as the distribution 
web, the distribution web having up to 
several hundred times as many parts as 
the subtransmission web, and the sub- 
transmisrion web having up to 20 or 30 
parts. The transmission web is usually 
not split. Eadi part of a web is often 
supplied from the next higher voltage 
web through step-down transformers at a 
single location, i.e., each step-down transr 
former installation supplies a radial load. 
On occasion, two or more parts of a web 
are combined to form one part which is 
supplied by step-down transformers at 
different locations. Such combinations 
are as follows: 
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Fig. 1. Equivalent circuits 

B—Integrated networks C—Normally separate networks with emergency cutovers 


1. Bsuiked secondaries on distribution 
transformers. 

2. Secondary networks. 

3. Primary networks supplied by two or 
more substations. 

4. Subtransmission networks supplied by 
two or more switching stations. 

On other occasions, normally open ties 
are established between two parts of a 
web. Load is transferred from one part to 
the other in the event of an outage of a 
step-down transformer supplying either 
part. Examples of such emergency cut¬ 
overs are 

1. Secondary cutovers in the event of dis¬ 
tribution transformer outages. 

2. Primary cutovers to another substation 
in the event of substation transformer out¬ 
ages. 

3. Subtransmission network cutovers to 
another switching station in the event of 
the occurrence of switching station trans¬ 
former outages. 

To summarize, the three general meth¬ 
ods of supplying distribution and sub¬ 
transmission networks are the follow¬ 
ing: 

1. Supplying one network radially from 
each step-down transformer location. 

2. Integrating the separate networks so 
that they effectivdy become one large net¬ 
work supplied from several step-down trans¬ 
former locations. 

3. The Same as item 1, exc^t providing 
normally open ties between networks to 
TrtgVt* possible cutovers from one network to 
the other under outage or emergency con¬ 
ditions. 

The supply method chosen should re¬ 
sult in the tninimmn over-all cost. The 
cost will depend oh the effect of each 
method on the supply system, the step- 
down transformers, and the subtransmis- 
sipn or distribution networks. The fac¬ 


tors that should be considered are the 
foUowing: 

1. Service reliabililgr. 

2. Thermal and voltage conditions, both 
normal and emergency. 

3. Short-circuit duties. 

4. Relaying and protection difficulties. 

Scope 

This analysis has been limited to 
studies of the supply to the subtransmis¬ 
sion. However, it is fdt that the meth¬ 
ods used are applicable to investigations 
of the supply to other voltage levels. 

In general, the most costly element in 
the supply to subtransmisaon networks is 
the switching station. This is especially 
true of systems in developed areas where 
the F^xisring transmission and subtrans¬ 
mission webs provide relatively complete 
area coverage, and load increases are 
supplied by iuterpolating new switching 
stations and increasing the capacity of 
existing switching stations. On this type 
of system an increasing proportion of the 
cost of supplying subtransmission will be 
invested in switching stations in the 
future. Since it has been prepared for 
such a system, this analysis has been 
maihly confined to determining the rf- 
fect on the load that can be supplied of: 

1. the supply method, and 2. the number 
and sizes of the step-down transformers at 
pgr-Ti switching station. It has been 
limited to cases where only two switching 
station locations axe involved. 

A detailed investigation of the effect of 
transmission system conditions and sub- 
transmisaon netwOTk conditions on the 
load that can be supplied is also mduded 
for the case when the subtransmission 
networks are integrated. 


General Approach 

As is usual in most practical engineering 
problems, this type of anal 3 ^is involves a 
vast number of variables. To arrive at 
some conclusions, the approach consists 
of selecting typical values for most of the 
variables, changing the variables one at a 
titnp to determine their relative impor¬ 
tance, and drawing conclusions based on 
the most important variables. 

This analysis uses the per-unit (pu) 
system. Although it was actually made 
on a 100-mva base, the pu results are ap¬ 
plicable to any other base provided the 
pu ratings and impedances are correct. 
The use of the pu system makes the re¬ 
sults useful in investigations of the best 
supply method for all load sizes at any 
voltage level. 

Assumptions 

To simplify the analysis, the following 
assmnptions have been made ; 

1. All loads have the same power factor 
and are coincident; losses are considered 
part of the loads. 

2. All impedances have the same phase 

^gle. 

3. All high-tension and low-tension busses 
in the step-down transformer stations are 
solidly closed. 

4. Thermal conditions on the step-down 
transformers limit the amount of load that 
can be supplied. 

5. Facilities adequate to supply the load 
with any one step-down transformer out of 
service are provided. 

6. All the transformers at a step-down 

transformer station have the same.imped¬ 
ance and rating. ^ 

Assumptions 1 and 2 do not cause ap- 
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Eqmvalent Circuits 



(A) 



(B) 


Fig. 2. Effect of bulk supply system 


predable error. ^ Short-circuit duties 
would require bus section reactors in 
many cases, contrary to assumption 3. 
However, the usual arrangement of these 
reactors results in transfonner loadings 
substantially the same as those resulting 
from assumption 3. Since voltage con¬ 
ditions sometimes limit the amount of 
load that can be carried, assumption 4 is 
not always correct. . However, in such 
cases proper use of reactive sources in the 


load area will make assumption 4 reason¬ 
able. Assumption 5 is reasonable when 
spare transformers are provided at each 
location and the total number of trans¬ 
formers is small. The spare transformers 
limit the duration of an outage to a short 
period, thus making the probability of an 
overlapping outage very small and rel¬ 
atively independent of the total number 
of transformers. Assumption 6 is based 
on conventional practices. 


Fig. 1 shows the equivalent circuits 
used in the analysis of the three methods 
of supply. The transmission system 
equivalent is of the type originally sug¬ 
gested by Ward.® It consists of an 
equivalent generator at each transmis¬ 
sion bus and the transfer impedance be¬ 
tween the two busses. The subtransmis¬ 
sion equivalent shown in Fig. 1(B) is an 
equivalent Y with the total load being 
one leg of the equivalent. The Appendix 
gives the derivations of equations used 
to determine the load &at can be 
carried with the use of each of the three 
supply methods for the conditions inves¬ 
tigated. 

Importance of Variables 

Radial Subtransmission Networks 

With radial subtransmission networks, 
the area capacity depends only on the 
number and sizes of the transformers at 
each supply location as described in the 
Appendix. 

Integrated Subtransmission 

Networks 

With the integration of subtransmission 
networks, the firm capacity depends upon 
the following factors, as shown in the 
second section of the Appendix, and in 
Fig. 1(B). 

Transformers: number (m, n); size {Ia, 
Ib) ; impedance (Za, Zb) . 

Bquivalent subtransmission impedances 
iZu 

Supply system transfer impedance (Zt) 

Proportion of equivalent generation at each 
high-tension bus (r, 1—r) 

Figs. 2(A) and 2(B) show the effect 
of the bulk supply system, i.e., r and Z<, 
on the area capacity. Increases in Z< 
have little effect, provided the equivalent 
generation is balanced. Changes in the 
balance of equivalent generation have 
little effect when Z< is small. Conse¬ 
quently, the supply system has little 
effect on the area capacity if either the 
transfer impedance is small or the equiva¬ 
lent generation is balanced. One or both 
of these conditions usually exist on the 
Public Service Electric and Com¬ 
pany (PSEG) system. 

Figs. 3(A) and 3(B) show the effect of 
the subtransmission system, i.e., Zi and 
Z 2 . The area capacity depends on both 
the ratio of Zi to Z 2 and the sum of Zi 
and Z 2 . The more important factor is the 
ratio of Zi to Z 2 . For the conditions 
diown in Figs. 3(A) and 3(B), the maxi- 
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BULK-SUPPLY SYSTEM TRANSFER IMPEDANCE - Zt (pu) 

(A) 


is not done, a subtransmission addition 
that increases the subtransmission capac¬ 
ity may decrease the firm switching sta¬ 
tion capacity. 

Radial Networks with Emergency 
Cutovers 

The area capacity for separate sub- 
transmission networks with emergency 
cutovers depends only on the sizes of the 
transformers and the amount of load that 
can be transferred in emergencies. 

Assumptions Concerning Variables 

To compare the three basic supply 
methods the following assumptions were 
made concerning integrated subtrans¬ 
mission networks: 


Zt=0 




BULK- SUPPLY SYSTEM TRANSFER IMPEDANCE = Zf (pu) 

(B) 

Fig. 3. Effect of subiransmission system 


Triiim area capacity occurs when the ratio 
of Zx to Zi is equal to the ratio of » to w 
and the total of Zx and Z% is a minimum. 
This relationship between the ratios of 
Zx to Zi and of n to m is the result of 
having transfoimors of the same size at 
both switching stations. Although it has 
not been proved, it is bdieved that the 
maximtim integrated network area capac¬ 
ity will occur when the ratio of Zi to Z 2 
is approximatdy the same as the ratio of 
Zj^/m to Zah when the two switching 
stations have transformers of different 
sizes. A comparison of the curve for 
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Zi=0.10 and ^2=0.10 with the curve for 
Zi=0.10 and ^2=0.15 in Fig. 3(A) and a 
comparison of the curve for Zi = 0.0667 
and Z 2 == 0.20 with the curve for Zi = 0.10 
and Z2=0.16 in Fig. 3(B) shows how san¬ 
ative the area capacity is to subtrans¬ 
mission conditions. 

This explains the large changes in area 
capacity that have occurred in actual 
cases when a large spot load or a new 
subtransmission circuit is added. Conse¬ 
quently, the effect on the area capacity of 
dU subtransmission changes and addi¬ 
tions must be carefully studied. If this 


These assumptions were based on an 
investigation of the values of Z», Zi, and 
Z 2 on the PSEG system and the results 
shown in Figs. 2(A), 2(B), 3(A), and 3(B), 
which indicate that they will give a rela¬ 
tively high value for the area capacity. 
Table I compares the actual values of 
these factors with the theoretical values 
resulting from the assumptions. 

Results 

Table II compares the area capacities 
for the three supply methods for various 
assumed numbers and sizes of trans¬ 
formers atthe twosupply locations. 

Column 9 of Table II shows the in¬ 
creased capacity of integrated networks 
as compared with radial networks. These 
benefits become a smaller proportion of 
tlie area capacity as the area capacity in¬ 
creases. 

The maximum capacity possible from 
the use of emergency cutovers is indicated. 
In general, emergency cutovers malce pos¬ 
sible a maximum area capacity ^eater 
than the integrated network capacity by 
about the same amount that the inte¬ 
grated network capacity is greater than 
the radial network capacity. 

The transferable loads increase the 
radial network area capacity by the total 
amount of transferable load, provided the 
transferable load is divided so that normal 
transformer ratings are not exceeded. 
Table II shows each source normally sup¬ 
plying one-half the total transf^able 
load, which results in outage conditions 
becoming critical and which makes pos- 
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Table I. Comparison of Theoretical and Actual Impedances 


Area 

Approximate 

Equivalent 

Transformer 

Representation, 

A/B 

Actual Zt 

Actual 

Theoretical* 

Zi 

Zj 

Zi 

Zt 

1. 

.... 2-75V3-65’s. 

.0.06. 

.0.09_ 

... 0.10_ 

.0.063.... 

... 0.067 

2. 

_ 4-66*8/1-66 . 

.0.01. 

.0.03.... 

... 0.16_ 

.0.060.... 

... 0.200 

3. 

-2-75’s/2-65’s. 

.0.03. 

.0.08.... 

... 0.11 .... 

.0.063.... 

... 0.100 

4. 

_ 2-66*3/2-65*8 . 

.0.03. 

.0.13.... 

...0.20 .... 

.0.100.... 

... 0.100 

5. 

.... 3-66*8/1-65 . 

.0.09. 

.0.06.... 

... 0.60 .... 

.0.067.... 

... 0.200 

6. 

- 1-65 /3-56*s. 

.0.07. 

.0.24.... 

.... 0.20 .... 

.0.200.... 

... 0.067 


♦Based oaZi-—: Za- — 
m n 

The typical impedance for a 55-mva (name-plate) transformer bank is 0.200 per unit at 100 mva, and for a 
75-mva (name-plate) transformer bank 0.125 per unit at 100 mva. 


sible the maxanum benefits of the emer¬ 
gency cutovers. Table II also shows that 
the maximum area capacity occurs when 
the total transferable load is equal to the 
emergency rating of the smallest trans¬ 
former bank supplying the load. Conse¬ 
quently, the optimum transferable load 
becomes a smaller proportion of the total 
load as the area capacity increases. This 
makes the maximum benefits of emer¬ 
gency cutovers seem more feasible as 
loads increase. 

The difference between the integrated 
network area capacity and the radial net¬ 
work area capacity, as shown in column 
9 of Table 11, is also the amount of trans¬ 
ferable load that is required with radial 
networks to equal the integrated network 


area capacity. It is very significant for 
system planning that the radial network 
area capacity and the integrated net¬ 
work area capacity are almost equal, with 
a combination of two transformers at one 
supply location and four at the other. 

Fig. 4 is a plot of the data in Table II, 
plus some additional data, for various 
combinations of banks normally rated at 
1.00 per unit. It shows that the inte¬ 
grated network area capacity is rela¬ 
tively low when there are two trans¬ 
formers at one supply location. This re¬ 
sults from the excessive proportion of the 
total load that must be carried by the re¬ 
maining transformer when the other 
transformer is out of service. Fig. 4 and 
Table 11 show that a 3/1 combination of 



AT “A" =m 


KEY ; - INTEGRATED NETWORKS 

-—RADIAL NETWORKS WITH 

EMERGENCY CUTOVERS 

Fig. 4. Effect of number of transformers at 
each switching station 


Table II. Comparison of Area Capacities for the Three Supply Methods 


Source A 


Source B 


No. of Wo. of 

Trans- Ratings,* PIT Trans- Ratings,* PU 

formers,- formers, - 

m Normal Emergency n Normal Emergency 
(1) (2) (3) (4) (S) (6) 


Radial 

Network 

Area 

Capacity, 

PU 

(7) 




Radial Networks with Emergency 

Load Cutovers 

Integrated 

Network 

Area 

Capacity, 

PU 

(8) 

A 

Column 8 
Minus 
Column 7 
(9) 

Maximum 

Area 

Capacity, 

PU 

(10) 

Normal Load 
on Each Source, 
La/Lb, PU 
(11) 

Total 
Transfer¬ 
able Loadf 
(ALA-fALB). 
PU 
(12) 


2.. 

,...1.00. 

.1,10.. 


..2., 

00, 

2.. 

.,..1.00. 

.1.10.. 


..2.. 

....1.66. 

2.. 

....1.65. 

.1.76.. 


,.2.. 

_1.66. 

3.. 

,,..1.00. 

.1.10.. 



_1.00. 

3., 

....1,66. 

.1.76.. 



....1.00. 

3.. 

....1.56. 

.1.76.. 


. .1., 

....1.56. 

3.. 

....1.00. 

10.. 


. .2.. 

....1.00. 

3.. 

_1.00.. 

.1.10.. 


,.2.. 

_1.55. 

3.. 

_1.65. 

.1.76.. 


. .2.. 

....1.00. 

3.. 

....1.66.. 

.1.75.. 


. .2. . 

....1.65. 

3.. 

....1.00.. 

.1.10.. 


. .3.. 

_1.00. 

3.. 

....1.00.. 

.1.10.. 


..3., 

....1.65. 

3.. 

...1.56.. 

.1.75.. 


..3.. 

....1.65. 

4.. 

....1.00.. 

.1.10.. 


. .1.. 

....1.00. 

4.. 

..,.1.00.. 

.1.10.. 


.,2.. 

....1.00. 

4.. 

....1.00.. 

.1.10.. 


..2.. 

_1.55. 

4.. 

..,.1.65., 

.1.75.. 


.,2.. 

....1.00. 

4.. 

,...1.65.. 

.1.75.. 


..2.. 

....1.66. 

4.. 

...,1.00.. 

.1.10.. 


,.3.. 

.,,.1,00. 

4.. 

...,1.00.. 

.1.10.. 


..3.. 

_1.56. 

4.. 

,.,.1.65.. 

.1.76.. 


..3.. 

...1.00. 

4.. 

_1.66.. 

.1.76.. 


..3.. 

....1.66. 

4.. 

....1.00.. 

.1.10.. 


,.4.. 

.,..1.00. 

4.. 

,...1.00.. 

.1.10.. 


.,4.. 

....1.66. 

4.. 

....1.55.. 

.1.76.. 


.4.. 

_1.56. 


.1.10... 2.20 . 2.76., 


. . . J. , XU , . . . 

...1.76.... 

« . • . 

... 2.85 .... 

. .. ii./O.. 

... 3.89:. 


...1.76.... 

... 3.60 .... 

... 4.39.. 


...1.10.... 

... 2.20t.... 

... 3.12.. 


...1,10.... 

... 3.60t.... 

... 4.41.. 


...1.75.,.. 

... 8.60f:.,.. 

... 4.96.. 


...1.10.... 

... 3.80 .... 

... 3,68.. 


...1.76.... 

... 3.96 .... 

... 4.22.. 


...1.10.... 

... 4.60 .... 

... 6.06.. 


...1.76- 

... 6.26 _ 

... 6.69.. 


...1.10.... 

... 4.40 .... 

... 4.96.. 


...1.76.;.. 

... 5.70 .... 

... 6.24., 


...1.75,.,. 

....7.00 .... 

... 7.91.. 


...1.10...,. 

... 3.30t.... 

... 4.26.. 


...1.10.... 

... 4.40 .... 

... 4.40.. 

• . • 8 

...1.76.... 

... 6.06 .... 

... 6.03.. 


...1.10.... 

... 6.35 .... 

... 6.39.. 


...1.75.... 

... 7.00 .... 

... 7.01.. 


...1.10.... 

... 6.60 .... 

... 6.87.. 


...1.76.... 

... 6.80 .... 

... 7.16., 


...1.10..,. 

... 7.46 .... 

... 8.08.. 


.,:1.76.... 

... 8.78 .... 

... 9.32.. 


...1.10..,. 

... 6.60 .... 

... 7.16., 


...1.76.... 

... 8.66 _ 

...9.07.. 


...1.76.,.. 

...10.50 .... 

...11.38.. 



0.65;. 3.30..1.66/1.66 .1.10 

0.64. 3.96..1.65/2.30 1,10 

0.89 . 5.26.2.626/2.626.1.76 

0.92 . 3.30.2.76/0.66 .1.10 

0.91. 4.60-...4.06/0.55 .1.10 

1.46.... 6.26...4.376/0.876.1.76 

0.28. 4.40.2.76/1.66 ..1.10 

0.27........ 6.06.2.76/2.30 .;.1.10 

0.46....5.70.4,05/1.66 .1.10 

0.44. 7.00.4.876/2.626.1.76 

0.66........ 6.60.2.76/2.75 .1.10 

0.'64 . 6.80.2.76/4.06 .l.lO 

0.91.V. 8.76.......4.376/4.376.1.76 

0.96. 4.40.3.83/0.65 _,..1.10 

0 .6.60...3.86/1.65 1.10 

-0.02. 6.15.3.86/2.30 .1.10 

0.04 . 7.45. 6.80/1.66 ..1.10 

0.01. 8.76.6.125/2.626.,1.75 

0.37.,. 6.60.3.85/2.76 .1.10 

0.35. 7.90.3.86/4.05 .1.10 

0.63.... 8.56.5.80/2.75 .1.10 

0.. 67.10.60.6.126/4.376.1.76 

0.65. 7.70.3.86/3.86 _...1.10 

0.62........ 9.65.3.86/6.80 .1.10 

0.88...12.25....... 6.125/6.126...1.76 


* Typical winter ratings of 66 mva (name-plate) 132/26-kv transformer bank are: normal, 100 mva, emergency, llOniva. Typical winter ratings of 76 mva (name¬ 
plate) 132/26-kv transformer bank are: norm^, 155 mva, emergency, 175 mva. 

t One-half of total should be transferable in each direction to keep amount of load transferred for any one emergency to a tnititmiiwi 
i Cases are not realistic, since the load supplied by the source with one transformer would be interrupted until ^e load is transferred. 
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supply transfonners makes better use of 
the available transformer capacity than a 
2/2 combination when the networks are 
integrated. 

Fig. 4 also shows the area capacities 
which result with radial networks and 
emergency load cutovers. It illustrates 
the relative advantages of this method of 
supply, particularly when there are two 
transformers at one switching station. 
This indicates that it would be particu¬ 
larly advantageous to convert existing 
integrated networks to radial networks 
with emergency cutovers when the second 
transformer bank is installed at a switch¬ 
ing station. 

Table III ^ows a comparison of the 
theoretical area capacities, as determined 
by the methods of this report, and actual 
area capacities for several areas on the 
PSEG system. The relatively do^ 
agreement indicates the results given in 
Table II are applicable to practical con¬ 
ditions. They are sHghtly higher than 
those obtained in actual areas. This 
is a result of the simplif 3 dng assumptions, 
which were intentionally slanted to give 
the Tnfl.viTnum possible area capacities. 

Conclusions 

Based on the results of this analysis, 
which considered only the thermal capac¬ 
ity of the supply transformers, the best 
supply method for the heavy loads of &e 
future, seems to be radial networks with 
normally open ties between the networks 
to provide for emergency cutovers. This 
supply method will have the following 
effects on some of the other elements in 
the over-all picture: 


j. Subtransmission facilities must be ade- 
[jiiate for the loads that are cut over in the 
event of switching station transformer out¬ 
age, and for outage of subtransmission facili¬ 
ties with all switching station transformers 

in service. , 

This should not require any more sub¬ 
transmission than is required with inte¬ 
grated networks if approximatdy one-ham 
the transferable load is normally ^pplied by 
each of the two switching stations. This 
load can also be transferred in the event of 
subtransmission outages. In certdn cases, 
less subtransmission may be required than 
with integrated networks since the proper 
amount of transferable load will make pos¬ 
sible the maximum use of spmre subtrans- 
mission capacity under either switchmg sta¬ 
tion transformer outage or subtransmission 
outage conditions. . 

2. Loadings in excess of conventional emer¬ 
gency ratings may result on both subtraM- 
mission and supply transformers dunng the 
T>eriod between the occurrence of a supply 
toansformer outage and the execuhon of tae 
reouired load cutover. Since this p^od 
will be of diort duration, these loadings 
sTi niild not become a limitation. 


3. Additional emergency-switched ^capaci¬ 
tors may be required to maintain ade¬ 
quate voltage when loads are transferred 
from one source to another. Based on an 
85 per cent (%) power factor for the trans¬ 
ferable load, preliminary investigations in¬ 
dicate that required total megavars 
gency-switched capacitors will be lo/o “ 
25% of the total mva of transferable load to 
limi t the emergency voltage to 95% of the 
normal minimum. 

This should not become a serious require¬ 
ment since the transferable load power 
factor will generally be much higher th^ 
86%. Any required capacitors may also be 
useful for oth^ system and local area out¬ 
ages. 

4. Circuit-breaker duties will be lower than 
those with integrated networks. 

6. Relaying and protection costs will be 
reduced, since relay co-ordination will be 
simplified. 

6. Service reliability will not be decreed, 
since the extent of major disasters will be 
confined to one switching station and 
interarea reUef will be at least as great as 
with integrated networks. The tr^s- 
ferable loads will be dually suppli^, smce 
they can be suppUed from two different 
sources, thus insuring a high degree of 
service reliability. However, these loads 
must be transferred without int^ption. 
This involves taking a calculated risk m 
the short period that these loads are tied 
to both sources. Breaker-interrupting 
duties may be in excess of mtings, ^d 
relays may not operate properly if another 
fault occurs during this period. litowwer, 
this risk is very small, and of the type 
often taken in the day-to-day operation ot 
the present system. 

7 Phase shiftem and other expensive 
mieans of controlling power flow sometimes 
required with integrated networks for 
certain bulk system outages will not be 
required. 

Although considerable additional study 
of specific cases is required, the foregoing 
analysis indicates that from the over-all 
point of view the heavy subtransmission 
loads of the future should be supplied 
radially by each switching station; facili¬ 
ties should be provided for the emergency 

load cutovers required to maJce maximum 

use of switching station transformer and 
subtransmission line capacity under out¬ 
age conditions. 


Table III. Comparison of Theoretical and 
Actual Area Capacities for Integrated 
Networks 


Approximate „ ... 

Equivalent Winter Area Capacitv,* 
Transformer Mva 


1 .2-75V3-S5’s.406.. 

2 .4-56’s/ 1S6 .376t. 

3 .2-76V2-55's.326.. 

4 . .2-66’s/2-66'8 .260.. 

6.'.'..3-66’s/1-55 .306.. 

6.1-65 /3-66’s .275.. 


.422 

.426 

.339 

.276 

.312 

.312 


* Based on thermal limitations. 

t Based on approximate equivalent traMformer 
representation, and results tabulated m Table II. 
± Capacity is below normal due to high voltage bus 
being operated open at switching station A. 


Appendix. Method for Deter¬ 
mining Area Capacity 

Nomenclature 

2i«mva rating of each transformer at 
switching station A 

Jp^mva rating of each transformer at 
switching station B 

L=total load that can be supplied in the 
area, i.er, area capacity 
«total load normally supplied by switch¬ 
ing station A ^ 

Ls =“total load normally supplied by switch¬ 
ing station B 


number of transformers at switching 
station A 

n=number of transformers at switching 

r =proportion of load supplied by equivalent 
generator at bus A 

(^1-r) tsproportion of load supplied by equiv¬ 
alent generator at bus B ... 

Zt “transfer impedance between tagh-ten- 
siou busses of the two switching sta¬ 
tions , 

Za"I mpedance of each transformer at 
switching station A 

Zb "impedance of each transformer at 
switching station B 

Z, =equiv^ent impedance from low-tension 
bus at switching station A to equiv¬ 
alent load point, as shown in Fig. 
1(B) 

Zs “equivalent impedance from 

bus at switching station B to eqmv- 
alent load point, as shown in Fig. 
1(B) 

Because of the simplifying assumptions, 
the analysis can be made on an algebraic 
basis, with mva treated as current. 

Radial Subtransmission Networks, 

Referring to Fig. 1(A). La ^ catatlated 
with the use of normal ratings for Ihe 
transformers and all transformers in service 
at switching station A. La was also 
culated with the use of ^erg^cy 
for the transformers with one transformer 
out of service. The lower of the two ydues 
is the load that can be carried at switctang 

station 4. Lb was similarly calculated. 

The area capacity L is the sum oi 
loads that can be carried at the two switch¬ 
ing stations. 

Integrated Subtransmission Networks 

Referring to Fig. 1(B), 
transformers at switching station A hu nti g 
and letting Vae be the voltage drop from 
bus A to bus E 




VAA’‘(.''L—mlA)2i+(L—’nlA)C~+^^ 

( 


( 1 ) 
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Equating 1 and 2, and solving for L 

+—+Z2+Z<1 
r L^« n 

- T. - - 

~-{-Zi+rZt 

n 

Now, assuming side B transformers limiting 

VBs=nlB^^ +Z^ ( 4 ) 

[(l“r)X— nI^Zf\-{L — nlB)y. 

(^+z) (5) 

Equating 4 and 5 and solving for L 
’>!b f—+^ x+—+Zi+Zi1 

r L” » 

i—5;:-=H («) 

^+Z,+(l-r)Z,_ 


To determine the area capacity, i.e., the 
total load which may be carried, L was 
calculated for the following six conditions: 

1. All transformers in service and side 
A limiting. 

2. All transformers in service a nij side 
B limiting. 

^ 3. One transformer out of service at 
side A ^ and side A transformers limiting. 
(Equation 3 was solved with m replaced 
by m—1.) 

4. One transformer out of service at 


side A and side B transformers limi tin g 
(Equation 6 was solved with m replaced 
by f»—1.) 

5. One transformer out of service at 
side B and side A transformers limiting . 
(Equation 3 was solved with » replaced by 
« — 1 .) 

6. One transformer out of service at 
side B and side B transformers limiting. 
(Equation 6 was solved with n replaced 
by n—L) 

Normal transformer ratings were used 
in determining i for the cases where all 
transformers are in service. Emergency 
transformer ratings were used in determin¬ 
ing L for the cases where one transformer 
was out of service. The minimum value 
of L calculated wras defined as the area 
capacity for the supply condition being 
investigated. 

Radial Subtransmission Networks 
with Emergency Load Cutovers 

Referring to Pig. 1(C), La. and Lb were 
calculated using norm^ ratings for the 
transformers with all transformers in 
service, La and Lb were also calculated 
using of emergency ratings for the trans- 
formas with the largest transformer bank 
(at either A or B) out of serivce. The 
maximum area capacity is the smfllVr of 
the foregoing two totals. 

The total transferable load, ALa+ALp, 
is the difference between this area capacity 
and the radial network area capacity, deter¬ 


mined as indicated above, and is equal to 
the emergency rating of the smallest 
transformer bank. To limit the amount of 
load to be transferred for any one emer¬ 
gency, £^La was assumed equal to ALs. 
The normal load on source A is the sum of 
ALa and the emergency ratings of the 
transformers at A with one transformer 
bank out of service. The normal load on 
source B is the sum of ALb and the emer¬ 
gency ratings of the transformers at B 
with one transformer bank out of service. 

Calculations 

The calculations for integrated networks 
were first done in longhand and then 
checked using an IBM 604 calculator. 
The longhand calculations required ap¬ 
proximately 16 man-days while the cal¬ 
culation on the International Business 
Machine equipment required less than 
2 man-days’ preparation time and less 
than 16 minutes’ machine time. 
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Discussion 

J. M. Henderson (General Electric Com¬ 
pany, Schenectady, N. Y.): This paper 
provides an excellent appraisal of the several 
methods of electric power supply to sub¬ 
transmission load areas. The analysis is 
sound and it is difficult to take exception to 
the conclusions drawn by the authors. 
They have demonstrated that where area 
capacity is limited by the thermal capacity 
of the supply transformers, and where suit¬ 
able subtransmission substation tie circuits 
are already available, the radial supply 
scheme with provision for emergency throw- 
over of transferable load is preferable. 
That is, they show that this method of sup¬ 
ply permits maximum use of transformer 
capacity, while the capacity obtainable 
with an integrated network is less because 
of the tmequal or unproportionate load 
division between supply transformers during 
emergency operation with one transformer 
out of service. Further advantages cited 
by the authors for the radial emergency cut¬ 
over method of supply over the integrated 
network are reduced short-circuit duties as 
well as reduced complexity of system relay¬ 
ing. 

These advantages are obtained at the ex¬ 
pense of the additional switching required to 
switch the transferable load from one source 
station to another. In addition, in some 
instances this transfer pattern may involve 
additional subtransmission circuit invest¬ 
ment. It might be of interest, therefore, if 
the authors would comment on these points 


and, if possible, provide some evaluation of 
their over-all significance. 

It should also be emphasized that the 
margins favoring the radial-emergency cut¬ 
over and integrated network methods of 
supply over the straight radial method are 
dependent to a considerable extent on the 
ratio of the transformer emergency and 
normal ratings. For example, with the 
supply system consisting of two stations 
each containing four transformers, and 
with transformer emergency capability 33% 
higher tlian normal, the straight radial 
method would permit maximum use of 
available transformer capacity with one 
unit out of service. The foregoing may be 
thought of as a special case in which the 
required transferable load is zero. 

As the authors point out, there is usually 
little justification for normally closed inter¬ 
area subtransmission ties, as bulk-power 
transfers between areas should be handled 
at the^ higher voltage transmission level. 
In addition, such normally closed subtrans- 
mission ties can sometimes become dras¬ 
tically overloaded during transmission 
emergency conditions. 

In conclusion, the authors are to be com¬ 
plimented for this excellent analysis of a 
major problem now confronting many 
utility planning engineers. 


R. M. Smith and A. H. Getty (Common¬ 
wealth Edison Company, Chicago, Ill,): 
The authors are to be congratulated on their 
contribution to a basic area of s 3 rstem plan¬ 
ning. Using the method presented in the 


paper, it is possible to calculate the approxi¬ 
mate area capacity of alternate methods of 
supply. The method described for calcu¬ 
lating the area capacity of an integrated 
network has several practical limitations 
however, and will not replace the calculating 
board for specific areas. 

The results of studies for the future 
development of our subtransmission system 
agree generally with the conclusion of tliis 
paper: that high-density loads can best be 
supplied from radial substations. We have 
used emergency load transfers with success 
on both distribution and subtransmission 
systems. However, integrated subtraus- 
mission networks have also been economi¬ 
cally applied in areas of light or medium 
load density. 

The relative area capacity calculated for 
the three methods of supply will be con¬ 
siderably influenced by the ratio of normal 
to emergency thermal capability used for 
the transformers. For example, with one 
type of transformer widely used on our 
system, the emergency capability of three 
transformers is approximately equal to tlie 
normal capability of four transformers. 
Using these ratings, the area capacity of a 
substation with four transformers of equal 
size is limited by normal load capability 
and could not be increased either by emer¬ 
gency load transfers or by Integrated network 
connections. This is considerably different 
frcm the results presented in the paper. 
With the emergency transformer rating 
only about 10% higher than the normal 
rating as Used by the authors, there is con¬ 
siderable advantage in using emergency 
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load transfers between substations of four 
transformers each. 

The statement was made that the emer¬ 
gency loadings which will result before the 
execution of the required load transfer 
should not be a limitation. The validity of 
this statement is also dependent upon the 
specific thermal ratings used. Witli two 
transformers of equal size at each substation 
and the load conditions that were assumed 
in the paper, the short-time emergency load 
on a transformer would be 60% more than 
its emergency rating. This is considerably 
above the short-time (30-minute) ratings 
that have been developed for our system. 
If lower short-time ratings are used, the 
relative advantage of radial substations 
with emergency load transfers will not be as 
great as indicated in the paper, particularly 
for substations with two transformers each. 

While mention was made of several ad¬ 
vantages of radial operation with emergency 
load transfers to supply heavy loads, it 
should not be inferred that this method will 
be most economical at all load densities. 
Assuming that loss of a transformer should 
not cause an interruption of service to 
customers, any radial method of supply in- 
,herently requires an initial installation of 
two or more transformers. We have eco¬ 
nomically used single transformers sup¬ 
ported by integrated network ties as the 
initial substation installation to supply the 
subtransmission system in outlying areas. 


J, A. Casazza and J. R. Rankin: The dis¬ 
cussions have raised a number of pertinent 
points. Mr. Henderson has pointed out 
that advantages of radial networks with 
emergency cutovers are obtained at the 
expense of additional switching and sub¬ 


transmission facilities. This is true. At 
present Public Service plans to tranter 
substations with loads up to about 5,000 
kva. A transfer of several substations with 
a total load of 15,000 kva is planned in one 
area. The spare subtransmission capacity 
required for subtransmission outages in the 
network to which the loads are transferred 
has been found adequate for such cutovers. 
The switching , is accomplished by motor- 
operated disconnects actuated by loss of 
voltage. The transfer to the alternate 
supply is made by interrupting the nornial 
supply, by opening the circuit breaker at its 
source end. This, however, involves a 
momentary load interruption. No momen¬ 
tary interruptions are desired in transferring 
the larger blocks of load indicated in 
paper. Specific investigation of methods 
of accomplishing this are in progress in two 
areas. It is hoped that additional switching 
facilities will be minimized by using sub¬ 
stations with a low average loading per 
existing line terminal as the transferable 
loads. Additional subtransmission require¬ 
ments should be kept to a minimum if 
about one half the transferable load is 
normally supplied by each switching sta¬ 
tion. If this is done, normal conmtions 
should not require more subtransmission. 
The difference between normal and ^er- 
gency subtransmission ratings can be util^d 
when outages require the transfer of load. 

Both Mr. Henderson and Messrs. Smith 
and Getty have pointed out that the 
differentials between the various supply 
methods are very dependent upon the ratio 
of normal to emergency ratings used for the 
transformers. This is true and indicates 
the possibiUty that some consideration 
should be given to the supply method in 
determining transformer ratings. The rat¬ 
ings used in this paper were based on con¬ 


ventional rating practices for the sizes and 
types of transformers involved. 

Messrs. Smith and Getty have correctly 
pointed out that the relative advantages of 
radial networks with emergency cutovers 
will be less than indicated if the short-time 
loading conditions become critical. The 
time required to make the necessary load 
transfers, the loss of transformer life that is 
acceptable, and acceptable short-time sub¬ 
transmission loadings will determine the 
extent of this limitation. 

Mr. Henderson has stated that there is 
little justification for normally closed 
area subtransmission ties. Messrs. Smith 
and Getty, however, have indicated that 
integrated networks are preferable with 
lighter loads, particularly since this makes 
possible the use of only one transformer 
bank when establishing a new switching 
station. We agree with Messrs. Smith and 
Getty and did not intend to imply that 
radial networks with emergency cutovers 
is the best supply method for all load 
densities. Our paper attempted to deter¬ 
mine the best supply method for the heavier 
loads of the future. At present, integrated 
networks predominate on the Public Service 

system. , , ^ 

Mr. Henderson also stated that intoarea 
subtransmission ties can become drastically 
overloaded during bulk-system outages. 
This has not been a problem on our system 
in the past, since spare subtransmission 
capacity required for subtransmission out¬ 
ages has been adequate for the loads super¬ 
imposed on subtransmission during bulk- 
system outages. Recent a-c network ana¬ 
lyzer studies have indicated the possibility 
that this may become a problem as trans¬ 
mission system loads increase. 

The discussions have helped to clarity the 
paper and are much appreciated. 


Equivalent Circuits for Single-Phase 

Motors 

G. R. SLEMON 

member aiee 


I N THIS paper eqtuvalent circuits suit¬ 
able for use with network analyzers are 
developed for a number of types of single¬ 
phase motors. The approach used allows 
the equivalent circuits to have the follow¬ 
ing features: 

1. Most elements in the equivalent ciremt 
correspond directly to sections of me 
magnetic circuit of the machine, allowing 
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the physical picture of the machine to be 
retained in its equivalent circuit. 

2. Individual adjustments are provided 
in the circuit for each leakage reactance, 
mutual reactance, winding resistance, for 
turns-ratio, and for speed. 

3 The terminals of the equivalent circuit 
represent the actual terminals of toe 
machine. This allows the circuit to be 
interconnected directly to other machines 
or supply networks. 

4 Direct measurements can be made of 
input current and voltage, mechanical 
power output, and torque as a function of 
speed. 

6. The- principal effects of magnetic 
saturation, iron Iqsses, and space harmonics 
can be included where required. 


Equivalent circuits for individual types 
of single-phase motors have been de¬ 
veloped by many authors and general 
methods of developing these circuits have 

been described by Kron.i in almost all of 

these approaches to the problem an at¬ 
tempt has been made to produce a circuit 
containing only resistance, inductance and 
capacitance elements, and voltage sources 
such as are available on network analyzers 
designed for power system studies. To do 
this, S3rmmetrical component, cross-field 
and phase-shift transformations have 
often been used with the result that much 
of the physical significance of the circuit is 
lost. D^ved rather than actual volt¬ 
ages are applied, capacitors and some¬ 
times negative resistors are required, and 
much of the opportunity to include satu¬ 
ration effects is lost. 

It is shown herein that the primary 
limitation of conventional network an¬ 
alyzers in handling these circuits can be 
removed by the addition of a simple elec¬ 
tronic varible-ratio transformer of volt¬ 
age ratio 1 to jn. Other limitations such 
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Fig. 1, Equivalent coils of a general cross* 
Held machine 


as the residual resistance of inductors will 
still remain. To overcome these, the 
possibility of using the transformer-ana¬ 
logue type of network analyzer® for 
machine design problems is discussed. 

Equivalent Circuit of a General 
Cross-Field Machine 


of this paper but it should be noted that 
all simplifying assumptions are introduced 
at this stage. At standstill, the machine 
of Fig. 1 may be considered as two 2-wind¬ 
ing transformers which are mutually inde¬ 
pendent except that direct- and quadra¬ 
ture-axis duxes exist simultaneously in 
parts of the magnetic field and may thus 
produce some intersaturation ^ects. 
Neglecting this factor for the moment, in¬ 
dependent magnetic circuits may be pro¬ 
duced for the two axes, as shown in Fig. 2. 
Sma and Smg are the reluctances to the 
main mutual fluxes <f)ma and Su and 
SiQ are the reluctances to the stator leak¬ 
age fluxes and Si is the rotor leakage re¬ 
luctance which will normally but hot 
necessarily be the same for both axes. 

The equivalent electric circuits of Fig. 
3 are dual in form to the corresponding 
circuits of Fig. 2 and may be derived by a 
simple topological method.® Reluctances 
have been replaced by inductive react¬ 
ances of value 





Quadrafure Axis 

Fig. 2. Magnetic circuits of a cross-field 
machine 


Vtq “ — tUi)Nad>2a 

But in the electric circuit 

Via '=‘j(>)Na<f>ia • 

Therefore the voltage injected into the 
quadrature axis may be obtained as 


Equivalent circuits for most types of 
single-phase motor can be derived by 
applying appropriate constraints to the 
equivalent circuit of a general cross-field 
machine which has a salient-pole stator 
and a round rotor. Fig. 1 shows the ar¬ 
rangement of the equivalent coils of such 
a machine, the direct- and quadrature- 
axis stator coils having effective turns 
Nd and respectively. The effective 
number of turns is the actual number of 
turns multiplied by the appropriate 
fundamental-frequency winding factor. 
It is assumed that the effects of harmonic 
can be neglected in the initial develop¬ 
ment of the equivalent circuit and can be 
added later by superposition, if necessary. 
The rotor is considered to be commutated 
in its direct and quadrature axes and may 
be replaced for proposes of analysis by two 
coils each having Na effective turns. 

The equivaient circuits in this paper are 
developed by a method described in an 
earlier paper® which related to trans¬ 
formers and polyphase machines. It is 
shown in Appendix I that the form of the 
electric equivalent circuit of an electro¬ 
magnetic machine is basically the dual of 
the form of its magnetic circuit; reluc¬ 
tances in the magnetic circuit are repla,ced 
by inversely proportional inductances in 
the electric circuit. 

The first step in analyzing the machine 
is the reduction of its magnetic field to a 
magnetic circuit of lumped magnetic re¬ 
luctances each of which represents the re¬ 
luctance offered to a mutual or leakage 
flux. This reduction is outside the scope 
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and mesh fluxes have been replaced by 
nodal voltages 

V ’=j<oNd<j> 

All quantities in the electric circuits 
have been referred to the number of 
turns Na in the direct-axis stator winding. 
When actual terminal quantities are re¬ 
quired, these can be obtained by attaching 
ideal transformers with appropriate tums- 
ratios. To complete the equivalent cir¬ 
cuits at standstill, the winding resistances 
may be added as part of the electric cir¬ 
cuits attached to the machine terminals. 

Effects of Rotation 

Voltages are produced in the fictitious 
rotor coils because of two effects. Trans¬ 
former voltages are induced just as if the 
coils were stationary. These voltages 
Vma and Vmg are already included in &e 
circuits of Fig. 3. In addition, rotational 
voltages are produced in the colls of each 
axis due to rotation through the net flux of 
the other axis. These rotational voltages 
niay be introduced by the use of appro¬ 
priate ideal transformers. 

Let the angular vdodty of the rotor be 
n <a electric radians per second. The 
net fluxes denoted <i>ia and linking the 
direct- and quadrature-axis rotor coils 
are the vector differences of the mutual 
fluxes 4)fna and and their respective 
rotor leakage fluxes. Ihe rotational volt¬ 
age injected into the quadrature-axis cdr- 


Vrg^jnVid 

Similarly the voltage injected into the 
direct axis is 

VTd'=jnVi, 

In the equivalent circuit the injection 
of these voltages is accomplished by spe¬ 
cial unilateral variable-ratio transforiners 
having voltage ratios of 1 to jn and 1 to 
—jn, and current ratios of 0 to 1. Fig. 4 
shows the complete equivalent circuit of a 
general 2-axis machine with all stator and 
rotor terminals brought out. An addi¬ 
tional bilateral transformer of ratio Ng to 
iVtf is required to obtain the actual voltage 
and current at the quadrature-axis stator- 
terminals. The rotor terminals are those 
which would be available if the machine 
were ideally commutated in its direct and 
quadrature axes. Thus, the circuit ful¬ 
fills the requirement that it be directly 
connectable to external dectric circuitry. 

If the direct and quadrature-axis fluxes 
are riot sinusoidally distributed, the equa¬ 
tions for the rotational voltages may not 
be quantitatively correct. The rotational 
voltages will however still be proportional 
to the net rotor fluxes. This additional 
effect can be induded by introducing into 
the voltage ratios of transformers Tt and 
T *, factors rdating the effective rotational 
fluxes to the actual fluxes. 

The mechanical power output and 
torque forthemadiine atanyvalueof speed 
may be found by direct measurements on 
the equivalent circuit using a double-ele¬ 
ment wattmetdr. Mechanical power out¬ 
put is given by; 
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P«sreal part of {luVTd^+hgVrii*) 

The torque may be found as 

T^— 

nap 

where p is the number of pole pairs 

But since this expression becomes inde¬ 
terminate at standstill, an alternative 
direct measurement of torque is prefer¬ 
able 

7'=-^ [imaginary part of (^hqVza* — 
ap 

IuVu*)\ 

The conventional equivalent circuit of a 
single-phase induction motor with no 
voltage applied to its quadratture-axis 
stator winding is developed from that of 
Fig. 4 in Appendix II. 

Provision for Saturation and 
Iron Losses 

The method of developing equivalent 
circuits described earlier associates each 
inductive reactance in the electric circuit 
with a magnetic reluctance in the ma¬ 
chine. If the value of this reluctance is de¬ 
pendent on the flux established in it, a 
similar relationship will exist between the 
corresponding inductive reactance and the 
voltage across it. A first and usually suf¬ 
ficient approximation to the effect of mag¬ 
netic saturation may be obtained by as¬ 
suming that each reactance in the equiva¬ 
lent circuit is either constant or dependent 
on only one flux component. For ex¬ 
ample, it might be assumed that in the cir¬ 
cuit of Fig. 4 all reactances are constant 
except the ' magnetizing reactances Xma. 
and XmQ’ Curves can be drawn for Xwa 
and Xmu as functions of the voltages Vma 
and Vmq respectively. Then for each set¬ 
ting of the equivalent circuit the reactance 
are adjusted until the reactance and volt¬ 
age measured in the analyzer correspond 
to a point on the corresponding curve.* 
Leakage reactances which are propor¬ 
tional to their leakage fluxes may be 
treated in a similar manner. 

■Where the reluctance of a magnetic 
member is depende;nt on the sum of a 
leakage and mutual flux, this member 
should be represented as a separate induc¬ 
tive reactance in the dectric equivalent 
circuit, with a voltage proportional to the 
•ygctor sum of the fluxes across it. The 
basic assumptions on saturation are there¬ 
fore made by the designer in the process 

of reducing the magnetic field of a ma- 

cfliine to a magnetic drcuit. In gener^, the 
complexity of the circuit for an adequate 
i*epresentation will increase as the degree 
of saturation is increased. Biit an in¬ 


crease in the number of elements in the 
analyzer representation does not increase 
the time for obtaining results dispropor¬ 
tionately. An additional saturation effect 
arises from the simultaneous existence of 
direct and quadrature components of flux. 
For example, the reactance Xmg in Fig. 4 
may depend not only on the quadrature- 
axis mutual flux represented by the volt¬ 
age Vmq but also on the direct-axis flux 
Vma acting across its magnetic path. This 
intersaturation effect is complicated by 
its dependence on the magnitudes of Vma 
and Vng and also on the angle between 
them. Preliminary studies have shown 
the effect to be mc«t pronounced when the 
voltages are in phase and almost negligible 
for the usual operating condition when 
they are approximately in quadrature. 
Further work is in progress to determine 
the practical methods of approximating 
this and other secondary saturation ef¬ 
fects to sufficient accuracy. 

All inductive reactances in the equiva¬ 
lent circuitwhich representthe rdluctances 
of iron paths will have associated with 
them some iron losses. Where these 
losses are of sufficient importance to the 
characteristics being measured, they may 
be represented by resistances shunting 
the appropriate inductive reactances. 
These resistances may be found from com¬ 
puted values of loss or, alternatively, from 
the use of the complex permeability of 
iron.® 

Split-Phase Motors 

In split-phase or resistance-start motors 
the resistance-to-reactance ratio of the 
quadrature-axis stator circuit is made 
greater than that of the direct-axis stator 
circuit to produce a phase shift between 
the axis fluxes and, therefore, a starting 
torque. The squirrel-cage rotor may be 
represented by making the two voltages 
and Eaj in Fig- 4= equal to zero. Fig. 5 
shows an equivalent circuit of this type of 
motor. Both stator windings are supplied 
from a common line voltage Ei and the 
line current Ji. Direct measurements 
may be made of torque/speed, line-cur¬ 
rent/speed, winding-current/speed and 
also of the effects of varying resistances, 
reactances, and the tums-ratio. 


hd jXid 


jX2 I2d 

-nnnp -> —-o 


Vid 


Vmd 


IjXmd 


V2d 


Direct Axis 


hq’ jXlq jX2 I2q 
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Vlq 


Vmq 


ijXmq 


1 
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Capacitor Motors 

In capacitor motors the required phase 
shift between the direct- and quadrature- 
axis fluxes is produced by introducing a 
capacitor of reactance Xc into the quadra¬ 
ture-axis stator circuit, as shown in Fig. 6. 
In taking a torque/speed curve for this 
machine, the capadtive/reactance can be 


Quadrature Axis 

Fig. 3. Equivalent electric circuits of a 
cross-field machine at standstill 


adjusted to the value appropriate to the 
starting-speed or running-speed range 
under consideration. The equivalent cir¬ 
cuit is particularly convenient since the 
capacitor voltage can be measured di¬ 
rectly. The most advantageous use of 
standard capacitors can be studied by ad¬ 
justing various circuit parameters. 

Shaded-Pole Motors 

The shaded-pole motor is constructed, 
with one winding encompassing the com¬ 
plete pole, while a second short-circuited 
winding encompasses only* part of the pole. 
The windings are concentrated but the air 
gap is relatively uniform. The cross-field 
approach may be used in the analysis of 
this motor by considering it as a general 
2-axis machine with its direct-axis stator 
coil and one quadrature-axis coil con¬ 
nected in series to the supply, while a 
second quadrature-axis coil is short-cir¬ 
cuited. If only ftmdamental fluxes were 
considered, an equivalent circuit could be 
obtained by applying appropriate restric¬ 
tions and additions to the general circuit 
of Fig. 4. Large space harmonics are, 
however, produced by the concentrated 
windings and their effects must be in¬ 
cluded to Obtain an adequate circuit. Sep¬ 
arate equivalent circuits can be drawn for 
e ach of the space harmonics. Since all 
harmonic circuits are excited from the 
eatnp line cuTTent, the composite equiva¬ 
lent circuit consists of all the harmonic 
component circuits connected in series in 
both direct and quadrature axes at the 
air gap.® In the equivalent circuit shown 
in Fig. 6, the fundamental-frequency and 
third-harmonic circuits only are shown. 
The effects of higher harmonics might be 
included but these can usually be added 
as •rrny\nr corrections calculated from the 
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Fig. 6. Equivalent circuit of shaded-pole motor 
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currents obtained with this limited cir¬ 
cuit.® In Fig. 6, Ri and Xi are the re¬ 
sistance and leakage reactance of the 
main winding, Rig and X\q are the resist¬ 
ance and leakage reactance of the shaded- 
pole winding, and Xgais the mutual leak¬ 
age reactance of the main and shaded-pole 
windings. All primed parameters refer 
to the third-harmonic portion of the cir¬ 
cuit and are referred to the elffective di¬ 
rect-axis turns Nd. The effects of stator 
winding factors, frequency, and rotor 
skewing are included in evaluating these 
parameters. Ng^ is the effective number 
of quadratme-axis turns producing third- 
harmonic space hux. 

The torque is the sum of the funda¬ 
mental frequency and the harmonic com¬ 
ponents and can be measured in each 
portion of the circuit as described previ¬ 
ously. Harmonic torques are negative 
over a considerable portion of the speed 
range. 

Double Squirrel-Cage Motors 

The method of developing equivalent 
circuits may easily be extended to include 
motors with double or multiple rotor 


windings. Each rotor winding requires a 
set of unilateral variable-ratio transform¬ 
ers to inject its required rotational volt¬ 
ages. A magnetic circuit for a machine 
with double rotor winding might be de¬ 
veloped on the assumptions that: 1. each 
stator and rotor winding has a separate 
leakage flux, 2. the three windings share 
a common mutual flux, and 3. additional 
leakage flux links both rotor windings. 
When developed into its electric equiva¬ 
lent form using the principle of duality, 
the circuit of Fig. 7 is obtained. i ?2 and 
Ra are the equivalent resistances and Xt 
and Xa are the self-leakage reactances of 
the two rotor windings. X^a is the mutual 
leakage reactance between the two rotor 
windings. 


I2d Rz 


A more exact set of assumptions as to 
flux paths may be necessary, especially 
if one rotor winding is deeply imbedded. 
An additional flux path linking the stator 
and the outer rotor winding can be in¬ 
cluded without difficulty, but the form of 
the equivalent circuit should be rede¬ 
veloped from first principles. The stator 
terminals in Fig. 7 have been left open to 
allow for any of the systems of stator 
supply such as capacitor, split-phase, and 
2-phase systems. 

Single-Phase Commutator Motors 

The introduction of a rotor commutator 
with brushes in the direct and quadrature 
axes allows the terminals of the fictitious 
direct- and quadrature-axis coils to be 
brought out. It is then possible to supply 
these rotor coils from external circuits 
or to introduce a short circuit in one rotor 
axis only. Alternatively, brushes may be 
placed on the rotor in an axis other than 
the direct and quadrature axis. In this 
way a fixed relationship is established 
between the direct- and quadrature-axis 
currehts. 

The equivalent circuit of an elementary 
commutator machine with brushes in the 
direct and quadrature axes is shown in 


Ii hd Rid 


jXid 



Fig. 5. Equivalent 
circuit of split-phase 
motor and capacitor 
motor. Transformer 
ratios given in Fig. 4 
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Fig. 8. This circuit differs from that of 
Fig. 4 because of the following factors. A 
set of brushes in one axis continuously 
short-circuits the rotor turns undergoing 
commutation through the brush resist¬ 
ances, thus producing the effect of a short- 
circuited coil in the other axis. This ef¬ 
fect is included by considering the rotor to 
consist of four fictitious coils, two of which 
are short-circuited by the brushes while 
the remaining two act as an ideally com¬ 
mutated rotor. Rs and X 3 are the resist¬ 
ance and reactance of the circuits of the 
equivalent short-circuited coils, and Xu 
is the mutual reactance between the main 
and short-circuited rotor coils on any one 
axis. Additional bilateral transformers 
have been added to the circuits of the 
main rotor coils to include the tums-ratio 
between the number of effective direct- 
axis turns Nd on which the rotor react¬ 
ances are based and the effective number 
of turns in each rotor axis Nrd and Nn- 

The circuit of Fig. 8 places no restric¬ 
tions on the rotor and stator connections. 
Equivalent circuits for most types of com¬ 
mutator motors can be obtained by apply¬ 
ing the appropriate constraints and by 
simplifying the arrangement wherever 
possible. 

Series Motors 

The winding arrangement and equiva¬ 
lent circuit for a directly compensated 
series motor are shown in Fig. 9. In this 
machine brushes are introduced in the 
quadrature axis only. This quadratme- 
axis rotor circuit and the two stator cir¬ 
cuits are all connected in series to the 
supply. The terminals of the voltages 
Eat and Eaa in Fig. 8 are left open-circuited 
by the absence of a direct-axis set of 
brushes. Their associated circuitry may 
therefore be omitted. The voltage Esd 
is replaced by a short circuit. Reactances 
through which no current flows have also 
been omitted. 

If full compensation is obtained in the 
quadrature axis (Ng^Nro), the circuit of 
Fig. 9 can be further simplified by omit¬ 
ting the shunt reactance Jfmj, transferring 
the elements Ra, Xaa Xnt and Xi, across 
Ta and eliminating Ta and Ts. The volt¬ 
age ratio of Ta would then have to be 1 to 
-jnWNd). 

A circuit for. an inductively compen¬ 
sated series motor may be obtained by a 
minor alteration of the circuit of Fig. 9. 
The quadrature-axis stator coil is short- 
circuited through its resistance Rig and 
reactance Xig. The transformer Ta is elim¬ 
inated and the supply voltage is applied 
to the direct-axis stator winding and 
the quadrature-axis rotor winding in 
series. 



Fig 7. Equivalent circuit of motor with double squirrel-cage rotor. Transformer ratios given 

in Fig. 4 
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Fig. 9 . Winding arrangement and equivalent circuit of a compensated series motor. Trans¬ 
former ratios given in Fig. 8 
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Ffg. 10. Winding arrangements and equivalent circuit of a repulsion motor 
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Fig. 11. Equivalent circuit*of repulsion-induction motor. Transformer ratios given in Fig. 10 



Fig, 12. Block dia¬ 
gram of unilateral 
voltage transformer 
with voltage ratio 
1 to drjn 



Fig. 13. Conventional equivalent circuit for a single-phase induction motor 


Repulsion Motors 

Two approadxes may be used in the 
development of an equivalent circuit for a 
repulsion motor. In the first, the brushes 
are considered to be in the quadrature 
axis. The direct- and quadrature-axis 
stator coils are connected in series to the 
supply, as shown in Fig. 10(A). If the 
stator has only a single winding of N ef¬ 
fective turns at a degrees from the direct 
axis, it may be replaced by equivalent 
stator windings of N cos a and N sin a 
turns in the direct and quadrature axes 
respectively. This replacement is, how¬ 
ever, valid only if the stator has magnetic 
symmetry about these axes. If not, the 
second approach described later should be 
used. An equivalent circuit for the repul¬ 
sion machine of Fig. 10(A) may be de¬ 
veloped by altering the connections to the 
circuit of Fig. 9. The transformer re is 
replaced by a short circuit and the supply 
is connected to the direct- and quadra¬ 
ture-axis stator coils in series. For a 
machine with a single stator winding, the 
resistances Ria and and the reactances 
Xia and Xig may be combined torepresent 
the resistance and leakage reactance of the 
single winding. Bilateral transformers of 
ratios cos a to 1 and sin a to 1 may be 
added at the direct- and quadrature-axis 
air gaps and the effect of altering the brush 
angle may be observed by adjusting the 
ratios of these transformers. Torque is 
measured in the previously described 
manner. 

If the stator has a single winding and is 
magnetically salient, it is preferable to 
consider the axis of the stator winding as 
the direct axis. The short-circuiting 
brushes on the commutator are then at 
an angle a to the quadrature axis, as 
shown in Fig. 10(B). Suppose the cur¬ 
rent in this short-circuited rotor circuit 
is If. The equivalent currents in the 
direct rotor axes will then be determined: 

sin a 
and 

cos a 

The voltage in the rotor axes will be 
constrained by the relationship 

Fztf sin a -f Vtq cos ck=0 

These relationships can be represented 
in the equivalent circuit by a pair of bi¬ 
lateral transformers of ratios 1 to sin a 
and 1 to cos a in series interconnecting 
the direct and quadrature rotor axes. 
These two transformers can be replaced 
by a single transformer of ratio 1 to —tan 
a, as shown in the equivalent circuit of 
Fig. 10(C), if the actual brush current is 
not required. 
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the effect of the coils short-circuited by 
the rotor brushes will be felt in both axes 
and will depend on the brush angle a. The 
voltages Eu and Ezq will, therefore, be 
linked by a bilateral transfarmer of ratio 1 
to cot a, since brushes at angle a produce 
tiie effect of a set of short-circuited 
brushes on the commutated turns at an 
angle (a+90). 

The torque is determined from the sum 
of the four power measurements asso¬ 
ciated with the output voltages of the 
four nonbilateral transformers and their 
associated currents. Over certain ranges 
of speed, the effect of the coils short-cir¬ 
cuited under the brudies may be neg¬ 
lected, thus simplifying the operation of 
the mod^ circuit. 

The Repulsion-Induction Motor 

The repulsion-induction motor has two 
rotor windings. The outer winding is 
commutated as in a repulsion motor while 
the inner winding is a squirrel cage. An 
equivalent circuit for this motor can easily 
be derived from the general circuits of 
Figs. 4 and 8. The circuit shown in Fig. 
11 has been simplified by neglecting the 
effect of the coils short-circuited under the 
brushes. This effect can, however, be in¬ 
cluded by introducing a third rotor wind¬ 
ing with an appropriate set of self- and 
mutual-leakage reactances. In Fig. 11, 
i ?2 and X 2 are the equivalent resistance 
and leakage reactances of the outer com¬ 
mutated windings, Rs and Xz are the re¬ 
sistance and leakage reactance of the inner 
squirrel-cage winding, and Xzz is the 
mutual leakage reactance between these 
two windings. 

Network Analyzers for Use With 
Equivalent Circuits 

The equivalent circuits developed in 
ttiis paper have been arranged spec^cally 
for use with netwqrk analyzers rather than 
as an aid to calculation. Both conven¬ 
tional and transformer-analogue network 
analyzers may be used. While the former 
is probably of greatest int^est because of 
its general availability, the latter has a 
number of advantages for this type of 
work. 

Most conventional network analyzers 
are equipped with resistances, inductive 
reactances, and variable-ratio bilateral 
transformers and these constitute the 
•main part of the equivalent circuit ele¬ 
ments. The only addition required is the 
unilateral voltage transforms: having a 
db 90 -degree phase shift and a variable 
ratio. This transforms: can be produced 
as skown in the block diagram of Fig. 12 
by the use of: 1. a Idfller integrator cir¬ 


cuit which produces a phase shift of very 
nearly 90 degrees which can be corrected 
to 90 degrees in following coupling net¬ 
works: 2. a calibrated voltage divider on 
which the speed ratio n can be set; and 3. 
an amplifier with sufficient feedback to 
obtain linearity of amplification and very 
low output impedance. Four of these 
units are required for the representation 
of most of the commutator motors and 
for double squirrel-cage induction motors 
but two units are sufficient for split-phase, 
capacitor, and series motors. More than 
four units might be required if harmonic 
effects were included in certain circuits. 

A number of difficulties, are frequently 
encountered in uang the elements of con¬ 
ventional network analyzers to represent 
machine circuits. These circuits require a 
number of pure inductive reactances to 
represent the several paths of the mutual 
and leakage fluxes. Only in the stator 
circuits is there a series resistance in 
which the residual resistance of practical 
inductors can be absorbed. Sigmficant 
errors can occur over certain regions of 
speed because of the unavoidable presence 
of these residual resistances in conjimc- 
tion with rotor reactances. 

A similar and more serious difficulty 
occurs because of the requirement for 
ideal variable-ratio transformers. Prac¬ 
tical transformers win have both resist¬ 
ance and leakage reactance which cannot 
always be included as part of the required 
circuit. The values of the resistance arid 
reactance will also change with changes in 
ratio, making it necessary to readjust 

• certain elements for each ratio setting. In 

addition, there are errors introduced by 
the magnetizing impedance of the trans¬ 
formers but these can be largely elimi¬ 
nated by the use of electronic compen¬ 
sators.* At the loss of some generality, 
certain of these transformers can be 
diminated. For example, the transformer 
Tz in Fig. 5 can be removed if a separate 
source of voltage of value NdiRi/Nt) is 
made available for excitation of the quad¬ 
rature-axis stator winding. The line cur¬ 
rent must then be found by vector addi¬ 
tion of the direct-axis current ha and the 
quadrature-axis current multiplied by the 
appropriate tums-ratio. Unfortunately, 
ipqp'h operation of this sort made to com¬ 
promise the equivalent circuit with the 
limitations of the analyzer results in some 
loss of simplicity or facility of operation. 

The disadvantages encountered in the 
conventional t 3 rpe of analyzer are almost 
completely eliminated in the transformer- 
analogue network analyzer.* In this 
analyzer all voltage/current relationships 
are represented by variable-ratio voltage 
transformers, the ratios being equal to 


the per-unit resistance and reactance. 
The only currents fl.owing in the analyzer 
are those caused by the residual magnetiz¬ 
ing currents of the transformers and these 
are made negligible by adequate compen¬ 
sation. Positive and negative values of 
pure resistance and pure reactance are in¬ 
dependently available. The universal 
uni t of this analyzer can be arranged as 
two separate impedance units or voltage 
sources, or as a circuit transformer on 
which complex voltage and current ratios 
fgn be set independently. The unilateral 
transformers required for these equivalent 
circuits can thus be provided by setting 
the current ratio at zero. The measure¬ 
ment system of this analyzer is similar in 
operation to that of conventional types; 
voltages and currents are indicated in 
rectangular or polar form and both ac¬ 
tive and reactive power measurements are 
available. 

A ffiTiall network analyzer of the trans¬ 
former-analogue type consisting of eight 
universal units and a measurement system 
would be sufficient for the cir<mts of the 
split-phase, capacitor, and series motors, 
while 14 universal units would handle any 
of the circuits presented in this paper. 
The same units could be used for poly¬ 
phase induction and commutator machine 

analysis.* Provision might be made in 

such a special-purpose analyzer for gang¬ 
ing of the various speed settings and for 
double-element wattmeters to allow direct 
measurement of total torque. 


Conclusion 

A method has been described whereby 
equivalent circuits suitable for special net¬ 
work analyzers can be developed for most 
types of single-phase motors. The equiv¬ 
alent circuits preserve the physical sig¬ 
nificance of the impedance elements and 
also of the machine terminals allowng 
direct measurements of most desired 
quantities and easy adjustment of param¬ 
eters. The effects of magnetic satura¬ 
tion can be included to a close approxima- 
tiou. 

Typical equivalent circuits have been 
developed for several types of single-phase 
motor. The structure and complexity of 
these circuits can be varied to suit the es¬ 
tablished computations used by an in¬ 
dividual designer or to fulfill the special 
requirements of a particular design. 

The use of both conventional trans¬ 
former-analogue network analyzers with 
these equivalent circuits is described. It 
is suggested that small special-purpose 
analyzers of the transformer-analogue 
type would provide an economical and 
accurate tool for the solution of problems 
in motor analysis and design. 
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Appendix I. Derivation of 
Electric Equivalent Circuit 
from a Magnetic Circuit 

Any magnetic circuit may be represented 
mathematically by the mesh-flux matrix 
equation 

[^] = [5][0] (1) 

where 

[FJ =the magnetomotive forces in the 
meshes 

[5] =the self- and mutual reluctances of 
the meshes 
[0] =the mesh fluxes 


Equation 4 is a set of nodal-voltage 
equations in which the currents injected 
at the nodes [J] are related to the voltages 
between nodes [V] by negative or inductive 
susceptances. The value of each inductance 
is given by 

L=^IP/S (S) 

Since mesh and nodal equations are duals 
of each other, the circuits represented by 
equations 1 and 4 will be dual in form 
and their elements will be related by the 
number of turns and the angular frequency. 
The electric circuit may be drawn from 
examination of equation 4 or by a topo¬ 
logical technique which is demonstrated 
in reference 2. 


Two substitutions are necessary to 
transform the relationships of equation 1 
to its electrical form. Let 

[F]=1V[/] (2) 


N=a. reference ntunber of turns in the 
equivalent coils linking the magnetic 
circuit 

[7] =the currents in those coils 

If the fluxes [^] vary sinusoidally there 
will be induced in the N turns of the linking 
coils the voltages 

[V]==jaN[i>] (3) 

Substituting equations 2 and 3 into 
equation 1 gives 

[VI 

jo)N 


j<aN^ 


Appendix 11. Derivation of the 
Equivalent Circuit of a Single- 
Phase Induction Motor 

For a single-phase induction motor with 
squirrel-cage rotor, the rotor voltages 
and Eac in Fig. 4 will be zero and the 
quadrature-axis stator winding will be 
left open-circuited. The conventional 
equivalent circuit for this machine* is 
shown in Fig. 13. It is seen that the 
quadrature-axis portion of the circuit and 
the rotational transformers are reduced 
to a single admittance linking the voltage 
Vgd and the current ha. 

In Fig. 4, let “X Then 


\R,+JX/ 


Vif = -hjn Via 


Vra=—JnVid 

Substituting equation 6 gives 


Y 


The direct-axis rotor current is found by 
substituting Vga from equation 7 into 

Ita^CVga-VraVRn 
/ Ea+jX \ 7^ 

\ j«*X / Ea 
/ Ea-h7(l-»*jX \ 

\ jn^XRi J 

Separating the real and imaginary 
components of the admittance gives 


^ /l-»* . 1 \ , 


Thus the relationship between Vra and 
ladi is represented by a resistance w^Ea/ 
(1—»*) in parallel with an inductive 
reactance n*X, as shown in Fig. 13. It 
should be noted that the physical identity 
of the magnetizing reactance has 

been lost and with it the possibility of 
assessing and including the quadrature- 
axis saturation effect. 
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Discussion 

P. L. Alger (General Electric Company, 
Schenectady, N. Y.): There is a growing 
appreciation of the use of equivalent cir¬ 
cuits to represent electric machines, and the 
use of analyzers or digital computers to cal¬ 
culate the performance of complete systems 
formed by combining such circuits. This 
paper, therefore, is of especial interest, and 
represents an important contribution to the 
subject. 

I wish, however, that the author had made 
use of the revolving-field-theory circuits in¬ 
stead of the cross-field theory, since it ap¬ 
pears to me that the cross-field theory has a 
vital defect. This defect arises from the 
well-known fact that the secondary resist¬ 
ance Rg of a squirrel-cage motor increases 
with the rotor frequency, so that its value 
at double line frequency may be two or 
more times its v^ue at slip frequency. 
This “skin effect” must be allowed for in the 
circuit, if the calculated results are to be 
of practical use in the study of single-phase 
motor performance. It is my tmderstand- 
ing that there is no way to account for this 
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change of resistance with frequency using 
the cross-field theory. This theory looks 
at the rotor circuits from the primary side 
and, therefore, considers all the rotor cur¬ 
rents as having line frequency throughout. 
For this reason, I have chosen to use the 
revolving-field theory in all my own work on 
electric machines, and have found it emi¬ 
nently satisfactory from the two view points 
of ready understanding and accurate nu¬ 
merical results. 


Edward Bretch (Century Electric Company, 
St. Louis, Mo.): Wliile this paper does 
not state specifically that the equivalent 
circuits shown therein apply to squirrel- 
cage motors, the implication is that they are 
intended to represent squirrel-cage motors. 

The application of the equivalent cir¬ 
cuits, disclosed in this paper, to motors of 
the type indicated by Fig. 1 is not ques¬ 
tioned but the validity of the assumption 
that a commutated rotor is the equivalent 
squirrel-cage rotor is questionable. 

With a rotor having commutated short 
circuits, they are stationary with respect to 
the stator while, with the squirrel cage, 

—Equivalent Circuits for Single-Phase 


they are stationary with respect to the 
rotor. A single commutated short circuit 
at the proper angle with respect to the sta¬ 
tor produces a speed-torque characteris¬ 
tic similar to the d-c series motor while a 
single rotor short circuit, fixed with respect 
to the rotor, produces a torque that brings 
the rotor to a neutral position where it 
locks. 

In order to approximate the squirrel- 
cage action, the four points of brush contact 
on the commutator (Fig. 1) must be per¬ 
manently short-circuited so that the short 
circuits are fixed with respect to the rotor. 
A commutator in the rotor introduces what 
Professor Bewley calls “substitution of 
circuits,”^ which action is not present in the 
squirrel-cage rotor. 

If Fig. 1 does not correctly represent the 
single-phase squirrel-cage motor, it follows 
that the equivalent circuits shown therein 
are not suitable for single-phase squirrel- 
cage motors. 

Reference 

,1. Flux Linkages and Electromagnetic In¬ 
duction, L. V. Bewley. The Macmillan Co„ New 
York, N. Y., chap. Ill, p. 12. 
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Fig. 14. Equivalent circuit for squirrel-cage 
motor with cross-field to revolving field trans¬ 
formation at the air gap 


Transformer 

Voltage Ratio 

Current Ratio 

Ti.Ti . 


.... —i to 1 

Tt . 


... .Nd to Ng 


G. R. Slemon: Mr. Alger’s observation 
that there is no known way to take into 
account the effect of frequency on the rotor 
resistance with the cross-field theory is cor¬ 
rect. The rotating-field theory provides the 
best approach to the analysis of the rotor 
of a squirrel-cage machine. On the other 
hand there is a good case for preserving the 
cross-field approach to the stator analysis 


because it corresponds to the physical 
arrangement of the windings and allows 
direct connection and measurement. ^ These 
two seemingly conflicting points of view can 
be combined into the single equivalent 
circuit shown in Fig. 14. The cross-field 
theory is used for the stator portion of the 
circuit including the magnetizing reactances 
Xnd and The stator may be con¬ 

nected for split-phase, capacitor, or 2-phase 
operation. The air-gap voltages on the two 
axes Vma and Fmc may then be resolved into 
this symmetrical component form 

TheV'2 factor is included in the transfor¬ 
mation to make it power invariant. Multi¬ 
plying the second of the foregoing equation 
through by ( -j) results in 

This symmetrical transformation matrix can 
be realized in the equivalent circuit by a 
symmetrical connection of two bilateral 
phase-shift transformers each having a 
voltage ratio 1 to.;. The voltages obtained 
are times the required symmetrical 
component voltages Vi and Fa. The posi¬ 
tive- and negative-sequence rotor im¬ 
pedances are therefore multiplied by 2 to 
maintain power invariance. The resulting 
circuit allows individual adjustment of the 


positive- and negative-sequence rotor re¬ 
sistances and therefore combines the ad¬ 
vantages of the cross-field and rotating- 
field theories. 

The cross-field to rotating-field transfor¬ 
mation may also be used at the air gap of 
motors with multiple squirrel-cap rotor 
windings. In commutator machines the 
rotor does not have radial S3n.nmetry and 
the rotating field concepts are not so readily 
applied. It may however be possible to 
use a symmetrical-component transforma¬ 
tion from stator to rotor and a second trans¬ 
formation back from ssrmmetrical compo¬ 
nent to cross-field form between the rotor 
winding and the brush terminals. 

In reply to Mr. Bretch, the circuits of 
Figs. 5, 6, and 7 apply specifically to squir¬ 
rel-cage machines. The essential concept 
in applying tlie cross-field tlieory to the 
rotor is the replacement of the rotating 
squirrel-cage rotor winding by two sinusoi¬ 
dally distributed fixed windings in space 
quadrature. These windings produce the 
same magnetomotive force as the actual 
rotor winding, have the same induced or 
transformer voltages as the actual* winding, 
and also have applied to them the generated 
voltage which would result from their 
rotation through the flux of the other axis 
of the machine. For equivalence it is nec¬ 
essary only that the rotor impedance be 
chosen to make the lumped short circuits 
in the two axes of the cross-field model have 
the same effect as a distributed short circuit 
in the actual rotor. 


Research on the Electric Breakdown of 
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Synopsis: Research on the dielectric 

strength of high-voltage cables can be very 
conveniently carried out on "models." 
Either plate or cylindrical capacitors can 
be used for this purpose. This paper re¬ 
ports the results of many tests both at power 
frequency and at impulse, which have the 
purpose of invest igating the separate and 
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bers of the Pirelli Research Laboratories f<» 
co-operation. The permission of the Pirelli S.p.A. 
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combined influence of a series of different 
factors affecting the dielectric strength of a 
fully impregnated paper insulation as used 
in high-voltage cables. 

The main factors investigated are the 
following: 

Paper impermeability. 

Paper density. 

Paper thickness. 

Oil viscosity. 

Oil pressure. 

Electrode surface shape. 

Electrode smrface nature. 

Butt-space thickness. 

Butt-space position with respect to elec¬ 
trodes. 

Butt-space rdative position. 

The paper ends with a comparison of 
results obtained on models and on actual 
oil-filled cables, which show a good agree¬ 
ment if certain assumptions are taken into 
consideration. 


W HEN research is carried out in any 
field, nitmerous governing factors, 
all acting simultaneously, come into play 
and make the task of the research investi¬ 
gator a difficult one. It remains with 
the investigator to try to isolate these 
various factors, to evaluate their partial 
effects, and finally to superpose and com¬ 
bine them in a deliberate manner in order 
to obtain an understanding of their inter¬ 
dependence and correlation. 

As oil-impregnated paper dielectrics of 
the type used in high-voltage cables are 
the sole subject matter of this paper, dis¬ 
cussion is confined to one particular ele¬ 
ment of those which come into play in 
the manufacture of the complex structure 
represented by a high-voltage cable. 
Moreover, of this particular element an 
even more specific aspect is analyzed, i.e., 
the dielectric breakdown strength at both 
power frequency and impulse. 

Even with the scope of the investiga¬ 
tion reduced to within this very much 
confined boundary, the. number of vari¬ 
able factors still remaining is so large 
that it becomes necessary to revert to the 
analytical process just mentioned, which 
is basic to all types of scientific research. 
Thus the problem resolves itself into one 
of determiningthe experimentalmethod to 
be employed in a study of the dielectric 
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Fig-1- Schematic representation of plate capacitor 


strength of an insulant composed of oil- 
impregnated paper such as is used in 
high-voltage cables. 

It win be evident that, with the afore¬ 
mentioned analytical approach a speci¬ 
men of finished cable will not be a suit¬ 
able sample for experimentation. It will 
be necessary to employ samples in which 
the only variables present, of the many to 
be found in a finished cable, will be tliose 
which influence dielectric strength, aU 
or nearly all others being excluded. 

This is the reason that fundamental re¬ 
search on cable dielectrics must be 
directed to experimentation on models. 
While the work must, of course, be sup¬ 
plemented and accompanied by tests 
carried out on full-scale cables, it does 
provide a fundamental step which is ex¬ 
tremely useful and its importance cannot 
be overstressed. 

However, success in the use of models is 
contingent upon the skill of the research 
investigator in choosing the most appro¬ 
priate model, i. e., one which enables a 
particular variable to be isolated and 
studied in the most significant manner. 
The widespread lack of confidence in re¬ 
sults of research work carried out by 
means of models is often due to a failure 
to recognize that this method of research 
requires much experience and skill. Thus, 
unsatisfactory results attributed to the 
use of the model method are often due 
rather to choice of a model incapable 
of bringing out the influence of the vari¬ 
ables under investigation. 


Test Models 

Among the variables found in a finished 
cable there is a very important one: 
flexure and bending of the dielectric, 
which must be eliminated in the initial 
study inasmuch as its presence can mask 
the basic dielectric phenomena. Of 
course, flexure and bending will have to 
be given thorough consideration after a 
full investigation of the influence of those 
factors involving only true dielectric phe¬ 
nomena. 

As a first requirement the models must 
therefore have adequate mechanical rigid¬ 
ity. As a consequence they must be 
capacitors either in plate or cylindrical 
form. 

It should be mentioned that experi¬ 
mentation on capacitors for the purpose 
of studying cable dielectrics differs from 
that for stud 5 dng high-voltage capacitors. 

The fundamental problem of a high- 
voltage capacitor in fact is a dielectric 
problem at the edges of its metal foils, 
whereas the fundamental problem of a 
high-voltage cable insulated with oil- 
impregnated paper is mainly a dielectric 
problem of the butt-spaces between the 
edges of the paper tapes with which the 
cable is wound. The latter problem does 
not exist in high-voltage capacitors be¬ 
cause the dielectric is normally made up 
of paper sheets having approximately the 
same dimensions as the metal foils. 

The statement that the fundamaital 
problem of a cable from the point of view 



Fig. 2. Complete test assembly of plate 
capacitor 


of the dielectric strength is one of the 
butt-spaces does not mean that other 
important matters affecting dielectric 
strength itself can be disregarded, such as 
the problem of the nature of paper and 
oil, as will be shown later. Problems of 
this kind may in part be treated 
independently of the main problem. 
However, the problem of the butt-spaces 
in a stratified dielectric is the one most 
characteristic of cable insulation. It 
follows that models suitable for experi¬ 
ments on cable dielectrics should not in¬ 
volve "edge” or "end” problems. 

While the following paragraphs will 
cover the matter in detail, it should be 
mentioned here that experimentation on 
plate capadtors is not always equivalent 
to experimentation on cylindrical capaci¬ 
tors. Very often it is not easy or even 
possible to represent in a plane field fac¬ 
tors which can be studied in a cyh'ndrical 
field. On the contrary, it may be difficult 
to isolate certain factors in a cylindrical 
capadtor, whereas this can be readily 
accomplished by use of a plate capacitor. 
Of course as the plate capadtor is the 
simplest to construct, it will be convenient 
to revert to it whenever it will suffice for 
the proposed task. 



Fig. 3. Complete test assembly of cylindrical capacitor 
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Fig. 4. Ionization starting stress as a function of paper im¬ 
permeability 

Capacitor: plate 
Electrodes: steel/ smooth 
Sample: 12 plain paper sheets 

Papendensity 0.75 g/cm®/ sheet thickness 0.08 mm (3 mils) . 
Oil: mineral/ thin 
Pressure; atmospheric 
Temperature: 20 C 
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Fig. 6. ionization starting stress as a function of paper sheet thickness 

Sample: variable number of paper sheets to form a total thickness of 1 mm 

(40 mils) 

Paper: density 0.75 g/cm* impermeability 2X10* EU (300 to 800 Gurley 
seconds for paper of from 3- to 8-mil thickness) 

For other data see Fig. 4 


Plate Capacitor as Test Model 

The plate capacitor as used in the tests 
described later in the paper is made as 
follows: The plates consist of two circu¬ 
lar flared electrodes usually made of steel 
with plane circular surfaces facing each 
other and having a diameter of 7 centi¬ 
meters ( 2 V 4 inches). These surfaces can 
be made purposely smooth or corrugated 
as desired, as will be described later. 

The dielectric interposed betweep the 
electrodes consists of a certain number of 
circular paper disks having a diameter of 
35 cm (14 inches), with or without per¬ 
forations according to the particular case 
to be considered. These paper disks are 
divided into two groups, usually of the, 


same thickness, externally spaced by 
TTiMns of a set of coaxial paper rings hav¬ 
ing different internal diameters, so that 
each group must adhere to the adjacent 
electrode shaping itself against its flared 
surface for a short distance; see Fig. 1. 

In this way the components of the elec¬ 
tric stress which necessarily exist near the 
edges and which are parallel to the plane 
surface of the electrodes, are prevented 
from causing “edge punctures.” 

The capacitor is then introduced into a 
cylindrical container which is closed by 
Tn eans of a vacuum- and pressure-tight 
cover equipped with a high-voltage bush¬ 
ing; see Fig. 2. The technique of prepa¬ 
ration, i.e., drying and impregnation, is 
described in Appendix I. 


The pla,te capacitor is suitable for in¬ 
vestigating practically all the problems of 
didectric strength in high-voltage cables 
with the exception of those which spe¬ 
cifically involve the hdical symmetry of 
the cable dielectric. Moreover, it is 
suited to investigate certain factors which 
cannot be completely isolated in a cylin¬ 
drical capacitor, (because the butt- 
spaces, or oil gaps, cannot be totally 
eliminated). These factors are: 

1. Paper impermeability. 

2. Paper density. 

3. Paper thickness (in itself and not as an 
indirect cause of oil gap thickness). 

4. Nature of the impregnating oil (in so 
far as it fills the pores of the paper and not 
the butt-spaces of the stratified dielectric). 



Sample; variable number of paper sheets to form a thickness of 1 mm (40 mils) 

Paper: sheet thickness 0.03 mm (1 mil), density 0.7 to 0.85 g/cm*; sheet thickness 0.08 mm 
(3 mils), density 0.75 g/cm*; sheet thickness 0.13 mm (5 mils), density 0.75 g/cm* 

For other data see Fig. 4 


Cylindrical Capacitor as Test Model 

The cylindrical capacitor is the closest 
simulation of cable, the ultimate objec¬ 
tive of this research. As employed in the 
experiments, it is made as follows*. The 
iTinf>r electrode is a metal rod 2 meters (6 
feet 7 inches) long, the surface of which 
can be smooth or covered by a helically 
wound layer of copper wires (to reproduce 
the surface of a stranded conductor) or 
wound with conductive tapes. 

Around this inner electrode insulated 
paper tapes of the desired characteristics 
are helically wound in order to build up a 
certain dielectric thickness. The outer 
dectrode is obtained by means of a 
helically w;ound fietal tape. 
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The influence of the capacitor edge 
effect is eliminated by building up two 
impregnated paper “stress cones” at the 
ends of the rod with a technique very 
similar to that used in high-voltage cable 
sealing ends. The effective length of the 
cylindrical capacitor to which the full 
testing voltage is applied is thus reduced 
to 30 cm (1 foot) only. 

The capacitor is then introduced inside 
a steel pipe terminating with a porcelain 
insulator on each end; see Fig. 3. The 
ends of the inner electrode are attached by 
soldering to the top flanges of the porce¬ 
lain insulators, whereas the outer armor 
is electrically connected to the steel pipe. 
The technique of preparation is described 
in Appendix II. 

The cylindrical capacitor, because of 
the much more laborious preparation in¬ 
volved, is ncamally used either for investi¬ 
gations which cannot be carried out suc¬ 
cessfully on plate capacitors, as already 
mentioned, or as an over-all check on a 
series of results obtained on plate capaci¬ 
tors before drawing practical conclusions 
applicable to cables. 

In the main portion of the paper results 
of tests on cylindrical capacitors are not 
discussed in any particular detail. How¬ 
ever reference to them is made near the 
end of the paper in establishing a com¬ 
parison between tests on cylindrical and 
plate capacitors. 

Dielectric Strength Tests 

As the title indicates, this paper is 
limited to the discussion of a particular 
class of dielectrics, i.e., those made of 
paper sheets fully impregnated with 


Fig. 7. Variation of impulse 
strength due to variation of the 
oil viscosity 

Capacitor: plate 
Electrodes: steel, smooth 
Sample: 12 plain sheets 
Paper: density 0.75 s/cm*/ 
impermeability 2X10* EU 
(300 Gurley seconds); sheet 
thickness 0.08 mm (3 mils) 

A—compound of thick oil plus 
30% rosin at 20 C, viscosity 
5X10* cst (23X10* SUS) 

B—compound of thick oil plus 
30% rosin at 85 C, viscosity 
150 cst/(695 SUS) 

C—thin oil from 20 to 85 C, 
viscosity from 25 to 3 cst (118 
to 36 SUS) 

Pressure: atmospheric 

Fig. 8 (right). Schematic rep¬ 
resentation of a corrugated 
elech’ode. R<= radius of curva¬ 
ture of the corrugations 


insulating oil or cconpound. Moreover, 
with but few exceptions, only wood pulp 
paper impregnated with thin mineral oil, 
having a viscosity of 25 centistokes (cst), 
i.e., 118 Saybolt universal seconds (SUS), 
at 20 degrees centigrade (C), is considered. 
Therefore dielectrics not fully impreg¬ 
nated with oil, i.e., those writh gaseous 
inclusions, are excluded. 

It is not intended to deal here with all 
possible conditions which may affect t he 
dielectric strength. Only certain phe¬ 
nomena will be illustrated and dis r u^s ed 
which seem worth recording either for 
their novelty or because they bring out 
new aspects of already known phenom¬ 
ena. The tests to be considered follow. 


Fig. 9. Variation of ion¬ 
ization starting stress due to 
electrode corrugations 

Capacitor: plate. Electrodes: 
one steel, smooth; the other 
brass, corrugated. Sample: 12 
plain paper sheets. Paper: den¬ 
sity 0.75 g/cm*; Impermeability 
2X10* EU(300 Gurley sec¬ 
onds); sheet thickness 0.08 mm 
(3 mils). Oil: mineral, thin 

A—steel smooth electrodes 
B—brass electrode having cor¬ 
rugations of 0.5 mm (0.020- 
Inch) radius 

C—brass electrode having 

corrugations of 1 mm (0.040- 
inch) radius 
Pressure: atmospheric 
Temperature: 20 C 



Power Frequency {50-Cycle) Ionization 

Test 

The power frequency (50-cyde) ioniza¬ 
tion test commonly refers to the test con¬ 
sisting in measuring the voltage, by means 
of a discharge detector, at which the 
insulation failure starts. This denomina¬ 
tion seems not quite correct because the 
phenomenon appears to be somewhat dif¬ 
ferent from simple ionization, such as, for 
instance, the ionization of gas. 

It is in fact believed that in a first stage 
a true “cracking” of the insulating oil 
under electric stress takes place, whereas 
the gaseous ionization appears in a second 
stage after the oil has cracked and the gas 
phase replaces the liquid phase. 

The detection of this ionization stage is 
effected by well-known methods^"® by 
’ observing on the screen of a cathode-ray 
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Fig. 10. Variation of impulse strength due to 
electrode corrugations 

Capacitor: plate 

Electrodes: one steel/ smooth; the other 
brasS/ corrugated 
Sample: 12 plain paper sheets 
Paper: See Fig. 7 
Oil: mineral/ thin 
A—steel electrodes/ smooth 
B—brass electrode having corrugations of 
1 mm (0.04-inch) radius 

Pressure: atmospheric Temperature; 20 C 

oscillograpli the appearance of small 
higher frequency oscillations superposed 
on the power frequency (50 cycles) coin¬ 
ciding with the peaks of the wave. 

The ionization test is carried out start¬ 
ing from a voltage about 30 per cent (%) 
below the anticipated ionization incep¬ 
tion voltage and increasing the applied 
stress by steps of 2 kv per millimeter 
(mm), 50.8 volts per mil, every 10 min¬ 
utes. 



ity has very little bearing on fully impreg¬ 
nated paper dielectrics. Also, for these 
dielectrics the number of applied shots at 
each step is of no practical importance. 

In aU figures reported in the following 
sections, average value and dispersion 
range are generally indicated. By disper¬ 
sion range a range of approximately six 
times the standard deviation is meant. 
It should be noted that in all figures the 
average values are based on at least 10 
different tests. 

Test Results on Plate Capacitors 
Made with Plain Paper Sheets 

Influence of Paper Impermeability 

The common concept of impermeability 
is often erroneous. The influence of "im¬ 
permeability”, i.e., air. resistance is often 
confused with the influence of "density”, 
i.e., specific gravity. The reason is that 
it is found to be very difficult or even im¬ 
possible to isolate completely the influ¬ 
ence of variations of impermeability from 
other factors. Probably this is because 
it is practically impossible to alter the 
impermeability of the paper without in¬ 
troducing at the same time important 
variations in the physical structure of the 
paper sheets (fiber length, hydrocdlulose 
content, density, etc.). As a consequence, 
it is difficult to obtain numerical data of 
the dielectric strength as a function of the 
impermeability alone. 

The papa density is here expressed in 
grams per cubic centimeter (g/cm®) and 
is obtained as a ratio between the weight 
per unit surface (grams per centimeter 
squared (g/cm®)) and the thickness in cm 
of the paper sheet. 

The impermeability is here measured in 
practical units, or Eimanueli Units (EU)® 
(EU=10® absolute units). 


In the following are reported test re¬ 
sults obtained on papers in the manu¬ 
facture of which the best efforts have been 
made to isolate the impermeability factor. 

Ionization Starting Stress 

The impermeability factor, to which 
enormous importance has been attributed 
in the past from the standpoint of power 
frequency dielectric strength, seems to 
have less importance according to more 
recent tests. Fig. 4 refers to ionization 
tests on plate capacitors, of a dielectric 
thickness of 1 mm (40 mils), made of 
paper sheets 0.08 mm (3 mils) thick, and 
having a density of 0.75 g/cm® impreg¬ 
nated with thin mineral oil. 

It can be seen that vaiying the im¬ 
permeability from 2X10® to 2X10®EU 
(40 to 300 Gurley seconds) the average 
value of the ionization starting stress 
varies from 50 to 60 kv per mm (1,270 to 
1,520 volts per mil). The figure does not 
show the variation of ionization starting 
stress from 0 to 10* EU (0 to 20 Gurley 
seconds).* This is of the order of 10%. 

Impulse Strength 

The behavior on impulse is not very dif¬ 
ferent. Considering, for instance, the 
QflTTip type of paper as in ionization start¬ 
ing stress, if the impermeability is varied 
from 2X10® to 2X10® EU (40 to 300 
Gurley seconds) the impulse strength 
varies from 105 to 132 kv per mm (2,670 
to 3,350 volts per mil); see Fig. 6. The 
impulse strength shows very little varia¬ 
tion from 0 to 10® EU (0 to 20 Gurley 
seconds). 

* The air resistance values expressed in Gurley 
seconds inserted in parentheses besides the EU are 
not to be considered as strictly equivalent. The 
Gurley seconds values reported have not been 
measured directly on the paper used for the tests 
but obtained from a graph plotted with values of 
impermeability against air resistance for papers of 
different qualities, impermeability and thickness 
tested both with the Emanueli porosity tester and 
the Gurley densimeter. 


Impulse Tests 

The European Standard 1/50 wave test 
is employed. Starting from a stress of 
about 30% below the anticipated impulse 
strength, the applied stress is increased 
by steps of 5 kv per mm (127 volts per 
mil) each, applying five shots per step, 
with an interval of 15 seconds between 
two succesave shots, up to breakdown, 
which is observed on a cathode-ray oscillo¬ 
graph. 

In tests on plate capadtors it is obvi¬ 
ously necessary to specify the applied 
polarities only if the capadtor dielectric 
is asymmetrical with respect to its mean 
plane. 

In the tests to be described the polarity 
was not reversed during the test. It can 
be stated, however, that reversal of polar- 


Fig. 11. Variation of Ioniza¬ 
tion starting stress due to oil 
pressure 

Capacitor: plate 
Electrodes: steel, smooth 
Sample: 12 plain sheets 
Paper: See Fig. 7 

Ai—compound thick oil plus 
30% rosin, viscosity 5X10* 
cst, (23X10* SUS) at 20 C, 
pressure 14 atm (200 psi) 

Bi—^Same compound as in Ai, 
pressure atmospheric 
As—^Thin mineral oil, pressure 
14 atm (200 psi) 

Bs—^Same oil as in As, pressure 
atmospheric 

Temperature: 20 C 
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Fif. 13 (right). 

Variation of impulse 
strength due to oil 
pressure 

Capacitor: plate 
Electrodes: steel/ 

. smooth 

Sample: variable 

number of paper 
sheets to form a 
total thickness of 1 
mm (40 mils) 

Oil: mineral/ thin 
Temperature: 20 C 

Ai—Paper: density 
0.9 g/cm‘; imper¬ 
meability 200X10* 

EU (10/000 Gurley 
seconds); sheet 
thickness 0.03 mm (1 mil); pressure 14 atm (200 psi) 

Bi—Paper: same as in Ai; pressure: atmospheric Aj—Paper: density 



0.75 g/cm*; Impermeability 2X10* EU (300 Gurley seconds); sheet thickness 0.08 mm 
(3 mils); pressure 14 atm (200 psi) 

Bi—Paper: same as in As Pressure: atmospheric 

Ai—Paper: density 0.75 g/cm*; impermeability 1X10* EU (300 Gurley seconds)/ sheet 
thickness 0.13 mm (5 mils); pressure 14 atm (200 psi) 

Ba—Paper: same as In Aa Pressure: atmospheric 


Fig. 12. Variation of ionization starting 
stress due to oil pressure with con’ugated elec¬ 
trodes 

Capacitor: plate 

Electrodes: one steel/ smooth; the other 
brass, having corrugations of 1 mm (0.040 inch) 
radius 

Sample: 12 plain paper sheets 
Paper: See Fig. 7 
Oil: mineral/ thin 
A—pressure: 14 atm (200 psi) 

B—pressure: atmospheric 

Temperature: 20 C 

Influence of Paper Density 

The influence of paper density is a 
factor even more difficult to isolate and 
particularly difl&cult to separate from the 
impermeability because a certain value of 
impermeability can be obtained prac¬ 
tically only if the density is maintained 
within very dose limits. 

For instance, it is diflSicult if not almost 
impossible to obtain papers having an 
impermeability in the range between 0.5 
and 2X10® EU (80 and 300 Gurley 
seconds for a 3-mil paper) and not having 
a corresponding density comprised be¬ 
tween 0.70 and 0.85 g/cm®. 

Ionization Starting Stress and Impulse 
Strength 

Within the density limits of 0.70 to 
0.85 g/cm® appreciable variations of the 
ionization starting stress and impulse 
strength cannot be observed. 

Unfortimatdy, no data relating to high- 
density papers (density of the order of 1 
g/cm®), having at the same time normal 
impermeability, or about 10® EU (140 
Gurley seconds for 8-mil paper), can be 
given, as papers of these characteristics 
were not available for test. 
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Emphasis is placed on the practical im¬ 
possibility of separating the imperme¬ 
ability factor from the density factor; 
however, it is still useful to mention test 
results on papers having very high density 
and at the same time very high imperme¬ 
ability. Reference is made to papers 
normally known as extradense or super- 
calendered, widely used in some countries. 

A paper of this kind, having sheet 
thickness of 0.07 mm (2.75-mil), density 
of 1.1 g/cm® and impermeability of 
2X10^^ EU (3,500 Gurley seconds) im¬ 
pregnated with thin mineral oil, has given 
the following test results on plate capaci¬ 
tors of a dielectric thickness of 1 mm (40 
mils). 

Ionization starting stress: average value 
51 kv per mm (1,300 volts per mil); 
dispersion range 10%. 

Impulse strength: average value 160 kv 
per mm (4,060 volts per mil); dis¬ 
persion range 6%. 

The higher impulse strength of this 
paper compared with one of about the 
same thidcness but having a density of 
0.75 g/cm® and impermeability of 2X10® 
EU (300 Gurley seconds) is in fairly good 
agreement with the general behavior 
shown in Fig. 5., according to which an 
increase of the impermeability determines 
a corresponding increase of the impulse 
strength. On the contrary, the ionization 
starting stress is decidedly lower than that 
of the aforementioned type of low^-density 
paper, which is not in agreement with the 
behavior shown in Fig. 4. 

One explanation of this which has led" 


to much debate is based on the considera¬ 
tion that the higher the density the higher 
the dielectric constant of the paper, and 
consequently the higher the stress applied 
to the oil films between paper sheets. 
Another explanation, however, could be 
that the paper mill treatment, necessary 
to produce extradense paper,, greatly 
affects the paper sheet structure and per¬ 
haps also the smface “activity” of the 
cellulose; see the next section, regarding 
tests on plate capacitors made with partly 
perforated sheets. 

Influence of Paper Sheet Thickness 

In this section the influence of paper 
sheet thickness per se will be treated and 
any part it may play as a determining fac¬ 
tor of butt-space thickness will be ignored. 

Ionization Starting Stress 

Fig. 6 deals with the variation of the 
ionization starting stress as a function of 
paper sheet tiiickness for papers having a 
density of 0.75 g/cm® and impermeability 
of 2X10® EU (300 and 800 Gurley sec¬ 
onds for 3- and 8-mil paper respectively), 
impregnated with thin mineral oil. 

For an increase of the sheet thickness 
from 0.08 to 0.2 mm (3 mils and 8 mils), 
the average value of the ionization start¬ 
ing stress decreases from 60 to 49 kv per 
mm (1,520 to 1,260 volts per mil). 

Impulse Strength 

In Fig. 5 the influence of sheet thickness 
is also shown.. To take, for instance, into 
consideration papers of a density of 0.76 
g/cm® and impenneability of 2X10® EU 
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Fig. 14.. Single oil gap surrounded by insulating paper. Ionization 
starting stress of capacitor as function of oil gap thickness 

Capacitor: plate 
Electrodes: steel/ smooth 

Sample: 12 paper sheets of which one to five are perforated in 
corresponding points 

Paper: density 0.75 g/cm*/ impermeability 2X10* EU (300 Gurley 
seconds); sheet thickness 0.08 mm (3 mils) 

Oil: mineral, thin Pressure: atmospheric Temperature: 20 C 


0.08 0.16 0.24 0.32 0.40 

OIL GAP THICKNESS mm 

Fig. 16 Single oil gap surrounded by insulating paper. Impulse 
strength of the capacitor as a function of oil gap thickness 

Sample: 12 paper sheets of which one to five are perforated in. 

corresponding points 
For other data see Fig. 14 


(300 and 600 Gurley seconds for 3- and 5- 
mil paper respectively), it can be seen 
that for an increase of sheet thickness 
from 0.08 to 0.13 nun (3 to 6 mils), the 
impulse strength decreases from 132 down 
to 120 kv per mm (from 3,350 down to 
3,050 volts per mil). 

ft may be interesting to give a tentative 
explanation of the phenomenon of de¬ 
crease of the dielectric strength with in¬ 
crease in sheet thickness. It is useful to 
start from the consideration that this 
phenomenon practically ceases to exist. 
When considering impulse strength, if 
multi-ply paper sheets are used instead of 
paper sheets composed of a single ply as 
with those generally considered here. 

A probability type of explanation could 
be assumed taking into accoxmt the fact 
that the probability of alignment of de¬ 


fects of different paper sheets is corre¬ 
spondingly less, as the sheets ccunprised in 
a certain dielectric thidkness become more 
numerous. This hypothesis, however, 
does not hold as the law of decrease of 
dielectric strength for single-ply paper, as 
a function of sheet thickness, is still valid 
if, instead of the total dielectric thickness, 
the number of sheets under test is kept 
constant. 

A more reliable hjrpothesis could per¬ 
haps be founded on the consideration that 
the phenomenon under discussion is sim¬ 
ply a phenomenon of decay of the dielec¬ 
tric qualities of the paper when increasing 
the sheet thickness. The reason for this 
is uncertain; it can, however, be observed 
that the structure of the paper sheet 
(e.g., orientation of fibers) vaiies a great 
deal when the sheet thickness is varied. 


Influence op Viscosity of 
Impregnating Oil 

Viscosity is another of those factors 
which are difficult to isolate. Variations 
of viscosity always involve variations of 
chemical structure or at least variations of 
length of the molecular chains. 

The phenomena, however, to which the 
results given hereunder apply, seem to be 
controlled only by variation of viscosity, 
even if other variables are present. 

Ionization Starting Stress 
The influence of viscosity in this regard 
is not at all dear as the surprising result 
is obtained that the ionization starting 
stress decreases when the viscosity is in¬ 
creased. Considering, in fact, the usual 
cable paper having a density of 0.75 
g/cm®, impermeability of 2X10* EU (300 



Fig. 15. Single oil gap surrounded by insulating paper. Ionization 
starting stress of oil as function of oil gap thickness 

Oil: mineral, thin -Pressure: atmospheric Temperature: 20 C 



Fig. 17. Single oil gap surrounded by insulating paper. Impulse 
strength of oil as a function of oil gap thickness 

Oil: mineral, thin Pressure: atmospheric Temperature: 20 C 
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Gurley seconds), sheet thickness of 0.08 
mm (3 mils), the ionization starting stress 
decreases from 60 kv per nun (1,520 volts 
per mil) when thin mineral oil (viscosity 
25 cst (118 SUS) at 20 C) is used, to 47 
kv per mm (1,190 volts per mil) for a com¬ 
pound made of thick mineral oil plus 30% 
rosin (viscosity 5 XIO"* cst (23X10^ SUS) 
at 20 C). 

This result, which is obtained also with 
other thick oils or compounds, is difficult 
to explain; it could be perhaps related to 
surface efiE^ects which are at present receiv¬ 
ing attention in the research work of the 
authors’ company, to be described in the 
next section. 

Impidse Strength 

Here the influence of viscosity is defi¬ 
nitely opposite to that found at power 
frequency. To consider the same type 
of paper as that just described, the im¬ 
pulse strength varies from 132 kv per mm 


(3,350 volts per mil) corresponding to 
thin mineral oil, to 161 kv per mm (4,090 
volts per mil) corresponding to a com¬ 
pound of thick cable oil plus 30% rosin. 

To confirm the view that this effect is 
to be attributed only to increase of vis¬ 
cosity, it was found lhat heating the com¬ 
pound just mentioned to 85 C, viscosity 
150 cst (695 SUS) the impulse strength of 
the capacitor is reduced to 130 kv per mm 
(3,300 volts per mil). These phenomena 
are clearly represented by Fig. 7. 

Influence op Shape op Electrode 

Surface 

Reference is made here to the influence 
exercised by the surface of stranded 
conductors. The effect of stranding is 
simulated by engraving in the flat surface 
of one of the electrodes a set of circular 
corrugations, the profile of which has a 
radius of curvature either of 0.5 or 1 mm 
(0.02 or 0.04 inch); see Fig. 8. 


Ionization Starting Stress 

The results are summarized in Fig- 
To take into consideration capacitors 
1 mm (40-mil) insulation thidcness nT£L< 
of the usual cable paper having a densii 
of 0.75 g/cm®, impermeability of 2X 1 
EU (300 Gurley seconds), sheet thick me 
of 0.08 mm (3 mils), impregnated wii 
thin oil, it can be seen that the ionizakic 
starting stress from 60 kv per mm (1,51 
volts per mil) for plain electrodes cl 
creases to 48 kv per mm (1,220 volts P' 
mil) for electrodes having cormgatioj 
with a radius of curvature of 0.6 mm (O. ( 
inch) and to 34 kv per mm (863 volts p' 
mil) for electrodes having corrugatioj 
with a radius of curvature of 1 mm (O,( 
inch). 

The result is interesting and unexpectc 
because the well-known equations k 
Levi-Civita, as well as more recent calci 
lations relating the electrostatic field i 
oil-filled cables,® show that the sm.a.ll< 



Re- 19. Single oil sap adjacent to metal electrode. Ionization Fig. 21. Single oil gap adjacent to metal electrode. Impulse ttreie 
starting stress of the oil as a function of oil gap thickness of oil as a function of oil gap thickness ^ 

Oil; mineral/thin Pressure: atmospheric Temperature; 20 G Oil; mineral, thin Pressure; atmospheric Temperature: So i 
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Fig. 22. Single oil gap. Variation of ion¬ 
ization starting stress of capacitor due to 
nature of surfaces adjacent to oil gap 

Capacitor: plate Electrodes: steel smooth 
Sample: 10 plain sheets plus two adjacent 
sheets perforated in corresponding points 
Paper: See Fig. 14 Oil: See Fig. 14 

A—oil gap adjacent to electrode covered 
with sheet of carbon black paper 
B— oil gap surrounded by insulating paper 
C—oil gap adjacent to bare metal electrode 


the radius of curvature of the corruga¬ 
tions, the higher (even if only slightly 
higher) the maximum stress on the paper 
insulation, i.e., exactly the opposite to 
what would be expected from the re¬ 
sults. 

An explanation of this could be that 
the maximum stress in the paper insula¬ 
tion is of less importance than the thidc- 
ness of the oil gaps adjacent to the elec¬ 
trode, which are correspondingly smaller 
when tihe radius of curvature of the corru¬ 
gations is decreased. It is known, in fact, 
that the smaller the gap the higher the 
dielectric strength of the oh; see also the 
next section, concerning tests on plate 
capacitors made with partly perforated 
sheets. 

Imptdse Strengfli 

If only one of the electrodes is corru¬ 
gated, the influence of the polarity ap¬ 
plied to this electrode cannot a priori be 
disregarded. It is found, however, that 
there is little, if any, effect of polarity. 

Fig. 10 refers to the same type of paper 
as that in Fig. 9. It is shown that the 
impulse strength decreases jfrom 132 kv 
per Tntn (3,350 volts per mh) for plain 
electrodes, to 105 kv per mm (2,670 volts 
per mh), for dectrodes having corruga¬ 
tions with a radius of curvature of 1 mm 
(0.04 inch). The diagram does not show 
• Hip, difference between results obtained 


with a radius of curvature of 0.5 mm 
(0.02 inch) and those obtained with a 
radius of 1 mm (0.04 inch), as it is very 
little (of the order of 5%), certainly mudi 
smaller than that observed at power fre¬ 
quency (40%). This behavior is difficult 
to explain. 

Influence of Static Pressure of Oil 

The influence of the oh pressure cannot 
be investigated independently of other 
factors such as those already examined 
(paper thickness and impermeability, oh 
viscosity, electrode diape, etc.). Follow¬ 
ing are results obtained in some particular 
cases. 

Ionization Starting Stress 

Fig. 11 shows that for an increase of 
static pressure of 14 atmospheres (atm) 
(200 pounds per square inch (psi)) start¬ 
ing from atmospheric pressure, the ioniza¬ 
tion starting stress increases from 60 to 
90 kv per mm (1,520 to 2,290 volts per 
mil ) if thin mineral oh is used, whereas it 
increases from 47 to 69 kv per mm (1,190 
to 1,750 volts per mh), for a compound of 
thick mineral oh plus 30% rosin. In both 
cases an increase of 50% can be observed. 

The paper used for these tests is the 
usual cable paper having a density of 
0.75 g/cm®, impermeability 2X10® EU 
(300 Gurley seconds) and sheet thickness 
of 0.08 mm (3 mils). 

If instead of plain electrodes a corru¬ 
gated electrode is used with a radius of 
curvature of the corrugations of 1 mm 
(0.04 inch), the same increase of static 
pressure of 14 atm (200 psi) causes an in¬ 
crease of ionization starting stress from 
34 to 62 kv per mm (864 to 1,570 volts 
per mh), if thin oh is employed; see Fig. 
12. In this case the increase is more than 
80%. 

The influence of pressure could be ex¬ 
plained as an increase of the cracking 
voltage of the oh not very different from 
the increase of the cracking temperature 
in the thermal cracking due to pressure. 
The relative increase of the cracking volt¬ 
age seems to be higher when large oh 
gaps (free space between paper sheets and 
corrugations) are present. 
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Fig. 24 Influence of butt-spaces. Variation 
of ionization starting stress of capacitor due to 
variation of sheet thickness 


Sample: perforated sheets interleaved with 
plain paper sheets to make an insulation thick¬ 
ness of about 1 mm (40 mils), with plain sheets 
adjacent to electrodes 

Paper: density 0.75 g/cm» impermeability 
2X10? EU (300 and 600 Gurley seconds for 
3- and 5-mil paper respectively) 

A— paper sheet thickness 0.08 mm (3 mils) 

B—paper sheet thickness 0.13 mm (5 mils) 

For other data see Fig. 14 


Impulse Strength 

The influence of the static pressure at 
impulse is not so great as at power fre¬ 
quency; it is, however, not to be disre¬ 
garded completely. 

Fig. 13 compares the increases of im¬ 
pulse strength due to an increase of pres¬ 
sure of 14 atm (200 psi) for three different 
types of paper impregnated with thin 
cable oil. For instance, it can be seen 
that the usual cable paper, having a 
density of 0.76 g/cm®, impermeability of 
2X10® EU (300 Gurley seconds) and 
sheet thickness of 0.08 mm (3 mils), 
shows an increase of the impulse strength 
from 132 to 142 kv per mm (3,350 to 3,610 
volts per mil), i.e., about 8%. 




Fig. 23. Schematic representation of a 
. testing sample to investigate the influence of 
buft-apaces 


Tests on Plate Capacitors Made witii 
Partly Perforated Sheets: 

Influence of Oil Gaps in Stratified 
Dielectric 

The test on plate capacitors to be de¬ 
scribed and the influence of oil gaps in a 
stratified didlectric forin the most inter¬ 
esting and pertinent portion of this re¬ 
search study on cable dielectrics. As will 
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Fig. 25. Influence of butt-spaces. Variation 
of the impulse strength of the capacitor due to 
the sheet thickness 

Sample: perforated sheets interleaved with 
plain paper sheets to make an insulation 
thickness of about 1 mm (40 mils) with plain 
sheets adjacent to electrodes 
Paper: density 0.75 g/cm* impermeability 
2X10* EU (300 and 600 Gurley seconds for 
3- and 5-mil paper respectively) 

A—paper sheet thickness 0.08 mm (3 mils) 

B—paper sheet thickness 0.13 mm (5 mils) 

For other data see Fig. 14 


be illustrated, the distinction between the 
case of an oil gap adjacent to an electrode 
and that of an oil gap separated from the 
electrodes by paper sheets, i.e., sur¬ 
rounded by insulating paper, is of funda¬ 
mental importance. 

Influence of Single Oil Gap 

Surrounded by Insulating Paper 

For the sake of simplicity, capacitors 
made with only one type of paper are 
taken into consideration, for instance, 
with the usual cable paper having a 
density of 0.76 g/cm*, impermeability of 
2X10® EU (300 Gurley seconds) and 
sheet thickness of 0.08 mm (3 mils), im¬ 
pregnated with thin oil. 

The investigation is carried out as a 
function of a variable oil gap thickness on 
capacitors made of 12 paper sheets. The 
variable gap thickness is obtained by per¬ 
forating from 1 to 6 adjacent sheets on 
aligned points. 

Ionization Starting Stress 

Fig. 14 shows the variation of the ion¬ 
ization inception stress of the capacitor as 
a function of the oil gap thickness. It 
may be interesting to deduce from Fig. 14 
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Fig. 26. Influence of butt-spaces. Variation 
of ionization starting stress of the capacitor 
due to variation of oil pressure 

Capacitor: plate 
Electrodes: steel, smooth 
Sample: plain paper sheets interleaved with 
perforated sheets, with plain sheets adjacent 
to metal electrodes, to make an insulation 
thickness of about 1 mm (40 mils) 

Paper: density 0.75 g/cm* impermeability 
2X10* EU (300 Gurley seconds)/ sheet 
thickness 0.08 mm (3 mils) 

Oil: mineral, thin 

A—pressure: 14 atm (200 psi) 

B—pressure: atmospheric 

Temperature: 20 C 

the stress on the oil gap corresponding to 
ionization inception. This is shown by 
Fig. 16 which is based on an assumed 
ratio of about 1.6 between the dielec¬ 
tric constant of the impregnated paper 
and that of the thin c^. 

It can be seen that a 60% increase of 
the ionization starting stress of the oil is 
obtained when var3ring the gap from 0.4 
to 0.08 mm (16 to 3 mils). 

Impulse Strength 

Fig. 16 corresponds to Fig. 14, whereas 
Fig. 17 corresponds to Fig. 15. Fig. 17 
shows that an 80% increase of the impulse 
strength of the oil is obtained on decreas¬ 
ing the gap thickness from 0.4 mm to 
0.08 mm (15 to 3 mils). 

Influence of Single Oil Gap 
Adjacent to Metal Electrode 

Ionization Starting Stress 
Fig. 18 is analogous to Fig. 14 except 
for the position of the oil gap. A very 
interesting fact may be observed. The 
average curve of Fig. 18 is everywhere 
lower than the corresponding curve of 


Fig. 27. Influence of butt-spaces. Vari¬ 
ation of impulse strength of capacitor due to 
the variation of oil pressure 

For all data see Fig. 26 


Fig. 14. The difference between the tw'o 
curves is small for small gap thickness: 
5% for a gap of 0.08 mm (3 mils) and in¬ 
creases for larger gaps: 20% for a gap of 
0.4 mm (16 mils). 

Fig. 19 shows the calculated values of 
the stress on the oil gap corresponding to 
the ionization inception : the increase of 
ionization starting stress is about 65% 
for a decrease of gap thickness from 0.4 to 
0.08 mm (16 to 3 mils). 

Impulse Strength 

Fig. 20 is analogous to Fig. 16 except 
for the position of the oil gap. The tests 
have been carried out applying a negative 
polarity to the electrode adjacent to the 
gap. However, check tests indicate that 
the difference in results obtained with the 
opposite polarity is practically negligible. 
Also, in this case it may be observed that 
the average curve of Fig. 20 is everywhere 
lower than the corresponding one of Fig. 
16. Therefore both at power frequency 
and at impulse the electric strength is 
definitely lower when the oil gap is adja¬ 
cent to a metal electrode. 

In a similar way to what has been 
found at power frequency, it may be ob¬ 
served that the dffierence between the 
average curve of Fig. 20 and that of Fig. 
16 is small for small gaps: 5% for a 0.08- 
mm gap (3 mils) and increases corre¬ 
spondingly for larger gaps: 10% for a 
0.4-mm gap (16 mils). 

Fig. 21 ^ows the calculated values of 
stress on the oil gap corresponding to the 
breakdown voltages. It can be seen that 
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Fig. 28. Influence of butt-spaces. Variation 
of impulse strength of the capacitor due to 
variation of oil viscosity 


Capacitor: plate 
Electrodes: steely smooth 
Sample: See Fig. 26 
Paper: See Fig. 26 

Ai —compound thick oil plus 30% rosin at 
20 C/ viscosity 5X10* cst, (23X10* SUS) 
A*—compound thick oil plus 30% rosin at 
85 C, viscosity 150 cst, (695 SUS) 

B—thin mineral oil from 20 to 85 C, viscosity 
from 25 to 3 cst/ (118 to 36 SUS) 

Pressure: atmospheric 


the incareaae of the oil impulse strength, 
when the gap thickness is decreased from 
0.4 to 0.08 mm (16 to 3 mils), is still about 
95%. 

From these results a very important 
conclusion may be reached, i.e., that the 
nature of the surface (dielectric or metal¬ 
lic) in contact with an oil gap has a funda¬ 
mental bearing on the dielectric strength 
of the oil gap. This point will be dis¬ 
cussed again in the following section. 




Fig. 29. 


A—Schematic representation of test sample to 
investigate influence of 50-to-50 registration 
B-—Schematic representation of test sample to 
investigate influence of 30-to-70 registration 



A, B, Aj Bj Aj 


Fig. 30. Influence of paper tapes registration. Variation of ionization starting stress of the 
capacitor due to paper type and registration 

Capacitor: plate 
Electrodes: steel, smooth 

Sample: perforated paper sheets interleaved with single (or double) plain sheets to make 
insulation thickness of about 1 mm (40 mils), with perforated sheets adjacent to electrodes 
Oil: mineral, thin 
Pressure: atmospheric 
Temperature: 20 C 

Ai, Aa, Att registration represented 30-to-70 
Bi, B*, Bj: registration represented: 50-to-50 

Ai, Bi—Paper: density 0.9 g/cm»; impermeability 200X10* EU (10,000 Gurley seconds); 

sheet thickness 0.03 mm (1 mil) 

Aa, Ba—Paper: density 0.75 g/cm*/ impermeability 2X10* EU (300 Gurley seconds); sheet 

thickness 0.08 mm (3 mils) 

As, Bg—Paper: density 0.75 g/cm*; impermeability 1X10* EU (300 Gurley seconds); sheet 

thickness 0.13 mm (5 mils) 


A consequence of practical impoitance 
with regard to cables is that the lack of 
adherence between insulating paper and 
conductor is a more serious defect than 
the lack of adherents between paper 
layers in the dielectric. This is specify 
true for impulse tests. 

Influence of Single Oil Gap 
Adjacent to Electrode Screened 
WITH Carbon Black Paper 

The veiy important subject of the 
influence of surfaces on the dielectric 
strength is here again treated to consider 
particularly the influence of an oil gap of 
0.16-inm (6-mil) thickness, adjacent to an 
electrode covered with a sheet of carbon 
bladk paper. Attention will be limited to 
a capacitor impregnated with thin oil hav¬ 
ing an insulation thickness of about 1 mm 
(40 mils). 

The designation “carbon black paper” 
is not quite sufficient to identify dearly 
the type of paper meant here, as not all 


papers containing carbon black dis¬ 
persed in the cdlulose pulp show identical 
behavior in this respect. Only carbon 
black papers such as those used for many 
years for screening cable conductors are 
to be taken into consideration. 

Ionization Starting Stress 

It is found that the average ionization 
inception stress is 56 kv per mm (1,420 
volts per mil). 

It may be interesting to compare on the 
same diagram, see Fig. 22, the ionization 
starting stresses of three plate capacitors 
having the same didectric thickness of 1 
mm (40 mils), induding an oil gap of the 
same thickness: about 0.16 mm (6 mils) 
but in three different conditions: 

Wtk 

1. Oil gap adjacent to a metal (sted) dec- 
trode. 

2. Oil gap surround^ by insulating paper. 

3. Oil gap adjacent to an electrode covered 
with carbon black paper. 
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It may be observed that the average 
ionization starting stress varies from 40 
to 48, to 56 kv per mm (1,000 to 1,220, to 
1,420 volts per mil) respectivdy, whereas 
the dispersion range varies from 27% to 
14%, to 11%. This applies,, as already 
mentioned, if thin cable oil is used, and 
it may not.be so for other types of oil. 
The explanation of this very interesting 
phenomenon seems rather difficult. 

It can be observed that the high resis¬ 
tivity of carbon black paper has no appar¬ 
ent bearing on the mechanism of this 
phenomenon. Experiments have, in fact, 
been carried out in which the surface of 
the carbon black paper facing the oil gap 
was painted with a very thin film of ethyl- 
cellulose varnish. The effect was surpris¬ 
ing as the ionization starting stress was 
lowered from 56 to 48 kv per mm (1,420 
to 1,220 volts per mil), i.e., equal to that 
which is obtained when the oil gap is sur¬ 
rounded by insulating paper. 

In other words, the dielectric strength 
of the oil gap seems to be very closely de¬ 
pendent on the surface activity of the 
carbon black and not on its ohmic resis¬ 
tivity. 

In a similar way the decrease of ioniza¬ 
tion starting stress from 48 to 40 kv per 
mm (1,220 to 1,000 volts per mil) when 
changing from an oil gap surrounded by 
insulating paper to an oil gap adjacent to 
a metal electrode, could be attributed to a 
particular effect of the metfdlic surface, 
which is perhaps simply a lack of activity 
with respect to that of the cellulose or of 
the carbon black. Research to explore 
into the medianism of this action is stiU 
in progress and promises hope of a conclu¬ 
sion in the not too distant future. 

A practical consequence affecting the 
manufacture of oil-filled cables is that the 
carbon black paper, apart from chemical 
considerations which are beyond the 
scope of this research, exercises a much 
more important action than its simple 
function of electrostatic screening of the 
cable conductor. In other words, the use 
of carbon black paper counteracts the 
effect of a lack of adherence between the 
insulating paper and the conductor sur¬ 
face by providing a significant increase 
in the ionization starting stress of the 
interposed oil gap. 

Surprising behavior is shown by the 
carbon black paper in impulse tests. 
It is found here, in fact, a very slight dif¬ 
ference (5% at most) of impulse strength 
between the case of oil gap adjacent to a 
metal electrode and that of gap adjacent 
to carbon black paper. 

The activity of the carbon black seems 
therefore dosely associated to the time 
factor and is practically nonexistent for 


transients of the order of 100 micro¬ 
seconds or less. If the carbon black ac¬ 
tivity consisted in a sort of fixation of ions 
or hydrocarbon radicals, the presence of 
which in the field being a determining 
factor in the mechanism of electric crack¬ 
ing (as is quite possible), the importance 
of the time factor could be more readily 
understood. 

Influence op Sheet Thickness as 

Determining Butt-Space Thickness 

IN Stratified Dielectric 

A method of investigating the influence 
of sheet thickness in so far as it deter¬ 
mines the butt-spa<» thickness in strati¬ 
fied dielectric has been devised by using 
plate capacitors having a dielectric thick¬ 
ness of about 1 mm (40 mils) in which per¬ 
forated sheets are interleaved with plain 
sheets so that all gaps are aligned on the 
same fine perpendicular to the capacitor 
plates. Gaps adjacent to the electrodes 
are avoided for fear that the electrode 
factor could partly mask the sheet thick¬ 
ness factor; see Fig. 23. In other words, 
the influence of the gap thickness when 
several gaps in series are present is investi¬ 
gated. 

Ionization Starting Stress 

Fig. 24 shows the behavior of capacitors 
made with paper of two different sheet 
thicknesses, 0.08 and 0.13 mm (3 and 5 
mils) respectively. Both papers have a 
density of 0.75 g/cm® and impermeability 
of 2 X10® EU (300 and 600 Gturley seconds 
for 3 and 5 mil paper respectively) and 
are impregnated with the usual thin oil. 
The average ionization inception stress 
varies from 50 kv per mm (1,270 volts per 
mil) for the smaller thickness to 44 kv per 
mm (1,120 volts per mil) for the larger 
one. 

Impulse Strength 

Fig. 25 is analogous to Fig. 24. The 
average impulse strength is 90 kv per mm 
(2,290 volts per mil) for a sheet thickness 
of 0.08 mm (3 mils) and 81.5 kv per mm 
(2,070 volts per mil) for that of 0.13 mm 
(5 mils). 

Influence of Static Pressure 

The influence of pressure when gaps are 
involved can of course be investigated in a 
variety of different cases. Attention is 
limited to the same type of capacitor as 
referred to id the preceding section and to 
a paper having a density of 0.75 g/cm®, 
impermeability 2X10® EU (300 Gurley 
seconds), sheet thickness of 0.08 mm (3 
mils) impregnated with thin oil. 


Ionization Starting Stress 

Fig. 26 compares the average value of 
50 kv per mm (1,270 volts per mil) ob¬ 
tained at atmospheric pressure with the 
value of 73 kv per mm (1,860 volts per 
mil) obtained at a static .pressure of 14 
atm (200psi). Theincreaseis about50%, 
the same as for capacitors made of plain 
paper sheets only. 

A higher percentage (70%) can be ob¬ 
served on capacitors of a dielectric thick 
ness of 1 mm (40 mils) including one gap 
adjacent to an electrode with a gap thick¬ 
ness of 0.16 to 0.32 mm (6 to 12 mils). 

This is in good agreement with the 
results shown in the preceding section, 
concerning plain paper sheets, where the 
greater effect of pressure is evident when 
a large oil gap thickness is present. It 
seems therefore that it is chiefly the “free’ ’ 
oil that is affected by an increase in pres¬ 
sure. 

Impulse Strength 

The influence of pressure on impulse 
strength is much greater on capacitors 
induding oil gaps. Fig. 27 shows the in¬ 
crease from the value of 90 kv per mm 
(2,290 volts per mil) obtained at atmos¬ 
pheric pressure to that of 118 kv per mm 
(3,000 volts per mil) obtained at 14 atm 
(200 psi). The increase is of 31%, where¬ 
as in capadtors without gaps it was 
found that there was an increase of only 
8 %. 

Influence of Oil Viscosity 

The previously noted influence of oil 
viscosity requires further consideration at 
this point. The same type of capadtors 
and same type of paper are employed as in 
the test discussed in the preceding sec¬ 
tion. 

Ionization Starting Stress 

An average value of 47 kv per mm 
(1,190 volts per mil) is obtained with a 
compound of thick oil plus 30% rosin, 
whereas 50 kv per mm (1,270 volts per 
mil) is found with thin cable oil. These 
two values are seen to be in very dose 
agreement. 

On the other hand, widely different 
values were found in the case of capadtors 
without oil gaps, in which the ionization 
inception stress was still 47 kv per mm 
(1,190 volts per mil) for the compound, 
but 60 kv per mm (1,520 volts per mil) for 
the thin oil. In otha: words, when the 
thickness of the free oil gap is increased, 
the results observed with thin oil become 
very dose to those obtained with thi<k 
compounds. 
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Fis. 31. Influence of 
paper tapes registra¬ 
tion. Variation of 
impulse strength of 
capacitor due to 
paper type and regis¬ 
tration. For all data 
see Fig. 30 


Impulse Strength 

Also in the case of a dielectric including 
oil gaps, the enormous influence of oil vis¬ 
cosity is confirmed. Starting from a 
strength of 90 kv per mm (2,290 volts per 
mil) for a viscosity of 25 cst (118 SUS) 
(thin oil at 20 C), a value of 138 kv per 
mm (3,500 volts per mil) is found when 
the viscosity is raised to values of the 
order of 5X10^ cst (23X10* SUS) (com¬ 
pound of thick mineral oil plus 30% rosin 
at 20 C). 

An almost equal value is found if a 
compound of thick mineral oil plus 32% 
polybutylene is employed, viscosity 10* 
cst (4.6X10* SUS) at 20 C. 

If, however, the tests are carried out at 
a temperature of 85 C, at which the vis¬ 
cosity of rosin compound is 150 cst (695 
SUS) and that of the polybutylene com¬ 
pound is 100 cst (460 SUS), in both cases 
a value of 92 kv per mm (2,330 volts per 
mil) is obtained, which is practically 
identical to that for the thin oil. 

The conclusion is that below a vis¬ 
cosity value of approximately 10* to 10* 
cst (4,600 to 460 SUS) no practical varia¬ 
tion of impulse strength is observed. N ot 
even if the viscosity is as low as 1 to 3 cst 
(32 SUS), thin cable oil at 85 C, does the 
impulse strength value decrease below 90 
kv per mm (2,290 volts per mil) . Fig. 28 
shows some of these results. 

Influence of Relative Position of 

Butt-Spaces within Stratifibp 

Dielectric 

The purpose of this section is to deal 
with a particular problem in cable taping, 
that of investigating the effect of a 30-to- 
70 registration of the tapes as compared 
with a 50-to-50 registration. Th^e two 
different overlay patterns can be well 
simulated with plate capacitors in which 
oil gaps have been aligned in two different 
ways. 


Fig. 29(A), where gaps are alternated 
with single plain sheete, simulates a 50- 
to-50 registration. 

Fig. 29(B), where gaps are alternated 
with pairs of plain sheets, represents a 30- 
to-70 registration. In both cases gaps 
adjacent to the electrodes are now in¬ 
cluded to bring the condition of the 
capacitor dielectric nearer to that of a 
cable dielectric. 

T.iTniting the investigation to capacitors 
of 1 mm (40-mil) insulation thickness, 
impregnated with thin oil> three different 
tsrpes of paper are considered which may 
be of particular interest for practical 
applications: 

1. Density 0.8 g/cm®, sheet thickness 0.03 
mm (1 mil), impermeability 2X10® EU (40 
Gurley seconds). 

2. Density 0.76 g/cm», sheet thickness 
0.08 mm (3 mils), impermeability 2X10® 
EU (300 Gurley seconds). 

3. Density 0.75 g/cm®, sheet thickness 
0.13 mm (6 mils), impermeability 10* EU 
(300 Gurley seconds). 

Ionization Starting Stress 

Power frequency test results are sum¬ 
marized by Fig. 30, The advantage of a 
30-to-70 registration as compared with a 
60-to-50 registration is greatest (about 
10%) for the thinnest paper: 0.03 mm 
(1 niil); it is only 3% for the 0.08-mm 
(3-mil) paper; and is practically nil for 
the 0.13-mm (6-mil) paper. 

Impulse Strength 

Fig. 31 corresponds to Fig. 30. Here 
the advantage of a 30-to-70 registration 
as compared to a 50-to-50 one is more 
noticeable than at power frequency: 15% 
for the 0.03-mm (1-mil) paper; 7% for 
the 0.08-mm (3-mil) paper; and 6% for 
the 0.13-mm (5-mil) paper. 

An explanation of the results of this sec- 
tion*is not easy to arrive at. ' It is inter- 



Fig. 32. Comparison between ionization 
starting stresses of plate and cylindrical 
capacitors 


A—Capacitor: cylindrical 

Electrode: inner, brass, smooth, 28 mm ^ 
(1.10 inch)/ outer, tinned copper tape 
Sample: 20 mm (0.800 inch) wide paper 
tapes; tapes lapped in the same direction; 
registration: 30-to-70; butt-space 

width: 2 mm (0.080 inch); total insula¬ 
tion thickness: 1.5 mm (0.060 inch) 

B—Capacitor: plate 

Electrode: steel, smooth 
Sample: perforated sheets interleaved 
with pairs of plain sheets, with perforated 
sheets adjacent to electrodes, to make 
insulation thickness of about 1 mm (40 mils) 

Paper: density 0.75 g/cm®; impermeability 
2X10* EU (300 Gurley seconds); sheet 
thickness 0.08 mm (3 mils) 

Oil; mineral, thin 
Pressure: atmospheric 
Temperature: 20 C 



Fig. 33. Comparison between impulse 
strengths of plate and cylindrical capacitors 

A—^See Fig. 32 
B—^See Fig. 32 
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Table I. RAy-Cycle Lons-Time Test; 4-Hour Steps 


Diameter of 


Insulation 


Maximum 
Gradient at 
Breakdown Voltage 


Conductor 


Type of 
Construction 

Thickness 

Breakdown 

Voltage, 

Kv 

Kv 

Per Mm 


Volts 
Per Mil 

Mm 

Indies 

Mm 

Inches 

28.7. 

.1.13... 


.laboratory. 

1.40. 

.0.066.. 

__ 64. 

.48.5.... 


.1.230 

35.9. 

.1.41... 


.laboratory. 

3.50. 

.0.138.. 

.135. 

.42.0 ... 


.1,070 

27.6. 

.1.08... 


.factory.;.. • 

•6.00. 

.0.236.. 

.230. 

.46.0 ... 


.1,170 

27.5. 

.1.08... 


.factory. 

6.10. 

.0.240.. 

.230. 

.46.5 ... 


.1,180 

28.2. 

.1,11... 


.factory. 

5.90. 

.0.232.. 

.210. 

.42.7 ... 


.1,090 

16.6. 

.0.06... 


.factory. 

13.60. 

.0.532.. 

.323. 

.41.7 ... 


.1,060* 

86.1. 

.1.42... 


.factory. 

20.50. 

.0.808.. 

.675. 

.42.1 ... 


.1,070 

Average value. 






.44.21... 


.1,120 


Standard deviation, % 


.72 


* No breakdown: .on visual examination of the sample after the test the puncture was found to have 
occurred in the ends and not in the cable. 


Now the question arises how results ob¬ 
tained on models of extremely limited 
thickness and volume (dielectric volume 
of not even 4 cm®) can be extended to 
cable samples in which dielectric thick¬ 
nesses and, chiefly, the volumes are mudi 
larger. (Dielectric volumes under test 
are 10® to 10^ times as much.) 

The probability theory provides a 
means of dealing conveniently with such 
a problem.® As is known on ihe basis of 
the standard deviation shown by tests on 
samples, probability considerations lead 
one to anticipate a decrease in the average 
values. 


esting to remark that for a given applied 
voltage the stress on the oil gaps is higher 
for a 30-to-70 than for a 50-to-60 registra¬ 
tion while the gap thickness is obviously 
the same. The explanation therefore can¬ 
not be found in stressing but should be 
looked for in the “barrier” phenomena, of 
which, however, very little is yet known. 

Comparison Between Results 
Obtained on Plate and 
Cylindrical Capacitors 

The comparison between results ob¬ 
tained on plate and cylindrical capacitors 
will be limited to a typical case, i.e., to 
check the results obtained in the preced¬ 
ing section, particularly considering ca¬ 
pacitors made with 0.08 ram (3-mil) thick 
paper reproducing a 30-to-70 registration. 
The inner electrode of the cylindrical 
capacitor used for these tests is a smooth 
rod having a diameter of 28 mm (1.10 
inch). 

The dielectric strength of the cylindrical 
capacitor is assumed to be equal to the 
maximum stress on the inner electrode 
corresponding to the breakdown voltage. 


(By “breakdown” either impulse break¬ 
down or ionization inception is meant.) 
Figs. 32 and 33 refer to power frequency 
and impulse testing respectively. 

The average values obtained on cyhn- 
drical capacitors ar^ in good agreement 
with those on plate capacitors. The for¬ 
mer are a little higher but the dispersion 
range is also larger, which is easily under¬ 
standable if the much less precise con¬ 
struction of cylindrical capacitors (hand- 
lapped insulation) as compared to plate 
capacitors is taken into accoimt. 

Considerations Relating to Practical 
Applications to Cables 

In the preceding section the good agree¬ 
ment between results on plate and cylin¬ 
drical capacitors was purposely shown. 
The cylindrical capacitor insulated with 
helically wound tapes, as already men¬ 
tioned, is the model which most nearly 
simulates the cable dielectric, therefore 
the agreement mentioned makes it pos¬ 
sible to extend logically to cables the 
knowledge acquired through plate capaci¬ 
tor tests. 


The calculations are easy for plane di¬ 
electrics and slightly more complex for 
dielectrics having a cylindrical sym¬ 
metry; if, however, dielectrics of the type 
considered in this paper are taken into 
account the situation becomes much 
simpler. 

In fact if, for instance. Figs 24 and 25 
are examined, and more particularly the 
results observed on the 0.08 mm (3-mil) 
paper it can be seen that the dispersion 
range is very small, the standard devia¬ 
tion being less than 1%. The theoretical 
decay, as a consequence, is also very 
small: it is a few per cent only for an 
increase of volume of 10® times, and can 
be disregarded in practice. 

Now, the theoretical decay will coincide 
with the actual decay only if the cable 
insulation is perfectly made as that of a 
capacitor model. 

It is here that the factor which, as 
pointed out at the beginning of this arti¬ 
cle, was purposely neglected, i.e., the 
“bending” of the cable dielectric comes 
into play. 

It is fotmd that the mechanical defects 
of the insulation due to a deficiency in 
flexibility of the cable are among the 
mpst important reasons of disagreement 
between results on cables and results on 


Table II. Impulse Tests 1/50-Miaosecond Wave 


Maximum Gradient . 

Diameter of Insulation at Breakdown Voltage 


Conductor 

Type of 
Construction 

Thickness 

Breakdown 

Voltage, 

Kv 

Kv 

Per Mm 

Volts 
Per MU 

Mm 

Inches 

Mm 

Inches 

28.7 .. 

...1.13... 

...laboratory... 

.. 1.30... 

...0.061... 

.. -112.5... 

.. -92.6... 

.. -2,360 

28.8 .. 

...1.13... 

_laboratory.... 

.. 1.36... 

...0.063... 

.. -126.0... 

.. -96.8... 

.. -2,460 

28.7 .. 

...1.13... 

.. .laboratory... 

.. 1.40... 

...0.066... 

.. -f-137.5... 

..-M04.0... 

:.+2,640 

35.9 .. 

...1.41... 

.. .laboratory... 

.. 3.85... 

...0.132... 

.. -300.0... 

.. -98.3... 

.. -2,-600 

35.8 .. 

...1.41... 

... laboratory... 

.. 3.40... 

...0.134... 

., -1-300.0... 

.. -1-98.8... 

..+2,610 

10.95.. 

...0.43... 

.. .factory...... 

.. 6.50... 

...0.216... 

.. -1-366.0... 

.. +96.2... 

..+2,440 

27.7 .. 

...1.09... 

... factory. 

.. 6.00... 

...0.236... 

., -1-460.0,.. 

.. +90.6:.. 

..+2,300 

28.0 .. 

...1.10... 

... factory. 

.. 6.00... 

...0,236... 

.. -476.0... 

.. -96.0... 

.,-2,110 

27.8 .. 

...1.09... 

.. .factory. 

.. 6.00... 

...0.236... 

.. -1-460.0.,. 

.. +90.0... 

..+2,290 

18.5 .. 

...0.65... 

.. .factory. 

..13.00... 

...0.612... 

.. db730.O... 

.. ±93.7... 

..±2,380* 

16.4 .. 

...0.65... 

.. .factory. 

..13.25... 

...0,622... 

.. -1-760.0... 

.. +95.2... 

,.+2,420 

27.8 .. 

...1.09... 

.. .factory. 

..23.60... 

...0.926... 

.,±1850.0... 

.. ±98.6... 

..±2,600* 

28.0 .. 

...1.10... 

.. .factory. 

..23.60... 

...0.929... 

..-1800.0... 

.. -96.6... 

..-2,430 

28.5 .. 

...1.12... 

.. .factory. 

..24.50... 

...0,966... 

,.±1850,0... 

.. ±94.8... 

..±2,410* 






96.7... 

... 2.430 





. 3.64 









* See footnote of Table I. 


mod^s. It can also be added that the 
agreement (or disagreement) between the 
two is a tealiable index of the insulation 
qualily. 

It is useful to give in Tables I and II 
some results of didectric strength at 
power frequency and at impulse obtained 
on samples whidi indude both labora¬ 
tory-made cylindrical capacitors having 
an insulation thidcneSs of 1.5 mm (60 
mils), and factory-made cables having a 
didectric thickness up to 24 mm (950 
mils). 

The didectric strength results at power 
frequency (60 cydes) given in Table T 
are breakdown values obtained in long- 
times tests: 4rhour steps of 2 kv per mm 
(51 vollB per mil) eadi. A very dose 
agreement between the values just men- 
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tioned and ionization starting stresses 
has, however, been chedced on capacitors. 

The conductors have been screened pur¬ 
posely with a helically wound conductive 
tape both in the case of laboratory 
models and in that of cables, in order to 
make their dielectric conditions equal. 

The insulating paper with which the 
conductors of both laboratory models and 
cables have been lapped, is the same wood 
pulp paper having a density of 0.75 g/cm®, 
impermeability of 2X10® EU (300 Gurley 
seconds), thickness of 0.08 nun (3 mils), 
cut into tapes 20 mm (0.8 inch) wide, 
lapped with a 30-t6-70 registration and 1 
to 2 mm (0.04 to 0.08 inch) wide butt- 
spaces. 

As may be seen, the agreement between 
all the recorded dielectric strengths is 
very good provided the maximum stresses 
on the inner conductors corresponding to 
the breakdown voltages are used as the 
basis of comparison. 

This agreement, it must be repeated, is 
based on the assumption that perfectly 
made and fully impregnated dielectrics 
are under consideration, characterized by 
the further fact that in tests carried out 
on models the dispersion of results is ex¬ 
tremely small. 

Conclusion 

The present paper is intended to show 
a few dielectric phenomena which seem 
to be either of scientific interest in them¬ 
selves or of interest in the application 
relative to high-voltage cables, particu¬ 
larly of ^e oil-filled type. 

The most interesting phenomena from 
a purely scientific standpoint are perhaps 
those relating to the influence of surface 
activity on the dielectric strength, while 
for the applications to the cables the 
analysis of the behavior of the butt-spaces 
is of more immediate practical use. 

What has been illustrated is far from 
being a completed research on these very 
interesting subjects; above all, much 


work still must be done to bring a decisive 
contribution to the explanation of these 
phenomena. 

Throughout this article the opportunity 
has been taken to touch on the subject of 
experimental analysis carried out by 
models to obtain information useful in 
practical applications and to indicate the 
high degree of confidence that can be 
placed in this extremely profitable method 
when it is properly employed. 

Appendix 1. Preparation of Plate 
Capacitor 


for 24 hours with a vacuum of the order of 
0.1 mm Hg applied. The impregnation is 
carried out under vacuum in the same tank 
with oil degasified as in Appendix I. 

Preparation of Terminations and 
Application of Outer Screen 

The insulation of the terminations is 
made of paper rolls separately dried and 
impregnated as in the preceding. They are 
applied by hand on the ends of the capacitor 
(already dried and impregnated) and are 
chamfered in a suitable way by means of a 
knife. The outer screen is finally wound on 
the central part (cylindrical) of the capacitor 
dielectric and on the chamfered parts of the 
terminations. 


Drying 

The container and the electrodes are 
accurately washed with light gasoline before 
introducing between them the paper sample 
made as indicated in the section "Plate 
Capacitor as Test Model." 

The container is then closed by means of a 
vacuum-tight cover and then placed in a 
thermostatic stove where it is dried for 24 
hours at a temperature of 100 to 110 C under 
a vacuum of about 0.02 to 0.06 mm Ilg. 

The residual pre^re after drying, with 
pump closed for 1 hour, does not exceed the 
value of 0.06 to 0.1 mm Hg. 


Sealing and Final Impregnation of 

Capacitor 

The cylindrical capacitor prepared as 
described is placed inside the steel pipe 
terminated with porcelain insulators, de¬ 
scribed in the section "Cylindrical Capacitor 
as Test Model.” 

Vacuum of the order of 0.1 mm Hg is 
applied for 16 hours at ambient tempera¬ 
ture. Then the final impregnation with 
degasified oil is carried out. 

References 


Impregnation 

Before impregnaticai, which is carried out 
at atmospheric pressure, the oil is degasified 
at 80 C in a degasifier which operates under 
a vacuum of about 0.03 to 0.06 mm Hg. 
When the impregnation is over, vacuum is 
broken by means of dry nitrogen. The 
containers! closed in order to protect them 
from the atmosphere, are then left to cool 
down in the ambient. 


Appendix II. Preparation of 
Cylindrical Capacitor 

Drying and Impregnation of Capacitor 
Dielectric 

The inner electrode, accurately washed 
with light gasoline, is hand lapped with 
insulating paper tapes, then dried in a 
vacuum tight tank at a! temperature of 100 C 
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Discussion 

Bror Hansson (Aktiebolaget Liljeholmens 
Kabelfabrik, Stockholm, Sweden); When 
reading a paper on the dielectric strength of 
oil-impregnated paper, one is always fas¬ 
cinated by the curious fact that a combina¬ 
tion of just two components, the paper and 
the oil, can give material for new investiga¬ 
tion and such splendid new papers as that 
under discussion, many decades after it 
was discovered that there is no better in¬ 
sulator than impregnated paper. 

The greatest value of their paper seems 
to me to be that the authors have carefully 


defined the test specimens and conditions 
and given numerical values for the results. 
Unfortunately many papers written by 
others earlier and covering related subjecte 
(adjacent variations in the paper, the oil, 
the electrodes or the tsrpes of stresses iin- 
posed on the samples) cannot as to their 
numerical values be directly compared 
with the results of this paper. Oil, paper, 
treatment, sample size, etc., are not nec¬ 
essarily the same today as they were 10, 20, 
or 30 years ago, and we lack a common de¬ 
nominator for comparing the results. 

Would it not be a worthy project for the 
AIEE Committee on Insulated Conductors 
to carry on this research on a still broader 


basis and try to arrive at a complete answer 
to all the questions we aU should like to ask 
the authors. 

Would the authors allow us to accept, for 
instance, their test specimens as stanc^d, 
if the same paper and oil could be distei- 
buted to many laboratories each of which 
undertook to investigate a small section of 
the problem? Table III shows t^t it is a 
tremendously wide problem which could 
hardly be covered completely by one labora¬ 
tory. 

It would perhaps not be necessary to 
investigate all the possible combinations 
(3X3X6X3X6X3X3X3X3X3X9X5X 
6 X4 X4 X4X2 =32,099,036,400) but a 
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Table III. Some Variables in Testing 


Least Ro. of 

Qualities WUcli 

Should Be 

Variable Tested Remarks 

Paper density... 

...8. 

.. Dense paper should give 

Paper air re- 


better short-time 

sistance. 

...3., 

.. strengths but is more 
difScult to impregnate 
^ (with thick oil) and 
^ves higher-losses, and 
thus lower long-time a-c 
strength. 

Paper thickness. 

...6.. 

• Thin paper gives higher 
strength but is costly 
and mechanically weak. 
Is the long-time a-c 
strength really higher 
for thin paper? 

Oil viscosity.... 

...3.. 

. .Thin oil for a-c capacitors 



and oil-filled cables 
Thick oil for d-c and im¬ 
pulse capacitors and 
for mass-impregnated 
cables. 

Electrode dis- 

tance.<..., 

...5.. 

.High- and low-voltage 
cables, capacitors. 

Blectrode ma- 

terial. 

...8.. 

.Al, Cu,Sn,Pb 

Electrode shape. 

...3 

Carbon paper.... 

...8.. 

.Inside, outside, in between 

Carbon paper 

thickness. 

...3.. 

.For instance 0.02, 0.05, 



0.1 mm 

Paper+o!l-|-gas.. 

...8.. 

.Air. nitrogen, freon etc. 

Oil pockets 

(voids). 

...S.. 

.3 diameters, 3 thicknesses 

Temperature...., 

...5.. 

.-20. 0, H-80, +60, +90, 
+120 C 

. V*> 1, 3,6,15 atmospherea 
^me combinations of 

Pressure. 




insulating material give 
a straight line, others an 
asymptotic "strength 
versus pressure" curve 
for some kinds of 
stresses. 

Direct .current.., 

....4. 

.. Instantaneous, 1-hour, 


10-, and 1,000-hour 

strengths. 

Alternating 

current SO p/s. .4.Instantaneous, 1-hour, 

10-, and 1,000-hour 

strengths. 

Alternating 
current 1,000 


p/s.4.. .Instantaneous, 1-hour, 10- 

and 1,000-hour strengths. 
Impulses .2..,>/ui, chopped, etc. 


Study committee would certainly find more 
variables of interest to investi]gate and as 
more than one test would be needed to give 
a sure average for each combination it 
seems obvious that the question, "What is 
the dielectric strength of impregnated 
paper?” has so many answers that some co¬ 
ordinated research would be welcome. 
Woldd the Insulated Conductor Committee 
be willing to sponsor such co-ordination? 
There are certainly many laboratories who 
would be willing to co-operate. 

The d-c strength is not only of interest for 
d-c cables and capacitors. Ordinary a-c 
cables are stressed by direct current from 
restriking in circuit breakers and, moreover, 
the behavior of the insulation under d-c 
stress is of great theoretical interest. 

Theoretically, the d-c stresses should 
(due to higher insulation resistance) plant 
themselves mostly in the cellulose compo¬ 
nent when the a-c stresses should (due to 
lower specific inductance capacitance) occur 
in the oil component. When, however, the 
dielectric strength of one component for 
some reason is very high or very low (for 
instance, the oil due to a high- or a low-oil 


pressure) the breakdown may occur any¬ 
where. 

It should perhaps be remarked that in the 
Table III, no regard has been taken of the 
chemical composition of the oil or the paper. 


N. Klein (Israel Institute of Technology, 
Haifa, Israel): This interesting paper has 
the merit of systematically investigating 
breakdown properties of oil-impregnated 
paper insulation. Many of the results indi¬ 
cate that the dielectric strength is primarily 
affected by the size and location of the butt 
spaces. Some impulse test measurements 
of this investigation however do not seem 
to comply with this view. Thus, when a 
single 0.08-mm-thick oil gap is surrounded 
by insulating paper the impulse strength 
according to Fig. 16 is about 132 kv/mm; 
the same impulse strength is recorded in 
Fig. 5 for the’Case that there is no gap in the 
insulation. Similar equality is found when 
the gap is 0.13 mm thick and only when 
there are many butt spaces in series does 
the impulse strength decrease (see Fig. 25), 
It is noticed also that when a gap occurs 
next to a steel electrode the impulse strength 
does not decrease strongly for thinner, 

O. 08-mm gaps and extrapolation leads to 
the question as to whether the presence of 
even smaller gaps at an electrode at all 
influences the impulse breakdown stress. 
Did the authors carry out such experiments 
with 0.03-mm papers! These test results 
might suggest that impulse breakdown 
processes do not always start in or due to 
butt spaces. This view is partly supported 
also by the observations that when a gap 
is next to an electrode impulse, results with 
opposite polarity do not differ and that 
carbon black paper with a gap adjacent to it 
hardly influences the impulse breakdown 
strength. One possibility for the explana¬ 
tion of the behavior in the cases quoted 
might be that breakdown is initiated in oil 
spaces occurring at the electrode due to 
paper surface unevenness. 

The introductory experiments on gapless 
insulations by which the influence of density, 
impermeability, and paper thickness are 
investigated might permit also partial 
interpretation of the results in terms of 
unevenness of paper surface. Experiments 
with gaps adjacent to a steel electrode are 
important. Did the authors carry ttipm 
out also with electrodes made of other met¬ 
als, and especially with customary con¬ 
ductor metals as copper and aluminum? 

Influence of electrode corrugations seems 
to be involved due possibly to opposing 
effects of decrease of stress and increase of 
oil space with corrugation radius and this 
might perhaps be the reason for the seeming 
inconsistencies of the measurements. 

Carbon black is a strongly absorptive 
material. Do the authors think that the 
considerable increase in ionization stress, 
when a gap is adjacent to carbon black 
papers, might be due to the absorption of 
impurities of the gap by the carbon black! 

Many of the results indicate the impor¬ 
tance of the time factor in impulse tests, 
as, e.g., increase of impulse strength with 
paper density, viscosity, pressure, etc. 
It is thought that more light might be 
thrown on the influence of these and other 
parameters by carrying out impulse tests 
not only with customary wave shapes, but 
rectangular waves of varying duration. 


Finally, it would be interesting to know 
how the sample thickness and the paraUel- 
ity of electrode surfaces were checked in the 
experiments; and also whether oil spaces be¬ 
tween spac^ disks and insulation proper 
did not influence ionization starting stress 
measurements. 

These investigations contribute to knowl¬ 
edge on the involved subject of breakdown 
in oil-impregnated paper insulation and 
stimulate further research, and the authors 
are to be commended for their great effort. 


Kenneth S. Wyatt (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
It is now nearly 6 years since I became aware 
of these researches, and each year I saw 
them develop. They have been exceed¬ 
ingly carefully carried out in a scientific 
manner, and I am glad to see this account 
of them. However, this paper covers only a 
small part of the ground, and I had hoped 
that the scope would have been broader. 
Perhaps this can be explored in subsequent 
papers. 

The agreement between the results on 
flat-plate capacitors and actual cables 
once again danonstrates the usefulness of 
the maximum stress theory. This is es¬ 
pecially true and easy to discern, where the 
breakdown results are not masked by a 
number of uncontrolled variables. For 
example, in cables made 20 years ago or 
more, the taping was irregular in overlay 
and variable in looseness, registrations were 
serious, upon bending before impregnation 
the tapes slipped in bunches leaving pre¬ 
ferential impregfnating paths at intervals so 
that drying was often irregular, the insu¬ 
lation structure was loose and full of creases 
and pockets of high-loss rosin compound. 
Under such conditions it was practically 
impossible to see the dear working of the 
maximum stress prindple. Even today we 
find cable insulations, e.g., polyethylene, 
which are nonhomogeneous to a high degree 
and breakdown is so irregular that the maxi¬ 
mum stress prindple is entirely masked. 
Where these variables are not fully con¬ 
trolled, it sufiices to use average stress 
rather than maximum stress as a basis for 
specifications. 

While we had long known the advantage 
of carbon black paper in giving an equi- 
potential surface to the conductor, we had 
suspected that there was an advantage 
beyond this, and that it was due to the damp¬ 
ing effect of the high-resistance paper on 
high-frequency components which are nearly 
always present in a high-voltage setup. This 
can be seen on an osdllograph. The 
authors brush this explanation aside, saying 
that the effect is‘the same over a wide range 
of conductivity of the carbon black paper. 
We shall be glad to see the results of further 
investigations in this fidd. 

The extension of the authors’ results on 
flat paper capadtors to actual cables which 
have to flex is only very lightly touched upon 
Take the matter of overlay of the tapes, for 
example. While a 50-60 overlay may give 
fair results on a rigid modd, it would be 
suiddal in a commercial cable which has to 
be capable of being bent, and a 70-30 overlay 
is not much better, intensive work with 
wafers, some of which was published in 
1938,* demonstrated how the paper folds up 
and forms creases in the butt spaces of such 
a structure when the cable is wound and 
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unwound on a reel. After this has hap¬ 
pened the breakdown is much lower. This 
we have known for a long time. Even a 
26-75 overlay is unsatisfactory because the 
‘ ‘step” leakage path becomes to6 short when 
opened up at a bend. 

In extending these results to actual work¬ 
ing cables there are a great many variables 
to be considered and brought under con¬ 
trol, otherwise the most perfect mechanical 
structure of the insulation will not last long 
under conditions of flexing, and then we are 
back where we started. In order to slip 
without permanent displacement, the tight¬ 
ness of winding must be correct, the smooth 
ness of the paper must be considered, and if 
the tightness is to be uniform and of a cor¬ 
rect value after drying, the moisture con¬ 
tent of the paper and its uniformity, the 
shrinkage characteristics of the paper, all 
must be controlled. 

The researches described, when supple¬ 
mented by further work to make their 
application to working cables sure beyond 
doubt, will make it possible to reduce in¬ 
sulation wall thicknesses and to work with a 
lower factor of safety, especially at the 
higher voltages. The paper is thus^ of 
great importance beyond the fact that it is 
an example of research precisdy earned out 
with unusual attention to control of the 
many variables. 

Rbfbrbncb 

1. MbCHANICAL UNIPORMiTY OB PABBR-INSU- 

Z.ATBO Cablbs, K. S. Wyatt, D. L. Smart, J. M. 
Reynar. AIEE Transations (Electrical Engineer- 
ing), vol. 67, Mar. 1938, pp. 141-64. 


L, Meyerhoff (General Cable Corporation, 
Bayonne, N. J.): The authors deserve high 
commendation for the very able conception, 
planning, and execution of a timely investi¬ 
gation. Of particular value is the new tool 
which they have made available for the 
study of power frequency br^down 
strength by means of nondestructive ioni¬ 
zation level determination. They have 
apparently satisfactorily demonstrated by 
their tests that for low-pressure oil-filled 
cable the 60-cycle breakdown strength is 
very dosdy related to the ionization level, 
the two types of tests apparently producing 
essentially the same values. The authors 
are careful to point out that this correlation 
between ionization level and breakdown 
strength does not necessarily apply to other 
types of cable. Indeed, it does not appear 
likely that such a. correlation can exist if the 
insulation is not completely saturated or if 
■ Bill* oil is of substantially higher viscosity 
than is true for low-pressure oil-filled cables. 
However, exploration of the valu e of the 
ionization level method for other types of 

cable would be highly desirable. 

The data given are in the main quite 
consistent with one another. HowevCT, 
certain discrepancies are hwe noted. ^ Fig. 
16 shows impulse strength as a function of 
oil gap thicknesses from 0.08 to 0.40 mm, 
the gaps being surrounded by insulating 
paper. Fig. 20 shows the same relationship 
where the gaps are adjacent to a metal 
electrode. If these curves are extrapolated 
to zero oil gap thickness, the breakdown 
value obtained is about 160 kv/mm in each 
case. However, from Fig. 6 the breakdown 
value for corresponding paper with no gap 
(0.8-mm paper of 2 by 10» EU impermeabil- 
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ity) is only 13 kv/mm. This compares 
further with a value of 132 kv/mm for 
0.08-mm oil gap for the conditions in Fig. 16 
and 127 kv/mm for those in Fig. 20. Can 
the authors offer any explanation for this 
seeming discrepancy? Is it possibly a 
measure of the reproducibility of the 
method? If the latter is the correct ex¬ 
planation, can any significance be attached 
to the diff erence between the results in 
Fig. 16 and 20? 

There appears also to be some inconsist¬ 
ency between the data shown in Fig. 18 
and 30. According to Fig. 18 the ioniza¬ 
tion starting stress with a 0.08-mm gap 
adjS’Cent to an electrode is 48 kv/mm. 
From Fig. 30, A2 and B2, which involve the 
same kind of paper, the ionization starting 
stresses are respectively 49 and 47 kv/mm 
with a 0.08-mm gap at each electrode and 
additional gaps (three in A2 and five in B2) 
in the body of the insulation. The stresses 
given are average stresses, but the con¬ 
trolling stresses are, of course, those in the 
oil gaps. On the basis of a ratio of 1.6 
between the dielectric constant of saturated 
paper and that of oil, the stresses in the 
oil gaps are, respectively, 73, 64, and 67 
kv/mm. A somewhat similar discrepancy 
appears between the data in Fig. 14 and 
those in Fig. 26(B). According to Fig. 14 
the average ionization starting str^s with a 
0.08-mm gap in the body of the insulation 
is 62 kv/mm, whereas with six such gaps in 
Fig. 26(B) the ionization starting stress is 
60 kv/mm. The corresponding stresses in 
the oil gaps are 80 and 63 kv/mm, re¬ 
spectively. Can the authors offer an ex¬ 
planation for these seeming inconsistencies 
aside from reproducibility? 

The noting of these discrepancies is not 
intended to minimize the very great value 
of the paper as a whole. It does emphasize, 
however, what the authors themselves indi¬ 
cate, that although they have unquestion¬ 
ably made a good start, much additional 
work still remains to be done. 

The data bring out many important and 
valuable points. One example may suffice. 
The gain in dielectric strength, as measured 
by ionization starting stress, resulting from 
conductor shielding is well illustrated by the 
data. Thus, with a corrugated electrode, 
corresponding to an unshielded conductor, 
the ionization starting stress, according to 
Figure 12(B), is only 33 kv/mm even with 
no gap in the insulation. On the ^other 
hand, with a smooth dectrode, according to 
Fig. 18, the value is 48 kv/i^ with a gap 
next to the electrode and is presumably 
higher with no gap. Fig. 22 shows a sub¬ 
stantial further gain by using a carbon black 
shield. The authors point out that the 
impulse strength of their samples is not 
greatly affected by the use of carbon black 
paper. This is in line with data which we 
have obtained on cables, showing that 
conductor shielding mainly serves to im¬ 
prove uniformity of impulse breakdown 
values but does not affect materially the 
maximum values obtained. 


R. W. Atkinson (General Cable Corporation, 
Bayonne, N. J.): This paper is an exceed¬ 
ingly fine contribution to the subject. The 
conception and carrying out of the research 
anH the reporting of the immense amount of 
data deserve very great praise. This careful 
reporting allows the reader independently 


to agree with very many of the conclusions 
and, on the other hand, to substitute, in 
some cases, his own analysis for that of the 
authors. 

I would like to outline the many ways m 
which I support their concluaons^ sub¬ 
stantially or completely, but I believe it will 
be more useful to discuss some ways in 
which I would substitute a different analysis. 

I would single out for favorable comment 
the authors’ suggested explanation of the 
first stages of ionization of the oil as a chemi¬ 
cal action comparable to “cracking” by 
heat. That seems to be a far better ex¬ 
planation of the effect of pressure upon 
ionization and breakdown than any sug¬ 
gested explanation of which I have pre¬ 
vious knowledge. It seems to fit all of the 
observations, those of the authors as well 
as any other pertinent observations that I 
recall. 

Again, I would agree with the authors’ 
analysis of the ionization and subsequent 
failure at power frequency of their test 
capacitors and cables as being a function of 
the oil spaces and the stresses therein. 
Their data and analysis are powerful sub¬ 
stantiation of that. For impulse voltage, 
however, I do not accept that explanation. 

I believe the primary determinant of im¬ 
pulse strength is the performance of the 
impregnated tapes, not that of the oil spaces. 
There are other factors which play a sec¬ 
ondary role although by no means an in¬ 
significant one. Indeed, where the paper 
has very low density and impermeability, 
these secondary rffects become more im¬ 
portant and may even become dominant. 

I find that most of their impulse test data 
are very well correlated on the assumption 
that the dielectric strength of their capaci¬ 
tors is primaidly the sum of the strength of 
t he total number of unperforated tapes in 
series, together with a relatively small 
contribution by each oil film. This ^ re¬ 
mains generally true whether the various 
oil gaps resulting from tape perforations 
are scattered through the thickness or are 
grouped together either in the middle of the 
insulation wall or adjacent to one of the 
electrodes. Thus, the behavior of a sample 
having a number of oil gaps m senes ^with a 
number of tapes is as though the oil films 
contributed relatively little to the break¬ 
down of the remaining insulation wall in 
the brief period of the impulse. This may 
be considered in considerable detail for the 
particular type of paper on which so many 
tests are reported, namely paper 0.8 mm 
(3 mils) in thickness and of 300 seconds 
Gurley impermeability. The results of 
the various impulse tests on this paptt 
saturated in one t3rp® low-viscosity oil 
and made at atmospheric pressure, are 
assembled in Table IV. Calculated values 
of unit strength of the paper are shown 
first on the assumption that the^ oU spaces 
contribute nothing to the dielectric strength 
of the sample and then on the basis that each 
gap, re^dless of its thickness, contributes 
40% as much as one layer of paper. It will 
be seen that, in the test groups where ^ere 
is only one gap of varying thickness, either 
method gives good correlation. In the 
tests in which there are varying numbers of 
gaps of constant thickness, a better cor¬ 
relation is given by the assumption that 
each oil space contributes a constant 
amount. This brings all values into good 
agreement. 
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Table IV. Data from Authors' Figures, as Noted, and Discusser's Calculations Therefrom 


Details of 

Test Sample 

From Figs. 

10 & 16 

From Figs. 

10 &20 

From Figs. 

27 A 23 

From Figs. 
31-A2 

31-B2 

12 3 4 

ABC 

ABC 

ABC 

ABC 

0 .. 12 .. 1 . 00 .. 1 . 00 .. 

1.. 11..0.92..0.95.. 

2.. 10..0.83..0.87.. 

3.. 9..0.75..0.79.. 

4.. 8..0.67..0.70.. 

...132..132..132_ 

...132..143..139. 

...116.. 140. .133_ 

...102..139..129.. . 

. ..92. .138. .131.. . 

.132..132..132 
.128..139..135 
.108. .133.. 124 
..92..122..116 
..84..126..120 



5.. 8..0.61..0.77.. 

5.. 7..0.68..0.62.. 

6.. 7..0.54..0.72.. 

7.. 6..0.46..0.68... 

...84..145..136.. . 

..79..136..127 

...90..166.,125 

149..120 

Rp 19<3£ 130 







Column 1—Number of oil gaps. 

Column 2—Number of paper tapes (not perforated). 

Column 3—Proportion of total sample thickness occupied by paper tape. 
Column 4-—Same as (3) but adding 40% of one paper tape for each oil gap. 

For each group of three columns applying to the different figures. 

Column A is the impulse strength in lev per mtp firom the figure. 

Column B is the (A) value divided by the value shown in column 3. This is 
the apparent tape strength if the entire contribution of the oil is neglected. 
Column C is the (A) value divided by value in column 4, This is the apparent 
strength of each tape on assumption that each oil gap has a strength equal to 
40% of that of one tape, regardless of position or thickness of gap. 


From the theoretical standpoint one 
may picture the oil gap as ionizing at a 
potential well below the breakdown voltage 
ot the sample and, thereby, building up a 
space charge on the face of the boundary 
tape. This theory allows an analysis of 
what should happen in detail to modify the 
general theory I have stated. There 
should be some voltage across the oil gaps, 
making the total voltage across the speci¬ 
men somewhat greater than the combined 
voltage across the tapes. The total voltage 
across a given total oil thickness should he 
greater if this is divided into a number of 
thin layers spaced at intervals than if 
concentrated in a single thick film. It is 
not expected that the formation of these 
space charges will be entirely without other 
effect upon the adjacent tape than the for¬ 
mation of a quiescent layer of charge on its 
surface. It is to be expected that the ions, 
striking the surface of the tape at some 
velocity, will penetrate to some depth 
below the surface, resulting in an effective 
thinning of the wall of tape and correspond¬ 
ing reduction of its effective strength. This 
last effect will be greater for porous paper 
than for that which is less permeable and 
will be greater for thick oil films than for 
thin. The reduction of strength of the 
tape by the process described and the con¬ 
tribution of the oil gap to the over-all 
voltage are, it will be noted, in opposite 
directions. 

On the basis of this process, paper of low 
density and high permeability will have 
low strength because of being a poor barrier 
compared with impermeable paper. This 
is because the paper that is permeable to 
air flow will also be relatively permeable 
to the energetic ions received from the oil 
films between tapes or from tiny oil spaces 
within the tapes. Moreover, the per¬ 
meable tapes will be especially susceptible 
to penetration by the more rapidly moving 
ions stemming from thick oil films. 

In addition to the data assembled in Table 
I, the authors show the effect on impulse 
strength of the paper impermeability and of 
oil viscosity, also of hydrostatic pressure. 
The effect of paper impermeabi^ty fur¬ 
nishes a rather critical way of distinguishing 


between the correlation of the data by their 
method and by the foregoing method. 
Were the stress in the oil film the significant 
parameter, the impermeable paper, being 
also more dense (grams per centimeter cube) 
and thus of Mgher dielectric constant, 
should give lower strength than the per¬ 
meable paper, as is the case at 60 cycles. 
But, on the assumption that the strength 
lies primarily in the paper, it is natural 
that the higher stren^h should lie, as it 
does, in the more dense paper. Also, Fig. 
31, (A) and (B), together with Fig. 6, give 
some basis for studying the effect of oil gaps 
in series with very impermeable paper. 
The respective values of 138 kv and of 120 
kv with oil gaps in Fig. 31 may be com¬ 
pared with the value for the same paper of 
178 kv in Fig. 5. If, for both of the paper 
groupings in Fig. 31, we assume the 1-mil 
gap has a strength equal to 38% of that of 
the 1-mil high-density paper, we obtain 
complete co-ordination with the strength 
shown in the test of Fig. 6 without gaps. 
Thus, here the 1-mil gap has approxi¬ 
mately the same proportion of the strength 
of the 1-mil high-strength paper as have the 
various thicker gaps in terms of the 3-mil 
lower density paper. This makes the 1-mil 
oil gap to have roughly one half the strength 
of those 3 mils and above. The comparison, 
here, with the 3-mil lower density paper, is 
not very direct, but seems quite consistent 
with the theory indicated herein. 

The effects on impulse strength of oil 
viscosity and of hydrostatic strength are 
reasonably explained either on the. basis of 
the authors’ analysis or of that given in the 
foregoing. It is to be noted that, in our 
own work, with cables, we have found 
no significant increase of dielectric strength 
either with increasing viscosity or with in¬ 
creasing hydrostatic pressme. This is not 
inconsistent with the authors' findings inas¬ 
much as our data were determined with 
paper of high density and impermeability 
where it seems quite reasonable that vis¬ 
cosity and pressure effects on impulse 
strength should vanish. 

As I have stated, the authors’ analysis 
explains very well the power frequency 
performance of the test samples. Thus, this 


analysis shows directly why, at power fre¬ 
quency, paper of low density (grams per 
centimeter cube) has higher strength than 
with dense paper, because of its lower 
dielectric constant and the corresponding 
lower stress in the oil fihns at the same over¬ 
all average stress. This is entirely in line 
with data by J. B. Whitehead on cylindrical 
capacitors or cable models and also with 
Whitehead’s analysis. 

The authors point out that, at 60 cycles, 
the use of an oil of very high viscosity 
results in a reduction of dielectric strength, 
contrasting with the increase obtained with 
impulse voltage. It seems to me that, with 
the very high viscosity used, there may be 
lack of complete impregnation at room tem¬ 
perature. This can be true because of 
shrinkage of the oil during cooling even 
though the impregnation were complete 
at high temperature. At 60 cycles this 
would result in ionization and low strength 
whereas, under the foregoing analysis, the 
impulse strength would not suffer as a re¬ 
sult of the presence of these small voids. 
On the other hand, there would result the 
full gain due to the high viscosity and less 
free movement of ions. 

A further word is required to apply the 
analysis to the case of thick insulation as on 
a high-voltage cable. With the 1-mm 
(40-mil) wall used in these test samples, 
it appears that the whole insulation wall 
must act as a unit and fail only when the 
total strength of the entire thiolmes s has 
been exceeded. Since, in a thick wall, 
there can be significant lateral spreading 
of the ions produced in each oil gap, it 
would seem likely that when the total 
strength of some finite thickness consider¬ 
ably less than the total wall has been reached 
that portion will fail with the releasing of a 
sufficient energy to puncture adjacent layers 
with the consequent avalanche successively 
penetrating the entire wall even though the 
sum of the strengths of all the layers might 
exceed the applied voltage. 

A most interesting practical conclusion 
comes from these discussions. It appears 
that, at the power frequency, the stress at 
breakdown shown by the authors for 
cable is generally somewhat g^reater than 
customarily found for similar commercial 
cables in the United States. On the other 
hand, the values for impulse strength are 
lower than encountered here. This ties in 
perfectly with the authors’ test data and 
their analysis for power frequency and the 
foregoing analysis for impulse. With the 
lower dielectric constant obtained from the 
relatively low density paper used in Europe, 
the stress in the oil gaps is lower than with 
the high density used here. Accordingly, 
the power frequency strength should be 
greater. On the other hand, under impulse, 
this is not consequential since the strength 
is determined by the paper. Consequ«itly, 
the higher strength on impulse which is 
obtained in the United States is to be ex¬ 
pected. Perhaps the authors may adopt 
the American practice of using a portion 
of high-density low-porosity paper near the 
conductor. This should increase the im¬ 
pulse strength with little sacrifice of that at 
power frequency. Perhaps, ulso these data 
and discussions may lead United States 
practice to the use of lower density paper in 
the outer layers with no loss of impulse 
strength but some increase in the 60-cycle 
strength. 
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I cannot close without again expressing 
to these authors and to their long-time a^ 
sociate and mentor, Luigi Emanueli, 
appreciation of the value and importance 
of the contribution they have made. 


William A. Del Mar (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 

A paper on cables from the engineers of the 
Pirelli Company is an event of importance to 
the Institute, particularly as it may be 
assumed to have been sponsored by such 
a distinguished authority as Luigi Emanueli. 

The work on flat capacitors is remarkable 
in inception, in the accuracy with which it 
was carried out, and the clearness with 
which it is presented. It affords neat proofs 
of facts which we have known in much less 
definite ways. 

I have little to comment upon and nothing 
to criticize in relation to this part of the 
paper. 

It is unfortunate that the authors did not 
attempt further to differentiate between 
impermeability and specific gravity in rela¬ 
tion to electric strength, a subject treated 
by P. Qoke and K. K. Khandelwal.i 
These authors tell of testing papers of equal 
specific gravities but different impermeabil¬ 
ities and finding an increasing electric 
strength with increasing impermeability, 
thus proving the importance of high air 
resistance, as measured by a Gurley den¬ 
simeter regardless of specific gravity, as a 
means of obtaining high electric strength. 

I do not understand why the authors are 
surprised to find that their test results on 
simulated stranded conductors do not agree 
with the Levi-Civita formula*-* as this for¬ 
mula is based on a dielectric, like rubber, 
which fills the strand valleys and not on one 
like paper which bridges tangentially across 
the valleys, as shown in K. S. Wyett's 
wafers.^ 

Under "Viscosity" the authors find that 
the 50-cycle ionization starting stress is 
lower with viscous oil than with thin oil. 
This is not consistent either with our ob¬ 
servations of electric strength or with theory 
as a higliw ionization starting stress should 
be obtained with viscous oil due to the 
greater ion immobility imposed by the high 
viscosity. On the other hand, the authors 
employed rosin to thicken their oil, thereby 
radically adding to the polar content, and 
this fact no doubt explains their particular 
test results. 

At impulse voltages the expected effect is 
observed, the viscous oil being superior to 
the thin oil, for with the short duration of 
the stress the large polar diemente in the 
rosin do not respond because of their iner^. 

The explanation of the lower ionization 
stress in air gaps at the electrode surface as 
compared with air gaps stunrounded by 
paper, either insulating or semiconducting, 
probably lies in the comparativdy low 
voltage of ion emission from metals. We 
are here concerned with the work function 
of the metal. 

It is of interest to note that carbon black 
papm- does not appreciably increase impulse 
strength. This is, of course, apart from its 
shielding effect on stranded conductors. 

Figs. 26 and 27 are of interest in con¬ 
nection with high-pressure oil-filled cable, 
whicb has come into use in Europe for 
yery-high-voltage cables, such as the 426-kv 
cables in Sweden.. Fig. 26 shows a 60% in¬ 


crease in ionization inception voltage from 
atmospheric pressure to 200 psi, but Fig. 27 
shows only 31% improvement in impulse 
strength. 

The use of gap thickness down to 3 mils 
is shown to have little influence, a circum¬ 
stance which led to the development of 
cables with paper less than 1 mil thick, by 
means of which the deficiency in impulse 
strength was more than overcome.**® 

Neither Appendix I nor Fig. 2 shows any 
means to measure the thickness of the di¬ 
electric after drying and impregnating. 
We find, in such devices, a reduction of 
about 9%, using a pressure of 1.67 psi 
(0.118 kilogram per square centimeter). 

It would be interesting to know how this 
was done. 

My particular interest in this paper is its 
bearing on a question which is now being 
studied by the AIEE Committee on In¬ 
sulated Conductors, namely, “Is there any 
constant stress at breakdown in a cylindri¬ 
cal dielectric?" 

Among Europeans the mere asking of such 
a question is little short of heresy, it being 
g cgiimM almost as a matter of doctrine that 
the answer to that question is: “Yes; 
the stress at the surface of the inner con¬ 
ductor, usually designated as the maximum 
stress, is a constant at breakdown for a 
given dielectric." 

Due to this almost religiously held belief, 
there is a tendency in many European 
publications not to analyze test data very 
critically, especially if .they tend super¬ 
ficially to confirm the maximum stress 
theory. 

In the United States that state of nund 
does not exist, and designs are based on 
average stress, with reservations on mini¬ 
mum conductor sizes, as indicated by the 
uniform insulation thicknesses recom¬ 
mended in Association of Edison Illuminat¬ 
ing Companies (AEIC) specifications, for 
practically all conductor sizes, both in rela¬ 
tion to 60 cycles and impulse. 

The use of sector designs with no sugges¬ 
tion to change the insulation thickness and 
the use of the same insulation thickness for 
round conductors in 3-conductor cables as 
in the much larger diameter hollow-core 
conductors are other cases in point. 

P. H. Hoover’s paper showing that the 
T nftYiTniim stress near breakdown is not at 
the conductor surface may have assisted in 
leaving this question open.'* 

The authors must, therefore, recognize 
that in bringing their data to the United 
States, they are exposing themselves to 
considerable questioning; for, if cables 
should be designed on the basis of uniform 
maximum stress, to obtain equal safety 
factors, the AEIC specifications for oil- 
filled cables, and possibly other AEIC 
specifications, would have to be rewritten 
to conform with this theory. As it now 
stands, the specification for oil-filled cable 
says that the designs are based on the as¬ 
sumption that the impulse strength of the 
insulation is at least 1,300 volts per mil 
average stress. 

My view is that maximum stress is not 
the sole criterion on which to base uniform 
safety factor of oil-filled cables but is one of 
three criteria, the others being the average 
stress and the minimum stress, a view which 
I owe, in large measure, to Louis Domenach. 
However, this is not necessarily final, and 
I await the result of studies being made by 


the Insulated Conductors Committee of the 
Institute. , 

Table II is a very impressive piece of 
evidence in favor of the maximum stress 
theory as applied to impulse strength of oil- 
filled cables, as the standard deviation of 
3.64 inches is remarkably low, especially 
when compared with the standard deviation 
for average stress, which is about 20%. 

It is made clear in the paper that results 
such as these are obtained only on per¬ 
fectly impregnated cable and presumably on 
perfect mechanical construction. I would 
like to know how the authors ascertained 
that these particular cables, selected, no 
doubt, from a great many made by the 
Pirelli Company, were accepted as perfect 
specimens. 

Stress is laid on the difference between 
flexed and unflexed samples. The labora¬ 
tory-made samples were unflexed. Were 
the factory-made cables also unflexed? 

If so, they were hardly "factory-made” 
as factory processes involve flexing. If 
flexed, why do they fall in line so neatly 
with the unflexed laboratory-made samples? 

An argument against the maximum stress 
theory has been certain data which tended 
to show that cables with small conductors 
had a higher breakdown voltage than cables 
with large conductors, the insulation thick¬ 
nesses being such as to give equal maximum 
stresses with a given applied voltage. 
Neither Table I nor Table II affords any 
light on this point. 

Fifty-cycle breakdown stresses inay de¬ 
pend so much on dielectric loss heating and 
the rate of rise of voltage, such as the 4-hour 
steps used in these tests, that it is unsafe to 
generalize very much on the data pr^ented. 

The following questions involving the 
comparison of data on flat capacitors with 
data on cables arose upon reading this paper. 

1 . All the flat capacitors are 1 mm (40 mils) thick. 

It is well known that the electric strength (volts pw 
mil) of any sheet insulation is a function of the 
thickness up to a certain critical thickness above 
which it is uniform. This, we have found, is also 
true of the ionization inception voltage. Are the 
authors sure that the 1-mm thickness they use in 
their capacitor tests is above this critical thicknessf 
If 1 mm is not above the critical thickness, compari¬ 
son with cylindrical capacitors with thicker insula¬ 
tion may give results which are entirely fortuitcms. 
Some preliminary tests we have made on flat 
samples without oil gaps throw on the adequacy of 
1 -mm samples. 

2. Comparing the flO-qycle data on flat cap^tors 
with the data on cables, the voltage inception of 
ionization of the former is compared with the a^ual 
breakdown of the latter. Is this a fair comparison? 
In preliminary tests we have made, the actual 
breakdown voltage (voltage rising 1 kv every 2 
minutes), runs at least 10% higher than the ioniza¬ 
tion inception point.. Should not the ionization 
inception have been measured for the cables in 
order to make the comparison significant? 

8 , The comparison of flat capacitore and the 
laboratory-made capacitors, as given in Fig. 32, 
may be invalidated by the fact that in the latter 
the ratio of maxiihum stress to average stress is 
1.05, which is too close to distinguish between the 
two stresses. 

In such a cylindrical capacitor, where the 
insulation is thin compared to the conductor 
size, the stress on the oil in the gap spaces 
is nearly unjiform throughout the thickness 
of insulation and oil ionization occurs 
throughout the cable. These capacitors 
are similar, in this respect, to those used 
by Dr. J. B. Whitehead, in which high 
breakdown was obtained \rith paper of low 
density because its lower dielectric constant 
had the effect of throwing a low stress on the 
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oil.® Where, however, the insulation is 
comparatively thick, as in an actual high- 
voltage cable, ionization may ionize and 
possibly impair the inner layers of oil, 
while the surrounding layers of un-ionized 
insulation will resist breakdown better, the 
higher the impermeability of the paper. 

Rbfbrbncbs 

1. Tbb Vaiuation at Constant Density op the 
Dielectric Breakdown op Paper with Air 
Resistance, Paul Cloke, Krishna K. EDiandelwal. 
AIEE Transactions, vol. 71, pt. I, Nov. 1952, pp. 
309-14. 

2. E. Jopa. Transactions, International Electri¬ 
cal Conference, St. Louis, Mo., vol. 2, 1904, pp. 
560-70. 

8 . Levl-Civita. Rendiconti, Circolo Matematico 
di Palermo, Palermo, Italy, vol. 20-1, 1906, p. 172. 

4. See reference 1 of discussion bv Kenneth S. 
Wyatt. 

6 . L. Domenach. Paper 217, CIGRB, Paris, 
France, 1954. 

6 . J. Oudiu, H. Thdvenon. Revue GinSrale de 
VBleetricite, Paris, France, vol. 62,1963, p. 684. 

7. The Mechanism op Breakdown op Dielec¬ 
trics, P. L. Hoover. AIRE Transactions, vol. 45, 
June 1926, pp. 988-97. 

8. The Diblbctric Strength and Life op 
Ihprbonatbd-Paper Insolation —^IV, J. B. 
Whitehead, J. M. Kopper. AIEE Transactions, 
vol. 64, Apr. 1946, pp. 171-77. 


L. I. Komives (The Detroit Edison Com¬ 
pany, Detroit, Mich.): This is one of the 
most interesting and valuable papers which 
we have had the opportunity to discuss for 
quite some time. The tests described 
attack the problem of what makes a high- 
voltage cable work at its very inception. 
It confirms a number of ideas which cable 
engineers considered to be true; it raises 
questions concerning some ideas which were 
considered valid; and it throws light in the 
directions toward which other similar tests 
may be conducted. I certainly hope that 
some of the problems opened up will be 
investigated by either the authors or others, 
including the role of surface effects which 
will also influence the bending of the cable, 
the influence of higher viscosity compounds 
with a flatter viscosity range, as well as 
others. 

The following observations apply to 
particular parts of the paper: 

1. The use of the 3-mil (0.08-mm)-thick 
tape was a fortunate choice. At least I 
feel that almost every manufacturer of good 
high-voltage cable has sufficiently well- 
developed machinery and processes to en¬ 
able the manufacturer the use of paper of 
this thickness. Paper thickness less than 3 
mils presents problems which have not been 
solved by many as yet. I agree with the 
authors’ conclusion that thickness of tape 
has a decided influence on the behavior of 
the cable in service, its dielectric strength, 
a-c or impulse, etc. 

2. We heartily agree with the con¬ 
clusions drawn by the authors concerning 
impulse tests in general that the number of 
shots have no particular importance when 
evaluating impulse strength of the cable. 
This dogmatic statement may be made for 
plate capacitors without any and for typical 
cable insulation comprised of several layers 
with butt spaces with very few reservations. 
It is our experience that it probably has a 
considerable influence bn the impulse 
strength of joints or terminals. 


3. It was very interesting to note that 
the impermeability factor seems to have 
less importance from the standpoint of 
power-frequency dielectric strength than 
was thought before. If we use impermeabil¬ 
ity and density interchangeably, this has 
been confirmed to my satisfaction in tests 
reported in a 1942 paper.^ The effect of the 
density of the paper on impulse strength is 
another matter and our interpretation of 
Fig. 5 puts more weight on density than the 
authors seem to feel it is entitled to. This 
is a very important consideration because it 
means that one cannot have both good re¬ 
sults on a-c life tests and high impulse 
strength, at least not with insulating ma¬ 
terials now available. In any compromise, 
it is more important to retain good charac¬ 
teristics under a-c potential than high im¬ 
pulse strength as the judicious application 
of lightning arresters or other protecting 
devices could control sturge voltage. 

4. With reference to the influence of the 
viscosity of the impregnating oil on the 
ionization starting stress, the results ob¬ 
tained by the authors were not as surprising 
to us as if seems to have been to them. We 
do know that ionization starting stress is 
greatly influenced by the viscosity of the 
compound and by pressure, the higher the 
pressure the less the influence. We do agree 
with the authors, however, that surface 
effects discussed in this part of the paper 
should receive more attention in cable re¬ 
search work than it has in the past. This 
will help not only in understanding dielectric 
phenomena connected with it, but also 
such mechanical phenomena as papers 
sliding on each other when the cable is bent, 
etc. It was interesting to note the authors’ 
findings concerning the influence of viscosity 
on impulse strength. Perhaps this could 
be carried further and the effect of heating 
on a compound having a viscosity of 3,000 
Saybolt universal seconds (SUS) (about 
700 cst) at 100 C could be determined, 
which may show higher impulse strength at 
86 C than the capacitors impregnated with a 
very low viscosity compound. 

6. We were very interested in the find¬ 
ings concerning the influence of the shape of 
the electrode surface on ionization starting 
stress and on impulse strength. In the 
United States strand-shielding has been used 
for a longer time and in lower voltage cables 
than in Europe, and this has been a con¬ 
stant source of discussion between European 
and American cable engineers. We feel 
that the authors substantiated the American 
view that electrodes having corrugations 
result in lower ionization starting stress and 
impulse strength than electrodes with 
smooth surface. The 26-30% given under 
“Impulse Strength’’ confirms Detroit figures 
reported in 1941.® We are glad to see that 
at least some European cable engineers are 
coming around to our views On this matter. 

It was interesting to see that a static ' 
pressure of 14 atm (200 psi) increased the 
ionization starting stress by as mudi as 80% 
with thin oils. We are wondering what this 
would be with much more viscous oils. 

0. Perhaps the most interesting findings 
in the paper concern the influence of oil 
gap adjacent to a metal electrode, an elec¬ 
trode screened with carbon black paper and 
surrounded by insulating paper. Fig. 22, 
which by the way is not correctly described 
in the paper, confirms what could be best 
described as an instinctive feeling which this 


reviewer had for a long time. We have al¬ 
ways felt that a carbon black paper strand- 
shielding results in a more favorable elec¬ 
trode surface than any other construction 
in a high-voltage cable because the carbon 
black paper is physically and mechanically 
closet to the insulating papers. We are 
sorry to see that an oil gap adjacent to an 
aluminized paper (favorite construction 
both in Europe and in the United States) 
has not been included in the tests tabulated 
in Fig. 22. We do not believe that it would 
have the same effect as a carbon black 
paper; it might have the effect (see Fig. 22- 
(B)) as the oil gap surrounded by insulating 
papers. 

It is interesting to theorize on the effect 
of surface activity of the carbon black paper 
on the dielectric strength of the oil gap. 
We hope to see more on this subject; per¬ 
haps the American cable manufacturer who 
has been partial to this construction will 
also make the necessary additional tests. 

7. We have followed the description of 
the effect of the paper sheet thickness on the 
butt space thickness in the stratified dielec¬ 
tric with much interest as this will have a 
great influence on the finished cable insula¬ 
tion. The cable engineer with sufficient 
experience who has had the opportunity to 
dissect cable samples subjected to impulse 
strength could, we think, predict the impulse 
strength of a given cable insulation by 
knowing the type of papers used and by dis¬ 
secting a sample chosen at random. We 
believe that the lining up of butt spaces in 
the cable insulation has a decided influence 
on its impulse strength. In a well-made 
cable this phenomenon is under better 
control than in a cable produced on a lesser 
quality paper-taping machine, 

8. We would like to point out that 
Tables I and II affirm the theory that maxi¬ 
mum stress is a better measure of dielectric 
strength than the average stress. 

Rbpbrbncbs 

1. 120-Kv Hioh-Pressdrb Gas-Filled Cable, 

1. T. Paucett, L. I. Komives, H. W. Collins, R. W. 
Atkinson. AIEE Transactions, vol. 61, Sept. 1942, 
pp. 658-66; disc. pp. 1021-38. 

2. Impulse Strength as a Measure op Cable 
Quality, L. I. Komives. AIEE Transactions, 
vol. 60, Oct. 1941, pp. 929-34; disc. pp. 1339-44. 


P. Gazzana Priaroggia and G. Palandri: 
The authors wish to thank first of all M. H. 
McGrath for the excellent presentation of 
their paper which so much contributed to its 
encouraging reception. 

The authors sdso wish to thank all the 
distinguished American cable engineers 
and those of other countries who took pai*t 
in the discussions and were so kind as to 
express such favorable comments on their 
research work. 

These discussions have been of the great¬ 
est to the authors who will try herewith to 
reply in detail to all questions and remarks. 

In reply to Mr. Hansson, the authors 
agree in general with his views. Mr. 
Hansson’s proposal for co-operation be¬ 
tween several laboratories in a research 
program on paper capacitors designed to 
serve as cable dielectric models is very in¬ 
teresting and deserves encouragement. 
Perhaps this proposal could be sponsored by 
a CIGRE Study Committee. 

In reply to Mr, Klein’s discussion and 
with respect to his point concerning the 
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seeming inconsistencies between Fig. 6 and 
Fig. 16, the authors would refer to their 
replies to Mr. Meyerhoff and Mr. Atkinson.. 
The points raised by Mr. Klein deserve 
careful consideration. Experiments with 
gaps adjacent to metal electrodes were only 
carried out with steel electrodes. 

It is quite possible that the surface effect 
of carbon black paper in increasing the ion¬ 
ization starting stress is due to absorption 
of ions by the carbon black. 

The sample thickness was very carefully 
checked by means of a micrometer gauge, 
a differential reading being made with and 
without the sample between the electrodes. 

The parallelism of the electrode surfaces 
was automatically obtained by means of a 
centering device (not shown in the drawings) 
which guaranteed the alignment of the 
axes of the two electrodes. 

The oil spaces between spacer disks and 
insulation were extremely small because 
spacers were made with very thin paper 
disks so that the thickness of the oil spaces 
could be negligible as compared to the thick¬ 
ness of the oil gaps being investigated. 
Moreover, the foregoing oil spaces are 
located in a region of the specimen in which 
the electric stress is definitely lower than 
in the central part of the sample having a 
diameter of 7 cm. 

In reply to Mr. Wyatt, the matter of 
50/60 overlay as compared to a 70/30 
overlay was given only as an example of the 
application of experimental work on aligned 
gaps and was not intended to be a basis for 
practical cable taping. However, it is 
interesting to note that Mr. Wyatt con¬ 
siders “suicidal" not only a commercial 
cable having a 50/60 overlay, but also one 
having a 30/70 overlay because he says that 
he has demonstrated that such a cable 
forms creases in the butt-spaces when it is 
wound and unwound. The authors can 
assure Mr. Wyatt that, though inadvisable 
for several reasons, it is now possible to 
make commercial cables having a 60/50 
overlay which shows no wrinkling what¬ 
soever after numerous bends. This res^t 
became possible after the introduction 
of new theories of cable taping which en¬ 
able the taping technique to be based on a 
true scientific foundation. 

In reply to Mr. Meyerhoff’s very valu¬ 
able discussion, his remark that the curves 
of Fig. 16 and Fig. 20 if extrapolated to zero 
oil gap thickness give a breakdown value 
of 160 kv/mm instead of 132 kv/mm as 
shown in Fig. 5 is quite logical. However 
the difference is not at all due to lack of 
“reproducibility.” 

It has in fact been found that in the case 
of Fig. 16 the presence of an oil gap up to 
0.08 mm, in a 1-mm-thick capacitor, does 
not seem to impair the impulse strength 
at all. For a gap thickness of 0.08 mm, 
about 60% of the time the breakdown paths 
are found outside the oil gap. This does 
not happen with gaps greater than 0.08 mm. 
The mechanism of the barrier phenomena 
certainly comes into play but its exact 
effect is not quite clear. 

On the contrary, in the case of Fig. 20 
it has been found that an oil gap up to 0.08 
i-n-m definitely impairs, even though only 
slightly,_the impulse strength of the sample. 
It is also interesting to note that in this 
case (gap adjacent to one electrode and an 
oil gap thickness of 0.08 mm) 90% of the 
time the breakdown paths are in the gap. 


In all these tests the reproducibility is 
excellent and the authors attach consider¬ 
able theoretical significance to the differ¬ 
ence between the curves of Fig. 16 and 20. 

Of course it must be understood that the 
type of paper greatly influences the relation¬ 
ships shown on all of the afore-mentioned 
curves, therefore reproducibility can be 
assured only if the physical properties of 
the paper employed remains constant. The 
quality per se of the paper, however, does 
not alter the general nature of the phenom¬ 
ena described. 

Mr. Meyerhoff’s remark on the seeming 
inconsistencies between Fig. 18 and Fig. 

30 and between Fig. 14 and Fig. 26 is also 
very reasonable. However, in these cases 
the authox-s can again offer full assurance of 
good reproducibility. Whereas in the case 
of a single oil gap the stress in the oil, cal¬ 
culated according to an elementary elec¬ 
trostatic distribution, seems to be the 
determining factor for ionization inception; 
on the contrary, in the case of oil gaps in 
series the observed phenomena cannot be 
explained by simple electrostatic considera¬ 
tions. The authors again regret not to be 
able to offer a sound scientific explanation 
for this case but will try to offer an hypothe¬ 
sis. 

If the dielectric losses in each gap due to 
the movement of charged particles were so 
high on approaching ionization inception as 
to alter appreciably the electrostatic stress 
distribution between oil and paper it could 
perhaps be understood why the apparent 
stress at ionization inception on the oil 
(based on elementary electrostatic consid^- 
ations) is lower when several gaps in series 
are present. 

This consideration of course might greatiy 
affect the significance of the curves of Fig. 
16 and Fig. 19 which are calculated from 
Fig. 14 and Fig. 18 according to simple 
electrostatic assumptions. The conclusion 
might be, also having in mind Mr. Atkin¬ 
son’s discussion, that both at impulse and 
50 cycles the breakdown mechanism is very 
complicated and caimot be explained sim¬ 
ply on the assumption of electrostatic dis¬ 
tribution independent of barrier or other 
phenomena or conversely. 

In reply to Mr. Atkinson, the authors- in 
their account of the impulse tests did not 
actually attempt to propose an explanation 
of the results obtained on the basis of oil 
stresses alone. The only hint given by the 
authors for this point of view is in Fig. 17 
and 21 which represent curves of the stress 
in the oil gaps calculated in correspondence 
with the breakdown voltages at impulse. 
The authors agreee on several points with 
Mr. Atkinson’s interesting analysis of their 
impulse results. However, the deviations 
from his analysis are so many and important 
that in preparing a paper the authors did 
• not feel inclined to state that the primary 
determinant of impulse strength is the per¬ 
formance of the impregnated tapes. Mr. 
Atkitison himself states -that there are 
other factors which play a role which is by 
no means insignificant. 

Even in the 60-cycle results there are 
facts which cannot be explained by con¬ 
siderations based only on the stresses in the 
oil. For this reason curves 15 and 19 were 
given but without proposing a definite 
theory based on oil stresses. In their reply 
to Mr. Meyerhoff the authors have dis¬ 
cussed some discrepancies which arise when 


an analysis based on oil stresses only is 
considered. 

Mr. Atkinson’s calculations based on the 
assumption that each oil gap, regardless of 
its thickness, contributes 40% as much as 
one layer of paper, though showing good 
correlation with the various results, seem to 
us to be too empirical and we would be 
rather reluctant to accept them as they 
stand. 

The authors do not share entirely the 
point of view that an oil gap ionizes on 
impulse at a potential well below the break¬ 
down voltage of the sample. For instance, 
the im pulse strength of the oil calculated 
in Fig. 21 for a gap thickness of 0.4 mm 
(namely 100 kv/mm) is identical to that 
which can be obtained directly on a gap of 
the same spacing between 10-mm-diameter 
spheres. Also, the results of Fig. 27 sup¬ 
port, in the authors’ opinion, the influence 
of the impulse ionization level of the oil on 
the breakdown voltage of the capacitor. 

The authors have also speculated as to 
whether -the lower ionization inception 
value found by using an oil of higher viscos¬ 
ity may have been due to imperfect impreg¬ 
nation caused by shrinkage, but have no 
evidence to support it. In any event many 
experiments seem to show that incomplete 
impregnation, if present, is not the major 
factor. 

In this regard the authors would like to 
report an experiment which seems to ascribe 
greater importance to viscosity than to 
other factors in relation to ionization 
inception. 

The authors have repeated the tests of 
Figs. 14 and 18, but using an oil of higher 
viscosity [5,000 cst at 20 C (22,700 S.U.S.)] 
instead of thin oil. 

While the curve of Fig. 14 remained 
practically unaltered, the values of curve 
18 were lowered considerably. In fact, 
curve 18 for the viscous oil started from 37 
kv/mm for a 0.08-mm gap and decreased 
to 25 kv/mm for a p.p of 0.4 mm. If 
incomplete impregnation were the only 
reason for the decrease of ionization mcep- 
tion values of Fig. 18 when a more viscous 
oil is employed, it would not explain why 
the curve of Fig. 14 remained substanti^y 
unaltered. These phenomena are not sim¬ 
ple and require further investigation. 

Mr. Del Mar’s discussion was extremely 
valuable to the authors. In reply, the 
authors believe that Fig. 4 and Fig. 6 give 
adequate evidence of the effect of imperme¬ 
ability in increasing the dielectric strength, 
both at 50 cycles and at impulse, for papers 
of approximately equal specific gravity. 
As for specific gravity the authors did not 
conceal their opinion that specific gpravity, 
if it could be isolated as a factor, would ^t 
in an opposite direction from impermeability 
in all cases. 

The reference to Levi-Civita formulas 
was perhaps not clear enough in its meaning. 
A complete mathematical calculation of 
stresses taking into account the paper 
bridges across the strand valleys has been 
carried out in reference 6 which Mr. Del 
seems to have neglected. However, 
if stresses in the paper only are considered, 
these calculations give results wWch do iiot 
differ materially from those obtainable with 
the Levi-Civita formulas applied to a uni¬ 
form dielectric filling the strand valleys. 

The authors’ intention was to point out 
that on 60-cycle tests the stress in the paper 
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is of secondary importance in capacitors 
with corrugated electrodes. Also, the stress 
in the oil in the strand valleys is of little 
importance. Instead the main factor is the 
thickness of the free oil between the paper 
and the corrugated electrodes. This thick- 
n^ is comparatively larger the greater the 
diameter of the elementary strands. 

The authors have found in many cases de¬ 
creasing ionization inception' stress with in¬ 
creasing oil viscosity also with pure mineral 
oil. This applies particularly to capacitors 
with oil gaps adjacent to an electrode. In 
this regard the authors would refer to their 
reply to Mr. Atkinson. 

The authors appreciate that the foregoing 
findings are in conflict with current theories 
of 50-cycle breakdown. 

The authors believe they have emphasized 
sufficiently in the paper the fact that they 
are dealing with fully impregnated paper 
dielectrics and therefore it is difficult to 
understand why Mr. Del Mar speaks of air 
gaps. 

The thickness of the dielectric was meas¬ 
ured by means of differential readings taken 
with a very accurate micrometer gauge, 
always with the same pressure (0.3 kg/cm*) 
applied to the upper electrode. A centering 
device to avoid decentering of electrodes was 
also employed. 

Readings were taken: (1) before inserting 
the paper dielectric between the electrodes 
(of course before drying), (2) after drying 
and impregnating, (3) after breakdown, (4) 
finally after removal of the paper sample. 

The authors can assure Mr. Del Mar that 
every step has been taken, or at least they 
thmk so, to avoid errors in the measurement 
of either mechanical or electrical quantities. 

Mr. Del Mar has raised once more the 
question of “maximum" versus “average” 
stress. The authors believe that the matter 
will be clarified if the basic science aspect of 
the problem is considered separately from 
the engineering design aspect of the prob¬ 
lem. 

The problem from a basic science aspect 
would read: "Is there any constant stress 
at breakdown in a cylindrical dielectric?" 
The authors' answer is: “Yes, there is a con¬ 
stant stress at breakdown, namely the maxi¬ 
mum stress, with no exceptions, for any 
inslulation thickness or conductor diameter 
under the following conditions: (1) If the 
dielectric is uniformly stratified paper fully 
impregnated with thin oil, screened both in 
side and outside with a perfectly uniform 
screen, i.e. stranding effects being absent. 

(2) If thermal instability effects are absent. 

(3) If by breakdown the inception of the 
insulation failure is meant, obtained by 
raising the voltage slowly." 

The authors have no doubt about this and 
c^ supply much experimental data in addi¬ 
tion to the data given in the paper. 

The problem from an engineering design 
aspect would be: “Are oil-filled cables to be 
desigped according to the criterion of maxi¬ 
mum stress only?” The authors’ answer is 
“No” and never have the authors stated 
otherwise. There are several reasons for 
this answer, including: (1) The attain¬ 
ment of an absolutely uniform dielectric wall 
is a much niore difficult technological prob¬ 
lem for large conductors than for ■<ana.1t con¬ 
ductors. (2) The same consideration ap¬ 
plies to 3-core cables as compared to single- 
core cables. Uniformity of the dielectric 
is undoubtedly more difficult to obtain in 
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the case of 3-core cables. (3) Nonuniform¬ 
ity in the application of liie outer screen 
on the dielectric and inaccurate workman¬ 
ship in jointing are of much greater impor¬ 
tance when the thickness of the dielectric 
is small compared to the conductor diameter 
than when the opposite is the case. It is 
here that a design criterion based on the 
“minimum stress" comes into play. 

Therefore if a cable engjineer is to design a 
cable to have a uniform safety factor, he 
will have to consider how the different 
technological factors come into play in rela¬ 
tion to the perfection of his manufacturing 
facilities and jointing capabilities. Of 
course any improvement of cable technology 
and of jointing technique will be a step 
towards the adoption of a unique value of 
maximum stress as design criterion for all 
cables. 

Mr. Del Mar wants to know how the 
authors determined whether the test cables 
were perfect enough for the purpose. The 
authors used two criteria: consistency of 
results and inspection of taping after break¬ 
down. The authors can assure Mr. Del 
Mar that they did not have to make any 
special or careful selection of cable samples 
for the tests. The standard of manufacture, 
after the introduction of the new theories of 
taping in recent years, has so improved re¬ 
sults that such selection proved unneces¬ 
sary. 

All tests on factory-made cables were 
made on., bent cables. The consistency of 
results obtained on these cables and the 
laboratory-made unflexed samples demon¬ 
strates that the new taping criteria referred 
to has made it possible to manufacture ca¬ 
bles which retain their original character¬ 
istics even after repeated flexing. 

The breakdown stress at 60 cycles of 
course be altered by dielectic loss heating. 
However, the authors can assure Mr. Del 
Mar that with a basic power factor of 0.0020, 
such as is now obtainable on oil-filled cables 
manufactured in Italy and other European 
countries, it is easy to verify that no impor¬ 
tant thermal effect can take place in high- 
voltage tests. 

The authors have ample evidence to show 
that a 1-mm thickness is located in the uni¬ 
form flat portion of the ctuve relating die¬ 
lectric strength to thickness. 

The authors also have at hand evidence 
on oil-filled insulation showing that the 
actual breakdown does not exceed by more 
than about 10% the ionization inception 
point. Once a specimen starts to ionize, it 
is only a matter of time before it breaks 
down. 

The authors would be grateful to Idr. 
Del Mar if he could suggest a method of 
measuring the ionization inception level in 
a 220-kv oil-filled cable in which the ioniza¬ 
tion inception point would presumably oc¬ 
cur at about 660 kv hns. 

As far as the authors are aware the highest 
voltage, for which an ionization electronic 
detector is presently available, is 150 kv. 

The comparison between flat and cylindri¬ 
cal capacitors was not made to verify the 
maximum stress theory but to demonstrate 
that the preparation technique was suffi¬ 
ciently good to give comparable and consist¬ 
ent results in both cases. 

The contention that surrounding layers of 
unionized insulation are better able to resist 
breakdown the higher the impermeability of 
the paper, can hold only for very short time 


tests (rapid voltage rise) but not for tests 
based on 4-hour steps such as used by the 
authors. 

In reply to Mr. Komives’ very interesting 
discussion, his view that the number of 
shots probably has considerable influence on 
the impulse strength of joints or terminals 
is not entirely shared by the authors. In a 
large number of impulse tests made on oil- 
filled cable accessories the authors have 
found no evidence of “fatigue effects" being 
present on impulse in paper dielectrics of 
any t 3 q)e provided the latter are fully im¬ 
pregnated (i.e. include no air bubbles) with 
thin cable oil. When “fatigue effects" 
occur they are, in the authors’ experience, 
always associated with the presence of free 
gas. 

The authors would like to explain more 
clearly than perhaps was stated in the pa¬ 
per, that impermeability and specific grav¬ 
ity, while being inseparably associated, 
produce, in their opinion, directly opposite 
effects. 

High impermeability, in the authors’ 
findings, improves the “barrier" action and 
always results in higher strength both at 50 
cycles and impulse. Theoretically, specific 
gravity alone should not affect the barrier 
action but should always result in a lower 
strength both at 60 cycles and impulse be¬ 
cause of the higher dielectric constant in¬ 
volved and consequent higher stress on the 
oil. 

However, in papers having both high im¬ 
permeability and high density, the effect 
of permeability is predominant on impulse 
probably because on impulse the oil stress 
is not so important as at 50 cycles, as 
pointed out in Mr. Atkinson’s discussion. 

The authors would be interested in having 
the details of the experiments which have 
led Mr. Komives to the conclusion that an 
increase in the viscosity of the impregnating 
oil causes a decrease of the ionization incep¬ 
tion level. These data should provide fur¬ 
ther independent substantiation of the 
authors’ findings. 

As for the influence of viscosity on im¬ 
pulse strength the authors have stated that 
for viscosities lower than appro xim ately 
10* to 10* cst (4,600 to 460 SUS) no practical 
decrease of impulse strength is observed. 
Therefore only if the compound mentioned 
by Mr. Komives has a viscosity higher than 
10* cst (4,600 SUS) at 85 C will it show a 
higher impulse strength at this temperature 
than that shown for capacitors impregnated 
with rosin compound. If the compound is 
Oronite 32, the viscosity at 85C would be 
approximately 6,600 SUS and therefore the 
impulse strength would be sensibly higher. 

The increase of ionization inception stress 
due to a static pressure of 14 atm (200 psi) 
is of the order of 40 to 45% at 20 C for a 
plate capacitor of the type of Fig. 11 made of 
unperforated sheets impregnated with a 
compound of thick mineral oil plus 30% 
rosin (viscosity 5.10* cst (23.10* SUS) at 
20 C). 

The same applies fcr a compound of min¬ 
eral oil plus 32% polybutylene (viscosity 
10* cst (4.10* SUS) at 20 .C). 

We can confirm Mr. KOmives’ feeling that 
a gap adjacent to an aluminized paper tape 
has theoretically the same effect as an oil 
gap surrounded by insulating paper. How¬ 
ever, this is true , only in theory because in 
practice a screen made with aluminized 
paper is likely to have butt-spaces with un- 
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covered aluminium surfaces which will 
greatly reduce the advantage of this type of 
screen. 

The authors would also like to comment 
on certain questions put to Mr. McGrath 
at the Fall General Meeting but which have 
not been submitted in writing. 

The lengths of cable which were subjected 
to tests were not specially made but were 
taken from normal production. These 
lengths, prior to testing, were bent several 
times about a 6-foot-diameter drum. 

The oil pressure used in making tests on 
factory lengths was only a little above at¬ 
mospheric (of the order of 0.5 kg/cm*). 

The procedure used in the impregnation 
of the plate capacitors was to bring the de¬ 
gassed oil into the container, while main¬ 
taining vacuum in the latter, and when the 
container was full, to the level of the top of 


the bushing, to break the vacuum with dry 
nitrogen. 

Where the authors speak of tests carried 
out at atmospheric pressure they mean that 
no pressure was applied to the oil after the 
container was full except that corresponding 
to the oil head in the bushing (about 46 cm 
of oil). 

The absorption of nitrogen by the oil of 
the container was certainly negligibly small 
in the very short time taquired for impulse 
or ionization testing. Tests made by keep¬ 
ing the container under oil pressure by 
TTi<»anfi of a reservoir set at a pressure 
slightly above atmospheric gave practically 
the same results as those obtained with the 
container probicted simply by an inert at¬ 
mosphere. 

The method of preparation of cylindrical 
capacitors is very similar to that of making a 


cable pothead or joint. Certainly it would 
be preferable if only one impregnation proc¬ 
ess were to be utilized. However, it is 
difficult to obtain satisfactory chamfering 
on unimpregnated paper tubes. 

Furthermore the authors were able to as¬ 
certain by test that the 2-stage impregnation 
was excellent and as good as one carried 
out in a single stage. 

With regard to the statement made con¬ 
cerning impulse tests in the section of the 
paper in “Dielectric Strength Tests” that in 
“these dielectrics” the number of applied 
shots is of no practical importance, the au¬ 
thors mean any type of paper dielectric 
fully impregnated with thin cable oil. 

This applies to both capacitors and cables 
of any thickness of insulation whatsoever, 
the only requirement being that no free air 
or gas be present in the dielectric. 


Single-Phase Induction Motor Noise 
Due to Dissymmetry Harmonics 
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I N THE natural development of induc¬ 
tion motor design, various theories 
have been proposed to account for the 
noise produced by the motors under vari¬ 
ous load conditions. The primary aim of 
the earlier theories is to explain the pres¬ 
ence of certain discrete frequency com¬ 
ponents found in the noise spectra of par¬ 
ticular motors.^'®’* More recently, an 
attempt has been made to extend the 
theory to include predetermination of 
noise levels.^ Here additional frequency 
components are accounted for which can 
be attributed to mechanical and electro¬ 
magnetic dissymmetries. 

What is usually considered within the 
scope of these earlier theories will be de¬ 
fined herein as the “first-order motor-noise 
problem.” This includes proper selection 
of such items as a rotor-stator slot com¬ 
bination, winding distribution, amount of 
skew, open or closed slots, etc., so that the 
noise levd expected from a specific motor 
design will be as low as possible. It is 
assumed in these theories that the per¬ 
meability of the rotor and stator iron is 
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infinite (no saturation exists), the stator 
voltage and current are sinusoidal, and 
the air gap is uniform around the pe¬ 
riphery of the motor. A motor designed in 
accordance with these theories should 
produce a minimum of magnetic noise 
with components at only 120 cycles per 
second (cps) and the frequencies of the 
basic slot permeance harmonics. If tlie 
response of the major motor parts is mini¬ 
mized at these frequencies, then there 
should be essentially no magnetic noise. 

Since motors stiU produce noise—much 
of which cannot be accounted for by 
theory—^there is a large area of the over¬ 
all problem still remaining which is the 
so-(klled “residual” problem. It is con¬ 
venient to lump within its scope such items 
as the effect of diss 3 rmmetries (mechanical 
and electromagnetic), rionlinearities (e.g., 
caused by saturation), nonuniformities, 
and the inevitable clearances and toler¬ 
ances incident to the mass production of 
motors. It is this area of the over-all 
problem which has been studied. 

Before the results of this investigation 
are discussed, it is pertinent to make cer¬ 
tain general statements concerning the 
origin and transmission of air-bome noise 
from fractional horsepower motors, or 
from any mechanical device. Any detect¬ 
able noise must originate with a force 
which causes a part to vibrate. Then, 
either the vibrating part or another to 
which the motion is transmitted serves 


as a radiator. Thus, from origin to de¬ 
tection, any noise follows this sequence: 
force, vibrator, transmission path radia¬ 
tor. If the magnitude of the forces or 
the transfer of energy between any two 
points of this sequence is changed, there 
is a corresponding change in the noise 
produced. 

In this paper, only a study of the forces 
which produce noise in single-phase induc¬ 
tion motors is discussed, in particular, 
dissymmetry harmonic forces and the 
parameters which govern them. The re¬ 
maining items in the sequence are con¬ 
sidered secondary factors which, under 
circumstances favorable to them, can 
govern the noise-produdng potential 
of a motor. 

Nomenclature 

number of poles in radial magnetic 
force wave 

/to “frequency of radial magnetic force wave 
Sr “number of rotor slots 
5s“number of stator slots 
a “positive integer determined by ha^onic 
content of stator winding distribu¬ 
tion 

q = order of rotor and stator dissinmnetry, 
respectively 

& “positive integer determined by harmonic 
content of stator current 
k, Z “positive integers 

pairs of stator poles in motor 
/“line frequency 
u=2irf 

«s“ synchronous speed {=‘f/P) 

»“actual speed (“(l—s)»s) 

(P “permeance intensity 
(P,* “amplitude of ftth harmonic of per¬ 
meance variation caused by rotor 
slots 

(Pg*“ amplitude of Zth harmonic of per¬ 
meance variation caused by stator 
slots 

^r’’“ amplitude of pih harmonic of per¬ 
meance variation caused by rotor 
dissymmetry 
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Table I. Pole Structures and Frequencies 
of Force Waves for Various Rotor Slot 
Combinations 


No. of 
Rotor 
Slots 

Pole Structure 
(k-l = l) 

Syudiroiious Speed 
Force Frequencies, Cps 

41... 

.2,10.18..., 

,...1.110,1,230,1,350 

42... 


...1,140,1,260,1,380 

43... 


.. ..1,170,1,290,1,410 

44... 


...1.200,1,320,1.440 


(P/=amplitude of gth harmonic of per¬ 
meance variation caused by stator 
dissymmetry 

(Pr=air-gap permeance intensity 
a—angular space co-ordinate 
current 

“magnetomotive force 
(R “reluctance 
(RysB total reluctance 

(Hb “reluctance between the stator and 
rotor surfaces and the mid-surfaces, 
respectivdy 
flux density 


Present Method of • Selecting Slot 
Combinations for Minimum Noise 

An important part of the first-order 
problem is the proper selection of a rotor- 
stator slot combination for miniTn um mag¬ 
netic noise due to the basic slot permeance 
harmonic forces. After Kron,^ the pole 
structures Pm (nodal pattern of force 
wave, i.e., a radial force wave with n 
nodes has n poles) and frequencies 
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Fig. 1. Typical noise spectra of a type-1 1/S-horsepower motor 
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Fig. 2. Harmonic content of stator current at various line frequencies 
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Fig. 3. Dissymmetry peak components for various line 
frequencies 


which characterize these forces are given 


by 


Pw=2(A5r-/5,)14aP 

(1) 

/«»y(l-^)526/ 

(2) 


The s 3 mibol o indicates that the term 
which follows should be added, omitted, 
and subtracted to obtain all possible com¬ 
binations, i.e., there are nine force waves 
characterized by Pm and fm from equa¬ 
tions 1 and 2 for fixed values of k, Sr, Ss 
etc. 

In general, the first rotor resonance (a 
2-node mode) and the 4-node circumferen¬ 
tial mode of the stator shell are the major 
causes of noise in most small, single-phase 
induction motors. In a few motors. 


higher stator shell resonances (usually no 
higher than the 6- or 8-node mode) may 
be excited, or low-order line frequency 
harmonics from torque pulsations may 
appear at the motor mountings. As a 
general rule, slot combinations are chosen 
to give harmonic force waves with pole 
structures and frequencies which are 
different from these important resonances. 

For fixed values of the parameters k, I, 
Sr, . . ., equations 1 and 2 represent a 
group of nine radial force waves produced 
by intermodulation of the harmonic com¬ 
ponents in the expressions which repre¬ 
sent the space and time distribution of the 
air-gap permeance. 

As an example, consider a 4-pole motor 
with the following charsmteristics: 36 
stator slots, a 2-node rotor resonance at 


600 cps, and a 4-node stator shell reso¬ 
nance at 1,400 cps. 

Within the framework of the first-ord» 
theories, it is desired to determine from 
the noise viewpoint the optimum number 
of rotor slots. For these theories, no 
saturation, no stator current harmonics, 
and a sinusoidal winding distribution are 
assumed. This implies then that, in 
equation 1, o = & = 1. The pole struc¬ 
tures and frequencies of the basic slot 
permeance harmonic forces for various 
numbers of rotor slots are given in Table 
I. 

From Table I it can be seen that 41- 
and 42-slot rotors cause harmonic force 
waves with two and four poles respec¬ 
tively which are potential noise sources. 
In particular, the 4-pole force waves from 
the 42-slot rotor might well excite the 4- 
node resonance of the stator shdl. The 
43-slot rotor is a better choice, but the 44- 
slot rotor is probably best since the force 
waves it produces by interaction with the 
stator slots have pole structures which do 
not match the frequency or nodal pattern 
of the resonant modes of the stator shell. 
In practice, 36-slot stator, 4-pole motors 
are built with 40-, 44-, 48-, 62-, and 56-slot 
rotors for quiet operation. 

Effect of Dissymmetries on Noise 

If it can be assumed that the first-order 
noise problem has been solved satisfac¬ 
torily, then, except for small components 
at the frequencies of the basic slot har¬ 
monic forces, there should be virtually no 
magnetic noise peaks in the noise spec¬ 
trum of the motor. However, the as¬ 
sumptions upon which the solution of the 
first-order problem is based are violated 
in practice. Rotor castings are some- 


Table II. Summary of Force Waves 



Source 

Pm,* Poles 

Fm,* Cps 

A. 

Basic rotor and stator slot harmonics. 

, .2(kST-lSt) 6 4oP. 

.. .kST{l-s)it2bf 



4(,kST-lSa) 6 4flP. 

.2kSr{l-5)Jt2bf 

B. 

Intermodulation, basic slot and rotor 
dissymmetry harmonics. 

.2(ft5r-15*)(±)2#4doP. 

-5)^626/ 

C. 

Intermodulation, basic slot and stator 
dissymmetry harmonics. 

.2{kST-lSs) 6 2a±4aP. 


D. 

Intermodulation, basic slot, rotor, and 
stator dissymmetry harmonics. 

.2(ftSr-Wr)±2a(±)2/» 5 4aP. 


B. 

Rotor dissymmetry harmonics. 

. .2p A 4aP. 


F. 

Stator dissymmetry harmonics. 

, .2aA4aP.. 

...6 26/ 

G. 

Intermodulation, rotor and stator dis¬ 
symmetry harmonics. 

. .2p±2a A4aP. 

/ 

...#(l-^)p 6 26/ 


* (a, i) ■> (1, 2, 8, ...); a and b assume positive integral values determined by the respective harmonic 
content of tiie expressions for the space distribution v of the pole winding and the time-dependent function 
■of the stator current f. For example, if »*«/i cos cos 3ut -(- It cos Sat, then 1, 2, 8, 4, and 6. 
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Fi 9 . 4. Electro- T 3 T)e I: A 1/2-horsepower, 1,725-rpm 

magnetic dissym- 116/230-volt 60-cps single-phase capacitor- 
metry of the rotor 4-pole, 36- to 44-slot combination, 

for the special Type II: 1 1/2-horsepower, 1,650-rpm 

motor 116/230-volt 60-cps single-phase capacitor- 

start 4-pole 36- to 44-slot combination with 
no end shields and having sleeve bearings. 

Fig. 1 shows typical noise spectra for a 
type-I motor at no load, half load, full 
load, and 30-per-cent overload. In addi¬ 
tion, there is shown a spectrum of the 
noise produced by a type-I motor when it 
is rotated at 1,726 rpm, with no applied 
voltage across the motor terminals. The 
components which dominate the over-all 
noise of these motors are between 350 and 
800 cps. At no load, and when the motor 
is driven, the noise in this region appears 
as a broad-band component which can be 
attributed to the flow of cooling air in the 
motor. As load is applied to the motor, 
discrete peaks appear in this frequency 
range at frequencies of 480 and 600 cycles 
and at about 510 cps. 

The dominant series of peaks betAVeen 


times porous, the rotor periphery may be 
eccentric with respect to the jouimals, the 
stator bore may be noncircular or offset 
with respect to the motor bearings, etc. 
The presence of any or all of these dis¬ 
symmetries is reflected in the noise spec¬ 
trum of the motor. 

In general, it is felt that the restrictive 
assumptions of the first-order theories are 
frequently misleading in that a major por¬ 
tion of the noise produced by induction 
motors can be traced to their violation. 
For this reason then, the assumptions are 
dropped which imply that mechanical 
parts are concentric and uniform and that 
electrical and magnetic characteristics 
can be described as being sinusoidal, uni¬ 
form, and unsaturated. The permeance 
approach used’ by Kron^ is extended to 
include the effects of various forms of elec¬ 
trical and mechanical dissymmetries 
upon radial force waves in the air gap of a 
single-phase induction motor. (The dis¬ 
cussion specifically excludes the inter¬ 
action which produces force waves with 
time-varying amplitude which are the 
cause of slip noise, the low-frequency 
pulsiqg noise frequently associated witih 
induction motors.) 

The details of this analysis are given in 
Appendix I, with a summary of the more 
important noise sources (i.e., those forces 
which have a small number of poles) which 
are produced by intermodulation. These 
are all included in the following expres¬ 
sions 

Pm^(^)2(kSr-lSa)±2q(^)2p^4aF (3) 
/« = Ci)y(l-^)(*)^(l-j)626/ (4) 


The symbol (^) indicates that this term 
must be used with the same sign in the 
pole structure expression as in the fre¬ 
quency expression, i.e., -\-k, in the pole 
structure term is associated with the -f-jfe 
term in frequency expression. Equations 
3 and 4 characterize (for fixed v^ues of h, 
and I, .. . .) radial force waves with 81 
pole structures at 27 frequency values. 
It is possible that waves of the same pole 
structure and frequency values will re^t 
'Which will reduce the total number of 
different waves. For a more detailed 
explanation of p and g, a and 5, see 
Appendix II. For a more complete ex¬ 
pansion of equations 3 and 4, see Table 11. 

An examination of the terms in equa¬ 
tion 3 discloses that a stator diss 3 rmmetry 
can add a new pole structure at an existing 
force frequency, but can add no new force 
frequency. A rotor dissymmetry, on the 
other hand, will add additional force fre¬ 
quencies as well as new pole structures. 

Rotor and stator dot permeance har¬ 
monics cause force frequencies no closer 
than 120 cps apart, but rotor dissym¬ 
metry harmonics add new force frequen¬ 
cies which at synchronous speed are 60 cps 
apart in a 2-pole motor, 30 cps apart in a 
4-pole motor, 20 cps apart in a 6-pole 
motor, etc. 

Application of the Iheoiy of 
Dissymmetry Harmonic Force 
Waves 

The tests described in this paper were 
conducted on two types of single-phase 
induction motors with the following 
general characteristics: 


480 and 600 cps, which can be seen in the 
spectra of Fig. 1, are caused by an inter¬ 
action between the broad-band cooling- 
air noise and the motion of the rotor as it 
vibrates in its first bending mode. The 
dynamic natural frequency of the rotor in 
its first bending mode occurs at about 515 
cps, (A distinction is made between the 
two natural frequencies of a rotor-bearing 
assembly, one measured when the rotor is 
at rest and a second measured when the 
rotor is turning at a given speed. The 
first is called a “static,” the second, a 
“d 3 mamic” natural frequency of the rotor.) 
Sinceonly the forces which excite the rotor 
resonance are of concern here the mech¬ 
anism by which the interaction is ac¬ 
complished will not be discussed. 

In a series of tests the line frequency of 
the voltage applied to the motor was 
varied from 50 to 70 cps. The observed 
stator current contains strong tliird and 
fifth harmonics of the line frequency. The 
configuration of the rotor and stator are 
such that their profiles are not circular 
nor does the geometric center of the stator 
bore and of the periphery of the rotor 
coincide with the center rotation of the 
bearings. At line frequency of 60 cps an 
harmonic analysis of the stator current 
shows a third harmonic of 6.3 per cent of 
the fundamental stator current and a fifth 
harmonic of 2.6 per cent. The analysis 
for other line frequencies are shown in 
Fig. 2. Profiles of the stator bores dis¬ 
close that in all cases the stators are free 
from any first-order dissymmetry., With 
respect to their own bearings, the rotors 
exhibit a strong first-order dissynnmetry 
(eccentricity) and much smaller higher 
order dissymmetries. 
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Fi3> 5. Noise spectre wiUi no stator dissymmetry 


Example op 2-Pole Force Wave 

If the theory developed in Appendix I 
is applied, whidi takes into account both 
rotor and stator dissymmetries a,nd stator 
current harmonics, it is found that for 
this particular type of motor there is a 2- 
pole dissymmetry force at [8/+30(l— j)] 
cps; see item E, Table II. 

The peak noise component at about 
610 cps, showp in Fig. 1, is caused by an 
interaction betweeii the rotor at or near 
its dynamic resonance and the flow of 
cooling air. It could be expected that, if 
the rotor is driven at a frequency off its 
resonance and the stator current har¬ 
monics are constant, the peak values ob¬ 


served in the noise spectra will follow the 
dashed line in Fig. 3. This line repre¬ 
sents the amplitudes at and near this res¬ 
onance of the rotor if the Q of the system 
were equal to eight. The actual peaks for 
the various line frequencies occur at the 
points shown in Fig. 3; this indicates that 
the exciting forces are not constant over 
the entire range of frequendes. 

If it is assumed that the stator current 
contains third and fifth harmonics, then 
it has been shown that the magnitude of 
the dissymmetry forces is proportional to 
the square of the expression for the stator 
current. This gives rise to force waves of 
various frequendes; in particular, at the 


frequency which is of interest, to a force 
wave with magnitude governed by the 
product of the separate magnitudes of the 
third and fifth harmonics of the stator 
current. 

Let the stator current be given by 

i—Ix cos cos Zat+h cm 5at (S) 

then the magnitude of the frequency term 
of interest is proportional to the product 
Js/s; see equation 14, et seq. From Fig. 2 
it can be seen that at 

54 cps, J8J6'^2X6.26=10.6 
60 cps, /^2.5X6.2*»16.6 
70 cps, '^3.2X7.1=22.7 
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Fig. 6. Noise spectra with stator dissymmetry 


The force ratio 10.5/15.5=0.677 is equiv¬ 
alent to a reduction of 3.4 decibels, and 
the force ratio 22.7/15.5 = 1.462 is equiv¬ 
alent to an increase of 3.3 decibels. 

It is interesting to note then that, if the 
plotted values at these line frequencies are 
changed accordingly, the new points fall 
near or on the symmetrical curve, indicat¬ 
ing that there is a direct relationship be¬ 
tween the force and the response and, 
more important, that the magnitude of 
the low-order harmonics is reflected di¬ 
rectly in the magnitude of the force waves 
which result. Thus, in the type-I motors, 
as the percentage of third and fifth har¬ 
monic in the stator current increases, the 
noise which results increases correspond¬ 
ingly. In this partiailar case, a 2-node 
bending mode of the rotor is excited by 
the 2-pole radial force wave at the same 
frequency, resulting in a corresponding 
single-frequency peak in the motor noise. 

Example of 4-Pole Force Wave 

The type-II motor is constructed care¬ 
fully so that the rotor and stator possess 


virtually no inherent, low-order mechani¬ 
cal dissymmetries. At the optimum rel¬ 
ative position of stator and rotor the 
combined eccentricity is less than 6 per 
cent of the mean air-gap distance. (Mean 
air gap distance is defined as the radial 
distance between the center of rotation of 
the rotor-bearing center and the geo¬ 
metric center of the stator bore.) A 
strong first-order stator dissymmetry 
(eccentricity) equivalent to 67 per cent of 
the mean air-gap distance can be achieved 
by displacing the center of rotation of the 
rotor with respect to the geometric center 
of the stator bore. 

In addition, the rotor for the type-II 
motor has inherent electromagnetic dis¬ 
symmetries which are not apparent from 
its outward appearance. The combined 
maximum variation in the rotor profile 
and runout is less than 1.5 per cent of the 
mean air gap. Nevertheless, there is a 
maximum variation of 8 per cent in the 
voltage induced in a search coil as the 
rotor rotates past it. This effect can be 
caused by air holes in the aluminum rotor 


bars or by variations in the bridging 
depth. 

An harmonic analysis of the plot of in¬ 
duced voltage as a function of position 
shown in Fig. 4 indicates first-, second,- 
third- and fourth-order dissyimnetries of 
1.8, 0.6, 0.2, and 1.0 per cent respectively 
with negligible higher order harmonic 
variations. Thus, in the type-II motor 
there are appreciable inherent first- and 
fourth-order rotor dissymmetries which 
can cause a first-order stator dissym¬ 
metry. 

The noise spectra of the motor operated 
under various load conditions is shown in 
Fig. 5 for essentially no stator dissym¬ 
metry (less than 6 per cent of the mean air 
gap), and in Fig. 6 for a strong first-order 
stator dissymmetry (an eccentricity equiv¬ 
alent to 67 per cent of the mean air gap). 
Two features of these spectra are par¬ 
ticularly significant: the lack of compo¬ 
nents in the range from 480 to 600 cps and 
the components of large magnitude near 
1,200 cps which are associated with large 
values of eccentricity. 
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Effects at Rotor Resonance 

The dynamic natural frequency of the 
rotor-bearing assembly in the type-II 
motor is about 900 cps. As a conse¬ 
quence, the diss 3 umnetry forces at [8/-1- 
30(1—5) ] which are present in this motor 
just as they are in the type-I motor can¬ 
not excite the first bending mode of the 
rotor and, correspondingly, there are no 
single-frequency components in the region 
from 480 to 600 cps. In both Figs. 5 and 
6 the components at other frequencies 
dominate the over-all noise of the motor, 
although measurable peaks appear in the 
spectra of Fig. 6. 

.Effects at Stator Resonance 

It is more interesting to observe the be¬ 
havior of the dominant peaks at about 
1,170, 1,290, and 1,410 cps, particularly, 
at no-load and full-load conditions. For a 
36- to 44-slot combination, the magnetic 
forces caused by permeance harmonics oc¬ 
cur at 1,200, 1,320, and 1,440 cps (no 
load) with pole structures of 8,16, and 24 
poles. Table I, but the presence of a first- 
order rotor dissymmetry produces new 6- 
14-, and 22-pole forces at 1,170,1,290, and 
1,410 cps in this motor. The 4-node 
(elliptical) stator shell resonance occurs at 
1,180 cps and cannot be excited by the 
permeance harmonics because of the mis¬ 
match between their nodal patterns and 
that of the stator shell resonance. In prac¬ 
tice this is difiScult to realize completely 
since high-order harmonics from other 
sources can produce by intermodulation 
low-magnitude four-pole forces near the 
frequency of the stator shell resonance. 

In terms of the parameters of equations 
3 and 4, the special motor is character¬ 
ized by: 5r=44, St=36, P=l, 2=0, 
(for 6-per-cent eccentricity), 2=1 
67-per-cent eccentricity), a=l, 6 = 1, P= 
2, /=60, 5=0 (for no load), and 5=0.083 
(for full load). The indices k and I can 
assume any positive integral value, but 
assume that k=l=l, i.e., consider only 
the basic slot harmonics. If these values 
are applied to equations 3 and 4, the pole 
structures and frequencies given in Tables 
III and IV are obtained. 

It can be seen that none of the force 
waves given in Table III have a nodal 
pattern which matches that of the 4-node 
stator shell resonance, although the fre¬ 
quencies of aU of them occur near 1,180 
cps. In the spectra of Fig. 5 no significant 
components are seen in the range from 
1,000 to 1,500 cps. 

At maximum eccentricity new force 
waves are produced by intermodulation as 
shown in Table IV. Among these waves 
there is the triplet characterized by: 


P»»=4, /m=1.170, 1,290, and 1,410 cps at 
no load 

Pm=4, /m = 1,062, 1,183, and 1,303 cps 
at full load 

Correspondingly it can be seen that the 
spectra of Fig. 6 include significant com¬ 
ponents at these frequencies. Thus, in 
both cases, the theory accounts for the 
principal noise spectrum characteristics. 

It can be concluded then that the pres¬ 
ence of electrical, electromagnetic, and 
mechanical dissymmetries (separately or 
in combination) produces a new set of 
magnetic force waves in addition to those 
predicted by Efron. ^ If these waves are of 
appropriate nodal pattern and frequency, 
they will excite resonances of either the 
rotor or stator. 


Appendix I. A Method of 
Analysis for Determining Radial 
Force Frequencies in Single- 
Phase Induction Motors 


The method of analysis outlined herein 
yields the characteristics of radial force 
waves produced by intermodulation between 
air-gap permeance variations caused by rotor 
and stator slots, and rotor and stator 
disssrmmetries, winding distribution har¬ 
monics, and stator current harmonics. 

I,et (Po denote the average permeance 
intensity between the surfaces of stator 
or rotor and a cylindrical surface midway 
between them. With reference to the 
stator, the permeance intensity (Pr between 
the rotor and raid-surfaces is given by 

00 

(Pa = (Po+^ (Pr* cos kSr(a—2imt) + 

A 

00 

COS p{a~2itnt) ( 6 ) 

p-l 

Similarly, the permeance intensity (9s 
between the stator and mid-surfaces is 
given by 

00 00 

(P5 = <Po+ 2(P«* cos /5sa-4-^^/ COS qa 
1=1 ff=l 

Permeance is the reciprocal of reluctance 
(R and 


(R2'=?(Rij-H(R« 


( 8 ) 


Table III. Important Magnetic Force Waves 
in Special Motor for Minimum Eccentricity 
(q=0) 


Loads 

Pm, Poles 

Fm, Cps 



f 6, 14, 22.. 

..1,170, 1,290, 

1,410 

No load... 

8 , 16, 24.. 

..1,200, 1,320, 

1,440 


1 10, 18. 26.. 

..1,230, 1,350, 

1,470 


( 6, 14, 22.. 

..1,063, 1,183, 

1,303 

Pull load.. 

} 8, 16, 24.. 

..1,090, 1,210, 

1,330 


( 10, 18, 26.. 

. .1,117, 1,237, 

1,367 


Equation 8 yields 
<9s(9r 


(pji= 


From equations 6 and 7 in equation 9 
6 ^ 3 > =-;-1 yn^-|- 6 *n ^ ^ (Pt* COS kSr(a~~ 

(Ps+(pfiL k 

2jr«i)-l-fl*o23(P** cos lSga-\- 

t 

(9o^9r^ cos p(a—2Tint)+ 

V 

(PolS^*® cos 2«+£S'PrWX 
<r it; I 

cos kSr(ce—2Tnt) cos lSga + 

cos ISga COS P(a — 

l p 

2imt'\‘\~^ l (Pr^(P.«^ cos kSr^oc~ 

k ff 

2imt) cos gtt-l-^y^(Pr^(P/X 


(9) 


p e 


cos p{a—2mt) cos got J (10) 
which can be reduced to 
(Pr=(Po -IcPo+S^Pr* cos kSr{a.-‘2imt)+ 

cos COS Pia— 

I P 

27r»0+!S(J’** COS ga-4- 
s 

X S ^^{cos [ikSr+lSg)<X- 
k I 2(Po 

2ir65'r»i] H- cos [{kSr—lSg)a — 
2TkSrnt]} + 

{cos [{p+lSg)a—2vpnt] + 
cos [(p—lSg)a—2irpnt]} + 

Z) S {cos KkSr+g)«- 

k g 


Table IV. Important Magnetic Force Waves in Special Motor for Maximum Eccentricity 

(q = 1) 


Loads 

Pm, Poles 

Fm, Cps 

No load. 

f 4, 6, 8, 12, 14. 16, 20, 22. 24. 

.6. 8. 10, 14, 16, 18, 22, 24, 26. 

1 8. 10. 12, 16. 18, 20, 24, 26, 28. 

..1,170,1,290,1,410 

.1,200,1,320,1,440 

.1,230,1,860,1,470 

Full load. 

f 4, 6. 8, 12, 14, 16, 20, 22, 24. 

_1... 4 6. 8, 10, 14, 16, 18. 22, 24, 26. 

( 8, 10, 12. 16, 18, 20, 24, 26, 28. 

.1,063,1,183,1,303 

.1,090,1,210,1,330 

.1,117,1,237,1.867 
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P=l (ECCENTRIC ROTOR) 


P«2 (ELLIPTICAL ROTOR) 



CENTER OF ROTATION 


(A) 

q»l (OFFSET STATOR) 



qs2 (ELLIPTICAL STATOR) 


Fig. 7. Low-order rotor dissymmetry 


2TFkSrn£\-\- cos [ikSr—q)a — 

2^kSrnt]}+^J2^^X 

p Q 2(ro 
{cos 2 r^n/]+ 

cos [(;^— 9 ) 0 !— 2 ir/)«/]} ( 11 ) 

where 

(J’s+CPjj 

The stator winding distribution v (re¬ 
ferred to the same a co-ordinate base) is 
characterized by the expression 

»»= ^ Pu cos uPa (12) 

Further, the stator current, as a function 
of time, can be given in the form 

CO 

t= ^ Igcosmt (13) 

By equations 12 and 13, the magneto¬ 

motive force tF(=tV) becomes 


Fig. 8. 

” [cos («Pa-l-»wf)-f 

u V 2 

cos (itPa—Vat)] (14) 

The flux density ^ is given by 

<P=(?Tff (15) 

The expression for the radial force in the 
air gap as a function of space and time is 
obtained by using equations 11 and 14 in 
equation 15 and squaring. The result of 
this computation is summarized in Table 
II for all potential noise-producing force 
waves in the air gap of single-phase induc¬ 
tion motors. 

Appendix II. Significance of p 
and q 

Let p denote the order of dissymmetry 
which causes a variation in the maximum 
value of flux with respect to the rotor. 
This variation revolves with the rotor or 
at some multiple of the rotor speed and 
can be caused only by a mechanical or 
electrical dissimimetry of the rotor. Rotor 


Low-order stator dissymmetry 

dissymmetries of first and second orders are 
shown in Fig. 7. 

The letter q denotes a dissymmetry which 
causes a change in the maximum value of 
flux with respect to the stator. This varia¬ 
tion does not revolve with the rotor but 
is stationary in space, and is thus con¬ 
sidered a stator dissymmetry. Stator 
dissymmetries of first and second orders 
are shown in Fig. 8 . 
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Discussion 


Edward Erdelyi (Syracuse University, Syra¬ 
cuse, N. Y.): The paper is a very interest¬ 
ing and timely analysis, as the answer to the 
noise question of single-phase induction is 
becoming very urgent. In the not too 
distant past, single-phase motors of the 
type described by the authors have been 
used in large appliances such as washing 
machines and refrigerators. The motors 
in these were mounted in the lower part of 
the apparatus and shielded by construc¬ 
tional components. Furthermore, the com¬ 
pressors, pumps, and other equipment as¬ 
sociated with these apparatus have masked 
the noise of the driving motor. This is not 
so in present-time room-type air condi¬ 
tioners. A considerable amount of engi¬ 
neering work was expended to design lower 
noise level components and the noise of the 
motor is not masked any more. The noise 
reduction caused by dissymmetries becomes 
important. 

In most publications, the question of dis¬ 
symmetries have been noted and methods 
suggested as to how to find the forcewaves. 
caused by these. The detailed anal 3 rtical 
work has not been previously carried out’ 
with the thoroughness of this paper. It 


will be, therefore, a welcome addition to 
reference sources. 

The analysis may also become useful in 
the quality control of mass production 
methods. Tools wear out and this intro¬ 
duces dissymmetries in the product which, 
as shown, create additional magnetic noise. 
Careful analysis of the frequency spectrum 
of sample motors may indicate which of the 
tools should be replaced to improve the 
quality of the product. 

J. L. Oldenkamp (General Electric Com¬ 
pany, Fort Wayne, Ind.): The authors 
have prorided a valuable tool for reducing 
motor noise by considering the dissymetries 
which exist as well as the air-gap permeance. 
This paper represents a major contribution 
to the art of the design of single-phase 
motors. An appreciable noise reduction 
in several motor lines has been effected by 
using the criteria given in this paper. 


P. L. Alger (General Electric Company, 
Schenectady, N. Y.): This paper consti¬ 
tutes a marked advance in Ae theory of 
magnetic noise of rotating machines. In a 
transformer, the magnetic noise is chiefly 
due to magnetostriction, and its calculation 
is therefore, a highly empirical matter. In 


an induction motor, the magnetic noise is 
nearly all due to radial forces acting across 
the air gap, and, therefore, it should be 
readily calculable, as demonstrated by 
Dr. Erdelyi. However, as the authors of 
this paper show, the noise actually pro¬ 
duced is largely due to resonant frequency 
vibrations of the motor core and/or the 
shaft. Hence, as in all resonant frequency 
phenomena, the importance of very small 
forces at the critical frequencies is greatly 
magnified, and the actual magnitude of the 
noise is largely dependent oh the damping, 
or Q factor, of the motor structure. 

Now that the authors have so well and 
thoroughly explained the nature and effects 
of the numerous air-gap dissymmetries in 
small motors, the next step will be to de¬ 
velop a quantitative theory, calibrated by 
test data. I look forward to rapid progress 
in this field in the hear future. It seems 
reasonable to expect that further work 
will enable the over-all magnetic noise 
levels of these small motors to be predicted 
and controlled with much greater accuracy 
than seemed possible only a short time ago. 
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Double-Energy Conversion in an Air 
Gap—Novel Asynchronous 
Frequency Changer 

W. La PIERRE J. y. LOUIS 


MEMBER AIEE 


I N VIEW of the growing demand for 
power in modest amounts in the 400- to 
900-cycle range, it seems timely to report 
the results of a study recently completed 
on a novel type of induction frequency 
changer. This machine, in which two 
energy conversions occur simultaneously 
in the air gap, is of interest in a number of 
ways. It encourages a review of the 
method of energy conversion by induc¬ 
tion from the polyphase rotating field, 
and it raises unanswered questions con¬ 
cerning magnetization and core losses. 
In the machine studied, a 4-pole stator 
winding was used to drive the rotor at the 
usual speed of 1,760 to 1,790 rpm, de¬ 
pending on the load. A 6-pole winding 
on the same stator, when excited by ca¬ 
pacitors, generated a polyphase voltage of 
higher frequency in the range of 85 to 90 
cycles, also depending on the load. Two 
rotating fields were thus set up in the air 
gap; a 4-pole 60-cycle field revolving at 
1,800 rpm and a 6-pole field revolving 
somewhat slower than the rotor. The 
analysis proceeds in the usual way starting 
from the 60-cycle terminals and the cus¬ 
tomary single-frequency equivalent cir¬ 
cuit can be used. The 6-pole winding, 
operating at negative slip, has an output 
frequency that yields the power flow out 
of the rotor which is required by the 
load. The study was addressed to two 
questions: first, can the machine be an¬ 
alyzed by the usual method and, second, 
what modifications occur in the magne¬ 
tizing current and the stator core loss as a 
consequence of the joint use of the iron by 
two rotating fields? 

The machine used in the study is a 4- 


STUDENT MEMBER AIEE 


stator hsis 72 slots. This was originally 
an experimental machine which was used 
in the development of the large multi¬ 
speed motors employed for ship propul¬ 
sion 35 years ago. It has ample iron. 
Frequently changer operation has been 
studied by various students in the labora¬ 
tory over a period of 6 years. 

Nomenclature 

ri= primary resistance per phase to neutral 
of motor winding 

»! = primary leakage reactance per phase 
to neutral of motor winding 
»=primary impressed voltage per phase to 
neutral of motor winding 
rj=rotor resistance per phase to neutral, 
referred to the motor primary wind¬ 
ing 

*2 “rotor leakage reactance per phase to 
neutral, referred to the motor 
primary winding 

primary exciting conductance per phase, 
representing the core loss current of 
the motor winding, mhos 
6“primary exciting susceptance per phase, 
representing the magnetizing current 
of the motor winding, mhos 
r “slip of the rotor with respect to the motor 
synchronous speed 

r“ equivalent power-conversion resistance 
of the motor, ohms 

power converted by the motor, watts 
per phase 

Fr+ITs* friction and windage loss, watts 
per phase 

P“power input via the rotor of the gener¬ 
ator, watts per phase 
—2?“equivalent power-converting resist¬ 
ance of the generator per phase to 
neutral, referred to the generator 
stator winding, ohms 

i ?2 “rotor resistance per phase to neutral, 
referred to the generator stator 
winding, ohms 


^2 “rotor leakage reactance per phase to 
neutral, referred to the generator 
stator winding, ohms 

Pi “generator stator resistance per phase 
to neutral, ohms 

Xi® generator stator leakage reactance per 
phase to neutral, ohms 
/“generator output current per terminal, 
amperes 

(/“primary exciting conductance per phase, 
representing the core loss current of 
the generator winding, mhos 
B“ primary exciting susceptance per phase, 
representing tlie magnetizing current 
of the generator stator winding, 
mhos 

/o“ output frequency of the generator 
winding, cycles per second (cps) 
/“Supply frequency, cps 

Pttiuber of poles in generator winding X 
\ number of poles in motor winding / 
5“Slip of the rotor with respect to the 
generator rotating air-^p flux 
7“ output voltage of the generator winding, 
phase to neutral, volts 


Analysis 

It would seem from a cursory view that 
two windings on the same stator would be 
electromagnetically coupled eis in the 
transformer. Such coupling exists coil by 
coil, but, as shown in Fig. 1, the net 
coupling over a complete phase is zero. 
In the machine tested, no transformer 
voltage could be detected at the stator 
terminals with low-impedance portable 
voltmeters. 

The equivalent circuits of the machine 
are shown in Fig. 2. These are simplified 
by placing the ma^etizing branch at the 
machine terminals, a modification which 
has the advantage of shortening the alge¬ 
braic descriptions with very little ac¬ 
companying loss of accuracy over the 
normal load range. A motor slip is as¬ 
sumed. This determines the motor 
equivalent impedance and permits the 
computation of power converted to me¬ 
chanical form, referring to Fig. 2 



speed 110-volt 6-hprsepower 60-cycle 
machine in which the two stator wind¬ 
ings occupy the same slots. The wind¬ 
ings have half-pitch coils and the phase 
groups are reconnectable to form conse¬ 
quent 8- and 12-pole arrangements. The 

Paper 55-676, recommended by the AIBE Rotating 
Machinery Committee and approved by the AIBE 
Committee on Technical Operations for presentation. 
at the AIEE Fall General Meeting, Chicago, Ill., 
October 3—7, 1955. Manuscript submitted March 
7, 1965; made available for printing July 18, 1955. 
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Ffg. 1. Overlay of 
winding phase 
groups to show 
electromagnetic un¬ 
coupling 
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LOAD 




P^p-{Fr+W) 

The power converted by motor action 
P less the mechanical losses is the power 
reconverted to electrical form in the 6- 
pole winding. At a given generator ter¬ 
minal voltage V the required equivalent 
power-converting resistance R is specified 
by the amount of power converted by 
generator action P 

1 ( F* 

R -f-iSj) -1—^ + 

2(Ri+R ^-fyj -4[(R,+R^)i+ 

I —iS-l-jRal 

'""Kirs) 

The generator slip required can thus be 
calculated and, from this, the output fre¬ 
quency. The voltage at which the ma¬ 
chine will operate depends on the reactive 
volt-ampere balance, i.e., upon the 


amount of capacity used and upon the 
reactive volt-ampere demands of the in¬ 
duction generator and load.^~® 

The computed output frequencies at 
various loads check closely with test 
values as may be seen in Table I. The 
calculated frequency is based upon the 
known input motor power, motor volt¬ 
age, motor slip, and generator voltage at 
each test point. The discrepancy at high 
overload is caused in part, at least, by 
poor experimental data. 

Several operating parameters of the 
machine plotted against power output are 
shown in Fig. 3. The machine is noisier 
under double-frequency operation tbAn 
when running as a motor. The output 
voltage wave shape is sinusoidal but the 
exciting current on the 6-pole side con¬ 
tains nonsynchronous harmonic com¬ 
ponents. 

Magnetization and Core Loss 

One of the most interesting parts of the 
study was the investigation of the mag¬ 
netic behavior of the stator iron under 


Table I. Comparison of Calculated and 
Experimental Results 


Three-Phase 
Power Output, 
Kilowatts 

Frequency, Cps 

Calculated 

Experimental 

0.64. 

....88.8. 

....89.0 

2.14. 

....87.8. 

....87.9 

8.00. 

....86.6. 

....86.7 

3.85. 

....85.6. 

....86,7 

4.60. 

....71.8. 

....74.6 


the combined influence of two fields hav¬ 
ing different numbers of poles and rotat¬ 
ing at slightly different speeds. To ob¬ 
tain controlled conditions, the rotor was 
driven at synchronous speed while the 
two stator windings were supplied respec¬ 
tively with synchronized 90- and 60-cycle 
voltages. The magnetization charac¬ 
teristics of the machine were surveyed by 
var 3 dng the two applied voltages in a 
systematic manner. It was found that 
additional magnetizing current was re¬ 
quired by each winding when the other 
was excited. The total core loss in the 
stator was increased by the simultaneous 
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Ffg. 3. External characteristics 
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Masnetizing current^ 4-pole winding 
at 60 cps 

2— 60 volts, line to line 

3— 80 volts, line to line 

4— ^100 volte, line to line 

5— ^120 volte, line to line 

6— 140 volte, line to line 

7— ^165 volte, line to line 
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Rg. 7. Core loss supplied by the 6-pole winding 


action of two rotating air-gap fluxes but, 
in. all cases, the 4-pole core loss decreased 
as the 6-pole flux was increased and the 
6-pole winding supplied the majority of 
the core loss. 

The results of this part of the study are 
shown in Figs. 4 through 7. Fig. 4 shows 
the magnetizing current required by the 
4-pole 60-cycle winding. The heavy 
curve is the ordinary saturation charac¬ 
teristic. The horizontal curves show the 
magnetizing current needed, as the 6-pole 
winding was also excited with various 90- 
cycle voltages. The 4-pole terminal volt¬ 
age was held constant while the 6-pole 
90-cycle voltage was varied from zero to 
about 130 volts per phase. The numbers 
on the curves refer to the different runs; 
see Fig. 4. Fig. 5 shows the family of 
experimentally detennined 6-pole 90- 
cycle saturation curves. Figs. 6 and 7 
show the 4- and 6-pole core losses. The 4- 
pole core losses decrease as the 6-pole 
winding is excited to higher voltages. 
Total core losses increase in all cases when 
both windings are excited simultaneously. 
Core loss power under as 3 mchronous 
frequency changer operation, however, 
passes from the 60-cycle terminals to the 
rotor and across the air gap again before 
it is absorbed by the iron. This result 
was not expected and is not explained. 

Conclusion 

Computations of machine performance 
can be made with confidence using equiv¬ 
alent leakage impedance figures ob¬ 
tained by blocked rotor tests. The leak¬ 
age reactance is proportional to the fre¬ 
quency. It is necessary to use proper 
magnetizing current and core loss, which 
are quite different from the normal, single¬ 
winding values. 

It would be interesting to see how wind¬ 


ings with higher pole ratio would per¬ 
form, although there seems to be no 
reason to suppose that higher output fre¬ 
quency would not be readily available. 
Rotor overheating caused by the presence 
of the two currents seems to be no prob¬ 
lem. The rotor resistance should be low 
to reduce the frequency drop as much as 
possible. 
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Discussion 


Bjrron M. Jones (Reliance Electric and 
Engineering Company, Cleveland, Ohio): 
The authors have presented an interesting 
paper on the characteristics of an asynchro¬ 
nous frequency changer. The case de¬ 
scribed in the paper is that for a 3-phase to 
3-phase frequency changer. It should be 
obvious to those versed in the art that this 
device will work for any number of phases 
in the motor and generator windings. Pre¬ 
dicting the characteristics of a single-phase 
induction generator, as would be necessary 
in the case of a single-phase output, presents 
some interesting problems. 

The purpose of this discussion will be to 
present a method for predicting the con¬ 
stants for the equivalent circuit of this 
machine, and hence the exciting current. 
The problems involved in following a rigor¬ 
ous procedure of drawing magnetomotive 
force waves and resultant flux waves in this 
machine are complicated because the mag¬ 
netomotive force waves and flux waves are 
time variant as well as space variant. After 
some study, it appeared to me that even if 
this rigorous procedure were performed, 
it would be extremely difflcult to reduce this 
information to a reasonable design pro¬ 
cedure. An attempt was made to deter¬ 
mine an empirical relationship. The ex¬ 
citing current of the generator winding was 
plotted against the air-gap voltage induced 
by the motor winding, holding the air-gap 
voltage induced by the generator winding 
constant. The resultant curve indicated 
tliat the exciting current in the generator 
winding is increased as the motor air-gap 
voltage is increased. Due to saturation of 
the core steel, the rate of increase in gener¬ 
ator excitation current also increases as the 
motor air-gap voltage is increased. A 
similar effect is noted if the motor exciting 
current is plotted against generator air-gap 
voltage holding motor air-gap voltage con¬ 
stant. A .simple and accurate design pro¬ 
cedure can be developed using a straight- 
line extrapolation of the individual exciting 
currents to a value such that their sum 
will be equal to the composite exciting 
current. 

Briefly, this is the procedure. The mag¬ 
netic path of the machine for each winding 
is divided into five parts: the stator core, 
the stator teeth, the air gap, the rotor teeth, 
and the rotor core. The effective areas and 
lengths of these sections are computed. 
The flux density in each of these portions is 
computed for each windingly individually. 
The composite flux density in each portion 
is obtained by adding the value of flux 
density induced by the motor winding to 
the value of flux density induced by the 
generator winding. The magnetizing force 
for each portion of the magnetic circuit 
can be obtained from standard B-H curves 
for the motor flux, the generator flux, and 
the composite flux. It will be noted that 
in all cases the composite magnetizing force 
is greater than or equal to the sum of the 
motor magnetizing force and the generator 
magnetizing force. The composite magne¬ 
tizing force must be supplied in part by 
each winding. The motor magnetizing 
force, for each portion of the magnetic 
circuit, is computed as shown in the follow¬ 
ing; 


rr HfnHc 

where 

•Hma* value of motor magnetizing force 
corrected for influence of generator 
flux 

flin™ preliminary value of motor mag¬ 
netizing force 

JTc®* composite magnetizing force 

preliminary value of generator mag¬ 
netizing force 

The generator magnetizing force for each 
portion of the magnetic circuit is computed 
as follows: 

„ HgHc 
where 

value of generator magnetizing force 
corrected for influence of motor flux 

Using these equations the sum of the 
corrected magnetizing forces for the two 
windings equals the composite magnetic 
force and the ratio of the two corrected 
values is the same as that of the two pre¬ 
liminary values. The exciting current and 
equivalent circuit parameters for each 
winding can then be computed. 

This method has been checked on a wide 
range of machine sizes, flux densities, and 
pole ratios. It appears to be accurate 
within the limits of the designer’s ability 
to calculate magnetic areas and lengths. 
Equivalent circuit parameters using thig 
method of calculation have also been veri- 
fled using the induction generator equation 
developed in'a paper by Barkle and Fergru- 
son.^ 

Rbfbrbncb 
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P. L. Alger (General Electric Company, 
Schenectady, N. Y.): The induction motor 
with two or more distinct windings is a long- 
known, but little underwood, variety of 
electric machine that deserves more con¬ 
sideration by teachers as well as by prac¬ 
ticing engineers. Besides the frequency 
changer described by the authors, motors 
designed for part-winding starting, multi¬ 
speed motors, concatenated motors, and 
various other schemes for motor speed 


control use multiwinding machines. Papers 
presented in recent years indicate the grow¬ 
ing interest in this field. The theory and 
practical uses of transformers with three 
and more distinct windings are well de¬ 
veloped. A similar development of theory 
and practical use is to be expected for induc¬ 
tion machines with additional, or section- 
alized, windings. 

The authors mention thatt he 4/6-pole 
machine they tested was noisier in 2-winding 
operation than on a single winding. This 
is to be expected, as the superposition of a 
4- and a 6-pole field in the same machine 
gives a higher flux on one side of the air 
gap than on the other, and a consequent 
large unbalanced magnetic pull. In the 
small test machine, with a deep stator 
yoke and stiff shaft, the effect was not seri¬ 
ous, but in practical machines this effect 
may produce prohibitive noise and vibra¬ 
tion, depending on the resonant frequencies 
of the motor shaft, etc. 

The noninductive relation of the 4- and 
6-pole windings is lost if either winding is 
arranged with as many circuits as poles. 
This, and the need for maintaining bal¬ 
anced shaft forces, poses severe limitations 
on the design of these multiwinding ma- 
- chines. 

The shift of the core loss supply from the 
4-pole to the 6-pole winding as the 6-pole 
voltage is increased may be explained by 
the fact that a considerable portion of the 
core loss, due to the tooth frequency losses, 
is supplied by the motor torque, and not by 
transformer action. The tooth frequency 
losses may be considered as “magnetic 
friction" due to the air-gap flux passing 
over the “roughness” of the rotor and stator 
slot openings. Also, the torque developed 
by the motor, to overcome the windage as 
well as the bearing and magnetic friction 
losses, is supplied only in part by the rotor 
slip-frequency currents. Besides this nor¬ 
mal induction motor torque proportional 
to the slip, there is a small synchronous 
torque due to the hysteresis loss in the rotor, 
just as in a true hysteresis motor. 

If the rotor of an induction machine has 
no bars arid, therefore, no rotor currents, 
there is still a rotor loss and, therefore, an 
air-gap torque, due to the core loss in the 
rotor. As such a motor passes through 
synchronous speed, its (hysteresis) torque 
reverses abruptly, just as in a true synchro¬ 
nous motor. 

In an actual motor with rotor bars, the 
fraction of the no-load loss torque supplied 
by the hysteresis effect will vary with the 
flux. When the 6-pole winding, was ex¬ 
cited with 90 cycles, and the 4-pole winding 
was excited with synchronized 60 cycles, 
the torques per rpm of slip are propor- 



Fig. 8. Test for core losses 
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tioual to the squares of the respective 
voltages. 

Evidently, for the test machine, the 6- 
pole winding produced more of the loss 
torque than the 4-pole winding, and its 
proportion increased when the 6-pole flux 
increased. 


W. LaPierre and J. Y. Louis; We are grate¬ 
ful for the clarifications offered by Mr. 
Alger and Mr. Jones. The composite 
flux used by Mr. Jones in design calcula¬ 


tions is the peak flux occasioned when the 
two separate magnetomotive forces add 
directly. The sum Hma + Hga = He 
by detoition. The composition magneto¬ 
motive force is obtained from B-H curves 
using the sums of the individual motor and 
generator flux densities in the various parts 
of the machine including the return paths 
as well as the path of maximum in phase 
‘flux density it is presumed. In our tests 
we noticed a slight tendency for the 90- 
cycle voltage to be modulated at slip fre¬ 
quency at no load. The magnetisdng 
currents, however, were more steady. 


From this evidence it is clear that the 
simplified computation suggested does not 
account for all the factors but it is gratifjring 
that it jHlelds practical results. 

The drastic shift of core losses from the 
low-pole of the high-pole winding under 
completely synchronized test conditions 
might not be wholly explained by the rotor 
hysteresis effect. The test for core losses 
was made as shown in Fig. 8. The core 
losses so obtained were then used in power- 
balance computations for as 3 nichronous 
frequency changer operation with the results 
shown in the paper. 


Al uminum-SheatHed Control Cable 

E. E. MclLVEEN 

ASSOCIATE MEMBER AIEE 


W ITH AN increasing supply of alumi¬ 
num and a fluctuating supply of 
the classical underground cable-sheathing 
material for electrically insulated conduc¬ 
tors, namely, lead, it is natural for the 
various segments of the electrical in¬ 
dustry, whether engineering, purchasing, 
or management, to be interested in the 
development of aluminum-sheathed 
cables.^'* This discussion transcends this 
aspect, however, for its primary concern 
is how aluminum csui be used to advan¬ 
tage as a control cable sheath in a system 
tliat requires no additional armor and is 
in sharp contrast to the familiar conduit 
installation. Engineering with alumi¬ 
num was never more meaningful than 
when exploiting the physical properties 
of this light metal for cable sheathing. 
This particular paper is limited to control 
cables for generating plant and substa¬ 
tion and for industrial and commercial 
applications. 

The aluminum-sheathed control cable 
need be considered unique only in respect 
to the sheath material, but the gain in 
mechanical ruggedness over the or¬ 
dinary lead-covered or nonmetaUic- 
finished cables is so pronounced that it is 
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• dear there is no need to protect it with 
conduit or additional armor. To illus¬ 
trate this and other attributes quantita- 
tivdy, it would be well to select a spedfic 
type of cable. If the choice falls on a rel- 
ativdy new high-temperature insulation 
of the silicone rubber fmnily* it would 
serve a dual purpose, for this dass of insu¬ 
lation has been considered in some quar¬ 
ters as more tender them hitherto accepta¬ 
ble for pulling into conduits. 

To digress for a moment, it might be 
noted that to make steam plants more 
effident for electric-power generation, 
engineers have been increasing boiler tem¬ 
peratures and pressures. This trend has 
reached the point where auxiliary equip¬ 
ment in the immediate area must be able 
to operate at ambients considerably 
above those formerly used. Not only 
has this created a need for a practical 
high-temperature electric system, but 
has also increased the extent and impor¬ 
tance of this system because of the neces¬ 
sity of elaborate controls. In addition to 
power plants and prime movers, many 
industrid manufacturing processes are 
also concerned with these high ambients 
as wdl as proce^ vapors. Not only have 
the usual rubber insulations deteriorated 
in this sCTvice, but conduit systems have 
a propensity for collecting mouture. and 
ddeterious chemicals, and this has ag¬ 
gravated the situation. The silicone 
rubber-insulated aluminum-sheathed ca¬ 
ble provides a practical solution to this 
problem. 


Cable Construction 

The constructional components of this 
specific type of multiple-conductor cable 
as illustrated in Fig. 1 may be sum¬ 
marized: 

Conductor, sizes 18 through 6 American 
Wire Gauge (AWG) with dass-B stranding 
and lead alloy-coated copper. 

Insulation, 600-volt wall of Okotherm 200, 
a silicone gum rubber base insulation con¬ 
servatively rated for continuous operation 
at 150 and up to 200 degrees centigrade (C) 
under certain conditions. 

Covering, single color-coded glass braid with 
heat-resisting lacquer finish on each con¬ 
ductor. 

Core Assembly, up to 61 conductors de¬ 
pending on their size, cabled with heat- 
resisting fillers where needed, and a layer of 
asbestos tape. 

Sheath, wall of 99.6 per cent (%) pure, 
seamless aluminmn; see Table I. Corro¬ 
sion protective coveiings are furnished where 
required. 

Length, present production facilities permit 
this cable to be furnished in 500-foot lengths. 

Sheathing Particulars 

There are three distinct methods of ap¬ 
plying aluminum sheaths now in commer¬ 
cial use in Europe,^ namely, direct extru¬ 
sion, welding of formed strip, and tube 
draw-down or sinking method. For the 
control cable described herein, the latter 
method of tube-sinking was sdected be¬ 
cause: 1. it is a relatively simple operation 
and does not require a large capital invest¬ 
ment, 2. it is applicable to other than high- ^ 
temperature insulations, for example, the 
thermoplastics such as polyethylene and 
polyvinylrchlcaide, and 3, it is possible 
through proper selection of tube size to 
control the sheath physicals and thereby 
approach the l/4-hard temper that ex¬ 
perience hsis shown to be most satisfactory 
for this end use. 
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By limiting the maximum length of 
finished control cable to 500 feet, it per¬ 
mits the use of selected seamless tubing 
which has been extruded from a single 
billet, thereby eliminating stop marks 
that can be sources of weakness. This 
imposes no real hardships with such 
cables because they are seldom used in 
longer lengths. In some cases remnant 
ends may be more numerous than with 
3,000-foot lengths, for example, but this 
condition is preferable to having these 
longer lengths with questionable welds. 
In time, the quality of these tube welds 
will undoubtedly improve. 

Much has been published on the tube¬ 
sinking method of sheathing, so it is un¬ 
necessary to go into it further other than 
to note the following basic steps: 

1. Stretch the tube out in a straight line. 

2. Thread in the pulling line. 

3. Pull in the cable core. 

4. Draw down or sink the tube on to the 
core. 

In the cold working of the al uminum 
by the sheathing operation, the tensile 
strength increases proportionally with the 
percentage of reduction in cross section 
while the elongation decreases, although 
not in direct proportion. Typical physi¬ 
cals are 14,200 pounds-per-square-inch 
breaking strength with elongation of 13% 
in 2 inches. Dimensionally, since the 
wall thickness is for ali practical pturposes 
constant, with only a 1-mil gain observed 
on a 35-mil wall, the length must increase 
in inverse proportion to the reduction 
int he tube diameter. The relationship is 

- fy = L'{D' - ty 

where length, over-all diameter 
in inches, and i=»wall thickness in inches. 

The matter of sheath wall thickness can 
be rationalized on the sole basis of bend¬ 
ing performance during handling, since 
aluminum’s greater hardness, higher ten¬ 
sile strength, and lighter weight than lead 
reduces the possibility of damage during 
installation. Acccordingly, Table I was 


originally established on the basis of 66% 
of the recognized lead-sheath walls for 
rubber-insulated conductors, and was 
then modified from information gained on 
experimental cables. If the wall thick¬ 
ness is plotted against mavimum core 
size, the result is a straight line except at 
the lower end. Experience has shown 
that with normal installation practices, 
no buckling or deformation of the sheaths 
occurs with these wall thicknesses. 

Cable Characteristics 

With the type defined, it is now pos¬ 
sible to examine the behavior of particu¬ 
lar sizes in comparative mechanical, elec¬ 
trical, and thermal tests designed to es¬ 
tablished their characteristics in relation 
to recognized wiring systems.* These 
include electric metallic tubing (EMT) 
with type-T" wire installed therein, inter¬ 
lock-armored cable, nonmetallic-sheathed 
cable designated as type NM, and others 
as may be noted in the data presentations. 
Incidentally, aluminum sheaths are a new 
development, and hence no reference to 
them will be found in the current National 
Electrical Code.* 

Mbchanical Tests 

The resistance of the completed cable 
to mechanical abuse can be studied 
through simulated impact and crush tests. 
By use of a Frankfort Arsenal impact ma¬ 
chine with a 27.5-pound weight falling a 
distance of 7 inches, the data presented 
in Table II ware developed. The head 
on the weight contacting the cable had a 
1/2-inch radius cross section. The endur¬ 
ance limit given in Table II in terms of im¬ 
pact cycles was considered reached when 
a ground developed as indicated by a 6- 
volt buzzer signal. 

The crush test was performed by means 
of a 12,000-pound Southwark Universal 
hydraulic testing machine® by which an 
increasing compressive force was applied 
to the cable specimen through a flat 2V8- 
inch diameter plate. The point at which 


the specimen was reduced to one-half its 
original diameter was noted as was that 
at which a buzzer signal indicated a 
ground. The data showing compressive 
force in pounds versus distance between 
plates are summarized in Table III, hav¬ 
ing been previously plotted in detail in 
Fig. 2. 

Discussion of Mechanical Tests 

The impact test results presented in 
Table II show that the aluminum- 
sheathed control cable, as represented by 
3-conductor no. 14 AWG specimens, is 
more resistant to repeated impact than 
similar sized interlock-armored cables of 
either steel, bronze or aluminum, and non- 
metallic-finished cables, as well as EMT 
with type-T installed therein. As would 
be expected, the standard heavy-wall 
rigid steel conduit is more resistant to re¬ 
peated impact. The results of each test 
run are shown separately, and the wide 
variations are due primarily to the varia¬ 
tions in the geometric arrangement of the 
conductors with respect to the U-shaped 
head on the weight. 

While the 3-conductor no. 4 AWG 
eiqierimental specimens are not in tlie 
category of control cable, test results on 
them are included to show the relative 
strength of the seamless aluminum sheath 
versus a typical bronze interlocked armor 
finish in the larger sizes. The experi¬ 
mental cores were identical; and analysis 
of the results, with respect to the antici¬ 
pated point at which electric grounds 
should develop, indicated that some re¬ 
design of the core components was de¬ 
sirable regardless of the type of outer 
covering. On a comparative basis, the 
seamless aluminum sheath again showed 
some advantage. 

The crush test data, summarized in 
Table III, were plotted in Fig. 2 before 
the values for the table were picked off. 
Many tests were run, and the accuracy 
was much greater than could be daimed 
for the impact test. In successive speci¬ 
mens, it was not infrequent for the points 
to be identical. Study of curves 1 and 3 
in Fig. 2 will show that with identical 
cores, the seamless aluminum and copper 
sheaths have virtually the same shape, and 
that they practically coindde. Using as a 
criterion the compressive force required to 
squeeze the specimens to one-half their 
original over-all diameter, it will be 
noted that in the 3-conductor no. 14 
size, the seamless aluminum-sheathed 
cable is superior to the interlock-armored 
cable, the nonmetaUic-covered cable, and 
EMT. In ultimate compressive strength, 
as indicated by the buzzer signal, this 
same rdationship also hdd true. Unfor- 

Fbbruary 1956 





Table I. Thickness for Drawn-Down Alumi¬ 
num Sheaths 


Table II. Impact Test Results 


Core Diameter, 

Sheath Thickness, 

Diameter, 

Inches 

Inches 

Nominal, Mils 

0.240 to 0.400. 

. 35 

0.465... 

0.401 to 0.740. 

. 45 

0.625... 

0.741 to 1.0.50. 

. S5 

1.051 to 1.300. 

. 65 

0.645... 

1.301 to 1.560. 

. 75 

1.661 to 1.820. 

. 85 

0.625... 

1.821 to 2.060. 

.. 96 

2.061 to 2.300. 

_;.105 

0.425... 

2.301 to 2 .5.50. 

.115 

2.661 to 2.800. 

.125 

0.700... 


tunately, no bronze interlock-annored 
cable was available for direct comparison 
with specimen no. 6. 

By way of rationalizing the impact and 
compression resistance of these various 
cables or wiring systems, it may be noted 
that, within limits, a compact solid core 
with a snug-htting and substantial metal¬ 
lic sheath is inherently stronger than 
relatively loose-fitting metallic coverings 
of a similar strength over cores with little 
or no supporting fillers. This is true 
whether these metallic coverings are inter- 
loclc-armor or the thin-wah EMT. The 
heavy-wall rigid conduit is obviously be¬ 
yond the limits. To explain further, the 
circle has the smallest possible circum¬ 
ference for a given area or cross section, 
and when a compressive force is applied 
to a compact solid core with a snug-fitting 
metallic sheath, this sheath must stretch 
as the specimen is squeezed out of round; 
the tensile strength of the sheath is a 
major factor in its resistance to compress- 
sion, and hence the shape of the curves 1, 
3, and 6 in Fig. 2. On the other hand, 
the empty aluminum tube, curve 7, and 
the interlock-armored cables and EMT 
were not filled solid, and collapse of the 
shell-like walls was accomplished by a 
relatively minor bending force. It is ob¬ 
vious that an easily stretched metal like 
lead would not suffice, and that a hard¬ 
ened aluminum sheath is desired where it 
is both a moisture barrier and armor. 

EltBCtrical Tests 

A study of the dielectric strength of the 
completed cable after various degrees of 
binding, and at devated temperatures, is 
desirable to assess its ability to withstand 
the rigors of installation and service. Ac¬ 
cordingly, the 3-conductor no. 14 silicone- 
rubber aluminum-sheathed cable was 
bent and tested as detailed in Table IV. 
Neither severe bending nor elevated tem¬ 
peratures made any significant dbange in 
its excdlent didectric strength level. 

To demonstrate the inherent moisture 
resistance of the insulation, a 10-foot 


Description 


No. of Blows to Cause Failure 

Test --- 

Series Test! Test 2 Tests Average 


0.465.S-cdr* no. 14, V«<-inch silicone rubber 35-niil.(a). •. 

aluminum sheath 

0.625.3-cdr no. 14, Vw-inch rubber-type-22 inter¬ 

locked steel armor 

2- cdr no. 14, ‘/M-inch PVCf type-T, nylon-.(a). 

interlocked steel armor 

0.525.2-cdr no. 14, V«4-inch type-22 interlocked 

aluminum armor 

3- cdr no. 14 with ground wire, Vu-inch PVC. 21 

type-NM, braid finish 

Four 1-cdr no. 14, Vw-i^ch PVC type-T in 
V*-inch electrical metallic tubing 

0.840.Four 1-cdr no. 14, s/M-inch PVC type-T in 

rigid metal conduit 

0.610.7-cdr no. 14 (7s), */M-niah butyl rubber 42-. 48 

mil aluminum sheath 

0.930.3-cdr no. 4, 600-volt experimental, 64-mil... .(c). 

aluminum sheath 

1.100.3-cdr no. 4, 600-volt experimental, interlocked.106 

bronze armor 

* cdr» conductor. This also applied to Tables III through VIII. 
t PVC ~ polyvinyl chloride. This also applies to Tables III through VTII. 

(a) . First series of tests. 

(b) , Second series of teats (as checks). 

(c) . Conductors in fiat configuration at center of impact area. 


..(a)... 

.. 20... 

.. 36... 

.. 23 


(b).. 

.. 36... 

.. 20... 

., 24... 

.. 26.1 

..(a)... 

,. 20., 

.. 18... 

.. 10 

.. 16.6 

(b).. 

.. 13.. 

.. 18... 

,. 20... 

..(a)... 

.. 12.. 

,. 10.,, 

.. 16 


(b).. 

.. 10... 

.. 13... 

,. 16... 

.. 12.8 

..(a)... 

.. 19... 

., 2... 

.. 20 


(b).. 

., 16... 

.. 4... 

., 9... 

.. 11.6 

.. 21... 

.. 13... 

.. 22... 

.. 18.7 


.. 26... 

.. 14... 

., 22,,. 

.. 20.7 


.,227.. 



..227.0 


.. 48... 

.. 49... 

.. 38... 

.. 46,0 

..(c)... 

.,177... 

,.145... 

..161... 

...161.0 


..106.. 

..103... 


,.104.0 


length of the 3-conductor no. 14 silicone 
rubber core, without its sheath, was im¬ 
mersed in 20 C water and its insulation 
resistance was determined periodically. 
After 2 weeks it was still above 50,000 
megohms. It follows that end seals are 
not mandatory, nor is there need for this 
aluminum-sheathed system to be vapor- 
tight if a moisture-resisting insulation is 
used on the core conductors. 


Thermal Tests 

Ampacity 

While it is unlikely that control circuits 
would regularly carry loads of 25 or 30 
amperes, or be installed within the walls 
of a typical wood frame building, never¬ 
theless the 3-conductor no. 14 Okotherm- 
insulated aluminum-sheathed cable might 
be called upon to fulfill this function. 


Table III. Crush Test Results 


Type 

No. 


Description of Specimens 


Average 

Pressure, 

Pounds 


Average 

Distance 

Between 

Plates, 

Inches 


i.3-cdr no. 14, VM-inch silicone rubber, 35-mil aluminum sheath. 


2.3-cdr no. 14, */u-iadi rubber type-22, interlocked steel armor. 


3.3-cdr no. 14, Vw-inch silicone rubber, 36-mil copper sheath. 


4.3-cdr no. 14, with ground wire, Vw-iuch PVC, type-27Jl4, braid. 

finish 


6.Four 1-cdr no. 14, */s4-inch PVC type-Pin V*-ir>cb electrical. 

metallic tubing 


6.3-cdr no. 4, 600-volt experimental, 64-mil aluminum sheath. 


7.Empty aluminum tube, 35-mil wall. 


0.0.465 

4,000.0.270 

8,000 (a)*.0.230 

11,000 (b)t.0.190 

0.0.626 

4,000.0.280 

4.600 (a).0.260 

6.600 (b).0.246 

0...0.486 

4,000.0.266 

6.600 (a).0.240 

12,000.0,200 

0.0.426 

2,700 (a).......0.216 

4,000.0.190 

6,260 (b)..0.146 

0.0.700 

2,400 (a).0.360 

4,000. 0.260 

6,925 (b)..0.180 

0.0.930 

4,000.0.606 

8,000 (b).0.626 

10,000. 0.496 

0...,.,0.476 

600. 0.260 

1,000..........0.140 

1.600 . 0,120 

2,000. 0.100 

3,000.0.090 

4,000. .0,080 


* (a) >>> Specimen crushed to half original diameter at this load, 
t (b) Buzzer sounded indicating short circuit to ground. 
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Fig. 2. Crush (est 


Hence, current loading tests were made cable was installed therein. The results 

as a check on its performance under these are shown in Table V. It is obvious the 

conditions. An 11-footby 15-foot by 5-inch cable can easily handle the maximum 

wooden test panel was constructed in load recognized in the National Electrical 

accordance with the Underwriters' Lab- Code^ for a no. 14 AWG cable, as well as 

oratories, Inc., standard setup* without appreciable overloads, without damage 

extra heat insulation in the panel, and the to the cable or supporting structures. 


Arcing 

The effects of continued arcing due to- 
faults between a conductor and the sheath 
would be of interest only if unusually 
high fault current could flow through a 
critical high impedance. Since it is of 
concern to the Underwriters’ Labora¬ 
tories,® tests were made in comparison 
with other types as have been detailed in 
Table VI. 

The setup for the arcing tests involved a 
series circuit with heavy-duty variac, a 30- 
ampere fuse, and an 800-foot coil of no. 
12 AWG insulated wire for the 125-volt 
test and a 585-foot coil of no. 12 AWG 
for the 220-volt test. About 25 amperes 
were caused to flow from the conductor to 
the sheath across a critical gap through an 
arc initiated by short-circuiting the con¬ 
ductor to the sheath with a 1/2-inch car¬ 
bon rod. The potential required to ini¬ 
tiate this was 125 volts in the first group 
and 220 in the second group. It was 
difficult to control and was not self-per¬ 
petuating unless the metal had been arti¬ 
ficially heated to its fusing temperature. 
The correlation with service conditions is 
open to discussion. 

The results of the arcing test are shown 
in Table IV. Molten metal was produced 
in all cases and there were no significant 
differences. If propitious circumstances 
existed, the seamless-sheathed alumi¬ 
num and copper construction would, how¬ 
ever, be less likely to initiate a continuous 
arcing fault because of their inherently 
low ground patli resistance. Once started 
however, the better insulating qualities 
of their dielectric would be favorable to 
long arcing. 


' Table IV. Dielectric Strength Test 

Three-Cdr No. 14 AWG, .2/64-Inch Silicone 
Rubber, Aluminum Sheath 


Specimen Condition At 20 C At 150 C 

Straight section.24.0 kv,., .23.0 kv 

Coiled around diameter 

GXoutside diameter.26.0 kv... .24.0 kv 

Coiled around diameter» 

3 X outside diameter.23.2 kv.... No test 


Table V. Current Loading Test 

Three-Cdr No. 14 AWG 


Table VI. Arcing Tesb 


Conductor 

Connec- 


Temperatore Rise, 
C 


Initiation 

Potential, Description of Specimen, 
Volts No. 14 a:wg 


.2-cdr type-R, interlocked.. 

aluminum armor 
, 2-cdr type-T, interlocked., 
steel armor 

.3-cdr type-It, interlocked., 
steel armor 


tion. No. 
in Series 

Amperes 
per Cdr 

Ambient 

C 

Conductor 

Sheath 

220.. 

2,... 

, .25 .. 

..35.3.. 

... 35.4... 

..29.2 


2,... 

..31 .. 

..40.0.. 

... 47.6... 

..42.6 


3..., 

..20.5.. 

..30.8.. 

... 34.2... 

..27.0 

220.. 

3.,.. 

..26 

..43.0.. 

... 47.0... 

..41.5 


3.... 

. .37 .. 

..53.6., 

...116.6... 

..92.0 



.3-cdr sQicone rub-... 

ber, SS-mil aluminum 
sheath 

,2-cdr type-2t, interlocked., 
^ aluminum armor 

.2-cdr type-T interlocked., 
steel armor 

.3-cdr type-R, interlocked., 
steel armor 

.8-cdr V*4*i»ch silicone,, 
rubber, 85-mil aluminum 
sheath 


Duration of Arc, Seconds 
(Sec) 


.6 .sec; re-established itself, 
in 3 sec 

.15 sec with insulation burn-, 
ing 80 sec 

.16 sec with insulation burn-, 
ing 30 sec 

. 2 sec with core burning 5 sec. 


.40 sec with insulation bum-, 
ing 70 sec 

.15 sec with insulation burn-, 
ing 10 sec 

. 12 sec with insulation burn-, 
ing 50 sec 

.60 sec with flame blown out. 


.60 sec, and then shut off. 


Remarks; Distances in 
Inches 


. arc easily initiated, *A inch 
of armor burned away 
. arch intermittent,'/« inch of 
armor burned away 
. conductors short-circuited 
and fused, armor damaged 
for l>/« inches 

. arc hard to initiate, V* inch 
of sheath damaged, edrs. 
fused 

. arc extinguished when shoi;1> 
circuited to armor which 
damaged for 2 inches 
. arc extinguished when short- 
circuited to armor which 
damaged for >/* inch 
, arc extinguished when short- 
circuited to ^rmor which 
damaged for 1 inch 
.gases blew out arc after 60 
seconds in two tests; in. 
8rd was self sustaining 
until edr fused 
.arc was self-sustaining and 
test shut off dtie to short 
sample 
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Eliminates Conduits 


Table VII. Flame Test 


Description of Specimen, Time to 

No. 14 Failure Contribution to Flame Remarks 


3-cdr with ground wire, NM. . .2 min., 12 sec.intense and flame... braid charred and cdrs bare 

braid fi.nish extended 10 inches over 4-inch area 

above cable 

2-cdr type-E with interlocked... 1 min., 65 sec.some due evolved... core burned out, armor weak 

aluminum armor gases but intact 

2- cdr type-T with interlocked... 1 min., 10 sec.none, but smoking... .armor became cherry red in 

steel armor 1 minute; core burned out 

3- cdr Vm inch silicone rubber,.. .none in 2 hours.. .some between 2 minutes inert except for 10 minutes 

35 mil aluminum shea.th and 12 minutes when gas escaped through ' 

small melted opening, in¬ 
sulating silica formed 

3-cdr Vi« inch silicone rubber,.. .none in 2 hours.. .none.sheath surface oxidized over 

35 mil copper sheath entire sample 


Flame Test 

Since these cables might be subjected 
to an open flame in the event of a fire, it 
would be desirable to ascertain their be¬ 
havior under such conditions from the 
standpoint of: 1. contribution to the 
flame, and 2. circuit integrity. Accord¬ 
ingly, specimens were subjected to the 
flame of a Meeker gas burner at a posi¬ 
tion about 2 inches from the burner tip. 
This burner produces a flame temperature 
of about 1,000 C and can melt the alumi¬ 
num in this test. A potential of 110 
volts was impressed between the conduc¬ 
tors and sheatt, and a TVa-watt lamp 
was inserted in series with the circuit to 
indicate the development of a ground 
to be considered the failure point. 

The results of the flame test are sum¬ 
marized in Table VII. The NM and 
interlocked armor types all failed elec¬ 
trically within a few minutes, whereas the 
seamless aluminum as well as the copper- 
sheathed silicone rubber-insulated speci¬ 
mens would have lasted indefinitely. 
Since the aluminum has a lower melting 


point than the copper, 657 versus 1,083 C, 
and a greater resistance to heat flow, it is 
not surprising that the sheath wall was 
ultimately breached in a fine crack by 
melting after 2 minutes, but even after 2 
hours of intense heating to cherry red, 
the circuit was still good electrically and 
the sheath damage was confined to a 1 Vs- 
inch section. In the course of this heat- 
• ing, the silicone rubber in^ation was re¬ 
duced to a nonconducting silica which 
maintains the insulation level and con¬ 
tinuing service until permanent repairs 
can be effected. 

Cable Utilization 

The data exhibited in Tables II through 
. VII quantitatively establish some signifi¬ 
cant characteristics upon which tlie utili¬ 
zation of aluminum-sheathed control 
cables can be based. Appropriate com¬ 
ments have been presented with each 
test. It now remains to show how these 
seamless, aluminum-sheathed cables can 
be used to advantage. 


Since the primary mechanical, elec¬ 
trical, and thermal properties of this cable 
are equal to or better than that offered 
by EMT systems, interlocked-armored 
cable, and nonmetallic-sheathed cable, 
it follows that the aluminum-sheathed 
cable described could be used safely in 
any installations normally made with 
these methods of wiring. For example, 
this would include exposed and con¬ 
cealed work in dry locations, as well as 
where exposed to the weather, or to 
liquids, chemicals, vapors, or fumes which 
were not injurious to unprotected alumi¬ 
num. Where exposed to destructive 
corrosive conditions, this aluminum- 
sheathed cable should be protected by 
coatings or coverings suitable for these 
conditions. 

This means that aluminum-sheathed 
cables can be installed in place of conduit 
or other types of systems in many ap¬ 
plications. Thus, the frequent problem 
of trying to get a clear line for rigid con¬ 
duit through a maze of existing pipes can 
be solved by forming the aluminum- 
sheathed cable to the most accessible 
route, as illustrated in Fig. 3. The cable 
can be formed easily with standard bend¬ 
ing tools to a radius of six times its out¬ 
side diameter (OD), which is in line with 
normal beiids in conduit installations. 
Bending tools or devices are recom¬ 
mended to prevent the possibility of occa¬ 
sional imsightly localized bends. This 
construction may be fastened in place 
with galvanized iron or aluminum pipe 
clamps at intervals of approximately 6 
feet. 



Fig^ 3. Aluminum-sheatted! cables easily installed around pipes, 
heat exchanges, and other obstructions. Regular conduit clamps 
provide all necessary support for these circuits 


Fig. 4. The flexibility of aluminum-sheathed cables demonstrated by 
twisting right-angle turns made when leaving cable tray. Ease of 
installation by use of cable clamps or trays also shown 
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Table VIII. Silicone-Rubber-lnsulated Aluminum-Sheathed Cable, 0-600 Volts 


No. 18 AWG, 

No. 16 AWO, 

No. 14 AWG. 

No. 12 AWO. 

No. 10 AWG, 

No. 8 AWO, 

No. 6 AWO. 

7X0.0152 In., 

7X0.0192 In., 

7 X 0.0242 In., 

7 X 0.0305 In., 

7X0.0385 In., 

7 X0.0486 In., 

7X0.0612 In., 

2/64 In. 

2/64 In. 

2/64 In. 

2/64 In. 

3/64 In. 

4/64 In. 

4/64 In. 

OD Lbs/M'* 

OD Lbs/M' 

OD Lbs/M^ 

OD Lbs/M' 

OD Lbs/M' 

OD Lbs/M' 

OD Lbs/M' 


1.. 









.0 .WO 

92 

0 .<<90 

139 

0 430 


2.. 

..0.386... 

85.. 

..0.400.. 

.. 97.. 

..0.430.. 

.. 115... 

..0.470... 

.. 139.. 

..0.615.. 

..234... 

. . .0.735. .‘ 

..327.. . 

.'. .0.810.'. 

... 418 

3.. 

..0.400... 

.. 96.. 

..0.425.. 

.. 113.. 

..0.456.. 

.. 138.. 

..0.495... 

.. 182.. 

..0.660.. 

..302... 

...0.785.. 

..434.. . 

...0.885.. 

... 001 

4.. 

..0.430... 

.. 112.. 

..0.456.. 

.. 133.. 

..0.490.. 

.. 171.. 

..0.650... 

.. 233.. 

..0.710.. 

..361... 

...0.865.. 

..624... 

...0.965.. 

... 724 

5.. 

..0.460... 

.. 130.. 

.,0.490.. 

.. 168.. 

..0.645.. 

.. 216.. 

..0.595... 

.. 270.. 

..0.765.. 

..419... 

...0.950.. 

,.662... 

...1.030.. 

... 879 

6.. 

..0.500... 

.. 143.. 

..0.550.. 

.. 187.. 

..0.696.. 

.. 234.. 

..0.655... 

.. 301.. 

..0.850,. 

..497... 

...1.050.. 

..792... 

...1.105.. 

...1,036 

7.. 

..0.600... 

.. 150.. 

..0.550.. 

.. 199.. 

..0.595.. 

.. 252.. 

..0.655... 

.. 323.. 

..0.850.. 

..641... 

...1.050.. 

..842... 

.. .1.105.. 

...1,148 

10.. 

..0.040... 

.. 238.. 

..0.690.. 

.. 288.. 

..0.750.. 

.. 363.. 

..0.825.. 

.. 466 







19.. 

..0.765... 

.. 365.. 

..0.825.. 

.. 444.. 

..0.920.. 

.. 614.. 

..1.015.. 

.. 805 







37.. 

..1.040... 

.. 602.. 

..1.125.. 

.. 834.. 

..1.255.. 

..1.149.. 

..1.385.. 

..1,514 







61.. 

..1.316... 

. .1.073.. 

..1.426.. 

..1,356.. 

..1.580.. 

..1,739.. 

..1.750.. 

..2,446 








* Pounds per thousand feet. 


SiAALL Diameter 

Alumintun-sheathed cables have a rela¬ 
tively small over-all diameter, and a very 
compact and neat arrangement can be 
achieved where multiple runs are in¬ 
volved. This is an obvious asset since 
the great increase in instrumentation in 
modern power plants has placed a pre¬ 
mium on space behind the panel boards 
and in the areas radiating from the con¬ 
trol centers. Where many parallel cir¬ 
cuits are involved, tray installations are 
accomplished easily, as shown in Fig. 4. 
A comparison of the ODs in Table VIII 
with those of other wiring methods will 
be of some interest to designing engi¬ 
neers. 



Fijj. 5. Aluminum-sheathed cables with 
lieoprene protective coverings 


Heat and Flame Resistance 

Conventional nonmetallic sheaths are 
limited in their ability to protect the rela¬ 
tively new classes of high-temperature 
insulations because they tend to harden 
and crack with time or otherwise dete¬ 
riorate. Whether it is a butyl insulation 
rated at 90 C or a silicone rubber com¬ 
pound rated at temperatures up to 200 C, 
an aluminum sheath will provide both 
mechanical protection and a liquid or 
vapor barrier. Cables of this type are 
finding use around generating plants in 
close proximity to boilers. 

Where greater resistance to fire or a re¬ 
duction in the fiore hazard involved with 
nonmetallic-sheathed cables or interlodc- 
armored cables is required, aluminum- 
sheathed cables are available. Where 
circuit integrity, even in event of a fire, 
is desirable, a properly designed silicone 
rubber type of insulated, aluminum- 
sheathed cable should be considered. 
Such cables will not exude flammable 
compound. 

Impervious Sheath 

Since the sheath is a continuous alumi¬ 
num tube it is impervious to liquids, 
vapors, and gases and thereby provides 
complete protection to the insulation 
against attack by agents such as gasoline, 
benzine, kerosene, toluene, crude petro¬ 
leum, natural gases, coal-tar derivatives 
and liquids, as well as other solvents or 
swelling agents. 

Corrosion Resistance 

The sheath discussed in this paper is 
made of EC grade, 99.6% pure altuninum. 
Relative to the other aluminum alloys 
in commercial use, it is in a preferred 
position from the standpoint of corrosion 
resistance. A complete discussion of the 
performance of aluminum in various cot- 
rosive environments is beyond the scope 


of this paper, but ample data are availa¬ 
ble. It should be kept in mind, however, 
that variations in local conditions make 
it difficult to predict witli accuracy the 
life of a given metal, and if possible the 
performance should be checked against 
actual experience in the location under 
consideration. 

These aluminum sheatlis are especially 
resistant to atmospheric corrosion in dry 
locations, as well as to many outdoor 
industrial exposures. For example, alu¬ 
minum conduit was used exclusively in a 
new ammonium-nitrate plant. In an¬ 
other case it has performed well in a sulfur- 



Fig. 6. For dry indoor locations, easy con¬ 
nections to fuse boxes made with regular 
armored cable connectors 



Fig. 7.: Conduit outlet box showing method 
of assembling components 
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Fig. 8. Conduit outlet box with silicone 
rubber watertight seal allowing normal, 
easy terminations or splices 


contaminated atmosphere. A good per¬ 
formance record has been established in 
the petroleum and petro-chemicaJ in¬ 
dustry since it has excellent resistance to 
corrosive attack by petroleum, its prod¬ 
ucts and fractions. It has done well in 
the pulp and paper industry,^ and many 
others. Hollin^worth and Raine^ claim 
that the degree of surface attack which 
can occur in some outdoor industrial at¬ 
mospheres will be directly proportional 
to the amount of soot and electrol 3 d.e 
collected on the metal. 

Investigations by Hollingsworth and 
Ralne in England, where considerable 
aluminum-sheathed cable is in use, have 
shown that when aluminum is embedded 
in Portland cement which hasra pH value 
over 11.0, some pitting corrosion occurs 
during setting, but it is unlikely to be 
serious, and that thereafter it virtually 
ceases. When embedded in plaster, the 
effect is less than with cement. They 
warn, however, not to install it in contact 


with damp whitewashed walls or touch¬ 
ing absorbent mediums, such as per¬ 
manently damp paper or wood. In such 
cases it should be mounted so that there 
win be an air space between it and these 
surfaces. The object is to avoid wall sur¬ 
face electrolytes and local points of con¬ 
tact which have differences in oxygen 
concentration, either or both being capa¬ 
ble of producing active corrosion cells. 

In general, corrosive action on alumi¬ 
num may occur where strong chlorides or 
alkalies are encountered, and with some 
vapors such as from hydrochloric add 
or chlorine. In these cases protective 
coatings or coverings are recommended 
as shown in Fig. 5. It is well recognized 
that aluminum should not be placed in 
direct contact with copper, bronze, or 
brass in wet locations. In contrast, the 
effects of contact with zinc, iron, tin, or 
cadmium are negligible and clamps em- 
plo 3 dng these metals may be used in 
many deposed locations. 

Before leaving this discussion on corro¬ 
sion, it may be noted that a seamless tub¬ 
ing is less likely to be affected by corrosion 
than is a helically applied armor where 
the corrosive media can collect in the 
crevices between the laps. 

Easily Terminated 

The silicone-rubber-insulated alumi¬ 
num-sheathed high-temperature cable 
can be terminated easily by damping in 
junction boxes, just as armored cable 
now is handled. Fig. 6, or by screwing into 
conduit boxes through the use of a box 
connector espedally designed for the 
purpose; see Figs. 7 and 8. It is not a 
complicated or costly fitting, however, 
and can be applied easily; see Fig. 9. 
Since the insulation is moisture-resisting, 



Fig. 9 » Simple terminations to motors and 
control apparatus easily made with aluminum- 
sheathed cables 


end seals are not required to preserve the 
insulation level of the system. In short, 
this cable can be terminated in the same 
way as any other conventional rubber- 
insulated control cable. 

As shown in Fig. 10, the aluminum 
sheath can be removed easily by means of 
a drcular tube cutter used to score the 
surface lightly, and a helical tube cutter, 
used to generate a light helical score, 
after which the aluminum may be peeled 
back with a pair of long-nose pliers. 
Thus the sheath may be removed to ex¬ 
pose the single-conductor lengths needed 
to fan out to the terminal blocks or to 
train along the cabinet frame to various 
locations, sometimes a distance of as 
much as 4 or 5 feet. 



Fig. 10. Removing seamless aluminum sheath 


A—Step 1: Score it lightly with circular tube cutter 

B—^Step 2; Use helical tube cutter From circular score up to cable end, being certain not to cut through sheath 
C—^Step 3: Peel off with pliers as shown 
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Service Bad^round 

While some sporadic experimental work 
with aluminum-sheathed cables had been 
achieved both in this country and abroad 
by the early 1940’s,itremainedfor a world¬ 
wide shortage of lead to become the in¬ 
centive that brought about a commer¬ 
cially practical method of sheathing in 
1948. Since that date, several thousands 
of miles of cable sheathed by the drawing- 
down method have been produced in 
England. The physical properties of the 
metal are now being recognized as an 
advantage for both power and control 
cables. 

After some preliminary work in early 
1949 at New Kensington, Pa., a 26-pair 
no. 22 AWG latex-insulated cable core 
was sheathed by successive operations 
involving first a tube reduction and then 
a tube sinking. This is basically the 
method now employed in making the 
cables described, except that the tube is 
supplied now in long lengths by the pri¬ 
mary aluminum producers for the cable 
makers, who then pull in the core and ef¬ 
fect the drawing-down or sinking. 

The 26-pair aluminum-sheathed tele¬ 
phone cable was installed at Alcoa Point 
Comfort, Tex., plant in 1950, andrecent in¬ 
spection has shown no deterioration. Some 
of this cable had a corrosion-protective 
covering for underground conduit and 
aerial use. The aerial section, incidentally, 
was attached to a messenger by a spinner. 
The unprotected aluminum-sheathed cable 
was exposed to both inside and outside 
atmospheres. The cable was spliced by 
using a 99,90% aluminum sleeve which 
was longer and somewhat smaller in di¬ 
ameter than ordinarily found where lead 
sleeves are used on conventional tele¬ 
phone cables. A lead-tin wiping solder 
was used and the only essential difference 
between this and the standard procedures 
for splicing lead sheath cables was the 
fluxing. 


Since 1950, aluminum-sheathed siU- 
cone-insulated cables have been finding 
increasing applications in generating sta¬ 
tions, glass plants, food-processing plants, 
drying kilns, foundries, and industrial 
plants in general. To cite one case his¬ 
tory, some 3-conductor no, 14 and 6- 
conductor no. 14 cable with neoprene- 
protective covering was installed where, 
due to the presence of large quantities of 
brine, the atmosphere was quite corro¬ 
sive. The estimated job cost, even with 
the protective covering, was slightly 
under a steel conduit job with type TW 
wire, and the actual cost was even less, 
which proved that no installation difficul¬ 
ties developed. Aluminum - sheathed 
cables of all types have been in commercial 
production in Canada since about 1952, 
and some power cables have been installed 
in this country.® 

Summary 

Drawn-down aluminum can be used as 
a control cable sheath that needs no addi¬ 
tional armor. Its hardness, tensile 
strength, and inherent rigidity are charac¬ 
teristics which make it a superior means 
of protecting relatively snwll insulated 
conductors in contrast to the protection 
offered by conventional interlocked armor. 
In tests it appears to have an advantage 
even over electrical metallic tubing. Sili¬ 
cone-rubber-insulated aluminum-sheathed 
cables have unique heat resistance and 
flame resistance and provide a safe wiring 
system for high-ambient service. 

Drawn-down aluminum sheaths can be 
applied over almost any insulation, and 
they could gain utilization for both ex¬ 
posed and enclosed work in dry locations, 
as well as where exposed to the weather, 
to liquids, chemicals, vapors, or fumes 
which are not injurious to unprotected 
aluminum. Where exposed to destructive 
corrosive conditions the sheaths should 
he protected by coatings or coverings 
suitable for these conditions. It is a 


truly impervious sheath which obviously 
excludes deleterious liquids or vapors 
from the insulation. Alumimun-sheathed 
cables with conventional cores can be in¬ 
stalled easily, do not require seals, and are 
economically attractive in the over-all 
installation cost. 

Conclusion * 

A control cable with snugly fitting alu¬ 
minum sheath can withstand impact 
blows and crushing pressure better than 
a similar cable with either braid, lead 
sheath, or interlocked armor of either 
steel or aluminum. A compact solid core 
with a snug-fitting metallic sheath is 
stronger inherently than a loose-fitting, 
partially filled covering of similar material 
since it does not fail by bending as it col¬ 
lapses, but rather by stretching in ten¬ 
sion. Drawn-down aluminum sheaths 
present a means of obtaining an im¬ 
proved, low-cost wiring system. Alumi¬ 
num-sheathed cable should find wide ap¬ 
plication in generating stations, oil re¬ 
fineries, chemical plants, paper mills, steel 
mills, and industrial and commercial es¬ 
tablishments in general. 
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Discussion 

Robert £. Wilson (Consultant, Richmond, 
Calif.): We are completing the design and 
presently making the take-off for the entire 
branch light and power •wiring for a new 
factory. 

As in the case of our first limited installa¬ 
tion (Figs. 4, 6, and 9) we chose this cable, 
protected with neoprene and cable tape, due 
to the corrosive nature of the product 
handled; namely, sauerkraut. The plaat 
in which we made the first installation a year 
ago reports absolutely no trouble, 
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One thing which we have found in connec¬ 
tion with this type of cable (another make, 
using copper for the sheath), is that when in¬ 
stalled with solid metallic glands for water¬ 
proofing the entry into a box, and subject 
to vibration, the sheath will fatigue and 
crack at the gland. 

In the Okotherm installation we used a 
rubber-bushed compression fitting wil small 
brass grounding prongs for the connection 
to boxes. The resiliency of the rubber evi¬ 
dently prevents fatigue in the ^eath at that 
point, which results in a satisfactory installa¬ 
tion. 


A. R. Lee aiid E. L. Crandall (General Elec¬ 
tric Company, Bridgeport, Conn.): The 
author is to be cpn^atulated on a well- 
prepared and worth-while contribution to 
the art of cable design. There is no doubt 
that.an integral aluminum sheath as cover: 
ing for cables with many types of insulations 
will offer the advantages outlined by the 
author. The company with which the dis¬ 
cussers are associated has done a considera¬ 
ble amount of basic development in alumi¬ 
num-sheathed cables using the draw-down 
method. As a result of this work we would 
like to state that, ip general, our conclusions 
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Fig. 11. Inside of aluminum tube showing 
air bubble encountered in press stop area 
(magnification 3x) 


agree very well with those of the author. 
However, we would like to add a few com¬ 
ments. 

First, it is noted that the author states 
the lengths of cable that can be produced by 
the draw-down method are limited to 500 
feet, and he indicates that this limit is set 
because of the use of selected seamless tub¬ 
ing which has been extruded from a single 
billet. It should be pointed out, we believe, 
that the limits of lengths may be either 
longer or shorter than the 500 feet indicated 
in the paper depending on the diameter of 
sheath to be obtained, its associated wall 
thickness, and lengfth of tubing available 
from suppliers. 

For many applications of control and 
power cable, longer lengths than can be 
currently provided by single billet tubing 
are desirable. However, at the present time 
there may be precautions necessary in using 
multiple billet tubing. For example, Fig. 11 
shows a blister, due to the entrapment of air 
in the press stop area, encountered in a 
length of tubing produced by the multiple 
billet method. It should be noted that this 
blister occurred on the inside of the tube 
where it would be difficult, if not impossible, 
to detect. In Fig. 12, using, a magnification 
of 25X, it will be noted that this blister de¬ 
stroyed effectively about one half the wal 
thickness of the Wished tube. This prob¬ 
lem of flaws or other defects in the stop 
mark area, of course, are very similar to 
those experienced in the wire and cable in¬ 
dustry in the production of lead sheaths 
some 30 years ago. 

It is felt, however, that aluminum sheath¬ 
ing may be applied by the draw-down 
method from tubes extruded by the multiple 
billet process provided the diaracteristics 
of the metal in the press stop and weld area 
can be improved by proper extrusion and 
foundry practice to tlie point where it is the 
equivalent of the metal produced by the 
single billet extrusion. It is hoped that the 
producers of aluminum tube will give con¬ 
sideration to the problem, and will work to 
the end of producing multiple billet extru¬ 
sions free from sudi defects. 

We note that the author shows mechani¬ 
cal tests—^impact, crush, and compression^— 
and compares the strength of an aluminum- 
sheathed cable with cables having an inter¬ 
locked armor. We note that the cable con¬ 
structions utilizing interlocked armor did 
not have fillers. We would, therefore, ex¬ 
pect a somewhat lesser resistance to crush 


and impact when compared with alumi¬ 
num-sheathed cables, which have a fully 
filled construction and an asbestos binder 
tape which acts as a cushion. We would ex¬ 
pect results obtained on interlocked armor 
having a fully filled core to be considerably 
greater than that indicated in the paper. 
Furtlier, the author does not tell us the 
thickness of strip used in the interlocked 
armor constructions, but we would assume 
these to be 20-mil-thick strip for the steel 
and 25 mils for the aluminum according 
to normal commercial practice. This is 
compared with the 35-mil-thick aluminum 
sheath and again we would expect the re¬ 
sults to come a good deal closer together if 
the constructions had the same thickness of 
metal. 

It is further noted that the paper indi¬ 
cates that aluminum-sheathed cables may 
be installed with a radius of six times the 
cable outside diameter with proper bending 
tools. We believe that a word of caution 
should be inserted to indicate that this does 
not apply to pulling such cables around 
sheaves or corners having radii six times 
the cable outside diameter. It is well es¬ 
tablished that sucli bending will cause 
buckling of the aluminum sheath. Fur¬ 
ther, it should be noted that the minimum 
bending radius, using bending tools, will 
still be determined by the allowable bending 
radius of the insulation used in the cable 
construction. 

As a minor point of correction, we note 
that the paper states that EC grade alumi¬ 
num is 99.6% pure, whereas the standard 
specifications normally list this material as 
being 99.45% m,inimum aluminum. How¬ 
ever, it is noted that EC grade almninum 
obtained at this time commercially will 
usually analyze about 99.6%. 

As a point of fiuther interest, we have 
produced a silicone-rubber-insulated cable 



Fig. 12. Longitudinal cut through air bubble 
of Fig. 11, showing approximate 50-per-cent 
reduction in tube wall thickness (magnifica¬ 
tion 25x) 


very much similar in construction to that 
described in the paper. The electrical 
characteristics of our cable, over the range 
of conditions investigated, agree very well 
with the results described in this paper.. 


Philip J. Croft (Canada Wire and Cable 
Company Limited, Toronto, Ont., Canada): 
The author is to be complimented on a 
worthy addition to the growing volume of 
useful literature on the subject of aluminum- 
sheathed cables. 

Although the title of the paper indicates 
its preoccupation with cables for control 
circuits, its content deals also with power- 
wiring auxiliary circuits involving high 
ambient temperatures, in which the par¬ 
ticular advantages of a silicone-rubber in- 



Fig. 13. Plot of longitudinal sheath resistance against cable diameter 
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sulant are also sigfnificant. There does not 
appear to be any essential connection be¬ 
tween the use of silicone-rubber insulation 
on the one hand, and of aluminum sheating 
on the other, but a combination of the two, 
in high-temperature moist applications, is 
impressive. 

In Canada, there is a valuable voltune of 
experience with aluminum-sheathed cables 
of all kinds, including control cables and 
auxiliary circuit wiring cables. In our 
country, where such cables are used by 
utilities in locations such as central power 
stations and substations which are not open 
to tlie general public, they are not usu^ly 
considered within the purview of the Code 
authorities. When the same cables are 
used in industrial plants, however, they must 
be of types approved in accordance with our 
Code, which is entirely similar to the 
National Electric Code in the United States. 
As a result, the manufacturers have put for¬ 
ward for approval numerous t3T3es of alu¬ 
minum-sheathed cable, commencing with 
the 2?if-rubber-insulated type in greatest 
demand, but now including several asbestos- 
insulated types, for operation up to 200 C 
conductor temperature (about as hot as one 
would wish to operate a copper wire). 
Silicone-rubber cables have been manufac¬ 
tured and will be submitted for Ca n adian 
Code approval in due course. The advan¬ 
tage of this nonhygroscopic rubber-like in¬ 
sulation, as compared to asbestos, is espe¬ 
cially significant at joints and terminations 
of the mechanical type which are popular 
in such applications. 

With regard to the aluminum sheathing 
itself, it is interesting to note that the tests 
for mechanical strength, etc,, reported by 
the author, follow along the same lines as 
those conducted by tlie laboratories of the 
Canadian Standards Association, upon 
which Code approval was granted. The 
test results are entirely similar. 

The author states that “if the sheath 
thickness is plotted against maximum core 
size, the residt is a straight line" and I take 
it he is referring to the maximum core size 
for any particular selection from a group of 
standard tube sizes. In my company’s 
method of manufacture, a series of standard 
extruded-aluminum tube sizes are used, 
varying in diameter in steps of 1/4 inch, and 
in thickness-of-wall in steps of 6 mils. As the 
variations in possible core diameter are 
practically infinite, the draw-down varies 
within the limits of about 16 to 30%. Thus 
the plot of which the author speaks is not a 
single straight line, but an ascending stair¬ 
case consisting of short portions of a munber 
of straight lines. 

Conversely, the plot of longitudinal sheath 


resistance against cable diameter is a de¬ 
scending staircase consisting of short por¬ 
tions of a number of curves, each one of 
which is a hyperbola. Such a curve, with 
values corresponding to our standard pro¬ 
duction, is shown in Fig. 13. 

This matter of sheath resistance is assum¬ 
ing a good deal of importance with us. As 
the Canadian Electrical Code permits the 
use of the sheath for the grounding of non¬ 
current-carrying parts, our inspection 
authorities are showing great interest in this 
characteristic. 


S. J. Rosch (Anaconda Wire and Cable 
Company, Hasting^-on-Hudson, N. Y.): 
The au&or has presented an interesting 
case for a type of cable construction that 
has considerable merit in meeting the de¬ 
mands for a t 3 rpe of insulated cable intended 
for operation under ambient conditions 
higher than normal. I would, however, take 
strong exception to his statement that the 
altuninum-sheathed Okotherm cable may be 
used at temperatures up to 200 C. No data 
have been advanced to indicate that this 
construction would be suitable for use even 
at 160 or over 100 C for continuous opera¬ 
tion. 

At a technical session of the AIEE 
1965 Winter General Meeting, in discussing 
the paper on MI cable which employs a 
copper instead of an aluminum sheath, we 
criticized the authors for advocating a 200 
C temperature for the MI cable because it is 
our feeling that copper may not be operated 
continuously at temperatures in excess of 
160 C. I would therefore suggest that the 
author revise the maximum operating tem¬ 
perature of his aluminum-sheathed cables to 
a temperature not exceeding 126 C but 
preferably 110 C in order to avoid future 
complications, particularly at points of con¬ 
nection where insmrance of an adequate 
ground continuity may be highly essential. 


E. E. McEveen: Mr. Wilson’s comments 
are of real interest as they represent the 
views and experience of someone who has 
actually engineered installations of both 
aluminum and copper seamless sheathed 
cables. 

We are particularly interested in the fact 
that tlie rubber bushing in the fitting shown 
in Fig. 7 helps prevent fatigue in the sheath 
at the termination. It is one of those “wind¬ 
fall" advantages which had not been an¬ 
ticipated in the original selection of this par¬ 
ticular fitting. 

With reference to the length limitation, we 
actually said that by limiting the maximum 


length to 600 feet, it permits the use of tub¬ 
ing which has been extruded from a single 
billet. Messrs. Lee and Crandall are quite 
right, the actual length of this tubing may be 
more or less than 600 feet depending on the 
volume of aluminum required for a given 
wall thickness and diameter. We perhaps 
indulged in an oversimplification, the main 
object of which was to indicate the available 
cable lengths was on the order of 600 feet, 
not 1,000 feet or more. 

The two microphotographs. Figs. 11 and 
12, are very much to the point, and serve to 
illustrate the current problem involved with 
welds which are mandatory with tubing 
produced from multiple billets. No doubt, 
advances in the technology of aluminum 
extrusions will eventually solve this prob¬ 
lem. These microphotographs are a real 
contribution to the paper. 

Mr. Croft’s discussion contributes addi¬ 
tional information on this relatively new 
subject, and shows the versatility of the 
aluminum sheath as a protective covering 
for many types of insulated conductors. It 
is of importance that such systems have 
gained acceptance in Canada. Mr. Croft’s 
curve of sheath resistances (Fig. 13) is 
thought provoking in tha.t it highlights the 
possibilities of low-resistance grounding, 
and use as a current-carrsring medium. This 
latter application would, however, invoke 
careful design of the terminal fittings. 

Mr. Rosch questioned the use of either 
aluminum or copper at 200 C. It was not 
intended that these silicone-rubber-insu¬ 
lated aluminum-sheathed cables should be 
rated at 200 C for general use, but rather for 
particular applications, for example, in 
foundries where replacements of ordinary 
rubber is frequent. It is of interest, however, 
that Russell* has conclusively shown that 
with both 40-mil and 32-mil wires, the 
almninum showed no significant oxidation 
at 260 for 286 days whereas bare copper ex¬ 
hibited pronounced oxide peeling from the 
surface. Oxidation was shown to be not an 
important factor for either metal at 160 C. 
In view of the conductors being generally 
made of copper in these control cables, it is 
probable that unless they are protected by a 
metallic coating, the limiting temperature 
might well be 150 C for continuous rating 
with a silicone-rubber insulation. Other in¬ 
sulations with lower ratings would, of course, 
confer their ratings on aluminum-sheathed 
cables of which they become a part. 
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Modern High-Voltage Rubber Insulation 
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R ubber-insulated cables, espe¬ 
cially in the voltage range of 2 to 36 
kv, are being increasingly utilized in the 
expansion of the electrical industry. It 
is anticipated that the output for dass-I 
systems in the United States will be 
approximately 900 billion kilowatt-hours 
in 1963. Such a load will require efficient 
design of the electrical, mechanical, and 
thermal characteristics of the rubber 
power cables in both industrial and utility 
circuits. Furthermore, the cable design¬ 
ers and the operating engineers must have 
a knowledge of modem mbber insulations 
and their properties under various s^ice 
conditions. 

Because of the technological advance¬ 
ments in rubber compounds, there are 
available (high-voltage) insulations which 
are far different from the “India rubber,” 
which insulated the Sommering and 
Schilling cable installed in 1811 across the 
Isar River near Munich. 

One of the earliest mbber-insulating 
compounds devdoped in this country was 
the so-called oil-base type. Cables in¬ 
sulated with natural-rubber oil-base com¬ 
pounds were installed for communication 
and other low-voltage services in the 
1860’s. There is no standard definition 
of an oil-base compound; however, in 
general, it contains various vulcanized 
vegetable oils, bitumens, reclaimed rub¬ 
bers, and either natural or (GR-S) 
synthetic rubbers. Of course, these com¬ 
pounds also contain other chemicals for 
vulcanization, resistance to oxidation, and 
other desired properties. 

Although oil-base rubber power cables 
have been and are being installed for 
many types of service, cable engineers for 
years have recognized the need of a rubber 
insulation with operating characteristics 
which wa'e not attainable with that 
type of rubber compound. 

The devdopment of S3mthetic mbbers 
in recent years has provided a material 
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AIBB Committee on Technical Operations for 
presentation at the AIBB Fall General Meeting, 
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which, when properly used in a rubber 
compound, results in an insulation having 
greater resistance to deterioration from 
heat, aging, ozone, and moisture than was 
previously available. This synthetic 
rubber is butyl which was devdoped in 
this country in 1937 as a result of research 
by R. W. Thomas and W. J. Sparks of the 
Standard Oil Company of New Jersey. 
Butyl rubber is described by the chemist 
as a hydrocarbon with a much lower 
degree of unsaturation than either natural 
rubber or GR-S S 3 mthetic rubber. Since 
the tendency to oxidize and deteriorate 
from ozone decreases with the lowering of 
the unsaturation, the saturated bonds of 
butyl permits the compounding of a 
rubber insulation haying better aging 
properties, greater resistance to heat, 
and lower susceptibility to ozone than is 
possible with other rubber-insulating com¬ 
pounds. The moisture-resistant proper¬ 
ties have also been improved. 

Since the commercial production of 
butyl in March 1943, there has been an 
increasing quantity of butyl-rubber power 
cables installed under various service 
conditions such as aerial, submarine, 
direct burial in the earth, in conduits, and 
in ducts. 

The purpose of the paper is to present 
the characteristics and the effects of en¬ 
vironments and service conditions upon 
modem rubber insulations for power 
cables. Only natural and synthetic oil- 
base and butyl-rubber compoimds are 
considered. 

Cable Constructioii and Service 
Conditions 

Cablb Construction 

Although the purpose of this paper is to 
present the characteristics of oil-base and 
butyl-mbber compounds, it is necessary 
to consider the various types of cable con¬ 
structions in which these insulations are 
used. Rubber-insulated power cables in 
this country for operation in the voltage 
range of 2 to 35 kv have in general the 
following basic design features: 
Conductor: 

Copper or aluminum; solid (usually not 
used over 6 kv and for sizes larger than 8 
American Wire Gauge); class-B stranding 


(Insulated Power Cable Engineers Associ¬ 
ation (IPCEA) or American Society for 
Testing Materials (ASTM)); class-C strand¬ 
ing (IPCEA or ASTM). 

Conductor coating: 

Tin, lead, or lead alloy coating (aluminum, 
no coating). 

Strand shielding: 

Conducting material is applied over the 
surface of the conductor and vulcanized, or 
firmly bonded, to the inner surface of the 
insulation. 

Insulation: 

Ozone-resistant rubber compounds. 

Tape: 

When a metallic shield is recommended, it is 
spiralled over a rubber tape and/or a paper 
tape or a semiconducting layer. Noii- 
shielded cables may have a braid or a rubber 
tape over the insulation. Single-conductor 
nonshielded cables are manufactured with a 
mbber (neoprene) jacket directly over the 
insulation. 

Shielding tape: 

When shielding^ is required, in general a 
metallic non-magnetic tape of suitable 
width and at least 0.0025 inch thick is 
spiralled over the insulated (taped) con¬ 
ductor. Although most metallic shields are 
of tinned copper. Monel, stainless steel, 
bronze, and aluminum metals are used. 
(6-kv single-conductor cables with semi¬ 
conducting mbber jackets are in service.) 

Multiconductor cable: 

Individual conductors are cabled together 
and interstices filled with suitable materials 
to make a round and compact unit. A 
cable tape is often used to bind the con¬ 
ductors together. 

Protective coverings: 

Modem mbber-insulated cables have vari¬ 
ous types of protective coverings such as 
lead, fibrous materials, flat metallic tapes, 
and round wire metallic armor. Except for 
submarine services, most mbber cables are 
protected by a neoprene jacket. Other 
types of thermosetting materials (natural. 
Buna- and butyl-mbber compoimds) and 
thermoplastics (polyvinyl chloride, poly¬ 
ethylene) are also used for nonmetalhc 
sheaths. 

The cable design, especially the type of 
covering, depends upon the service condi¬ 
tions. Each installation should be con¬ 
sidered separately in order to choose the 
rubber cable best suited for the service. 
A detailed discussion of cable construc¬ 
tions is not within the scope of this paper. 

Servicb Conditions 

In evaluating rubber insulations, it is 
necessary to have a knowledge of the en¬ 
vironmental conditions and the deteriorat¬ 
ing accelerating conditions in which the 
materials may operate. Obviously, it is 
not possible to list all of them; however, 
there are certain ones which are common 
to many installations such as those listed 
in Table I. Evaluating a cable insula¬ 
tion involves recognizing first the value 
of various characteristics needed for the 
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service and, secondly, the hazards or 
deteriorating influences present in the 
service conditions and. their effects 
thereon. 

There has been a trend in this country, 
since the 1920’s, to use nonmetallic rubber 
cables, i.e., to use cables protected by 
other than a continuous metallic sheath, 
such as lead. The only true barrier to 
many outside environments is a metal 
sheath. As ejcamples, water and air 
diffuse through thermosetting and 
thermoplastic jackets and, of coiuse, 
fibrous coverings, armor wires, and 
metallic tapes are poor barriers to such 
action. It is for this reason that all non¬ 
metallic cables are subjected to two 
nearly universal environments, namely, 
oxygen and water. 

Another possible service environment 
to which high-voltage rubber may be ex¬ 
posed is ozone. Insulated conductors 
operating at a high voltage, unless per¬ 
fectly shielded electrically, may be ex¬ 
posed to ozone at the surface of the in¬ 
sulation because of the ionization of the 
air in the electric field. It has been 
proved in both the laboratories and in field 
installations that such an action may cause 
cutting of rubber, which results in cable 
failure caused by a decrease in the di¬ 
electric strength. Since it is not possible 
to perfectly shield electrically, the in¬ 
sulation, the effect of ozone upon the 
rubber must be considered in the evaluat¬ 
ing studies. 

Rubber insulations, like other organic 
materials, are affected by heat. Power 
cables, unlike control and communication 
cables, operate at temperatures usually at 
least 20 degrees centigrade (C) above 
ambient temperature because of the heat 
generated by the current in the conductors 
and the dielectric loss. The rate of 
deterioration from oxidation and moisture 


increases with an increase in temperature. 
In other words, the service life of a rubber- 
insulated cable depends not only upon the 
direct effect of such environments as air, 
water, ozone, etc., but upon the accelera¬ 
tion of their effect caused by the in¬ 
fluence of heat. 

No matter how well-compounded a 
rubber insulation may be, to have a pro¬ 
longed physical life under many types of 
service conditions, it is of no value unless 
it has the proper didectric strength. Not 
only must the a-c dielectric strengfth be 
considered but the d-c and the impulse 
strength of the insulation should be eval¬ 
uated. 

It is not possible, within the limitations 
of a single paper to report and evaluate 
the effect of all types of service conditions 
to which a high-voltage rubber cable in¬ 
sulation may be subjected. For this 
reason only the most prevalent environ¬ 
ments and accelerating factors are con¬ 
sidered, namely: air (o:jqrgen), water, 
ozone, heat, and voltage. 

Obviously, it is not feasible to expose 
rubber insulations to these conditions for 
20 to 40 years to determine their proper¬ 
ties. As in the development of other 
equipment used by the electrical industry, 
accelerated tests are utilized by the cable 
research engineers in developing new 
products. Over a period of nearly 40 
years, accelerated aging tests have proved 
of value in predicting the aging properties 
of rubber compounds. The value of 
carefully controlled accelerated tests has 
been great and has produced in a reason¬ 
ably short time surprisingly accurate in¬ 
formation on long-time.actual perform¬ 
ance. 

Comparative Properties of Oil-Base 
and Butyl-Rubber Ins ii1fltioin.s 


Table I. Cable Service Environntenfs and 
Deteriorating Accelerating Conditions for 
Nonmetallic Sheathed Cables 


Service 

Envirooinents Source 


Oxygen. 


Water. 


(air 

1 free oxygen in water 
' surrounding medium for subma¬ 
rine service 

wet ducts and manholes 

ground water 

condensation 

rain 

snow 


Ozone. 


{ corona discharges in cable electri¬ 
cal discharges external to cable 


Deteriorating 

Accelerating 

Conditions 

Temperature.heat from currents and/or ambi¬ 

ent conditions 

Electrical stress.. impressed or induced voltage 


Aging and Heat-Resistant 
Characteristics 

Before discussing the stability of high- 
voltage oil-base and butyl-rubber com¬ 
pounds it must be firet recognized that 
the common reference to a “rubber in¬ 
sulation,” is technically incorrect. Rub¬ 
ber insulations do not consist of 100-per¬ 
cent natural or synthetic rubber. Vari¬ 
ous materials are compounded with the 
rubber to obtain vulcanization and desir¬ 
able characteristics. As an example, oil- 
base rubber compounds, as previously 
mentioned, may contain vulcanized 
vegetable oils, bitumens, reclaimed rub¬ 
bers, and a small po'centage of either 
natural or (GR-S) S 3 mthetic rubbers. 
Similarly, butyl-rubber compounds con¬ 
sist of several ingredients. Obviously 
there is a variation in both the ingredients 


and the percentages thereof in the fubbei* 
compounds of various manufacturers. It 
is for this reason that all data and in¬ 
formation relative to the properties of oil- 
base and butyl-base rubber compounds 
given in this paper should not be con¬ 
sidered as being catholic but indicative. 
The deterioration of rubber compounds 
with age is generally considered to result 
from the combined action of oxj/^gen and 
heat, plus, of course, the influence of other 
environmental factors which may be 
present, such as microbial life, moisture 
light, and ozone. Rubber chemists have 
introduced certain substances called anti¬ 
oxidants which retard the attack of 
oxygen on rubber. Over the years these 
materials have extended the useful life of 
rubber compounds manyfold. However 
these materials have been largely selected, 
on the basis of empirical tests which 
showed one material to be superior to¬ 
others. Ordinary shelf-aging or service¬ 
aging is far too slow for this purpose, so 
that it has been necessary to devise cer¬ 
tain so-called accelerated aging tests 
to determine which materials would give 
improved aging qualities. 

The first of the accelerated aging tests 
was the air-oven aging test developed by 
W, C. Geer in 1916. This consists 
essentially of blowing a current of air 
at an elevated temperatme past the speci¬ 
mens under test. Experience extending 
back neatly 40 years indicates that this 
test has been extremely valuable in select¬ 
ing better age-resisting compounds. 

Originally, these tests were carried out 
at 122 degrees Fahrenheit (F) (50 C) to 
158 F (70 C) bat, as compounds were im¬ 
proved, service demands became more 
severe so that tire test temperature was 
gradually raised to accderate the effect of 
the increased severity of service. For ex¬ 
ample, when copper operating tempera¬ 
tures were 122 F (50' C), a test tempera¬ 
ture of 158 F (70 offered a certain 
amount of acceleratiorr, 'With copper 
operating temperatures mcreasiag to 185 
F (85 C) it is apparent that the test 
temperature needs to be- raised to 
values to offer any meaguire of wait- 
ability of the insulations; for servfce ait 
that temperature. 

The air-oven test is a measure* of thie 
effect of heat and oxidation on ruibber 
compounds. However, thereds^theposi^ 
bility that the use of high temperart-ore 
may overemphasise the eff^ of heat 
rrithout sufficiently accelerating: the- rede 
of oxidation in the process. For this; 
reason the oxygen-pressure aging (so*- 
called o:^gen bomb) test was brought out 
by Bierer and Davis in 1924. Bi- this;, 
test rubber-compound specimens'' are 
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Table II. Standard Accelerated Aging Tests 
ifor High-Voltage Insulation, 4 Stranded, 
0.156-Inch Wall 


Tests 

Natural 
Rubber 
Oil Base 

GR-S 

Base 

Butyl 

Tensile Strength, Pounds 
per Square Inch, Un- 
aged. 

..750... 

..850.. 

..850 

Per cent of unaged tensile 
strength 

Air-pressure heat test, 
20 hours, 260 P, 80 
pounds per square 
inch. 

.. 65... 

..105.. 

.. 08 

Oxygen-pressure heat 
test, 7 days, 176 F, 
300 pounds per square 
inch. 

.. 60... 

..125.. 

.. 95 

Air-oven heat test, 7 
days, 250 P.. 

..105... 

..145.. 

.. 99 

Elongation, Per Cent, 
Unaged. 

..500... 

..350.. 

. .500 

Per cent of unaged elon¬ 
gation 

Air-pressure heat test, 
20 hours, 260 F, 80 
pounds per square 
inch. 

... 20 ... 

.. 55.. 

.. 68 

Oxygen-pressure heat 
test, 7 days, 176 F, 
300 pounds per square 
inch. 

... 25... 

.. 70.. 

.. 65 

Air-oven heat test, 7 
days, 250 P. 

... 15... 

.. 20 .. 

.. 48 


Table ill. Prolonged Exposure to Acceler¬ 
ated Aging High-Voltage Insulations, 14 
Solid, 0.047-Inch Wall 



Natural 



Rubber 

GR-S 


Oil 

Oil 

Tests 

Base 

Base Butyl 


Per Cent of XJnaged Ten¬ 
sile Strength 
Air-pressare heat test, 

80 hours, 200 F, 80 
pounds per square 

inch.0.60.94 

Oxygen-pressure heat 
teat, 1 year, 176 F, 

300 pounds per square 


Air-oven test, 1 year. 




260 P. 

...0..., 

... 0.. 

..45 


Per Cent of IThaged Elon¬ 
gation 

Air-pressure heat test, 

80 hours, 260 F, 80 
pounds per square 

inch...0.... • •. 10 • •; • • 62 


Oxygen-pressure heat 
test, 1 year, 176 F, 
300 pounds per square 



. ,0_ 

... 0... 

,..38 

Air->ovexi test, 1 year, 
OKH w . 


.0... 

...25 



aged in oxygen under a jpressure of 300 
pounds per square inch for various times 
usually at a temperature of 158 F (70 C) 
or 176 F (80 C). This test is primarily for 
determining the relative resistance to 
atmospheric oxygen (aging, quality) of 
rubber stocks whidi are not expected to 
be exposed in service to abnormal heat or 
other unusually severe aging temperattires. 
A test at 176 F (80 C) in the oxygen bomb 
is approximately twice as fast in pre- 



Fig. 2. Effect of 
oxygen - pressure 
aging on high-volt¬ 
age insulations 



dieting time to a given deterioration as a 
test at 168 F (70 C). The oxygen bomb 
test can be used, therefore, to check on 
the prediction of the air-oven test. It is 
not inconceivable that a compoimd might 
show excellent relative life at a high 
temperature and yet not have unusually 
‘good normal temperature aging which is 
thought to depend more upon the effect 
of oxygen unaccompanied by excessive 
heating. However, if a compound shows 
good resistance to deterioration in both a 
high-temperature (121 C) air-oven test 
and in the oxygen bomb test, it seems 
reasonably certain that it will have good 
aging qualities in service. 

As a further attempt to predict the be¬ 
havior of rubber compounds in severe 
conditions of heat and oxidation, the XJ.S. 
Rubber Company in the late 1920’s 
devdoped the air-pressure heat test which 
consists of aging rubber specimens in air 
at 80-pound-per-square-inch pressure and 
at 260 F (126 C), usually for a period of 
20 hours. Although designed particularly 
as a means for evaluating truck inner 
tubes which operate at high temperatures 
and pressures, this test has proved useful 
in devdoping compounds for use in un¬ 
usually severe service conditions where 
^cessive heat and oxidation are likdy to 
be deteriorating factors. 

It should be pointed out that no one 
nor all of these tests combined can give 


an actual service life prediction in terms of 
years, since service conditions vary 
widdy. These tests are of comparative 
value, however, in predicting which 
compounds are likely to have a superior 




WEEKS AT 250«F 

Fig. 3. Effect of air-oven aging at 250 F 
(121 C) on ozone-resisting insulation 
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life expectancy. For specification pur¬ 
poses it is usually stated that a compound 
shall not suffer more than a specified per¬ 
centage loss in certain physical properties 
such as tensile strength and dongation 
after a rdativdy brief exposure to 
accelerated aging tests as described in 
the foregoing. However, the tests de¬ 
scribed herein have been deUberatdy pro¬ 
longed in an attempt to make the testing 
as rigorous as possible. 

Table II compares the resistance of 
three types of high-voltage insulations 
(with 5-kv walls) to the deteriorating effect 
of the three standard accderated aging 
tests described in the foregoing. The 20- 
hour air-pressure heat-aging and the 7- 
day o:qrgen-pressure aging tests indicate 
that the GR-S oil-base and the butyl 
insulations have approximatdy equal 
aging properties as measured by retention 
of tensile strength and dongation. Both 
appear to be superior to the natural- 
rubber oil-base insulation in these tests. 
In the 7-day air-oven test at 250 F (121 
C), all three insulations show practically 
no drop in tensile strength, in fact, the 
GR-S oil-base insulation increased nearly 
50 per cent. Apparently this is because 
of indpient heat embrittlement since it 
will be noticed that the retention of 
dongation for this compound on this test 


is only 20 per cent as compared with 48 
per cent for the butyl compound. 

Not only do the rdative short-time 
accderating tests indicate the better 
physical stability of the butyl-rubber 
compound as compared to dther type of 
du base but the comparison is confirmed 
by the data obtained from prolonged, 
accderated aging tests. 

Prolonged exposure to the same test 
environment has been made by using a 
smaller conductor size (no. 14 solid) and 
with a thiimer wall (0.047 inch) of insula¬ 
tion to emphasize any differences in aging 
properties of the three insulations. The 
longer tests and the thinnor walls dCarly 
show the longer life expectancy of butyl 
high-voltage insulation when exposed to 
higher than ususd temperatures. See 
Tabd III and Figs. 1 through 3. 

The butyl-rubber compound still re¬ 
tains good physical properties after 80 
hours of air-pressure aging at 260 F (126 
C), 1 year of oxygen-pressure aging at 
176 F (80 C), or 1 year of air-oven aging 
at 250 F (121 C). In contrast, the 
natural-rubber oil-base insulation has no 
dongation after 80 hoturs of air-pressure 
aging, 1 month of oxygen-pressure aging, 
or 1 month of air-oven aging at 250 F 
(121 C). The GR-S oil-base insulation, 
although somewhat better, stiH shows 


almost complete loss of physical proper¬ 
ties after rdativdy short aging periods in 
each of the three tests. 

Butyl-rubber samples show excellent 
retention of physical properties even 
after 3 years in air at either 158 F (70 C) 
or 194 F (90 C). The oil-base compound 
properties are so poor physically that they 
can no longer be tested after approxi¬ 
matdy 1 year in air at 158 F (70 C), 3 
months in air at 194 F (90 C), or 1 week 
in air at 250 F (121C), see Figs. 3 through 
5. Although there were differences 
noted in the tensile and dongation values 
of the GR-S oil-base and natural-rubber 
oil-base insulations reported in Figs. 3 
through 5, they were so small that for 
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Table IV.. Effect of Heat on Butyl 

Exposure Temperature=464 F (240 O 

Time of Exposure=30 Minutes 

Environment=Air 

Thickness of Insulation =0.063 Inch 



Per Cent of Original 

Tests 

Values after Exposure 

Tensile strength. 

.76 

JBlongation.. 

.60 

A-c dielectric strength_ 

.86 

C-c dielectric strength.... 

.95 


simplicity a single curve was used to 
represent both types. Even natural- 
rubber heat-resisting insulations will, in 
general, be mechanically and, thus, elec¬ 
trically worthless after 2 years in air at 
158 F (70 C), 6 months in air at 194 F 
(90 C), or 3 weeks in air at 250 F (121 C). 

Although even 1 week at 250 F (121 C) 
causes severe physical deterioration to the 
oil-base compounds, much longer periods 
of air-oven aging at 250 F (121 C) appear 
to have surprisingly little effect upon 
many of the properties of the new high- 
voltage high-temperature insulations. 
For example, after 11 months in air at 
250 F (121 C), the butyl compound 
showed no decrease in either a-c or d-c 
dielectric strength. Fig. 6, no cracking 
after 10 hours’ exposure to 0.2-perrcent 
ozone by volume (15 times specified in¬ 
dustry required concentration. Table IX), 
no cutting after 50 hoturs at a stress of 
100 volts per mil a-c in the vertical U 
test, and unimpaired electrical stability 
in water at 158 F (70 C), Table V. The 
effect of the severe heat, which an insula¬ 
tion might be subjected to under short- 
circuit conditions, upon the physical 
properties of the two types of rubber 
compounds can be seen in Fig. 7. 

Samples of 5-kv (0.156-inch wall) 
natural oil-base, GR-S oil-base and butyl- 
rubber-insulated conductors were sub¬ 
jected to 450 F (232 C) for 15 minutes. A 
study of Fig. 7 shows the severe deteriora¬ 
tion of both oil-base samples, but no 
visual effect of heat upon the butyl com¬ 
pound, To accentuate its heat-resisting 
characteristics, a butyl-insulated (0.063- 
inch wall) conductor was exposed to a 
temperature of 464 F (240 C) for 30 
minutes, see Table IV. Even after this 
exposure, the sample retained approxi¬ 
mately 75 per cent of its original tensile 
•strength and 60 per cent of its original 
elongation. The a-c dielectric strength 
average approximatdy 85 per cent of the 
original value and the d-c dielectric 
strength depreciated only 5 per cent. In 
an investigation of impulse characteristics, 
a no. 6 stranded conductor with a 0.156- 


inch wall (5 kv) of butyl-rubber insulation 
was heatedfor 20 months at 250 F (121 C). 
At the end of this period, the impulse 
strength was 1,200 volts per mil for a 
1.5x40 wave. The original value was 
1,000 volts per mil. 

Moisture Resistance 

Properly compounded butyl-rubber 
high-voltage insulation has a low-water 
absorption and shows good retention of 
physical properties after prolonged soak¬ 
ing in water at either 158 F (70 C) or at 
194 F (90 C). This can be seen in Figs. 
8 through 10. In each case it will be 
noticed that the values for this type of 
insulation indicate substantial superiority 
of stability over the typical oil-base in¬ 
sulations, included for comparison. 

As a rule, it has been experienced that 
natural or accelerated aging impairs the 
ozone resistance of oil-base high-voltage 
insulation. Similarly, old, or even air- 
oven or oxygen-bomb-aged samples of 
oil-base insulations as wdl as the older 
types of mbber submarine cable insula¬ 
tion will usually show substantially higher 
water absorption and poorer electrical 
stability in water than new, unaged 
samples. 


This does not appear to be true with 
butyl-rubber high-voltage high-tempera¬ 
ture insulation which has good moisture 
resistance, excellent electrical properties, 
and good corona resistance as well as 
good physical properties, even after 
accelerated aging. Fig. 11 shows the 
1,000-cycle electrical stability in water at 
158 F (70 C) for a butyl high-voltage 
insulation before and after air-oven aging 
for 1 week at 250 F (121 C). Although 
both samples show low increases in 
capacitance after 6 months’ soaking, it is 
apparent that the aged sample is the 
better. Electrical stability values in 
water are not shown for the oil-base in¬ 
sulation after 7 days’ air-oven aging at 
250 F (121 C), since after this test the 
physical properties are too poor to permit 
much 'handling . However, the results on 
the unaged sample show its marked in¬ 
feriority to the butyl compound in this 
t 3 q)e of test. 

Much longer periods of air-oven aging 
at 250 F (121 C) have surprisingly little 
effect upon the water-resisting properties 
of the butyl high-voltage high-tempera¬ 
ture insulations. For example, after 11 
months in air at 250 F (121 C), butyl high- 
voltage insulation shows unimpaired 



Fig. 7. Effect of high-temperature heating on ozone-resisting insulation 


Table V. Effect of Air-Oven Aging at 250 F (121 C) on the Electrical Stability of Butyl in 
Water at 158 F/ Wire No. 6 Stranded, 0.156-Inch Wall* 


Change in 



Power Factor, 

Per Cent 

Dielectric 
Constant, 
1-Day Soak 

Capacity, Per Cent 

Tests 

1-Day 

Soak 

8-Day 

Soak 

29-Day 

Soak 

8-Day 

Soak 

29-Day 

Soak 


0 8 

1 o:. 

. 1.0 _ 

. 3.70. 

...1.5.... 

.6.0 

Air-oven-aged at 250 F (121 C) 

n 8. . 

_1.2. 

. 1.9.... 

.3.76..... 

...1.9.... 

.6.2 

8 months.... 

11 months. 

!,.!i.0... 

....1.2, 

. 1.7.... 

.....3.60. 

...2.2,... 

.6.7 

....0.9... 

....1.2. 

.1,6.... 

.3.80..... 

.. .1.7.-. .. 



♦Samples aged in air oven at 260 P then given electrical stability test in water at 168 F (1,000-cycle test). 
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1,000-cyde electrical stability in water at 
158 F (70 C), Table V, an IPCEA 
EM-60 stability factor of only 0.1, 
Table VI, a low mechanical water 
absorption value of 12 milligrams per 
square inch after 7 days at 168 F (70 C), 
Table VII, and is unchanged in insulation 
resistance. Table VIII. 

The outstanding stability of this type of 
insulation is shown by the fact that, in 
each case, butyl-rubber high-voltage in¬ 
sulation after 11 months in air at 260 F 
(121 C) meets the usual specification re¬ 
quirements for ozone resistance, mechan¬ 
ical water absorption, or dectrical 
stability in water—^tests which, as a rule, 
are only applicable to new, unaged 
samples of insulation. For aging of this 
severity no comparable data can be 
offered on oil-base insulations as they 
become worthless after only 1 week or so 
at 250 F (121 C), while these tests are 
after 11 months at 260 F (121 C). 


thickness. 

The oil-base insulations do not possess 
inherent chemical resistance to ozone, 
but their ability to relax physically gives 
them certain resistance to ozone deteriora¬ 
tion, Butyl-rubber insidating com¬ 
pounds are highly resistant to ozone be¬ 
cause of the low unsatufation of butyl. 

For several years there have been in¬ 
dustry specifications for so-called ozone- 
resistant rubber insulations in which it is 
specified that the rubber insulation on a 
conductor shall not show any si^s of 
cracking when bent around a specified 
diameter and exposed to an ozone con¬ 
centration of 0.010 to 0,015 per cent for 
3 horns. This test is for insulations 
when new. 

Both oil-base and butyl-rubber high- 
voltage insulations meet this test when 
properly compounded. However, the 
ability to retain this resistance to ozone 
deterioration with age varies between ithe 


two types of insulations. An example 
of the resistance to ozone of the two 
rubber compounds can be seen by exam¬ 
ining Fig. 12. Two samples of oil-base 
high-voltage rubber-insulated cables and 
a sample of cable insulated with butyl 
were subjected to the 0.015-per-cent 
ozone- and the 0.030-per-cent ozone- 
concentration tests. An interesting fea¬ 
ture of these tests is that the samples were 
from cables approximately 3 years old. 
It will be noted that for both these tests 
the oil-base insulations have ozone cuts, 
whereas the butyl insulation was not 
affected. Three years before the tests 
under discussion were performed, the 
oil-base samples met the requirements of 
the p.OlO to 0,015-per cent ozone con¬ 
centration after a 3-hour test. However, 
even when new, the oil-base in fflila ti o r is 
failed to pass a test of 3 hours without 
cracking in the ozone concentration of 
0.03 per cent. 
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Table VI. Effect of Air-Oven Asing at 250 F (121 C) on the Stability Factor of Butyl/ Wire 

No. 6 Stranded, 0.156-lneh Wall* 


Immersed in Water at 
122 F (SO C) 


Power Factor, Per Cent 


Tests 

Dielectric 

Constant, 

1 Day 

Change in 
Capacitance, 

Per Cent 

1 Day 

14 Days 

StabUity Factor 

40 

Volts 

per 

MU 

80 

Volts 

per 

Mil 

40 

Volts 

per 

Mil 

80 

Volts 

per 

MU 

ltol4 

Days 

7 to 14 
Days 

14 

Days 

14 to 1 
Days 

Before air-oven aging. 

...3.71... 

. 1.4.... 

.0.5. 

..1.0.. 

..1.3.. 

..1.2.. 

..1.6., 

. .0.3. 

. 0 

Air-oven-aged at 250 F 










4 months.... 

...3.61... 

. 1.6.... 

.0.6. 

..0.9.. 

..1.1.. 

..1.4.. 

..1.4., 

. .0 . 

. -0.2 

8 months. 

...3.66... 

. 1.4.... 

.0.6. 

..0.9.. 

..1.0.. 

..1.1.. 

..1.2., 

..0.1. 

. 0 


S 6.<l... 

. 1..S_ 

.0.8. 

. .1.0.. 

. .1.2.. 

..1.2.. 

..1.3., 

..0.1. 

. -0.1 

IPCEA limits on un- 












10 _ 

.3 . 





..1.0..... 

. 0.5 



maxi- 

maxi- 





maxi- 

maxi- 



mum 

mum 





mum 

mum 


♦Stability factor per IPCEA method BM-60 before and after air-oven aging at 260 F (121 C). 


Table VII. Effect of Air-Oven Aging at 
250 F (121 C) on the Mechanical Water 
Absorption of Butyl; Wire No. 6 Stranded, 
0.156-Inch Wall 


7 Days in Water at 
1S8 F (70 C), 
Milligrams per 


Tests Square Ini^ 


Xlnaged. 4.1 

Air-oven-aged at 260 P (121 C) 

4 months. 11.0 

8 months. 8.8 

11 months. 12.0 


These data are very pertinent as they 
indicate that all so-called ozone-resistant 
rubber insulations do not retain this 
property as they age, whereas butyl 
retains this resistance. The stability 
of the butyl-rubber compounds in ozone 
is indicated by the data in Table IX. 
After 11 months in air at 250 F (121 
C), butyl shows no cracking after a 
10-hour exposure to the 0.2-per-cent 
ozone by volume (15 times industry 
required concentration). None of the 
oil-base insulations passed .these tests 
since oil-base insulations become brittle 
after relatively short exposures to air 
at 250 F (121 C). 

Corona Resistance 

Butyl high-voltage insulation has good 
corona resistance as measured by the 
vertical U test and shows no cutting 
after a 70-hour exposure to 100 volts per 
mil a-c stress. GRS oil-base insulation 
also withstands a similar vertical U 
test but, in general, natural-rubber oil- 
base high-voltage insulation fails in a 
relatively short time. 

After 7 days of air-oven aging at 250 F 
(121 C), butyl high-voltage insulation 
still withstands a 70-hour exposure to 


the vertical U test without cracking, 
while GR-S oil-base fails within 0.5 hour. 

Moreover, even after 11 months of 
air-oven aging at 250 F (121 C), butyl 
high-voltage insulation does not crack in 
the vertical U test with exposures of 
up to 70 hours; see Table X. 

Dielectric Strength 

Among the obvious requirements of a 
high-voltage cable insulation is one of 
proper dielectric strength. Based upon 
the thickness of insulation specified by 
the IPCEA and upon phase-to-phase 
60-cycle alternating voltages of 5 to 
15 kv, rubber-insulated cables are opera¬ 
ted at an approximate average voltage 
stress of 30 volts per mil and at a maxi¬ 
mum stress generally not over 60 volts 
per mil. 

Although the dielectric strength of a 
short length of insulated cable may be 
1.4 to 2.4 times that of a long length, it 
is a common practice to use short lengths 
(10 feet active) in determining the di¬ 
electric strength of various types of in¬ 
sulations. The data in this paper rela¬ 
tive to dielectric strength should be con¬ 
sidered as mdicative and not specific. 
Dielectric strength values vary not only 
between various rubber compounds but 
between samples of the same insulation. 

Table XI compares the short-length 
60-cycle quick-rise and step-rise, d-c 
quidk-rise, and impulse dielectric 
strengths of representative butyl- and 
oil-base-insulated no. 4 American Wire 
Gauge 15-kv (0.297-iach wall of insula¬ 
tion) cables. 

Although the 60-cycle quick-rise di¬ 
electric strength tests indicated a higher 
value for the butyl insulation as compared 
to the oil-base rubber, the difference 
probably has no significance. Some in¬ 
vestigators of the dielectric strength of 


rubber insulations have felt that the 60- 
cycle step-rise test is more searching 
than the older 60-cycle quick-rise method 
in seeking out imperfections, voids, and 
mechanical damages. It is claimed that 
the step-rise test allows time enough for 
the voltage stress to develop an intense 
discharge in any void that is present. 

A few years ago data were published 
which reported the 60-cycle step-rise 
voltage dielectric strength of some butyl 
compounds as being inferior to the 
dielectric strength of oil-base (natural) 
compounds. This feature was attrib¬ 
uted to butyl compounds either having 
inherently lower a-c dielectric strength 
or being so manufactured as to have 
voids or imperfections too small to detect. 
The a-c step-rise breakdown voltage 
curves in Fig. 13 indicate that the butyl- 
and oil-base (natural) rubber insula¬ 
tions have approximately the same di¬ 
electric strength. While the data show 
that for walls less than 250 mils the step- 
rise strength of butyl may be lower than 
that of an oil-base insulation, for heavier 
walls the step-rise strength is higher; 
however, the differences are small. The 
oil-base curve is from published data for 
the natural rubber type.® Sixty-cyde 
step-rise data for GR-S oil-base insula¬ 
tion are limited to those given in Table 
XI; however, there appears to be but 
little difference between either type of 
oil-base rubber compound and butyl, 


Tabic VIII. Effect of Air-Oven Aging at 
250 F (121 C) on the Insulation Resistance of 
Butyl Insulation; Wire No. 6 Stranded, 
0.156-Inch Wall 


Insulation 
Resistance 
Megolini Constant 
at 60 F (15.6 C), 
Tests —1,000 Feet 


Unaged. .100,000-1- 

Air-oven-aged at 250 F (121 C) 

4 months.100,000-|- 

8 months.100,000-f- 

11 months. 100,000-1- 


Table IX. Effect of Air-Oven Aging at 
250 F (121 C) on the Ozone Resistance of 
Butyl Insulation; Wire No. 6 Stranded, 
0.156-Inch Wall 


Test Ozone Test,* Hours 


Unaged. lO-Hno cutting 

260 P air-oven-aged 

4 months.lOH-no cutting 

8 months.lO-j-no cutting 

11 months. lO-j-no cutting 


^Mandrel, 4 times outside diameter. 

Ozone concentration, 0.2 per cent by volume. 
Rest, none. 
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Fig. 12 (left). 
Effect of two ozone 
concentrations on 
high-voltage insu¬ 
lations 


Table X. Effect of Air-Oven Aging at 250 F (121 C) on Corona Resistance of High-Voltage 
Insulations; Wire No. 4 Stranded, 0.297-Inch Wall 


Vertical U Test: Mandrel =10 Times Outside Diameter; Stress = 100 Volts per Mil A-C; 

Rest = 5 Minutes 



Natural-Rubber 

Oil-Base 

Insulation, Hours 

GR-S Oil-Base 
Insulation, Hours 

Butyl Insula¬ 
tion, Hours 

Unaged... 


1 

...70-I-, no cutting 

.. .70-}-, no cutting 
...70-}-, no cutting 

Air-oven-aged at 260 F (121 cj 

7 days. 


.. .0.5, outside cutting... 

H months. 







although the average test value for the 
butyl insulation is slightly higher. 

The impulse dielectric strength of the 
butyl compound is slightly higher than 
for the oil-base materials. Fig. 14 
shows the impulse strength as a function 
of the thickness of insulation for butyl 
and oil-base rubber compounds. The 
values for butyl are the average of tests 
taken in the electrical laboratory, whereas 
the oil-base (natural) data are from 
published literatxure.* Test data re¬ 
ported herein give slightly higher im- 
ptilse breakdown for the oil-base rubber 
compound with a 297-mil wall than is 
shown in the cmve. 

The d-c dielectric strength tests per¬ 
formed on No. 4 American Wire Gauge 
15-kv (0.297-inch wall) cables reported 
herein indicated that the d-c dielectric 
strength of the natural-rubber oil-base 
insulation is less than for the GR-S 
oil-base and butyl compounds. 

Effect of heat on the dielectric strength 
of the rubber insulations was discussed 
in the section entitled "Aging and Heat- 
Resistant Characteristics." After 30 
minutes at 464 F (240 C), butyl test 
samples showed practically no decrease 
in didectric strength, see Table V, 
This stability was also noted in a test 
whereby a no. 6 stranded conductor 
with a 0.166-inch wall (6 kv) of butyl 
was exposed for 20 months to 260 F 


(121 C) without any decrease in impulse 
strength. 

After being exposed to 260 F (121 C) 
for approximately 11 months, samples of 
butyl insulation were measured for 
a-c and d-c dielectric strength, see 
Fig. 6. Again the dielectric strength 
remained relatively constant as compared 
to the unaged values at room tempera¬ 
ture. Such a test could not be made on 
the oil-base samples because, as pointed 
out in the section entitled "Aging and 
Heat-Resistant Characteristics,” the oil- 
base types show almost complete loss 
of physical properties after 1 week at 
260 F (121 C). 

It must be recognized that the dielec¬ 
tric strength values given in the report 
must be taken as being indicative rather 
than limiting. A variation between tests 
and various manufacturers’ products 
should be expected. 

Load-Cycle Tests 

It is seldom that a power cable is op¬ 
erated at a constant temperature. Vari¬ 
able loads and changes in ambient tem¬ 
peratures cause conductor and insula¬ 
tion temperatures to fluctuate. Such a 
condition results in the expansion and 
the contraction of the conductors and 
insulation as well as in other cable, com¬ 
ponents. There is also a variation in the 
oxidation rate of the insulation. In a 


Table XI. Dielectric Strength Tests; No. 4 
American Wire Gauge 0.297-Inch Wall 
Insulation, 10-Foot Active Test Length 




oa- 

Oil- 



Base 

Base 

Type 

Butyl (Natural) 

(GR-S) 

60-cycle quick-rise 



« 

breakdown, volts per 
mil*. 

370... 

. .^nn 

^on 

60-cycle step-rise 




breakdown, volts per 
milf..;. 

330,.. 

..260..,, 

.. 260 

D-c quick-rise break- 




down, volts per mil$ . 
Impulse 1.6x40-wave 

.1,100., 

..820.,, 

. 1,200 

breakdown, volts per 
mil.. 

800... 

,,720.... 

.. 680 


•600 volts per second. 

t60 kv held for 5 minutes, then voltage increased 
in 5-kv steps and held for 5 minutes. 
t700 volts per seconds. 


Study of high-voltage rubber insulations 
and cable constructions, several cables 
were given overload life tests. One 
17-kv and three 22-kv single-conductor 
no. 2/0 stranded butyl-rubber shielded 
and neoprene-jacketed cables were tested 
by applying 32 kv to ground continu¬ 
ously, and by using a current (10 hours 
out of 24 daily) sufficient to raise the con¬ 
ductor temperature to about 239 F 
(116 C). After 334 daily (8,016 hours) 
load cycles, there were no insulation 
failures and the ionization level was still 
more than 26 per cent higher than the 
rated operating voltages to ground. 

Similar tests have been roade on single¬ 
conductor No. 2/0 butyl-insulated, 
shielded 19-kv grounded-neutral cable. 
When subjected to 26 kv (2.4 X normal 
a-c rating) and having conductor tem¬ 
peratures of 212 F (100 C) to 262 F 
(122 C), over 9,000 hours of cycling were 
required to produce a failure. The over¬ 
load life of a varnished cambric cable 
with a conductor temperature of 212 F 
(100 C) is about 600 hours, which is very 
short in comparison with the per¬ 
formance of the butyl-rubber insulated 
cable. 

Load-cycle tests were made on single¬ 
conductor no. 4 rubber-insulated shielded 
neoprene-jacketed 15-kv grounded cable. 
Both oil-base and butyl-type cables 
were involved in these tests. All 
samples on load cycles had approxi- 
matdy 25 feet of active length and 
were tested in air at room temperature. 
Twenty-six kv a-c was applied continu¬ 
ously across the insulation with current 
through the conductor 10 hours out of 
every 24 hours. The conductor temper¬ 
ature under load was approximatdy 176 
F (80 C). The results of the tests are 
given in Table XII, The butyl-insu¬ 
lated cable was more resistant to failure 
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Fig. 13. Effect of wail thickness on a-c 
stepnrise dielectric strensth of high-voltage in¬ 
sulations 


on this test than the oil-base cable. 
Under voltage only, and no current, all 
samples withstood 2,000 hours at 26 kv 
without failure. This is an indication 
that heat caused by current loading 
may be the contributing factor in the 
load test failure. 

As noted in Table XII, some failures 
occurred under or near the terminations. 
This may be because of faulty test ter¬ 
minations; however, the same technique 
was followed on all cables and no faults 
under or near a stress cone occurred on 
the butyl sample. The authors believe 
that the load-cycling test data give 
another indication of the physical and 
electrical stability of butyl as a function 
of heat and aging. 

Current-Carrying CAPAaxiEs 

As early as the 1890’s studies were 
being made as to the allowable current 
ratings of insulated cables. Increasing 
industrial and utility loads make such 
a study even more important today. It 
is not within the scope of this paper to 
discuss all the factors upon which the 
current-carrying capacity of a cable 
depends. However, a fundamental re¬ 
quirement is that the insulation should 



Fig. 14* Effect of wall thickness on impulse 
strength of high-voltage insulations 


not be heated above a determined safe 
operating temperature. The operating 
temperature of the insulation is a func¬ 
tion of the rise of temperature above the 
ambient temperature due to the PR 
losses and, in some cases, the dielectric 
losses 

The safe operating temperatures of 
rubber insulations depend upon their 
ability to resist deterioration under many 
service conditions. The effect of heat, 
aging, moisture, and ozone upon oil-base 
and butyl insulations has been pre¬ 
viously discussed herein. Present prop¬ 
erties of both types of rubber compounds 
permit higher conductor temperature 
operation than possible with some of the 
earlier types of rubbers. Operating con¬ 
ductor temperatures have increased to 
76 C for oil-base compounds and to 85 C 
for butyl-rubber insulating compounds. 
There are 5- and 15-kv butyl-rubber 
insulated cables in operation at conductor 
temperatures of 90 C. 

It is the exceptional resistance of the 
butyl-rubber insulation to deterioration 
from heat and aging which permits a con¬ 
ductor insulated with this material to be 
operated at higher temperatures than 
deemed advisable with other types of 
rubber compounds. Because of this 
characteristic, butyl-insulated cables 
carry more current per pound of conduc¬ 
tor than possible with the older types of 
high-voltage rubber insulation. Table 
XIII gives the current-carrying capacity 
of three single-conductor 15-kv rubber- 
insulated cables in a duct bank with one 
cable per duct. The current rating for 
various sizes of conductors is given as a 
function of conductor temperatures 
namely, 75 C, 80 C, 85 C, and 90 C. 
The 80 G, 85 C, and 90 C ratings are 
restricted to the butyl insulations A 
comparison of these ratings as a ratio of 
the rating for a conductor temperature 
at 75 C is given in Fig. 16. 

In comparing the current ratings of 
cables insulated with butyl and oil-base 
rubber, an interesting feature is observed. 
The decrease in permissible current load¬ 
ing due to an increase in the ambient 
temperature is less for the butyl than for 
the oil-base type. A study of the curves 
in Fig. 16 clearly proves this point. 
Assume that a butyl-insulated and an oil- 
base insulated cable are installed under 
identical conditions and are operating at 
an ambient temperature of 20 C. If the 
ambient temperature rises to 40 C, the 
current loading of the 75 C oil-base cable 
must be reduced to 80 per cent of the 
rating at 20 C, whereas it is necessary to 
reduce the rating of the 85 C butyl cable 
to only 84 per cent in order not to ex¬ 


ceed the specified maximum permissible 
conductor temperature. 

For many installations the proper size 
of conductors is based not only upon the 
normal system rating but upon the time 
and magnitude of emergency overloads 
and/or short circuits. Cable overload 
and short-circuit ratings depend upon 
the magnitude of the current, its dura¬ 
tion, and the previously applied load, as 
well as the ability of the cable compo¬ 
nents to withstand higher than normal 
temperattu-es without serious damage. 

There are so many variables involved 
in determining the conductor sizes for 
the various combinations of currents and 
times of application that it is not pos¬ 
sible to give a comprehensive rating table 
or a discussion of the subject in this 
paper. However, there have been aging 
and heat characteristic studies made on 
rubber insulations which give data for 
suggesting emergency overloading and 
short circuit loading conductor tempera¬ 
tures. W. H. Couch and G. J. Crowdes* 
report insulation damage temperatures 
for several types of rubber insulations 
which are shown in Table XIV. 

The damage temperatures are the tem¬ 
peratures at which it is felt that the 
insulation should not be operated for the 
specified time as excessive deterioration 
of the material may have occurred. Note 
that the damage temperatures for the 
oil-base compounds are not only lower 
than for the butyl but the time of expo¬ 
sure is only 10 to 15 minutes as compared 
to 30 minutes for the latter. These 
data and the data given in this paper 
indicate that a butyl-rubber compound 
can be operated at a higher emergency 
overload or short-circuit loading ternper- 
ature than an oil-base compound. It 
should be recognized that not only must 
a factor of safety be used in establishing 
these ratings but the temperature must 

Table XII. Load-Cycling Tests on Single- 
Conductor No. 2 Rubber-Shielded Neoprene- 

Jacketed 15-Kv Grounded-Neutral Cable 

Impressed voltage=26 Kv, A-C to Ground 
Loading=10 Hours Out oF Every 24 Hours 
Temperature = Approximately 80 C During 
Loading 



Oil-Base 

Oil-Base 



(GR-S) 

(Natural) 

Butyl 

Time to. 

_11*.... 

.86t..... 

...7605 

Failure-hours.. 

....29*.... 

.3t 



^Failed at end of stress cone. 

tFailed in cable section 12 inches from end of cone 

under shield. Fault cut out at end of 76 hours 

and new stress cone made. Cable failed after 10 

additional hours on voltage. Second fault 1 inch 

brom end of cone, same as first fault. 

tFailed in active section of cable. 

(No failure, cable still on test.' 
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Table XIII. Currenf'Carrying Capacity of 
Three Single>Condiictor 15-Kv Rubber>lnsu" 
fated Cables in a Duct Bank, One Cable per 
Duct, 100>Per>Cent Load Factor, 20 C 
Ambient Temperature 


Currant per Cable, Amperes 


OU- 

Base Butyl 


Size Conductor, Conductor Temperature 

American Wire Gauge —-- 

or 1,000 Circular Mils 75 C 80 C 85 C 90 C 


2 . 

.170. 

..176. 

.182., 

. .187 

1/0. 

.221. 

.229. 

.236.. 

.243 

3/0. 

.288.. 

.298. 

.308.. 

.317 

250. 


.369. 

.381.. 

.392 

360. 

.427., 

.442. 

.457., 

.470 

600. 

.621.. 

.540. 

.667.. 

.574 

760. 

.655.. 

.679. 

.701.. 

.722 


not be so high that other cable parts, 
such as tapes, fillers, etc., be damaged. 
The conductor temperatures in Table 
XV are given as a guide to emergency 
overloading and short-circuit loading tem¬ 
peratures. 

These ratings are probably conserva¬ 
tive. Butyl-insulated cables are in serv¬ 
ice based upon conductor sizes designed 
on higher limiting conductor temper¬ 
atures. When the size of a conductor is 
chosen on the basis of an overload or 
short circuit rating, a smaller size will 
be required for a butyl-insulated cable 
than for the oil-base type because of the 
butyl having better resistance to aging 
and heat. 

Dielectric Constant, Power Factor, 

AND Insulation Resistivity 

Among the electrical properties of 
interest in a cable insulation are the 
dielectric constant, power factor, and the 
resistivity. The dielectric constant 
(specific inductive capacity) as a measure 
of the capacitance of the insulation 
must be considered from two points of 



Fig. 15. Ratio of current rating at various 
conductor temperatures to rating for conductor 
temperature at 75 C 



Fig. 16. Ambient temperature correction 
facton 


view. First, a lower value of dielectric 
constant will result in lower charging cur¬ 
rent in the cable at operating voltage; 
under some circumstances the charging 
current may become an appreciable part 
of the current supplied to the cable. 
While this is not a limiting factor for the 
rubber-insulated cable dass, it may enter 
in as an economic factor to some extent. 

The second consideration of dielectric 
constant must be made in connection 
with the insulation power factor; the 
product of these two quantities, known as 
the loss factor, is a measure of dielectric 
loss in the cable. With the application 
of rubber insulation to higher voltages, 
the dielectric loss may become suffident 
to be considered for its effect on the cost 
of transmission, and low values of the 
loss factor are desirable. 

Insulation resistivity is a quantity 
commonly measured with direct current. 
It can be used, in comparison with past 
history, as a measure of the condition 
of the cable, although the absolute mag¬ 
nitude of resistivily is not particularly 
significant as long as it does not become 
so low as to have an adverse effect on the 
a-c leakage or powd factor. 

Table XVI gives typical values of these 
three quantities as measured on samples 
of No. 4 American Wire Gauge stranded 
15-kv shielded cable. The dielectric con¬ 
stant of the butyl-rubber samples aver¬ 
aged slightly less than those measured on 
on the natural rubber and GH-S types of 
oil-base insulation. However, a con¬ 
siderable difference in power factors was 
noted, with an average range of 1.5 per 
cent for butyl, 3.0 per cent for natural- 
rubber oil-base, and 6.5 per cent 
for the GR-S oil-base samples. The 
typical insulation resistivity megohm 
constant of the butyl-rubber insulation 
was measured as approximately four times 
that of the oil-base compounds. 


Table XIV. Insulation Damage Temperatures 


Damage 

Temperatures, Time, 

Rubber Designation R(C) Minutes 


Naturai. .oil-base.356 (180) to 

382 (200).... 10 to 15 

GR-S -otl-base.392 (200).16 

Butyl... .low water 

absorptive, 
heat- and 
ozone- 

resisting.464 (240).30 


Operation Experience 

Over a considerable period of years, 
the use of rubber-insulated cable has 
expanded not only in volume but also in 
operating voltage and cable types. They 
are now rather commonly used for volt¬ 
ages up to 15 kv and, for special cases, as 
high as 35 kv. Constructions have 
expanded from the earlier simple ones of 
rubber and lead sheath or braid to those, 
for example, with shields and protective 
coverings of neoprene or thermoplastic 
jackets, stainless steel outer tapes, and 
many others. 

Oil-base insulation has been by far the 
predominant insulation used for power 
cables in the past and has had a good 
record. The newer butyl-insulation rub¬ 
ber compounds because of the superior 
characteristics pointed out in this paper, 
have performed excellently in 8 years 
of operation. Furthermore, cables insu¬ 
lated with butyl insulation are in opera¬ 
tion where overloading, high ambient 
temperatures, and economic loading 
would not support the oil-base materials. 

In a period from December 1948 
riuough April 1952, for example, there are 
company records showing that several 
million feet of cable were in service. Of 
this quantity 61 per cent were in the 0- to 
600-volt class, 38 per cent were from 601 
to 5,000 volts, and 11 per cent were in the 
5,001-to 17,000-volt range. Extension of 
this to 1955 Would increase the quantity 
by a very large amount, particularly in 
the higher voltage field. The perform¬ 
ance record has been good and in line 


Table XV. Emergency Overload and Short- 
Circuit Conductor Temperatures 



. Emergency 



Overload 

Short-Circuit 

Voltage 

Temperature, C 

Temperature, C 

Rating 

Butyl Oil-Base 

Butyl Oil-Baae 

6,000... 

..106..._86 ..... 

.160.120 

16,000... 

96..._ 80.. 

..136.110 


Emergency ratings are for a total time of 100 hours 
in any one year. 


Short circuits are for a duration of 5 seconds. 
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Table XVI. Dielectric Constant/ Power Factory and Insulation Resistivity 



Insulation 



Oil-Base 



Natural GR-S 

Butyl 

Dielectric constant, 60 cycles a-c.. 

Power factor, per cent. 

Insulation resistivity, megohm constant 
— 1,000 feet at 60 F. 

.4.2 .4.2 . 

.2.0to 4.0.6.0 to 7.0. 

.30,000 ...40,000 . 

.l.Oto 2.0 

.160,000 


with predictions of the properties of the 
butyl insulation. 

In two locations, where butyl-rubber- 
insulated cables have been connected to 
open-wire lines, there have been cable 
failures. However, whereas cables insu¬ 
lated with oil-base rubber and other types 
of insulation have a similar record, it 
appears that the problem is more basic 
with respect to system characteristics 
and basic-impulse-insulation-level rat¬ 
ings than to cable. 

A classification of services condensed 
from the study of operating experience 
previously mentioned is shown in the 
Appendix. 

Conclusions 

There are two general types of high- 
voltage rubber insulations being used in 
this country for power cables in the range 
of 2 to 35 kv. These insulations are the 
older ozone-resistant type, commonly 
known as oil-base, and a newer type com¬ 
pounded with butyl, which is a synthetic 
rubber. Oil-base insulations usually con¬ 
tain various vulcanized vegetable oils, 
bitumens, reclaimed rubber, and either 
natural or (GR-S) synthetic rubbers. 
Butyl compounds contain butyl rubber 
which is a hydrocarbon of low unsatura¬ 
tion plus other compounding ingredients. 

Cables insulated with either type have 
been installed under various service con¬ 
ditions such as aerial, submarine, direct 
burial in the earth, conduit, and in under¬ 
ground ducts. There is an increasing 
demand for butyl-insulated cables because 
of their high permissible operating tem¬ 
peratures, resistance to aging and heat, 
as well as to deterioration from ozone and 
moisture. 

Numerous tests have been made in 
reevaluating the physical, thermal, chemi- 
•cal, and electrical characteristics of oil- 
:base and butyl-rubber-insulating com- 
-pounds and their susceptibility to service 
.environments. Based upon fidd experi¬ 
ence and the tests and their interpreta¬ 
tions as discussed in this paper, it is con¬ 
cluded that: 

1. Butyl and oil-base rubber insulations 
differ in their properties. The butyl insula¬ 
tion has greater resistance than either 
natural or synthetic (GR-S) oil-base rubber 
compounds to: 


a. Aging and heat. 

b. Deterioration from moisture. 

c. Deterioration from ozone and corona, 

2. The initial dielectric strength character¬ 
istics of the two types of high-voltage rubber 
insulation are approximately the same. 
There is an indication that the a-c dielectric 
strength of the butyl insulation is slightly 
greater than for the oil-base insulations. 
The d-c dielectric strength of the GR-S oil 
base and butyl rubbers is comparable; how¬ 
ever, the natural-rubber oil base appears to 
have a lower value. The impulse strength 
of the butyl-rubber compound is slightly 
greater than for the oil-base insulations. 
Aging tests indicate a greater stability of 
dielectric strength with age for the butyl 
rubber as compared to that for the oil-base 
types. 

3. The dielectric constant and power factor 
are lower and the insulation resistivity is 
higher for butyl-rubber insulation. 

4. The excellent stability of physical, 
thermal, chemical, and electrical character¬ 
istics with age and heat permits butyl- 
insulated cables to be operated at higher 
temperatures for normal loads, emergency 
overloads, and short circuits. 


Appendix. Classilocation of 
Services 

General T3rpes of Installations 

1. In conduit and raceways: 

Dry and wet locations, and hot places. 

2. Underground: 

a. In underground ducts for control, 
primary, and secondary distribution. 

b. For direct burial—^power and con¬ 
trol, and signal service. 

3. Aerially: 

a. Tree wire. 

b. Self-supporting aerial cables— 

power, control and signal. > 

C- Field spun aerial cables—^power, 
control and signal. 

4. Submarine: 

Nonleaded wire armored. 


Classification of Users 

1. Utilities. 

2. Municipalities. 

3. Railroads. 

4. Paper mills. 

5. Steel mills. 

6. Coal mines. 

7. Copper mines. 

8. Oil refineries. 

9. Chemical plants. 

10. Aluminum plants. 

11. Industrial plants and many others. 

Geographical Range 

1. South America. 

2. Mexico. 

3. Hawaii. 

4. Alaska. 

5. Continental U.S.A.—^practically com¬ 
plete coverage: 

a. Florida to Maine. 

b. Texas to Washington. 

c. Massachusetts to California. 
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Discussion 

E. G. Driscoll (Phelps Dodge Copper Prod¬ 
ucts Corporation, Yonkers, N. Y.): The 
authors of this paper are to be commended 
on an excellent presentation of a subject 
which can very well be controversial. It 
is readily apparent that a vast amount of 
testing has been done to achieve the graph¬ 
ical presentation which is self-explanatory 
in so far as the conclusions drawn. 

However, there are certain elements re¬ 
garding oil-base insulations which are dilB- 
cult, if not impossible, to present graphi¬ 
cally. First, is the realization that oil- 
base insulations differ not only among 
manufacturers, but also with any one manu¬ 
facturer. The insulating properties are 
dependent on the vegetable oil used as the 
starting point, and the quality of this 
material varies always; it is a natural prod¬ 
uct and subject to the vagaries of nature. 
In applying it as insulation the most 
rigorous, controls are needed not only to 
make a quality insulation, but also be¬ 
cause any relaxation of controls produces 
scrap. Even when the process of insula¬ 
tion has been satisfactorily accomplished 
there are pitfalls to be avoided by more 
special handling. Oil-base insulations ex¬ 
hibit plastic tendencies which lead to easy 
deformation by heat or pressure, or both; 
they exhibit an unfortunately high degree 


of thermal expansion which must be cush¬ 
ioned if a metallic covering such as a sTijeld 
is to be applied. 

In the face of these inherent difficulties 
and weaknesses, innumerable quantities of 
cable have given excellent service and should 
reflect much credit on the cable manufac¬ 
turers. However, when butyl rubber be¬ 
came available, it was soon apparent that 
better cable could be produced and, sur¬ 
prisingly, with even less rigidity of control 
achieve a greater degree of uniformity. 
This quality, along with superior ozone 
resistance, higher operating temperature, 
and a harder, less expansible product led 
my company to discontinue the use of oil 
base in 1948. Oil-base rubber was the 
best for high-voltage rubber for many 
decades, but it is now certainly in the realm 
of: “To be first is progress, to have been 
first is antiquity.” 

There is one omission in the authors’ 
presentation having to do with shielding. 
In addition to tape shielding which has been 
standard for many years, there is also wire 
shielding, defined in the recent issue of 
American Society for Testing Materials 
D1350~54T as a layer of tin- or alloy- 
coated copper wire applied helically in 
intimate contact with a layer of semicon¬ 
ducting material directly over the insula¬ 
tion. This type of shield, according to our 
tests, enjoys a higher corona level than is 
found with tape shield and this fact is even 


more marked when compared with tape 
shield applied over nonsemiconducting 
material such as paper bedding tapes. 
The resistance of a wire shield is constant 
and is not plagued by contact resistance 
variations as with helically applied metal 
tape. A tape shield can be ruptured during 
manufacture especially when a thermo¬ 
setting sheath is vulcanized over it and 
will cause loss to the manufacturer if it can 
be discovered or trduble for the user if it is 
not found before being put in service. 
The wire shield does not suffer this trouble 
because all of the wires cannot be broken 
in any one place at one time. Of advantage 
to the user is the fact that the wire shield 
can be used as is for a ground lead at 
splices and terminations. 


W. H. Couch, G. H. Hunt, N. D. Kenney, 
and P. H. Ware: We thank Mr. Driscoll 
for his comments. They are pertinent and 
we are in quite close agreement with them. 

One point which should be clarified is the 
subject of shielding. Mr. Driscoll has 
questioned the omission from this paper of 
mention of a particular type of shielding. 
Since we were primarily concerned witli 
insulation in this paper, no attempt was 
made to cover different methods of shielding 
and only a passing notice was taken of the 
particular type of shielding used on some 
samples. 


Contact LiFe of Voltase-Regulating 

Relays 

C. W. SCHOENDUBE 

ASSOCIATE MEMBER AIEE 


F eeder voltage regulators must 
operate for long periods without 
inspection or maintenance to provide 
economical voltage regulation. The ex¬ 
pense of routine inspection may be 
reduced as the reliability of the com¬ 
ponents of the regulator is increased. 
In the past, inspection has been required 
most frequently for the contacts of the 
voltage-regulating relay. Occasional 
cleaning and dressing of these contacts 
is necessary to prevent sticking which 
wiU run the regulator to its limit position. 
By adding contact-holding devices 


Paper S5-718, recommeaded by the AIEB Relays 
Committee and approved by the AIBB Committee 
on Technical Operations for presentation at the 
AIBB Pall General Meeting, Chicago, HI., October 
8—7, 1956. Manuscript submitted March 30, 
1955; made available for printing August 8, 1955. 

C. W. S«aHOBNDUBB and R. L. Elliott are with the 
General Electric Company, Pittsfield, Mass. 

The authors wish to express their ttifinirn to T. W. 
Hall for the design of the transient integrator used 
in this study. 
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and arc suppressors to the step voltage 
regulator control discussed by Lennox,^ 
electrical life of the voltage-regulating 
relay contacts in excess of 20 years is 
indicated. 

Control Action 

In this control, the time-out and retum- 
to-neutral timer operations on either 
side of the voltage band are directly 
effected by the voltage-regulating relay 
contacts. No auxiliary relays are re¬ 
quired. Closing and subsequent reopen¬ 
ing of a pair of relay contacts result in 
respective forward and reverse operation 
of the timer at full rated power. With 
no contact-holding devices but with arc 
suppressors connected across the contact 
pairs, arcing is reduced to a level barely 
detectable to the naked eye. 

Contact-holding devices had been em¬ 
ployed on previous controls using the 


same voltage-regulating relay in different 
circuitry. Such devices were energized 
simultaneously with the actuation of 
auxiliary relays. They serve to increase 
contact pressure of the voltage-relay 
contacts and thereby reduce contact 
arcing. In the case of auxiliary relays, 
excessive frequency of operation or 
chatter is prevented. 

The control under discussion appears 
to operate excellently without holding 
devices. Absence of auxiliary relays 
and the low contact duty imposed by 
the timer motor make such devices 
seem unnecessary. Measurements of 
radio and television interference levels 
which were markedly lower than previous 
controls support this conclusion. 

Results of Field Test of Control 

Service experience of 3 months was 
obtained on such a control, which wiU 
be referred to hereafter as control A. 
Examination of its voltage-relay contacts 
disclosed evidence of electrical erosion;" 
a small spot about 1/64 inch in diameter 
was visible on each contact. These 
contacts are shown in Fig. 1. Note that 
the direction of material transfer is- 
from the moving contacts, shown at the 
left of the figure, to the stationary 
contacts shown at the right. This results- 
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in the farmation of a crater on the 
moving contacts and in a peak on the 
stationary contacts. The stationary 
contacts in this instrument are located 
directly above the moving beam con¬ 
tacts. The hemispherical contacts are 
of platinum-iridium alloy. 

Three aspects of the peak and crater 
formation merited further investigation: 

1. Why did the formation occur in such 
short a period with such extremely low 
levels of visible arcing? 

2. With the presence of contact wipe, 
could the combination of peak and crater 
produce mechanical locking of contacts? 

3. Would a thermal condition be created 
which would eventually cause welding of 
the contacts and, if so, after what period 
of time? 


Study of Contact Action and Arc 
Phenomena 

The' first step in obtaining answers 
to these questions was to excite the 
control A from a stabilized 60-cycle-per- 
second (cps) voltage supply and to bring 
a contact pair to the point of touching. 
It was felt that perhaps motions pro¬ 
duced by system voltage fluctuations 
plus the natural 120-cps vibration might 
be the cause of the contact erosion. It 
should be pointed out that the moving 
beam of the voltage relay and its contacts 
are never stationary, regardless of the 
amount of damping provided. There 
is always some 120-cps vibration present 
on the beam. This is derived from the 
'60-cps excitation of the relay coil. 

Since the contact motion and, hence, 
the expected region of arcing would be 
very small, it was necessary to excite 
the control from a well-stabilized voltage 
source to maintain the floating beam 
and its contact within the arcing region. 
An electronic voltage regulator was used 
to obtain this closely regulated source 
which, except for line surges, tends to 
• mflintain a ±0.01-volt bandwidth. 

When the voltage relay was adjusted so 
that a pair of contacts were touching 
with a minimum of pressure, observation 
with a lOX magnifying lens answered 
the first of the questions. The observa¬ 
tion revealed a tiny and apparently 
•continuous arc between the contact 
pair. Measurements showed that it 
required a supply voltage change of 
•about 0.35 volt to traverse the complete 
rarcing band—from the point of initial 
•contact to the point of contact closure 
at which no ardng was visible. The 
•continuous arc persists for the initial 
0.20 volt of this band and appears less 
-.and less frequently in the remainder of 


the band with the development of greater 
contact pressures. In the initial 0.1 
volt of this band, slight fluctuations in 
the stabilized supply would cause move¬ 
ments which superimposed upon the 
self-generated 120-cps vibration of the 
relay would occasionally open the contact 
pair. These momentary openings were 
accompanied by discharges viable to the 
naked eye. Also, in this band, the timer 
performed as would be expected, operat¬ 
ing first in one direction and then the 
other, without completing a timing cycle. 

Fig. 2 shows two typical traces of the 
voltage across the contacts while in the 
arc of the “sizzle” band. Note the 
regions of oscillatory discharges. The 
frequency of these discharges is a function 
of the circuit parameters. Although 
physically not discernible in Fig. 2, the 
arc voltage peaks are actually two to 
six times greater than the peaks visible 
on this oscillogram. These spiked ex¬ 
tensions of the visible peaks were ob¬ 
served on an oscilloscope. It is these 
spikes of voltage that trigger the transient 
recorder mentioned later. 

Accelerated Life Tests 

After the foregoing observations and 
measurements, a contact pair was set 
in the sizzle band by careful adjustment 
of the electronic regulator and a life test 
was made. After 1,900 hours of prac¬ 
tically continuous sizde, the contacts 
stuck together. Fig. 3 shows the contact 
pair with oxidation products removed. 
This reveals the typical peak and crater 
formation. The open-circuit voltage 
across the contacts is 130 volts. The 
timer current is 65 nuUiamperes. 

Another type of control, control B, 
was available having a different balanced 
beam relay but similar control action. 
This second instrument had the station¬ 
ary contacts located directly above and 
below the moving beam contacts, in turn 
fastened above and below the end of a 
cantilever spring suspension.. The con¬ 
tacts were flat disks of platinum-ruthen¬ 
ium alloy. 

The contacts of this relay were placed 
in the sizzle band and a life test was 
made. AftCT 2,100 hours of nearly con¬ 
tinuous sizzle, the contacts stuck. 
However, voltage surges or a light tap 
on the control panel would free the con¬ 
tacts. After 2,300 hours, the latter 
factors would no longer part the contact 
pair and the test was terminated. Fig. 4 
is an oscillogram of the arc voltage across 
the contact pair. The open-circuit volt¬ 
age across the contacts is 24 volts. The 
timer current is 85 milliamperes. Fig. 5 



Fig. 1. Platinum-iridium contacts from voltage 
relay of control A. Moving contacts are 
at left and stationary contacts at right 


shows the contacts after the life test, 
again revealing the peak and crater 
farmation. It is the authors’ opinion 
that the peak on the stationary contact 
and the crater on the moving one will 
occur on this type of control regardless 
of the contact shapes, materials, or 
arrangements. 

Estimating Actual Operating Life 

The Transient Integrator 

There remained the problem of trans¬ 
lating the accderated life test data into 
estimated operating life. For this pur¬ 
pose, a transient integrator circuit was 
devised. Fig. 6 is a circuit diagram of 
the device, Briefly, it operates as 
follows: The contact arc voltage is 
impressed upon the control grid of a 
thyraton through a high pass filter which 
eliminates most of the frequency com¬ 
ponents of 60 cydes and below. An 
dectric dock is connected to the plate 
circuit of the thyraton. In the .absence 
of control grid voltage, only the negative 
half-cydes of the 60-cycle plate voltage 
appear on the dock motor, which is 
insufSdent to operate it. 

An adjustable d-c bias voltage is 
applied to the screen grid of the thyraton. 
A positive voltage pulse on the control 
grid exceeding a value determined by the 
screen bias will cause the tube to fire 
and supply one alternate positive half- 
cyde of the clock motor voltage, thus 
causing it to run. Hence, when sizzling 
occurs, a series of high-frequency pulses 
is applied to the control grid. Each 
positive pulse having a peak great 
Atin iigh to fire the tube will cause the 
dock to move slightly and record the 
proportional arcing time. 
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Fig. 2. Oscillogram showing portions of 
continuous traces of arc voltage across plati¬ 
num-iridium contacts of voltage-regulating 
relay used in control A. Timing trace at 
top is 60 cycles per second 


may be expected on feeders of different 
voltage characteristics. The regulator 
normally maintains the moving contacts 
within the voltage band^ The moving 
contacts are equally likely to occupy 
any part of this band. When subject 
to a voltage which changes with load 
cycles, the expectancy is for the moving 
contacts to occupy each equal part of 
the band for equal period of time. 
Hence, for a given band, the per cent 
of total time spent in the sizzle bands 
will be substantially the same on all 
feeders. 



Fig. 3. Plstinum-iridium voltage-relay con¬ 
tacts of control A after 1,900-hour con¬ 
tinuous-sizzle life test 


Operating Life 

The operating life of control A, without 
the contact-holding effect, was estimated 
as follows: 

1. The intei^tor was placed across the 
suppressor resistor located across a contact 
pair which was continuously sizzling. An 
average sizzling rate in clock hours per 
day was then established, which was known 
to give a contact life ip of 1,900 hours, if 
allowed to progress. 

2. The control panel and integrator were 
placed on a smgle-phase regulator-regulat¬ 
ing shop voltage. The relay was set for 
S' 1-volt band and the timer was set for 
30-second delay. An average sizzling rate 
for the relay on the shop system JS* was 
established. 

3. The estimated contact operating life 
on the shop S 3 ^tem for the particular band- 
widtli and timer settings could then be 
calculated as 

Substituting the test values 


12 1,900 
0.46 8,760 


**4V8 years 


This seems to be a reasonable value 
judging from the erosion rate of the con¬ 
tacts tested in the field. It indicates 
that, on this S37stem, the relay contacts 
of control A without holding effect must 
be inspected, cleaned, and polished, 
roughly every 3 or 4 years. 

For a given voltage band and timer 
setting, little difference in contact life 


For control S, also without holding 
effect, and having the relay with flat 
platinum-ruthenium contacts located 
vertically in line, contact life may be 
obtained by direct ratio of the con¬ 
tinuous sizzle lives, assuming only that 
the transient integrator recording rate 
ratio Fo/i?aj remain the same; this is 
a valid assumption since the disturbing 
vibrations, the resulting transients, and 
the continuous sizde contact life are 
very comparable. 

Thus, after 2,100/1,900 X4Vs=4V4 
years, light sticking of contacts could 
be expected which may be broken by 
line surges. Contacts should be cleaned 
and polished before this number of years. 

Contact Holding and Its Effect on 
Contact Life 

The maintenance interval indicated 
by the life test was unsatisfactory, and 
a method of increasing the interval was 
sought. The basic problem was that the 
stable balanced beam relay is a relatively 
slow-moving device, unable to develop 
the large force-displacement energies 
required to impart velocity closure to 
contacts. As a result, the contact¬ 
making forces are low, and small dis¬ 
turbances can cause contact sizzle. 

The obvious solution was to insert 
contact-holding deviws such as h ad 
been used on all previous models of 
voltage-regulating relays. Only a small 
amount was required. About 0.3 volt 
would, upon initial contact, move the 
contacts across .85 per cent of the meas¬ 
ured sizzle band and, in so doing, develop 
higher contact forces. Holding devices 
in the form of coils located in the relay 
itself and excited by timer currents were 
provided. No great sacrifice is imposed 
upon the control by the use of such small 
holding effect. The regulator can still 
held a voltage band of substantially less 
than ±1 volt. 

Control A with the integrator was 
again placed on the regulator regulating 
the shop power. Results of this final 



Fig. 4. Oscillogram showing part of a 
continuous trace of arc voltage across the 
platinum-ruthenium voltage-relay contacts 
shown in Fig. 5. Timing trace is 60 cycles 
per second 



Fig, 5. Platinum-ruthenium voltage-regulat¬ 
ing relay contacts of control B after 2/300-hour 
continuous-sizzle life test. Stationary contact 
is at left and moving contact at right 



Fig, 6. Circuit diagram of transient integrator 
used in contact life study 


test indicated an R* value of 0.006 and, 
hence, an estimated life 75 times greater 
than was indicated on the same control 
without the holding device. This life 
is more than the expected life of the 
regulator. 

Conclusion 

Improvements of the control such as 
described herein, contribute materially 
to the goal of eliminating the control as 
a factor in regulator maintenance. The 
life of the voltage-regulating relay con¬ 
tacts has been greatly increased through 
use of contact holding without serious 
sacrifice in minimtun band setting. 

In the control with holding effect, 
only the voltage-regulating relay contacts 
would require maintenance. Hence, the 
increase in contact Kfe represents a 
severalfold increase in control reliability 
which is reflected as lower operating cost 
for the regulator. 
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Discussion 

O. J. Lindquist (Commonwealth Edison 
Company, Chicago, Ill,): The paper shows 
an excellent investigation of the contact 
life of voltage-regulating relays. The work 
of the authors will surely result in more 
reliability, less maintenance, and longer 
contact life for voltage-regulating relays. 
Voltage regulation of substation busses 
is much used in Chicago, In some loca¬ 
tions, equipment such as large welders and 
arc furnaces cause frequent voltage fluctua¬ 
tions of up to 1 per cent on the regulated 
bus. Therefore, we believe the holding 
effect should be adjustable so that where 
necessary the bandwidth and the holding 
effect can both be increased. Wattmeter 
charts, taken as described in the discussion 
of the paper by Mr, Lennox,^ clearly 
showed cases where the voltage-regulating 


relays were too active, requiring that the 
holding effect be increased to avoid contact 
deterioration, 

Rbfbrbncb 

1. Controls for Step Voltaob Regulators, 
T. C. Lennox. AIEE Transactions, vol. 74, pt. 
in, 1966, pp. 1407-09. 

C. W. Schoendube: Mr. Lindquist in his 
discussion of Mr. Lennox’s paper con¬ 
tributes a wattmeter and lamp circuit 
which serves as a useful tool in optimizing 
the performance of tap changer controls. 
Mr. Lindquist mentions that this circmt 
shows up cases of overactive voltage 
reg^ulating relays. In connection with this 
subject, the following comments apply to 
the controls discussed in our paper. 

1. With the voltage relay contacts in 
the sizzle band, and with no holding effect 
provided, the contacts are making and 
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E lectric arc furnaces have pre¬ 
sented power system engineers with 
major problems for a great many years. 
Beginning about 1910 with single-phase 
furnaces of a few hundred pounds of ca¬ 
pacity and demands of a few hundred kilo¬ 
volt-amperes (kva), the size has grown to 
200 tons of capacity with demands ex¬ 
ceeding 30,000 kva in 1955. Furnace 
transformer sizes have increased from a 
few hundred kva to 25,000/33,000 kva. 
Electrode voltages have increased from 
less than 100 volts to more than 500 
volts. As the present trend indicates 
tloat electric arc furnaces are to assume a 
gfreater role in the steel industry, prob¬ 
lems are On the increase. Much has been 
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written concerning the nature of those en¬ 
countered and the solutions employed.^"® 

Electric arc furnaces are characterized 
by fluctuating loads, and the direct-arc 
type produces fluctuations so severe that 
some protective or corrective measures 
are essential in almost every case. Ex¬ 
ceptions occur in tho'se cases where the 
steel plant is located in an area where 
available short-circuit capacity is great 
enough to supply the arc furnace without 
undesirable flicker results. 

The utility has an obligation to all of 
its customers, and the revenue from fur¬ 
nace loads must be balanced against the 
costs of corrective measures necessary to 
prevent disturbances to other customers. 
The increases in the size of furnaces and 
in the electrode voltages have resulted in 
increases in load fluctuations, both in 
magnitude and in rate of occurrence, es¬ 
pecially in the cyclic flicker range, de¬ 
spite the increase in system sizes. 

In this paper the electrical charac¬ 
teristics of two 25,000-kva 150- to 200- 
ton direct-arc furnaces with 510 volts be¬ 
tween electrodes are described as w^ as 
the corrective meastir^ installed to per¬ 
mit operation on the dectric system of 
The Detroit Edison Company. 
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breaking close to 120 times per second. 
At this severe rate of cycling, better than 
4 years are required to produce contact 
welding with the control on a shop system 
regulator. 

2. Frequent interruptions of this severe 
cycling, such as produced by welder or 
furnace loads, only leads to less duty on 
the voltage relay contacts: 

3. Adding holding effect practically 
eliminates the 120-cps duty from the 
picture. 

4. The resulting duty, produced by 
frequent load fluctuations alone, should 
still result in contact life many times 
greater than that obtained for a relay 
without holding effect. 

We believe that the benefits derived from 
an adjustable holding effect, considered 
desirable by Mr. Lindquist, should be 
marginal in the case of the subject control. 


The Problem 

A steel company in the Detroit area 
has an integrated steel plant for produc¬ 
tion of hot and cold rolled steel. Three- 
phase electric arc furnaces are utilized 
for production of the sted. Prior to the 
installation in August 1954 of the two 
26,000-kva furnace transformers, this 
plant was equipped with one 13,333-kva, 
two 15,000-kva, and one 16,000-kva fur¬ 
naces with maximum secondary voltage 
of 320 volts. These furnaces were sup¬ 
plied from a power-plant 120-kv bus hav¬ 
ing a short-circuit capacity of 2,000 mega¬ 
volt-amperes (mva) at minimum genera¬ 
tion. The 120- to 24-kv step-down sta¬ 
tion supplying these furnaces is located 
on utility property in the proximity of the 
steel plant, some 3 miles from the power 
plant. The 24-kv busses supplying the 
steel company are isolated from other 
loads; see Fig. 1. 

The installation of two 24-foot-diameter 
150- to 200-ton electric, furnaces, each 
supplied by a 25,000-kva transformer 
(with additional water cooling, rating is 
increased to 33,000 kva) with a maxi¬ 
mum secondary voltage of 510 volts, was 
proposed late in 1952. Based on the 
knowledge that the existing furnaces ap¬ 
proaches the maximum size which could 
be supplied from the 120-kv bus at the 
power plant, modifications in the dec- 
tiic system, or corrective measures, were 
indicated. These changes were neces¬ 
sary to keep voltage flicker, especially in 
the cydic range, to other customers 
within acceptable limits.*'’ These flicker 
limits for The Detroit Edison Company 
are 0.5 volt for cydic flicker and 1.0 volt 
for extremely frequent flicker on the power 
plant bus (120-volt base). 
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The extremely frequent rate flicker has 
been used as the flicker limitation in the 
application of arc furnaces by the in¬ 
dustry for many years, and has general 
acceptance as indicated in published re¬ 
ports.^*® The cyclic flicker caused by 
arc furnaces has not been used as a limi¬ 
tation to the operation. A study of old 
records and data indicates cyclic flicker 
did exist but that the kva swings were of 
insufficient value to cause visible light 
flicker. The application of the first 
16,000-kva installations on the com¬ 
pany’s system forced the consideration 
of cyclic flicker as a limitation. This 
condition was evident from the data of 
tests and from customer complaints. 

The Approach 

The determination of the method of 
supply required an accurate evaluation 
of the magnitude of the expected fiurnace 
load swings. Data were not available 
on 26,000-kva 510-volt installations. 
Complete tests were available on 16,000- 
kva 300-volt installations as well as on 
smaller sizes. Published data^~* were 
of constderable assistance. Preliminary 
transformer design data were obtained 
from the manufacturer of the 26,000-kva 
transformers. 

Utilizing all data, experience, rules of 
thumb, calculations, and extrapolation 
of curves to include 25,000-kva trans¬ 
formers, the predicted values of load 
swings were estimated to be: 15,600 kva, 
single phase at 60 per-cent power factor 
at an extremely frequent rate, (rate of 
less than one per second), and 11,000 kva, 
single phase at 60 per-cent power factor at 
a cyclic rate. 

Several methods of serving the load 
were considered. The li miting factor is 
the permissible flicker to other customers. 
As may be seen in Fig. 1, the power plant 


which serves the area including the steel 
mill has three operating busses tied to¬ 
gether by regulating transformers. Gen¬ 
erators are distributed over the busses as 
required for loading and operation. Any 
major change in bus arrangement would 
involve both economics and system 
operation. The three methods con¬ 
sidered are described in the following: 

1. One method of serving the load would 
be to isolate it from other power plant load. 
However, the amount of generation re¬ 
quired for the heavy load swings is not 
consistent with basic load. Also, while 
the load factor of the steel plant load is 
rela,tively high, there are many and frequent 
periods when the load is practically zero. 
This type of load fluctuation is not con¬ 
sistent with efficient or even practical boiler 
and generator operation. 

2. A second method would be the re¬ 


arrangement of the power plant busses to 
increase the available short-circuit capacity 
and thereby absorb greater load swings. 
Such a rearrangement is unduly costly and 
restricts efficient system operation. 

3. A third method would be to continue 
supplying the new furnace load from the 
system then utilized, and to install correc¬ 
tive measures at the 24-kv bus supplying 
the steel load. The installation of adequate 
reactive generation, utilizing ssmchronous 
condensers, near the load would shunt a 
sufficient portion of the furnace load swings 
from the remainder of the system. 

Load considerations and system sta¬ 
bility for the customer’s mill motors 
dictated the use of three 120-kv feeds 
to the step-down station, three 120- to 
24-kv transformers and operation with 
the 24-kv busses tied together. Cal¬ 
culations, based on this arrangement 



Fig. 3, Three 12.5-inva single-phase reactors and a 45-mva transformer 
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Fig. 4 (above). 50/60-mva synchronous condenser 


Fig. 5 (right). 24-foot-diameter hearth direct arc furnace 



indicated that it would be necessary to 
provide 100-megavar low-reactance syn¬ 
chronous condensers on the 24-kv bus 
to reduce the cyclic flicker to the per¬ 
missible limit on the 120-kv power plant 
bus. Since the 24- to 13.8-kv associated 
autotransformers would represent 3- 
per-cent reactance (100-kva base), ap¬ 
proximately 100 mva of 12-per-cent 
transient reactance condensers (or 300- 
mva conventional condensers) were re- 
cjuired. The installed cost of conven¬ 
tional 300-mya condensers would ob¬ 
viously be high, and space requirements 
and operating complexities also made 
this installation undesirable. Very 
limited information was available relative 
to cost, design, size, and characteristics 
of very-low-reactance machines. The 
use of series capacitors with standard 
condensers to reduce the reactance was 
considered, but was eliminated when 
costs and operations were analyzed. 

The Solution 

Decision was made to install relatively 
low-reactance machines and also to 
install reactors in series with the 120- to 
24-kv transformers, thereby forcing the 
condensers to supply the required amount 
of the fluctuating load. 

Stability studies were made using 
various combinations of condensers and 
reactors. These studies indicated that 
two 50-mva 45-per-cent reactance con¬ 
densers with 75-mva reactors of 80- 
per-cent reactance would be unstable. 
Decision was finally made to install two 
50-mva 30-per-cent transient-reactance 
condensers with 75-mva 50-per-cent re¬ 
actors in the feeds. This combination 
is well within the safe margin of stability 
and was the most desirable combination 
•when costs, delivery, performance, flexi¬ 
bility, and existing station installations 
•were considered. 


The Equipment 

The final installation is shown in 
Fig. 2 and consists of the following major 
items: 

1. A power-plant 120-kv bus with a short- 
circuit capacity of 2,000 mva at minimum 
generation. 

2. Three 120-kv overhead lines from the 
power plant site to the 120- to 24-kv step- 
down station located in the vicinity of the 
steel plant. Each circuit is approximately 
3 Vs miles in length. 

3. Three 120- to 24-kv 46-mva trans¬ 
formers; see Fig. 3. 

4. Tliree reactors: three single-phase 
air-cooled air-core, outdoor, 12,600-kva 
6,920-volts 1,800-ampere units per reactor 
with 35-, 40-, 46-, and 60-per-cent taps. 

6. Three 24-kv busses connected in ring. 

6. Two 48/64-mva 24- to 13.5-kv auto- 
transformers with 2.87-per-cent imped¬ 
ance. 

7. Two synchronous condensers; see 
Fig. 4. 

60,000 kva at 1/2-pound hydrogen 
pressure. 


60,000 kva at 15-pound hydrogen 
pressure. 

Water-cooled heat exchangers utilizing 
cooling tower. 

13,800 volts at 600 rpm. 

Subtransient reactance, 17.5 per cent. 

Transient reactance, 30 per cent. 

Synchronous reactance, 91 per cent. 

Rotor WR^, 1,633,000 pounds-feet®. 

Electronic automatic field control, cross- 
compounded. 

16 feet 1 inch by 40 feet 8 inches of floor 
space. 

18 feet 3 “A inches high. 

639,100 pounds approximate weight. 

Mechanical equivalent of approximately 
an 80,000-kva condenser of standard 
reactance. 

8. Furnace feeds: Two 600,000-circular- 
mil, 3-conductor 24-kv cables for each 
26,000-kva furnace, each 6,000 feet long. 
There are four other furnaces and three mill 
feeds from the common 24-kv busses. 

9. Electric furnaces; see Fig. 6: Two 150/ 
200-ton 24-foot-diameter arc furnaces, each 
supplied by a 25,000/33,000-kva water- 
cooled 3-phase transformer with 4.0-per- 
cent impedance 610-volt tap. Voltage 
rating and taps are as follows: 24,000 
primary, 610, 470, 390, 294, 270, and 156 
secondary. 
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FiS* 8. Kilowatts and kilovars during gradual heavy load variations 
while operating on 510-volt tap 


Operating Tests 

The customer’s installation of the 
furnaces was completed prior to the 
installation of the condensers. Previous 
calculations indicated that operation of 
the furnaces at a maximum secondary 
voltage of 390 volts would keep the 
voltage flicker within operating limits. 
The customer co-operated both in the 
limited operation and in all tests re¬ 
quired. Tests made at the customer 
and at the 120-kv bus indicated operation 
at 390 volts was satisfactory pending the 
completion of the condenser installation. 

Additional tests were made after all 
equipment was in service. Tests were 
made at the metering room adjacent to 
the furnace installation. The 24-kv 
metering transformers in the individual 
furnace feeds were used for current and 
potential measurements. Instruments 
and meters utilized were: integrating 
kilowatt-hour and kilovar-hour meters, 
graphic kilowatt and kilovar meters, 
voltmeters, ammeter, and a 6-element 
oscillograph which recorded 3-phase am¬ 
peres, kva, and volts. A voltage-biased 
oscillograph was used for the measure¬ 
ment of voltage flicker, at the power- 
plant 120-kv bus. Only a summary of the 
pertinent information relative to load 
swings will be given in this paper. 

During previous tests on other fur¬ 
naces, and again in these tests, it was 
noted that the operation of large furnaces 
produces three different types of load 
swings mth resultant voltage distmb- 
ances. All three types occxn during the 
early periods of a melt and prior to the 
p^od of stable operation. The load 
characteristics during the period of stable 


operation are not included herein. The 
three type of swings are described in 
the following. 

Type 1 (Cyclic) 

This type of load fluctuation a 
magnitude of about 11,400 kva, single 
phase, at 60-per-cent power factor, with 
a duration of 4 to 12 cycles and occurs 
from four to six times per second. The 
fluctuations are present during the first 
30 minutes of melting after a cold charge 
of metal. This frequency of variation 
results in a cyclic flicker of the frequency 
causing the greatest irritation to the eye*; 
see sample oscillogram, Fig. 6. 

Note that the rapidly recurring single¬ 
phase fluctuations are superimposed on 
the longer duration 3-phase load swings. 
The variation in power factor is from a 
normal of 76 per cent to 60 per cent. 

Type 2 (Extremely Frequent) 

This type of load variation has greater 
magnitude and a lower rate of occurrence 
than type 1. These single-phase load 
swings of 19,000 kva at 60-per-cent power 
factor occur at random intervals but not 
more often than once a second. These 
load swings are most severe during the 
first 10 to 15 minutes after a cold charge 
of metal. This type is the usual single¬ 
phasing which has been accepted in the 
past as the limiting factor in application 
of arc furnaces; see Fig. 7. 

Type 3 

This type of load diange is a gradual 
increase of 3-phase load from a normal 
value to twice normal. The increase 
occurs over a period of several seconds 
and lasts from 5 to 10 seconds before 


decreasing gradually to a normal value. 
This change was recorded while operating 
at 470 and 510 volts. The greatest 
variation of this type recorded was from 
23,400 kva at 82-per-cent power factor 
to 66,000 kva at 51-per-cent power 
factor. This type of load swing need 
not be considered as a flicker problem 
but must be reckoned with for relaying 
and other operating problems, such as 
system ties, interconnections, and regula¬ 
tion equipment both on lines and genera¬ 
tors; see Fig. 8. . 


Conclusions 


It is worthy of note that the 15-minute 
billing tdemand with all six furnaces 
operating approximately equals the sum 
of the kva name-plate ratings of the 
furnace transformers. The tests confirm, 
within reasonable limits, the load swings 
predicted from calculations. While the 
single-phase swings at the extremely 
frequent rate were slightly higher than 
anticipated, the variation was not suffi¬ 
cient to be serious or critical. The 
cyclic swings were very dose to the antid- 
pated values. Osdllograph voltage meas¬ 
urements made at the power-plant 120-kv 
bus show a cyclic flicker of about 0.5 
volt or 0.4 per cent. It appears that the 
condensers are doing the job. 
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Discussion 

J. G. Tarboux (University of Michigan, 
Ann Arbor, Mich.): The authors have pre¬ 
sented an interesting paper on a most 
important installation. It is my intention 
to comment briefly on the small part of the 
early studies in which I was involved, 
namely, an investigation of the tr^sient 
torque-angle stability of the various com¬ 
ponents. 

Certain basic assumptions were made in 
order to simplify the work. These assump¬ 
tions resulted in a slight simplification of the 
circuit diagram of Fig. 2 of the paper. 

1. The generators were lumped into one equivalent 
machine and assumed to be isolated from the bulk 
power network. 

2. The two synchronous condensers were also 
lumped into a single equivalent machine. 

3. The furnace load was treated as a shunt imped¬ 
ance. 

4. Similarly all mill motors were considered as one 
single synchronous machine operating at 100 per 
cent power factor. 

From these assumptions the circuit was 
reduced to a 3-machine problem with one 
shunt impedance load, with three trans¬ 
mission circuits between the generating 
source and the 24-kv bus. 

Several studies were made, but as an 
illustration of the results obtained I refer to 
only three as representative. 

1. One of the three transmission-line circuits, 
including one transformer-reactor bank, switched 
out of service, with normal full load at the steel 
mill. 

2. Two transmission-line circuits in operation 
with initial normal full load at the steel mill, with a 
sudden increase of furnace load by 20 mva at 50 
per cent power factor. 

3. A 3-phase sustained short circuit on one of the 
three transmission circuits between transformer 
secondary and reactor bank, with normal full load 
at the steel mill. 

The results of these studies are shown in 
Figs. 9, 10, and 11. Three curves are 
shown, namely: mill motors behind the 
generating station; synchronous condensers 
behind the generating station; mill motors 
behind the synchronous condensers. 

The general conclusions anived from this 
study all indicate that, within the scope of 
the premises which were initially laid down, 
the system is stable. It is recognized that 
many elements influence the results obtained 
and conceivably more severe tests might be 
applied. Effects of voltage regulators at 
the generating station and at the con¬ 
densers and the interconnection with the 
bulk power network would aid stability, 
so that the results obtained are considered 
somewhat on the pessimistic side, 

H. Watson Tietze (Public Service Electric 
and Gas Company, Newark, N. J.): The 
authors are to be commended for this 


exceptional paper with its complete back¬ 
ground data and actual operating results. 
It is a welcome addition to previous papers 
on the subject of power supply for arc 
furnaces. 

The arc furnaces discussed have unusual 
characteristics and are of unusual size. 
Most utilities have had no experience in this 
field. On the other hand, recent studies on 
the economics of steel mill operation have 
indicated the definite future trend towards 
the use of electric arc furnaces in the manu¬ 
facture of quality steel. Moreover, these 
studies show that for economical operation 
very large furnaces must be used. 

The oscillographs included in the paper 
show the very pronounced effect which the 
operation of such furnaces can have upon a 
large portion of a company’s transmission 
and distribution system. Particularly im¬ 
portant is the finding that cyclic flicker is 
present. Utility engineers tiierefore must 
be particularly alert to the consequences, 
and make detailed studies if they are to 
protect the high quality of service being 
rendered to lighting customers. 

The magnitude of the corrective measures 
necessary in this instance requires that 
emphasis be placed on two points: 

1. Cost studies of electric furnace versus other 
methods of steel manufacture must include the 
installed value of measures to correct the inherent 
flicker. 

2. There is the fullest need for complete and close 
co-operation of the three parties involved; the 
furnace manufacturer, the prospective operator, 
and the electrical utility supplying power to the 
project. 


Charles W. Vokac (Wliiting Corporation, 
Harvey, Ill.): The paper describes the load 
characteristics of two large arc furnaces, the 
resulting problems, and the corrective 
equipment necessary. 

These furnaces are equipped with cable 
winch electrode drives operated by large 
reversing motors. 

It is no longer necessary to reverse elec¬ 
trodes with reversing motors to control the 
load in arc furnaces. I wonder what the 
load characteristics of the furnaces would be 
if the electrodes were positioned, instead, 
by a balanced hydraulic electrode drive 
operated by relatively smaller nonreversing 
motors. 

That system lends itself well to the higher 
speed, response, and compatible acceleration 
of the electrode necessary to cope properly 
with the rapidly changing conditions within 
the furnace. Certainly, a better response 
to these conditions, faster acceleration, and 
a higher terminal speed of the electrode 
reached q,uickly to correct the conditions, 
should result in a better load characteristic, 
fewer problems, and less corrective equip¬ 
ment required to make the furnace a better 
neighbor on the line. 

Fortunately, these thin)^ mean more 
efficient operation to the wbscriber too. 


Unfortunately, but perhaps not for long, 
such a hydraulic system had not as yet been 
applied to reversing such large electrodes. 
But it has been applied and is now being 
used on several furnaces with smaller elec¬ 
trodes and the comparative results are most 
interesting. On larger furnaces the differ¬ 
ence should be even greater. 


B. M. Jones and C. M. Steams (Duquesne 
Light Company, Pittsburgh, Pa.): Our 
company has been supplying electric arc 
furnaces for steel melting since 1908, and we 
have always been searching for additional 
data on the most economical methods of 
supplying the larger and larger electric arc 
furnaces that are being built and marketed 
all the time. 

We feel that The Detroit Edison Com¬ 
pany has done more electrical testing of 
electric arc furnaces than any other utility 
company, although we also have done con- 
sidemble testing, and we have been guided 
by their experience and their published 
information. Therefore, we are glad to 
have access to their data on these very large 
electric arc furnaces. Such complete data, 
backed by actual tests, will be very useful to 
power companies, steel companies, and 
furnace builders in this problem of melting 
steel electrically as a competitor for open- 
hearth steel melting. 

A few years ago, we had a request for the 
installation of two furnaces of this sanie size 
on our system, and we recommended that 
synchronous condensers and buffer reactors 
be installed to reduce the voltage flicker to 
an acceptable value. We felt that the cost 
of the corrective equipment in place was 
about the same as the cost of the electric 
arc furnaces in place, and these extra costs 
(the synchronous condenser, etc.) on the 
steel company have delayed the decision to 
proceed with this installation. The paper 
confirms our calculations that the synchro¬ 
nous condenser had to be installed to reduce 
the flicker to a tolerable value on our system. 

These large electric arc furnaces, either 
due to their size or very high electrode 
voltage, cause load swings of a much higher 
magnitude than we expected. Our ex¬ 
trapolated values of Detroit Edison data for 
smaller furnaces more or less indicate that 
the expected load swings would be only 
approximately one half of those actually 
encountered on these large furnaces in 
Detroit. This applies to the so-called 
extremely frequent load swings. See Table 
I. 

From the data provided in this paper, 
electric systems would have to be very 
strong to be able to serve furnaces of this 
size without corrective equipment. Based 
upon the figures given herein, a system with 
4,000,000-kya short-circuit duty at the 
point of connection would be required to 
serve these furnaces, using the extremely 
frequent load swings and the allowable volt- 
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age fluctuation of 1 volt set up by The 
Detroit Cdison Company. Similarly, in 
order to serve the furnaces with cyclic loan 
swings and allowable voltage fluctuation of 
0.6 volt -set up by the company, a system 
with 6,700,000-kva short-circuit duty would 
be required. This just about definitely 
indicates that synchronous condensers would 
be required on almost everyone’s system to 
be able to serve these furnaces. It is 
apparent from the foregoing that the cyclic 
load swings as encountered in these very 
large electric arc furnaces, rather than the 
extremely frequent swings, are the govern¬ 
ing factor as far as system requirements to 
serve them are concerned. 

If the very large load fluctuations, both 
cyclic and extremely frequent, of the large 
furnaces are the result of the very high elec¬ 
trode voltage, we wonder if this high elec¬ 
trode voltage is actually essential in furnaces 
of this size. Somebody must pay for the 
synchronous condenser and equipment anH 
its installation, and therefore this must be 
reflected in the cost of producing steel from 
such large furnaces. Then the question 
arises: Do the reduced production costs 
per ton from these very large furnaces 
justify the carrying charges on the syn¬ 
chronous condenser investment necessary 
for such furnaces? Regardless of who pays 
for the synchronous condenser in -stallation, 
the price at which the steel is produced by 
these furnaces must be reflected in the sale 
price of the steel, and hence if the utility 
company makes the investment, these 
carrying charges must be included in the 
rates charged the steel company for the 
power. Also, if the steel company makes 
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the synchronous condenser investment, the 
carrying charges must also be reflected in 
the price at which it sells the steel produced 
by these electric arc furnaces. 

In rrference to Fig. 7, the figures shown 
are a little perplexing, and we feel that the 
authors could make this clearer. For ex¬ 
ample, if the lower figure of 16,000 kva is a 
^phase value, then the load swing between 
it and the higher 3-phase value of 34,000 kva 
■is 18,000 kva at 69 per cent power factor. 
If the lower figure is actually single phase as 
shown, then the single-phase swing becomes 
less in going from a lower value to the higher 
3-phase value. 

The measured value of flicker at the 
generating station bus was given as 0.5 volt. 
Does this represent the operation of one 
large furnace, both large furnaces, or are all 
fmnaces including the smaller ones con¬ 
sidered? Clarification of this point would 
be helpful. 

I think it would be well to include just 
where the voltage flicker curve of The 
Detroit Edison Company may be found. 

Was the location of the 1-volt flicker, as 
The Detroit Edison Company standard, 
on the Trenton Channel 120-volt bus? If 
not, where was it? 

It would be interesting to explain why the 
three 45,000-kva 1^/24-kv transformers 
were installed for this steel-melting load 
before these last two large furnaces were 
installed, as 135,000 kva of stepdown trans¬ 
former capacity appears large for the de¬ 
mand mentioned. 

Do the 16-minute demands you quoted 
apply to the load of the six furnaces only, 
or to the entire mill load, including load 
other than the furnaces? This is algn 
referred to in the first paragraph under 
Conclusions on page 6. 

Does your experience prove that the 
cyclic figure is caused by the large furnaces 
as such, or by the large furnaces with higher 
secondary voltages? Or maybe the cyclic 
figure is inherent in all electric arc furnaces, 
and is of such a small value relative to the 
frequency swings in these smaller furnaces 
that it is no problem. 


D. D. Clarke (Kansas City Power and Light 
Company, Kansas City, Mo.): A question 
of terminology with regard to the use of 
“single-phase kilovolt-amperes” arises as to 
whether this is used on the basis of the larg¬ 
est phase current or the equivalent 3-phase 
wattmeter reading on test. 

Another question as to the use of the term 
“regulating transformer”: Does this mean 
a load ratio control transformer or is it in 
effect a variable reactor? The diagram 
would indicate that it is used as a variable 
reactor. 

The type of generator voltage regulators 
that are used on the generators may in our 
experience have some effect on the satis¬ 
factory results of a large arc furnace in¬ 
stallation. It would be of interest to 
know whether the voltage regulators are of 
the forced field type, 

A casual review of the eqtiipment indi¬ 
cates that the installation in this case will be 
effective with more than one furnace bump¬ 
ing the system in coincidence. A disr-us.sion 
of this consideration would be of interest, 
especially as to a specific analysis of the test 
data that was reviewed during the study. 
With multiple arc furnace installations, the 
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“extrmely frequent” and the “cyclic” 
reactive swings of two or several furnaces 
most certainly must occasionally be coinci¬ 
dent. A satisfactory application should 
consider the statistical probability of this on 
customer’s usage. 


S. W. Luther, J. D. Ghesquiere, and C. E. 
Quick We appreciate the comments and 
discussions which have been presented. 
Dr. Tarboux’s presentation covers an im¬ 
portant aspect of the problem, and is self- 
eo^lanatory. We are in full agreement 
with Mr. Tietze’s points to be emphasized, 
particularly the co-operation of the parties 
involved. 

Mr. Vokac asks what the load character¬ 
istics would be for hydraulically controlled 
electrodes. We, of course, have no experi¬ 
ence whatever with hydraulic electrode 
controls, so can give no factual answer. 
However, if we assume a very fast rate of 
response for hydraulically controlled elec¬ 
trodes, it would appear that the large 
gradual swings might be considerably 
lessened, and the extremely frequent swings 
might be somewhat lessened. We do not 
believe that any control mechanism can be 
made to move these 24-inch by 18-feet 
electrodes fast enough appreciably to affect 
the cyclic flicker after it has started. A 


Table I. Single-Phase Instantaneous Very 
Frequent Load Swings and Power Facton of 
the Swings for Various Size Electric Arc 
Furnaces 

(Data from curves of L. W. Clark, The Detroit 
Edison Company) 


Furnace 
Transformer 
N.P. Rating 

Single-Phase Swing— 
Noncyclic 

Kva 

Power Factor 
Per Cent 

2,000 . 

.... 2,300 . 


3,000 . 

.... 3,100 . 


4,000 . 

- 3,800 . 


6,000 ...... 

.... 4,300 ..... 


6,000 . 

.... 6,000 . 


7,600 . 

_ 6,600 _ 


10,000 . 

.... 6,500 . 


16,000 . 

.... 8,000 


26,000*. 

....19,000t..... 

.60 


♦Detroit Edison data from the paper. 
tCorresponding noncyclic flicker is 11,400 kva at 
60 per cent power factor occuning four to six 
per second. 
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control -which could anticipate the cyclic 
flicker and position the electrodes to prevent 
it would be required. 

Mr. Jones and Mr. Steams raise several 
very good questions. We will take them 
in order. Fig. 7 is the actual chart taken 
during an early portion of a melt. The 
chart shows the furnace operating single 
phase at 16,000 kva for about 60 seconds, 
then swinging to 34,000 kva, 3 phase over 
about a 5-second interval, back to 16,000 
kva, single phase for 20-25 seconds then up 
to about 36,000 kva, 3 phase over a 10-20- 
second interval and abruptly back to 16,000 
kva, single phase. Each change from sin¬ 
gle-phase to 3 phase and from 3 phase to 
single phase is a single phase swing. 

The cyclic flicker of 0.5 volt (120-volt 
base) was measured on the generating sta¬ 
tion bus with a voltage biased Bmsh re¬ 
corder. All six furnaces were operating at 
the time measurements were being made. 

The voltage flicker curve used by our 
company is taken from a report on the 
visual perception and tolerance of flicker. 
We use a nominal curve for absolute limit 
which represents a compromise between the 
borderlines of visibility and irritation. 
Since the absolute limit is reached infre¬ 


quently, the normal value of cyclic flicker is 
well below the borderline of visibility. 
Approximately similar values are shown in 
the AIEE “Power Supply for Resistance 
Welding Machines.” ® 

As stated under “The Problem,” both the 
0.5-volt limit for cyclic flicker and 1.0-volt 
limit for extremely frequent flicker are 
applied at the power plant bus for this 
particular problem. 

The stepdown station serving the steel 
load is directly adjacent to a stepdown 
station serving other loads. One large 
transformer is used to provide emergency 
service to either the steel load or the other 
load. Prior to the installation of the two 
large furnaces this transformer was normally 
closed to the “other load” bus with throw- 
over to the steel bus. With tlie addition of 
the large furnaces this arrangement was 
reversed, providing normal service to the 
steel load. 

The billing demand for the furnaces is 
separate from that of other steel mill load. 
The 15-minute billing demand of the six 
furnaces alone has continued to be approxi¬ 
mately equal to the sum of the kilovolt¬ 
ampere name-plate ratings of the furnace 
transformers. 


We have observed cyclic flicker on 12,000- 
and 16,000-kva furnaces, with single-phase 
load swings of approximately 3,000 kva, 10 
to 12 times per second. During the tests 
on the 12,000- and 16,000-kva furnaces it 
was observed that increase in electrode 
voltage increased the cyclic load swing. 
Preliminary tests made on the 25,000-kva 
furnaces confirmed previous observations; 
when operating at the same electrode volt¬ 
age as was used on the 16,000-kva furnaces 
the cyclic load swing was of the same magni¬ 
tude; when operating at higher electrode 
voltages the cyclic load swing increased very 
considerably. It is perhaps worthy of note 
that the 25,000-kva furnaces operating at 
310 volts have a load of 16,000 kva. It 
would seem that increase in dectrode volt¬ 
age rather than in size of furnace causes the 
increase in cyclic load swing. 
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Controls for Step Voltage Regulators 

T. C. LENNOX 

ASSOCIATE MEMBER AIEE 


Synopsis: A unique control circuit for 
step voltage regulators is described. An 
auxiliary relay with four pairs of contacts 
has been eliminated; this results in reduced 
maintenance and quiet operation. Full 
integrating time delay is obtained by means 
of a motor-driven time-delay relay operated 
directly by the contacts of the voltage¬ 
regulating relay. Sparking on the voltage¬ 
regulating relay contacts is reduced to a 
minimum. 

The Problem 

C ONTROLS for step voltage regulators 
usually consist of a servo loop, as 
shown in Fig. 1. The time-dday relay is 
interposed between the voltage-regulating 
relay and the driving motor of the tap¬ 
changing mechanism. 

Time delay may be applied in several 
different ways. It may be cumulative. 
In this case, each short-time voltage de¬ 
viation will cause some movement of the 
H-ming device with no reset action until 
the timing cycle is complete and a tap 


Paper SS-TIT, recommended by the AIEE Relays 
Committee and approved by the AIEE Committee 
on Technical Operations for presentation at the 
AIBB Pall General Meeting, Chicago, Ill., October 
3 — 7 , 1055. Manuscript submitted March 80, 

1065; made available for printing July 20, 1955. 

C. LaaTNOX is with the General Electric Cbm- 
pstny, Pittsfield, Mass. 


change is made. The motor drive of the 
regulator may serve for this purpose if a 
sufficient gear ratio is provided between 
motor and tap changer. The separate 
time-delay relay is then omitted. The 
objection to this system is that, once the 
time delay is used up, a brief and self- 
correcting voltage error may cause an un¬ 
necessary tap change. A second tap 
change in the opposite direction will fol¬ 
low to restore normal voltage. 

Alternatively, instantaneous reset may 
be used. In this case, a succession of 
momentary voltage changes may keep the 
relay from completing its cycle to cor¬ 
rect a large error in the average voltage. 
As another alternative, free from either of 
these objections, the timing may be “in¬ 
tegrating,” running back and forth at the 
same speed, to sum up the time alge¬ 
braically for correct and incorrect volt¬ 
age. Thus, if the voltage is outside the 
acceptable band in one direction more 
than it is inside, the relay will ultimately 
time out and the voltage will be corrected. 
Two such integrating relays for raising 
and lowering of the voltage respectively 
may be combined in a single relay in 
which the timing-out action for raising 
becomes the timing-back movement for 
lowar, and vice versa. 


An integrating double-action timer of 
this type is shown in Fig, 2. The right- 
hand view shows the reversible syn¬ 
chronous motor and other electric com¬ 
ponents. The left view shows the timing 
dial. Around the dial are switches which 
are opened and closed by the dial move¬ 
ment. At the top, two switches are 
dosed to energize the regulator motor at 
the end of a timing period. This period 
may be adjusted by screwing the timing 
pins into the holes adjacent to the re¬ 
quired figures showing the time in sec¬ 
onds. At the bottom, two switches are 
mounted which dose at the beginning of 
a timing operation to set up the run- 
back drcuit. This allows the dial to re¬ 
turn to the starting position and gives 
the integrating action. The marked disk 
on the end of the motor shaft enables the 
motion of the rday to be observed when 
adjusting the control, the rdatively slow 
movement of the dial being difficult to 
follow. 

The rugged, reversible, synchronous 
motor is a desirable device to power sudi 
a relay; and the current and voltage re¬ 
quired by its coils are well- within the 
capadty of the voltage-regulating rday 
contacts. The chief' problem presented 
is 'the need to run the motor in the re¬ 
verse direction to return it to the starting 
position whenever the voltage-regulating 
rday is rebalanced with both contacts 
open. These motors have separate wind¬ 
ings for dockwise and counterdodcwise 
rotation. When one winding is in use, 'the 
other should be completdy de-energized. 
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Fig. 1 (left). Cpntrol loop of step 
voltage regulator 


Fig. 3 (right), internal connec¬ 
tions of time-delay relay 


In the past, an auxiliary relay has been 
used to reset tlie circuits so that the 
motor would be energized, through the 
run-back contact, to return the timing 
dial to its starting position whenever the 
voltage is corrected or returns to the band 
without correction. A relay so connected 
responds instantaneously to all voltage 
changes that go outside of the voltage 
band. This results in very frequent 
operation of the auxiliary relay. If the 
voltage is on the edge of the band, chatter 
of the auxiliary relay armature and con¬ 
tacts can result, unless substantial holding 
effect is provided in the voltage-regulat¬ 
ing relay, 

A superior arrangement may be ob¬ 
tained if the time-delay relay can be tna dg 
to run in either direction as required 
without the help of an auxiliary relay. 
When the voltage-regulating relay closes 
a contact and starts the motor, a run- 
back contact immediately doses. Follow¬ 
ing this, the motor must run forward 
when the voltage-regulating rday con¬ 
tact is dosed and reverse to run back 
when it is opened, this reversal being re¬ 
peated as often as the voltage leaves and 
re-enters the band. 

This action is difficult to arrange with a 
reversible, synchronous motor whidi 
requires full voltage on one coil and no 
voltage on the other for satisfactory oper¬ 
ation. If full voltage is applied to one 
coil and a reduced voltage such as 50 per 



Ffg. 2. Time-delay relay, front and back 
views 


cent of normal is applied to the other, the 
motor may lock itsdf out and refuse to 
run at all. 

The Solution 

The circuit for operating the motor is 
shown in Fig. 3. There are two capadtors 
Cl and Ci, a resistor R, and a transformer 
with two secondary windings and Ea. 
In addition, there are the motor coils 
Ml and Ma and run-back switches RBi 
and RBi. The voltage-regulating relay 
contacts are shown as Vi and Vi. The 
output contacts of the relay which dose 
at the end of the timing cyde are not 
shown. They would appear in the wiring 
diagram of the regulator motor drive. 
In addition to providing the relay action 
described in the foregoing, a desirable 
feature of this circuit is that the current 
in the voltage-regulating rday contacts 
and the recovery voltage across them are 
no more than are required to connect and 
disconnect the motor directly on a 110 - 
volt line. 

Fig. 4 shows the active dements of the 
circuit in the neutral position of the timer 
with the voltage-regulating relay in the 
balanced position, both motor coils being 
open-drcuited. Capadtor Ca is con¬ 
nected in series with resistor R across 
voltage £3 from the transfonner. The 
open-circuit voltage £0 of both voltage¬ 
regulating relay contacts is the vectorial 
sum of transformer voltage £2 and the 
capadtor voltage C 2 as shown by the 
voltage vectors. 

Fig. 5 shows the active circuits and 
voltage vectors when a voltage-regulating 
rday contact Vi has just dosed. Capac¬ 
itor Cl, coil Ml, and resistor R are con¬ 
nected in series across (£ 2 +£ 8 ) from the 
transformer. The voltage on capadtor 
C 2 is the vectorial difference of £3 and R. 
When the time-dday relay moves in re¬ 
sponse to voltage on Mi, run-back switch 
RBi is actuated and its normally open 
contact doses and sta 3 rs dosed through¬ 
out the timing cyde. This connects M 2 in 
parallel with C 2 . For voltage Mi to be the 
normal coil voltage, and for voltage C 2 
and hence the voltage on coil M 2 to be 
zero tmder this condition, and for the 
conditions described later for run-back to 
be fulfilled, the following values are re¬ 
quired for the various dements. 



XT •—T microfarads (series resonance 
2 ir/Z sm 

Ml and Ci) 

10 * sin 4> . 

microfarads (parallelresonance 
M 2 and C 2 ) 


R - -ohms 

1 —cos 4> 


where Z ohms is the impedance of either 
Ml or Mi and cos ^ their power factor 

Ea’^E cos ^ 


£3 


E 

1 —COS(^ 


where £ is the normal voltage required 
for the coils Mi or Mi. 

When the regulated voltage has been 
corrected and the voltage-regulating relay 
has been rebalanced with both contacts 
open, the active circuits and voltage 
vectors will be as shown in Fig. 6 . The 
normally open contact of run-back 
switch RBi will be dosed so that M 2 and 
C 2 will be in paralld and connected in 
series with R across £ 3 . The values given 
in the foregoing result in full voltage E 
across M 2 to run back to the neutral 
podtion of the timing dial and reopen 
RBi. During this run-back period no 
voltage is applied to Mi because its cir¬ 
cuit is open. Thus, the required voltage 
conditions are fulfilled. 

The switches RBi and RB 2 have botli 
normally open aj d, normally dosed con¬ 
tacts. The latt '^***Te placed in series with 
the contacts of voltage-regulating re¬ 
lay as shown in Fig. 3; otherwise, closure 
of a voltage-regulating rday contact 
for the same direction of motion as given 
by the run-back switch would connect 
capadtor Ci across transformer circuit £ 2 . 
This action would usdess and might 
wdd the voltage-regulating relay con¬ 
tact. 



Fig. 4. Ciicuit and voltage vectors at relay 
neutral 
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Rg. 5 (left). Circuit 
and voltage vectors dur¬ 
ing forward motion 

Fig. 6 (right). Circuit 
voltage vectors - during 
runback 


M2(E) 


Fig. 7. Control panel for step voltage regulator 


The open-circuit voltage across the 
contacts of the voltage-regulating relay 
will be £o, as shown in Fig. 6, when in the 
run-back zone. This voltage, Uke that 
■in Fig. 4, is more than the normal voltage 
E of the coils Mi or Mz pvA more nearly 
in phase with the coil v. “^t so that, in 
the network as constrUH, ^^, the recovery 
voltage at current zero* is never greater 
than it would be with the motor directly 
on the line at normal voltage. The low 
power factor of the motor, about 60 per 
cent, is favorable in obtaining this result. 
The current in the convicts of the voltage- 
regulating relay is normal coil cur¬ 
rent for the motor. 

The voltage applied to the relays is ob¬ 
tained from the potential transformer and 
represents the output voltage of the 
regulator. When the line-drop compen- 
sa-tor is in use, this voltage will vary with 
changes in load and ma.y rise to as much as 
10 per cent or more above its normal 
value. On the other hand, provision is 
made to adjust the nonnal output voltage 
of the regulator over a considerable 
range. The result is that the relays must 


operate satisfactorily with voltages from 
100 to 135 volts. 

Voltage above its rating applied to the 
coils of the motor ten<k to saturate the 
iron of its magnetic circuit and to cause a 
disproportionately large increase in cur¬ 
rent. This will incre^ the severity of 
sparking on the contacts of the voltage¬ 
regulating relay. It will also result in a 
change in coil power factor, thus de¬ 
tuning the network. Low voltage, on the 
other hand, will reduce the current in the 
contacts and is unobjectionable unless 
carried to the point of insufficient motor 
torque. The 116-volt motor will run 
with ample torque ut 70 volts or even 
lesSi The transformer in the network is 
wound with such ratio so as to give a 
motor voltage E varying from 80 to 108 
with a circuit voltage of 100 to 136. This 
assures optimum performance of yoltage- 
regtdating relay contacts. 

Fig. 7, shows the control panel for a 
regulator carrying the devices described 
Hand controls include a power circuit 
breaker, a selector switch, a test rheo¬ 
stat, a line-drop compensator, a reversing 


switch for the line-drop compensator, and 
potential test terminals. 

Conclusion 

The control as described is a marked 
improvement over previous controls. 
Elimination of an auxiliary relay results 
in eight less contacts to maintain. This 
relay was a source of noise and vibration, 
and its removal results in quiet operation 
of the control and in improved action of 
the voltage-regulating relay contacts. 
Spark suppression circuits and holding 
coils are added to the voltage-regulating 
relay to improve contact life.^ The con¬ 
trol is very easily adjusted, requiring re¬ 
markably little attention, and will opi¬ 
ate for long periods with no cleaning, 
polishing, oir replacement of contacts. It 
has been applied to single-phase step 
voltage regulators for about 1 year. 
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Discussion 

H. C. Brem (Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis.): Mr. Lennox 
is to be commended for his straightforward 
paper on a simpler regulator control circuit 
which contains the following ideal features 
and components: 

I. Blimiaatioa of auxiliary relay and contacts. 

2. Integrator feature in the time delay virith 
variable adjustments. 

3. Decreased sparking on the voltage-regulating 
relay. 

While the author stresses the uniqueness 
of the circuit, the simplicity by elimination 
is the highlight of the design. The sim¬ 
plicity of operation leads to a better under¬ 


ing life and good service. Mr. Lennox can 
also expect such fine results as time goes on. 

O. J. Lindquist (Commonwealth Edison 
Company. Chicago, Ill.): The device de¬ 
scribed by Mr. Lennox is clever and practical. 
It represents a definite improvement be¬ 
cause the timing motor is directly actuated 
by the voltage-regulating relay rather than 
through an auxiliary relay. Hence the 
auxiliary relay is eliminated not only with¬ 
out sacrifice, but with over-all gains in 
reliability and maintenance. Because the 
contacts for the tap-changing drive motor are 
cam operated, the response to the voltage¬ 
regulating relay is certain and reliable. 

Because equipment such as large welders 
and arc furnaces produce frequent voltage 
fluctuations of up to 1 per cent on the regu- 
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standing by those who operate the equip¬ 
ment. The remarks of his paper do not 
do justice to the extensive development 
necessary to arrive at such a design. 

The Allis-Chalmers Manufacturing Com¬ 
pany has furnished, witli great acceptance 
for over 22 years, a control which was in¬ 
itially designed to be as simple and as 
trouble-free as possible. It included a 
voltage integrator which eliminated the 
extraneous relays. Our original and fun¬ 
damental* design was not much different 
ttan that revealed by Mr. Lennox, His 
ideal control was evolved through a process 
of eliminating components that caused past 
trouble. The Allis-Chalmers control was 
originall}'- designed without them. 

The fact that two independent designs 
^e almost identical, but many years apart 
in conception, gives a strong indication of 
the soundness of the basic principles in¬ 
volved. The Allis-Chalmers operating rec¬ 
ord of over two decades with the control 
has proved the control leads to long operat¬ 


lated bus, we believe the holding effect 
should be ajustable so that where necesary 
the bandwidth and the holding effect 
both be increased. 

It may be of interest to mention a system 
we use in Chicago to study the operation of 
step-type voltage-regulating equipment. It 
is especially useful where load-ratio-control 
transformers are operated in parallel. A 
2 -element graphic wattmeter is connected 
as shown in Fig. 8. 

The current elements of the wattmeter 
are connected in series with a lamp load 
consisting of a 100-watt and a 200-watt 
lamp. Whenever the tap-changing drive 
motor is energized, the relay short-circuits 
out the 100-watt lamp, this increasing the 
current in the wattmeter coils. One po¬ 
tential element of the wattmeter is energized 
by closing of the "raise” contact of the volt- 
age-regulating relay. In the same way, 
the other potential element is energized by 
the closing of the "lower” contact. There¬ 
fore, the wattmeter chart shows whenever 


the voltage-regulating relay called for higher 
or lower voltage and whenever tap changes 
were made. The tests with this equipment 
showed in general that several of the tap 
changes per day were unnecessary and 
could be eliminated by changing the settings 
on the voltage-regulating controls. This 
allowed the same voltage regulation for 
fewer tap changes, or better voltage regula¬ 
tion for the same number of tap changes. 
In cases where the charts showed that the 
voltage regulating relays were too active, 
the holding effect was increased to save 
contact deterioration. 


T. C. Le^ox: Mr. Brem’s observations on 
the similarities between the control de¬ 
scribed in the paper and the Allis-Chalmers 
control are quite correct. However, the 
significant difference between them is that 
holding effect is provided for the voltage¬ 
regulating relay contacts in the control I 
have described. In a companion paper,^ it 
is shown that the voltage relay contacts, 
without holding effect, experience practi¬ 
cally continuous arcing when operating at 
the edges of the voltage bandwidth. Test 
results on these two almost identical con” 
trols indicate a 4- to 5-year contact main¬ 
tenance interval. This interval is in¬ 
creased by an estimated 75 times by pro¬ 
vision of a small contact holding effect. 
This increase in contact life represents a 
major increase in reliability and service. 

^ Mr. Lindquist presents an interesting 
circuit for studjnng the action of controls 
on load ratio control transformers. This 
should prove a very useful tool in optimizing 
the oerformance of tap-changing equipment. 

We wholeheartedly agree with Mr. Lind¬ 
quist in using holding effect for voltage¬ 
regulating relay cqhtacts but do not believe 
that it should be adjustable in the control 
described. Further discussion is included 
with the aforementioned paper.* 
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T he importance of system planning 
has been recognized by the Rural 
Electrification Administration (REA) 
since its establishment as a lending 
agency in 1935. A plan of development 
for the purpose of serving rural consumers 
has consistently been a requirement for 
the lending of funds to rural electric 
systems. In the early days of the 
program, system-planning techniques 
were relatively simple, consisting essen¬ 
tially of load estimates for unserved 
areas and the requirements for rural lines 
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to serve given sections of these areas. 
As the systems developed and experience 
was gained, the concept changed from 
one of planning for rural lines to that of 
planning for feeders and substation areas. 

In turn, planning techniques have ad¬ 
vanced to the consideration of the dis¬ 
tribution system as a whole and its 
economic co-ordination with generation 
and transmission facilities. In this 
evolutionary process the REA, in the role 
of a banker, has established the broad 
guidelines while the actual planning has 
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been carried out by Administration’s » 
1,076 electric borrowers and their en¬ 
gineers. 

It is the purpose of this paper to discuss 
the broader aspects of rural electric 
system planning, which is predominantly 
distribution system planning, as currently 
seen by the REA. Particular attention 
is given to planning developments to 
date, future trends and nee(k, and the 
essential elements of system planning. 
Even though planning has been an 
integral part of the development and 
expansion of rural electric systems, 
phenomenal load forecasts clearly estab¬ 
lish its continuing cornerstone impor¬ 
tance, as all of the electrical utility in¬ 
dustry is recognizing. This is sufficienl: 
cause for mutual examination, study, and 
benefit. 
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General 

The background for this paper has 
been a continuous study and interest in 
all phases of planning with emphasis on 
utility system planning and, more par¬ 
ticularly in recent years, rural electric 
system planning. The principles involved 
are the same regardless of application. 
The relative importance of elements, 
considerations, and practices of planning 
will vary hdwever. In the electrical 
utility industry, system planning is 
quite different from community or 
industrial sales planning. The electrical 
utility industry has been putting con¬ 
siderable attention on planning bulk 
power transmission systems and genera¬ 
tion facilities. Long-range planning of 
distribution systems has, until recent 
years, not received its proportionate 
share of attention considering that 
distribution facilities represent nearly 
one-half of electrical utility property 
investment. The development and ex¬ 
pansion of the rural electric systems 
throughout the country during the past 
20 years necessitated and, in turn, were 
made possible only by the application of 
planning principles. 

The term “rural electric systems’’ as 
used herein refers primarily to those 
properties which have been financed 
by the REA. These systems serve ap¬ 
proximately one-half of the consumers 
in rural America. They are relatively 
small. All are less than 20 years old. 
The weighted age of all facilities is ap¬ 
proaching 10 years. There are 1,076 
such systems operating 1,364,000 miles 
of line, serving 4,269,000 consumers. 
They borrowed about $3,000,000,000 
from the Federal Government. 81 per 
cent of these funds are invested in the 
distribution plant. During the past 12 
months, 23 per cent of the approximately 
3B165,000,000 borrowed was for the 
purpose of increasing the capacity of 
existing facilities, exclusive of generation 
facilities, transmission lines, new sub¬ 
stations, and new distribution lines. 
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Consulting engineers have been vitally 
interested in the planning, design, con¬ 
struction, and expansion of these rural 
electric systems because of professional 
interest and responsibility and because 
they represented a challenge. Manu¬ 
facturers have been vitally interested 
because they provided new markets and 
need for new equipment and materials. 
The REA has been interested in and has 
constantly encouraged sound planning 
in the design, construction, and develop¬ 
ment of these rural electric systems be¬ 
cause of the tremendous responsibility 
involved in the loans that have been 
made. It has recognized that this 
interest cannot rest with the initial line 
construction because, as the loads con¬ 
tinue to increase, sound practical devel¬ 
opment based on well-developed current 
long-range engineering plans is necessary 
to safeguard adequately the taxpayers’ 
interest. A tangible expression of this 
interest is expressed in references 1 and 2. 

The planning that has gone into the 
rural electric systems has, as have the 
systems themselves, gone through an 
inevitable process of growth. The initial 
application of planning was to a concept 
of rural lines in restricted areas serving 
very light loads. Later planning prin¬ 
ciples were applied to the concept of 
feeders and substation areas. The years 
immediately following World War II, 
with the extensive expansion of all elec¬ 
trical utility systems of all types and 
the rapid growth of loads, all of which was 
shared by the rural electric systems, pre¬ 
saged the current applications of planning 
and the need for further attention, re¬ 
finements, and better understanding in 
the years ahead. Rural electric system 
planning, although it has many of the 
characteristics of general electrical utility 
system planning, also has its own par¬ 
ticular needs and adaptations. This is 
a characteristic of planning which is a 
general practice applied to specific cases. 

System planning is applied to each 
individual rural electric system by the 
management and engineers of each 
system. The engineers, in some cases, 
are on the payroll of the system. In 
other cases, they are consulting engineers. 
In many instances management utilizes 
a combination of the two. A very im¬ 
portant point at this stage, and one in 
which the REA is vitally interested, is 
that system planning' engineering is 
separate and apart from construction and 
design engineering. The engineers work¬ 
ing with these rural electric systems and 
the engineers on the REA staff recognize 
the need for improvement in the tech¬ 
niques applied. 


The development of these rural electric 
systems was made possible by, and has in 
turn contributed to, many improvements 
in design, construction, equipment, and 
material. At the root of this, however, 
was planning. By looking ahead and 
developing plans on a long-range basis, 
many inn ovations and practices were 
found practical and economical and were 
applied to the benefit of the entire 
u tili ty industry. These include the wide¬ 
spread use of long-span- construction, 
high-strength conductors, single-bushing 
transformers, common primary secondary 
multigrounded neutral systems, standard¬ 
ization of pole top configurations, and 
automatic oil circuit reclosers, as well as 
the acceptance of 7.2/12.46 kv and 14.4/ 
24.9 kv as standard distribution voltages.® 
Design techniques which were developed 
and applied include a uniform compre¬ 
hensive voltage-regulation study, stand¬ 
ardization of sectionalizing analysis, es¬ 
tablishment of voltage standards, and 
criteria for line regulation.^"^ In addi¬ 
tion, a number of the consulting engineers 
have been continually developing for 
their own use refinements of techniques 
specifically applicable to the rural electric 
systems -with which they are concerned. 

Trend Data 

The statistical trends of these rural 
electric systems are similar to that of the 
over-all electrical utility industry. They 
are quite similar to the trends for rural 
facilities of other utilities. Hence, 
although the folio-wing data apply only 
to the rural electric systems, parallels 
and correlations with other published 
data can be readily found. 

Fig. 1 represents a nation--wide average 
of the saturation of farm electrification 
and, for these rural electric systems, the 
farm energy requirements from 1940 to 
1976. With 96 per cent of all farms hav¬ 
ing central station service, one-half of 
which are served by these rural electric 
systems, the significant fact is the pre¬ 
dicted continued rapid growth in energy 
usage. 

Industry forecasts of energy consump¬ 
tion are shown in Table I. The REA 
and the Federal Power Commission 
estimates apply to rural loads.®* ® The 
Electrical World estimate is industry¬ 
wide.^® The correlation is close. The 
planning engineer -with these figures 
before him has a definite challenge. Not 
only are design criteria involved but also 
the ine-vitable need for new and improved 
materials and equipment. The planning 
engineer assumes that energy usage and 
system demands will continue to grow 
even beyond these forecasts. 
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Rs* 1 (left)* Farms electrified 
and energy usage 


Fig. 3 (right). Load factor and 
energy loss trends 



Table II illustrates the application of 
new techniques, naaterials, and equip¬ 
ment according to a well-developed 
system plan. It shows the trend on the 
rural electric systems in the use of 
14.4/24.9-kv distribution. Although sub¬ 
stantial, the use of this voltage has been 
and win continue to be very selective. 
Its use on rural electric systems has been 
primarily for areas of low consumer 
density, for areas requiring express 
feeders, and for situations wherein future 
uncertainties require continuance of dis¬ 
tribution systems in lieu of transmission, 
pending the evolvement of a more 
definitive system requirement. 

Fig. 2 shows a comparison of average 
load and consumer trends on the rural 
electric systems. One major significance 
of these data is the rapid increase in 
circuit loading. On these systems this 
has introduced problems of economical 
conductor selection, sectionalizing, regu¬ 
lation, load pickups, and operation. 
This trend clearly reflects the situation 
for the next several decades. Th er e 
will be limited increase in the number 
of consumers coincident with the rapidly 
rising energy consumption. The long 
distances and the unusual exposures of 
the rural systems to the forces of nature 
will continue. This combination is one 
of the principal ingredients of the pro¬ 
blem facing the engineer designing and 
planning the rural electric system of 
tomorrow. 

Fig. 3 shows the rising trend of load 
factor and the decreasing trend of energy 
losses as the rural electric systems age 
and the loads increase. The load factor, 


Table I. 1954 Forecast of Energy Require- 
ments 


Surveyors 

Energy Consumption 
Estimates 

RKA (rural).,. 

..doubling in 10 years— 

Federal Power Commis-., 

tripling by 1975 
,. 330-per-cent increase by 

sion (rural) 

1976 

Electrical World .. 

..tripling by 1970 

(industry-wide) 


for example, has increased from 36 
per cent on these systems in 1940 to 
approximately 43 per cent in 1963. 
The average energy losses have decreased 
from 28.6 to 14.4 per cent. The latter 
is very significant for two reasons: 
reports to the Federal Power Commission 
by the utilities show a 1963 energy loss 
of 11.4 per cent; and, rural electric ^stem 
distribution transformers, which account 
for over one-half of distribution system 
losses, average 0.86 per consumer, which 
is considerably higher than the national 
average. 

Fig. 4 shows the general trend for all 
rural electric systems of loads in com¬ 
parison with design capacity. Obviously 
the individual systems or individud 
portions of systems differ but, on the 
average, this represents the general condi¬ 
tion. It clearly reflects the result of 
consistent planning in the past. 

Elements Necessary for Rural 

Electric System Pl anning 

The ptinciples of planning are the same 
regardless of application. The inter¬ 
pretations or elements particularly ap¬ 
plicable are influenced by the specific 
case in hand. How these would be stated 
would depend upon the judgment of the 
individual, the type of utility property 
under consideration, the specific nature 



Fig. 2. Average load and consumer trends 


of the utility service area, the position 
of the individual in the utility system, 
and the experience which he has had with 
system planning. For the case in hand, 
an enumeration of the elements follows: 

1 . Management recognition and support. 

2 . Competent engineering. 

3. Adequate basic data. 

4. Rigorous treatment of data and plan¬ 
ning techniques. 

5. A minimum of self-imposed restric¬ 
tions. 

6 . Operation and maintenance practices. 

7. Sound service standards. 

8 . Recognition of consumers’ changing 
needs. 

9. Practical planning criteria. 

10 . Alternative plans. 

11. Differentiation between immediate 
construction plans and long-range engi¬ 
neering plans. 

12. Positive use of planning results and 
review and extension of system plans. 

The understanding and application of 
these elements are not the sole responsi¬ 
bility of the engineer. It is a joint engi¬ 
neering-management responsibility; how¬ 
ever, management can and should look 
to the engineer for initiative, foresight, 
and stability in the engineering guidance 
he provides. Application and under¬ 
standing of each element obviously must 
suit the individual characteristics of a 
given situation. That reflects the funda¬ 
mental principle which all must recog¬ 
nize, namely, that system planning is a 
co-ordinated and tailored operation; it 
is not and cannot be standardized as can 
many of the technical mechanics of 
engineering. Only the techniques of 
planning can be standardized, 

Table II. REA Systems Usage, 14.4/24.9- 
Kv Distribution 


Miles Systems 


May 1962....10,988...37 

September 1954.___...27,907...... ! ,72 

June 1966.......... .33,000.’ .75 
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Discussion of the Elements for Rural 
Electric System Planning 


Fig. 4 (left). Com* 
parison of average 
system load and de¬ 
sign capacity 


Fig. 6 (right). Com- g | -- 

parison — service gg 
continuity improve- 
menf and circuit 

sectionalization °o .5 - 

Assumed __ 

Same number of con- 1234567 

woiii«. iiuiiiu^i W.WI number of sectionalizing points 

sumers each section 
Same type of sectionalizing devices. 

Uniform system conditions. Equally spaced devices 


Management Recognition and 

Support 

Long-range system engineering plan¬ 
ning is a basic management necessity. 
Management recognition and support 
are also basic to productive system 
planning and practical application of its 
results. Sound system planning is in¬ 
surance to management and inexpensive 
insurance at that. Its cost is low. For 
example, a $6,000-expenditure for an 
average rural electric system would 
represent approximately 2/lOths of 1 
per cent of the present investment. At 
an amortization rate of 10 per cent, it 
would be paid for by a management de¬ 
cision, based on its conclusions, to delay 
a $60,000-capital improvement for just 
1 year. 

Competent Engineering 

System planning requires engineers 
who have acquired or are capable of 
acquiring the special characteristics and 
abilities which this particular field de¬ 
mands. It is a specialty. It takes 
years for an engineer to develop a staff 
technically proficient in the design of a 
generating plant; the same is true in the 
iid.d of system planning. Not only 
must the engineer be technically pro¬ 
ficient but, to gain and hold the respect 
and support of management, he must be 
sensitive to the need for constant re- 
evaluation and for the application of 



PLANT AGE - YEARS 


Fig. 5. Typical failure-rate curve for an 
average all-new electrical utility outside plant 


new ideas and approaches. Long-range 
system engineering planning for dis¬ 
tribution system engineers is a relatively 
new field in which competency, or pro¬ 
ficiency, must be developed. 

Adequate Basic Data 

This is of fundamental importance to 
the system planning engineer. The 
engineer must, at all times, be alert to 
appraising the adequacy of the data 
with whicli he is working and the meth¬ 
ods by which they were derived. As 
an example, consider just one item of 
basic data, namely, load estimates. 
Load estimating is at the root of all 
utility planning, but the estimates must 
be recognized as such. Also, even 
though the total load on a system 10 
years from today may be as now esti¬ 
mated, it does not mean that the pattern 
will develop similarly throughout the 
entire area. Hence, segregation of load 
estimates by geographical areas is as 
important as segregation by types of 
consumers. 

Rigorous Treatment of Data and 

Planning Techniques 

Planning by its very nature can easily 
lead into the abstract and extreme 
generalization. The experienced plan¬ 
ning engineer, however, is rigorous in 
his treatment of data and in appl 3 dng 
the techniques of his profession. His 
work is as rigorous as that of a structural 
engineer in designing the details of a 
100,000-kva substation. The planning 
engineer develops techniques in which 
basic economic, statistical, mathematical, 
and engineering principles are observed. 
Treatment is orderly and complete. The 
results are reduced to definite under¬ 
standable terms for use by management. 
Alternatives, advantages, disadvantages, 
and substantiating data are presented 
succinctly so that management can work 
constructively with the results. 


A Minimum of Self-Imposed 

Restrictions 

Distribution system planning must 
be realistic even though it deals with an 
uncertain future. It must be approached 
on a reasonable basis without built-in 
fears and self-imposed restrictions. Al¬ 
though the experience of the past and 
conditions of the present must be con¬ 
sidered, they should not restrict provisions 
for meeting future needs. What appears 
to be an important obstacle today may 
be insignificant when the loads are three 
to six times today’s loads. By the very 
process of restriction, future develop¬ 
ment may be stifled. Long-range system 
engineering planning requires freedom. 
Restraint is required, however, in the 
application and the management evalua¬ 
tion of the alternatives. No portion of 
a system plan should be accomplished 



Fig. 7. Relationship of the ratio of future-to- 
present capacity with the ratio of future-to- 
present system investment 
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unless it is applicable in the light of 
conditions which have then evolved. 

It is perhaps for this reason that a 
number of electrical utility planning 
engineers are appljring the concept of 
“timelessexpansion.” This is the concept 
of providing for loads in terras of 150, 
200, 300, 400, 600, and 600 per cent of 
present loads rather than in terms of 
1959, 1970, and 1976. This makes the 
results of the planning study more 
flexible and adaptable. It also lends 
itself more readily to periodic review and 
adjustment. Such techniques, however, 
take the soundest of engineering judgment 
and rigorous treatment to maintain 
stability and practicality. 

Operations and Maintenance 
Practices 

System planning must provide for and 
recognize operation and maintenance 
needs. Wherever possible, co-ordination 
should be achieved so as to avoid un¬ 
necessary maintenance where property 
is to be scheduled for replacement. Also, 
system changes should have as one ob¬ 
jective the improvement of operation and 
maintenance activities. 

With respect to the rural electric 
systems, this is of particular importance 
because many of the systems have not 
yet reached a stable maintenance need. 
Fig. 5 is a typical failure-rate curve for 
an “all new" outside electrical utility 
plant which is the basic condition of these 
rural electric systems. Their average 
weighted age is now approaching 10 
years. It is noted from the curve that 
there is ahead a sharp increase in main¬ 
tenance needs. This is both a manage¬ 
ment and an engineering problem. Its 
solution should be closely co-ordinated 
with system planning. 

Sound Service Standards 

Service standards sometimes are elu¬ 
sive. They are important and should be 
established, but are hard to define. The 
standards should be applied with engi¬ 
neering judgment to each specific system. 
The extent and refinements of standards 
established in each case will vary. In 
general, however, they might include, 
among others, voltage regulation, voltage 
levels, flicker limitations, and outage 
time—^planned and unplanned. The 
engineer should, together with manage¬ 
ment, arrive at the standards which are 
to be built into the future system. One 
item for the planning engineer in his 
periodic review of the long-range system 
plan is a check on actual conditions to 
assure conformance with and to seek 
improvements of service standards. In 

1414 


this connection, at the 1954 American 
Power Conference, the Duquesne Light 
Company and the Commonwealth Edison 
Company presented some interesting 
information. The engineers of those 
companies have recommended, and the 
managements have adopted, specific 
standards of service in terms of intermp- 
tion, by types of service and for various 
portions of the system. For rural electric 
systems financed by the REA, standards 
have been established for voltage regula¬ 
tion and voltage levels.®*’ 

Recognition of Consumers’ 

Changing Needs 

The greatest variable that the dis¬ 
tribution system planning engineer must 
consider is the consumers’ needs. The 
change in rate of increase in energy usage, 
shifting of population, development of 
industry, and construction of highways 
all affect the consumers’ demands and 
energy usages on the various portions of 
the distribution system. What may 
appear to be a relatively simple problem 
can in a matter of several years become 
rather complex. This should be recog¬ 
nized in the flexibility of plans recom¬ 
mended, which should include possible 
or probable alternatives. In anticipation 
of what might be normal changes in 
consumer needs, the engineer can go a 
long way toward handling this problem. 
Periodic or continuous reappraisal of 
system conditions as related to the long- 
range system plans also can effectually 
accommodate this element. 

Practical Planning Criteria 

Consideration of the elements so far 
clearly leads to one logical conclusion and 
it is engineering “in principle." There 
must be criteria. The criteria must be 
practical. They must consider the 
elements discussed herein. They must 
be sufficiently flexible so as to provide 
for future changes in the art of distribu¬ 
tion system design. Very few criteria 
have been established for rural electric 
systems. This is a tremendous engineer¬ 
ing challenge. Consulting engineers and 
the staff engineers of the REA are work¬ 
ing on it. The best answers will come 
from experience, co-operation, and a free 
exchange of professional judgment 
through media such as the AIEE. Cri¬ 
teria applicable to each specific system 
must be established by the management¬ 
engineering team of that system. 

Alternative Plans 

Reference has been made heretofore to 
alternatives. The need for alternatives 
when dealing with the future would seem 
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to be inescapable. Yet it has been ob¬ 
served that engineers unacquainted or in¬ 
experienced in planning frequently over¬ 
look the value and need for alternatives. 
Perhaps that is because many engineers 
are construction-minded. Planning re¬ 
quires considerable flexibility and recog¬ 
nition of the intangibles and provision 
therefor in concrete form for comparative 
evaluation by management. As an engi¬ 
neer becomes proficient in the techniques 
and objectives of planning, he grasps the 
significance of and the need for the ap¬ 
plication of alternatives. In turn manage¬ 
ment develops greater confidence in him. 

Differentiation Between Immediate 
Construction Plans and Long- 
Range Engineering Plans 
An electric system requires immediate 
construction plans upon which the finan¬ 
cial, personnel, material, and operational 
needs of the next year or two can be based. 
These are very specific. They provide for 
immediate commitment. There are no 
alternatives. Sometimes this is construed 
to be system planning, but it is not. Long- 
range engineering planning goes beyond 
and provides for the unknowns of the 
future. An analogy would be a compari¬ 
son of a staking engineer with the owner- 
supervising engineer of a consulting engi¬ 
neering firm. The staking engineer is 
concerned principally with specifics which 
are definite, easily seen, and not too dif¬ 
ficult to accomplish. This is analogous to 
immediate construction plans. The re¬ 
sponsibility of the owner-supervising 
engineer is broad. He is faced with a 
variety of tangible and intangible con¬ 
siderations, many of which are not engi¬ 
neering in nature and yet with which he 
must successfully cope. This is analogous 
to long-range engineering planning. 

Positive Use op Planning Results and 
Review and Extension op System 
Plans 

A system plan, the results of a long- 
range system engineering study, should 
be on the tables and desks of the manager 
and the engineer operating the system, 
where they can refer to it, use it, mark it 
up as changes occur, and keep it current. 

It should be reviewed periodically or 
continuously, depending upon the situa¬ 
tion on each particular system. The re¬ 
view should be for the purpose of deter¬ 
mining whether or not the basic assump¬ 
tions are still valid and, if not, the basic 
data and assumptions should be re-estab- 
li^ed and the plans adjusted accordingly. 

A second purpose of the review is to de- . 
velop specific immediate construction 
plans for incorporating the required 
facilities into the system. 
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REA and Rural Electric System 
Planning 

As stated previously, the REA is inter¬ 
ested in the engineering phases of the rural 
electric systems it financed. That engi¬ 
neering interest is becoming more inten¬ 
sive, particularly with respect to planning, 
because of the banker’s interest. The 
consulting engineers retained by and the 
engineers on the payroll of these rural 
electric systems, who are responsible for 
their specific systems, are being constantly 
encouraged to utilize more effectively 
long-range system engineering planning. 
Meanwhile, the experience of these nural 
electric systems has shown the need for 
the development of general criteria and 
techniques which will enable the systems, 
engineers, and manufacturers to meet 
their future needs. The consulting engi¬ 
neers retained by a number of these 
rural electric systems have been directing 
their attention toward the techniques and 
criteria for planning applicable to their 
clients’ systems under conditions three to 
six times the present load. This is com¬ 
mendable. 

In the meantime, the staff of the REA 
is conducting studies toward the develop¬ 
ment of general system design criteria, 
equipment and material needs, and opera¬ 
tion and maintenance techniques which 
■will be required by all engineers and sys¬ 
tems to meet the inevitable rural electric 
system loads many times those now being 
served. This is actually planning for 
system planning. The results ■will provide 
factors which permit better evaluation of 
conditions by the Administrator and 
specific techniques for use by engineers 
and management alike. Already some of 
these special planning studies being con¬ 
ducted by staff engineers of the REA have 
indicated tools which are expected to be 
of considerable benefit. They are quite 
preliminary and their application and 
limits are still being studied. 

One of the studies concerned section- 
alizing criteria. Fig. 6, which is one of the 
preliminary restdts, shows a probable re¬ 
lationship between consumer putage time 
and the number of sectionalizing points on 
a distribution circuit. The ordinate is in 


Fig. 8. Cost trends for increasing 
capacity 


unit terms and would be applied to the 
“yardstick” established for each partic¬ 
ular system by its own engineer and 
management. This curve pro'rides tan¬ 
gible e-ridence and support of shorter cir¬ 
cuits or, at least, a maximum optimum 
number of automatic sectionalizing de¬ 
vices. This is quite important when con¬ 
sidering relative values for substations 
and feeder loading. This study with its 
mathematical derivations is continuing. 

Fig. 7 shows a probable relationship of 
future-to-present system capacity with 
the ratio of future-to-present system in¬ 
vestment. It, also, was developed by the 
staff engineers of the REA as part of a study 
analyzing the relationship of additional 
capital investment requirements for incre¬ 
mental increases in consumer usage. It 
assumes at any given time that the capac¬ 
ity and investment of a specific system 
are correlated and by the use of this simple 
curve the financial needs, as related to 
load growth, are indicated. An experi¬ 
mental application is being made to anal¬ 
yses of retail rate structures. It would 
appear that this curve, or some modifica¬ 
tion thereof, has a potential value vrith 
respect to long-range estimates and to 
general engineering and management 
checks on detailed alternative plans. In 
any event, these studies do show that the 
curve must be based upon the specific 
conditions expected for the system and 
type of intended application. Studies, 
mathematical analyses, and practical tests 
are continuing to determine the param¬ 
eters of this technique as a system plan¬ 
ning tool. 

In Fig. 8, curves A and B represent 
data from theoretical studies made on 
actual s 3 '-stems to which arbitrary sub¬ 
stantial load increases such as house heat¬ 
ing were applied. Curve C represents the 
effect of applying the curve in Fig. 7 to a 
rural electric system. A number of con¬ 
clusions can be drawn, mostly indicators 
of areas of further study. But one con¬ 
clusion is positive, namely, generalization 
cannot be applied to a specific system im- 
less all of the relevant factors therein are 
properly treated. Curve A represents a 
system for which financial requirements 
necessitated the keeping of facilities and 
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capacity to an absolute minimum at every 
stage of its development. Thus, when 
subjected to a rapidly rising load, an in¬ 
ordinately large amount of capital im¬ 
provement was necessary. The system 
represented by curve B, on the other 
hand, was one in which more considera¬ 
tion was given drning the course of its 
development to maintaining flexibility of 
system capacity; thus, when subjected 
to a rapid rise of load, it was better able to 
accommodate the demand. 

Conclusion 

Planning has proved indispensable in 
the design, construction, and development 
of rural electric systems during the past 20 
years. However, the tremendous loads 
forecast for the next 20 years increase the 
importance of system planning. As a 
matter of fact, it becomes one of the most 
fundamental requirements. 

Planning, which must be recognized and 
supported by management and carried 
out by competent engineers, trained and 
experienced in the field, will assure the 
most economical and practical expendi¬ 
ture of funds, the anticipation and de¬ 
velopment of new materials and equip¬ 
ment, and, in general, will provide a sound 
basis for system operation, maintenance, 
and expansion. As the electrical utility 
industry is emphasizing system planning, 
so are the rural electric systems. The 
principal difference is that these 1,076 
systems are relatively small, are primarily 
distribution systems, and have had little 
of the tremendous experience of the rest of 
the industry. Their weighted age is less 
than 10 years, and their engineering is 
usually provided by consulting engineers. 
They are distinctly rural and are faced 
■with many special problems. Yet, 
through planning, the REA and these 
rural electric systems expect to meet the 
challenge in co-operation -vrith all seg¬ 
ments of the electrical utility industry. 
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individual circuit such that the circuit is 
designed and constructed with the maYimuTn 
size of conductor in close to the power 
source practical for use on rural lines. 
From this maximum size out it is a-aminipd 
that the conductivity is decreased in propor¬ 
tion to the economics for decrease in this 
total load distributed over the particular 
feeder. Present costs indicate that no. 2 
through no. 2/0 conductivity generally is 
the largest economical range for conductors 
on rural electric distribution. As the new 
rural circuits are designed individually, 
based on a load density to give mfl-Yitniun 
conductivity, future load growth beyond the 
capacity of the feeder can be handled with 
construction of additional circuits, or by 
increase in below-maximum capacity of 
existing circuits, or by the addition of new 
wholesale power sources. 

No pretense is made that any design is 
fool-proof and that future growth will not 
require limited rebuilding and in 
abandoned or reduced use of certain facili¬ 
ties. Generally, as loads increase, existing 
load centers are continued. The new load 
centers are established with respect to old 
sources at locations that require new heavy 
feeders and conversion of light line for com¬ 
paratively short distances out across and 
supplying existing lines. Experience in the 
study of individual projects so designed in 
the past, with redesign of these projects 
made a few years later to supply continued 
load growth, indicates good flexibility in 
continued use of facilities from existing and 
new load centers, with possibly minimum 
overbuilding and minimum rebuilding. 


based on the rate of increase prevalent from 
1941 to 1945. The last figures are calcu¬ 
lated from a system that has had adverse 
operating conditions due to mountainous 
terrain, trees, storms, etc. High rates also 
have involved. Yet all these indicate that 
the loads will far more than triple by 1975. 

To the section headed "A Minimmn of 
Self-Imposed Restrictions” should be added 
the concept of planning for the satmrated 
system. After all, 600 per cent of the 
present load on some systems is not very 
much and might be reached in a very short 
time. 


R. W. Retherford (Chugach Electric 
Association, Anchorage, Alaska): I con¬ 
sider the paper excellent. Within my 
experience it has been apparent that the 
degree of flexibility in system plans is in¬ 
versely proportional to the firmness of pre¬ 
dictions for system usage. Present system 
planning in Alaska finds a unique require¬ 
ment that heavily favors present designs 
which can easily meet problems of future 
growth. It is the present high cost of 
wholesale power. These costs range from a 
high of about five cents per kilowatt-hour 
to a low of about 12 mills per kilowatt-hour 
with the hydro coal and oil resoiirces. In 
this great land these costs can only come 
down. Present high costs require planning 
for absolute minimum losses. This means 
that a feeder today economically loaded can 
carry increasing load as power costs go 
down. Losses rule today in Alaska eco¬ 
nomic designs. Perhaps voltage regulation 
will rule tomorrow. 


Discussion 

Harry Dewar (Patterson and Dewar, 
Decatur, Ga.): The paper is a good sum¬ 
mary of the over-all aspects of engineering 
planning for the continued increase in elec¬ 
tric load on rural electric distribution sys¬ 
tems. In fact, we think it is the most com¬ 
prehensive paper we have on this subject 
and appreciate that you have attempted to 
give freedom for the application of good 
engineering judgment to meet the ever- 
changing conditions accompanying load 
growth. 

While there must be criteria for system 
planning, we can continue to recognize that 
today's criteria may not fit tomorrow’s 
need. We must continue "open end” 
planning and be willing to abandon any 
•self-imposed restrictions in looking at a new 
project if conditions and experience indicate 
them to be impractical. The procedure in 
the REA Bulletin 60-4 is good and we used 
this principle in selecting conductor sizes in 
1937 on an REA project in Colorado built to 
carry heavy irrigation pump loads. How¬ 
ever, to determine feeder conductivity on 
the basis of line-loss economics and regula¬ 
tion for a given load density without regard 
to continued growth beyond present esti¬ 
mates is a fallacy. 

Based on past experience in numerous 
alternate designs and studies, we believe it is 
entirely possible that practical results in 
system planning for any particular system 
might be achieved over a period of years 
through substantially different approaches; 
for example, in decisions made with respect 
to the number of substations and associated 
transmission selected for any particular 
stage of a project development. This opin¬ 
ion is substantiated in some degree by the 
considerable variation in the choice of dis¬ 
tribution and transmission voltage and 
substation practice between different public 
utilities operating with apparent good 
planning results in the same general area. 
In the end, the fact that the approach 
varies may give the better over-all answers 
to the whole industry. 

In reviewing the system improvements on 
different projects and the coiresponding 
system studies prepared several years 
earlier, we find that we hesitate to construct 
new feeders or rebuild existing feeders out 
the first few miles from wholesale power 
sources without using a conductor size 
within the range of the so-called maximiitn 
economical conductor for use on rural dis¬ 
tribution. This often means a capital ex¬ 
penditure substantially above present needs 
or even the needs estimated for the life of 
the particular system study. Correspond¬ 
ingly, we often find it practical to continue 
use of existing feeders to loads above those 
estimated initially, and through delay, save 
in over-all cost and gain the chance to 
accumulate data that will aid to justify the 
largest practical capacity .addition when 
this addition is needed. 

A load density can be estimated for an 


W. J, Hauck (Rural Electrification Ad¬ 
ministration, Portland, Oreg.): While tlie 
paper covers a lot of ground, its keynote is 
that engineers must change their thinking 
from construction and design engineering to 
system planning engineering. This point 
cannot be given too much emphasis. 

Table I reveals the REA as being more 
pessimistic than either the Electrical World 
or the Federal Power Commission. Yet its 
borrowers have the best and youngest poten¬ 
tial of all. Sprinkler irrigation, air condi¬ 
tioning, and space heating are going to force 
rural loads up at an ever-accelerating rate 
for the next two decades. The three 
formulas from my paper, "System Improve¬ 
ment Planning,” indicate the following 
average consumptions for rural users. 


1955 

1975 

Multiple 

567 kwtt/mo.... 

.. .2,654 kwh/mo.... 


310 kwh/mo.... 

... 1,267 kwh/mo.... 

.....4.09 

341 kwh/mo.... 

... 1,243 kwh/mo.... 



The first figures were derived from 
the curve derived for average REA bor¬ 
rowers in the Northwest. (The curves 
for some predict much greater increases.) 
The second set of figures were calculated 
from the same average borrowers but were 


John H. Rizse, Jr.: Mr. Dewar's general 
comments are appreciated. They indicate 
that the paper has accomplished its intended 
pui^ose, namely, to ffll the gap in planning 
which exists and to which insufficient atten¬ 
tion has been given. He speaks from a 
background of considerable experience as 
evidenced in the text by the tjrpe of planning 
problems with which he has coped. His 
testimony to the abandonment of "self- 
imposed” restrictions is a very healthy 
observation. 

^ It is quite obvious that Mr. Hauck also 
speaks from a background of considerable 
iuterest and experience, with respect to 
planning. Particularly noteworthy is his 
observation that engineers must change 
their thinking as they move from "con¬ 
struction and design” to "planning.” His 
reference to "the concept of planning for the 
saturated system” is quite intriguing, has 
merit, and should be investigated fu^er, 
both from the standpoint of a general con¬ 
cept and of individual application, 

Mr. Retherford’s comments are an ex¬ 
cellent illustration of how planning must 
suit the case in hand and yet Tnainfaiti 
sound basic principles. His comments 
further emphasize the great dependence of 
successful planning upon the firmness of 
load predictions. 
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A New Method of Determinins 
Constants (or the General Transmission 
Loss Equation 


E. D. EARLY 

MEMBER AIEE 


I N A previous paper^ the authors de¬ 
veloped the following expanded form 
of the transmission loss equation, termed 
a general transmission loss equation 

m n n 

( 1 ) 

and demonstrated that it was capable of 
accurately representing transmission 
losses for systems where substation loads 
vary at different rates with respect to 
total system load. The simplified form 
of the transmission loss equation, consist¬ 
ing of only the first term of equation 1, 
was shown to be applicable only to the 
special case where substation loads re¬ 
mained a constant fraction of total system 
loEul. 

The method presented in reference 1 
for determining constants for the general 
transmission-loss equation was based 
upon differences of bus-voltage phase 
angles between power supply sources and 
loads, as determined by a network-ana¬ 
lyzer study of the system. The ac¬ 
curacy of this method was demonstrated 
by its application to a 3-source 4-load 
system having characteristics conadered 
adverse to the phase-angle method. 

The purpose of this paper is to present 
a theoretical derivation of the general 
transmission loss equation 1 and a 
method of determining its constants based 
upon system self- and mutual impedances 
and generator phase angles, load, and 
g^erator currents, as determined for two 
base cases by a network-analyzer study. 
The method takes into account both the 
real and imaginary components of gen¬ 
erator and load currents. It is »milar in 
derivation and determination of constants 
to methods previously presented by 
Kirchmayer and Stagg* and by Harder® 



Paper 5S-720, recommended by tte AIBE System 
Bngineerins Committee and approved by the 
AIBB Committee on Technical Operations for 
presentation at the AIBB Pall. General ^eetin^^, 
Chicago, m., October 3-7, 1966. Manuscript 
submitted June 6, 1966; made available for 
printing July 22, 1956. 

E. D. Early is with the Southern ServiceSj Inc.^ 
Birmingham, Ala., and R. B. Watson is with the 
I,eeds and Northrup Company, Philadelphia, Pa. 
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ASSOCIATE MEMBER AIEE 


for the simplified form of the loss equa¬ 
tion and all assumptions applicable to the 
derivation of this equation are retained, 
except that the assumption that indivi¬ 
dual load currents remain a constant 
fraction of total load current is replaced 
by the assumption that the individual 
load currents are linear complex functions 
of the total load current, namely. 

Ii^I/>+hhT (2) 

where 

l^=the complex rate of change of thejth 
load current with respect to the 
total load curreit Ilt 
jy>=the value of the jth load current’ when 
the phasor sum of all load currents 
becomes zero 

Derivation of General Transmission 
Loss Equation 

The derivation of the general trans¬ 
mission loss equation 1 is shown in Ap 
pendix I, where the equation constants 
Eire shown to have the following values 

Bmn ~ (,Rmn ~ Rmn "b 

(3) 

5„o -V%k)Knk-il''%k)Hnk] 


(4) 

where 

( 8 ) 


■Kmn“’'rr:^[(l+‘S’TO5n) COSfl»nn+ 

K fn K 71 

(•Sro—iSn) sin (^) 

Smn “ 

( 10 ) 

COs9nk+ 

VnVk 

iSn-Sk) sinetol (11) 

HnA;*"T7"^[(‘5n—*^*!) cos — 

VnVk 

(l+S„Sk) Sin0„kl (12) 



whfere 


difference in the bus voltage phase 
angle between sources m and n 
Rmn. Rmk, Rjk^tht sdf- and mutual 
resistences between generators, be¬ 
tween generators and loads, and 
between loads > 


Application of Metiiod 

The system selected for illustrating ap¬ 
plication of the method, shown in Fig. 1, 
is a 3-source 4-load loop system. It is 
the same system as that used in reference 
1 to* illustrate the application of the 
phase-angle method of determining con¬ 
stants for the general transmission-loss 
equation. A total of 15 cases represent¬ 
ing typical distribution of power supply 
by sources for peak period, median, and 
valley period load conditions will be 
studied to test the accuracy of the 
method. The load distribution, in mega¬ 
volts (mw),for three load periods is shown 
in Table I. It will be noted that each 
of the loads varies at a different rate, that 
they do not remain a constant fraction 
of the total system load, and that the dif¬ 
ference in the ratio of the valley load to 
the peak load is representative of that 
normally found between substations 
serving different types of loads on a 
typical ^ower system. The distribution 
of the change in total system loads by 
loads is as follows: 

Load no. 1, 38.34 per cent 
Load no. 2, 18.33 per cent 
Load no. 3, 30.00 per cent 
Load no. 4, 13.33 per cent 

Total 100.00 per cent 


Network-Analyzer Data 

The system self- and mutual resist¬ 
ances between generators, between gen¬ 
erators and loads, and between loads are 
measured as described in references 2 
and 3. It should be noted that measure¬ 
ments between loads are not required for 
the simplified loss equation. The Rmn 
Rflc resistance matrix for Fig. 1 's system: 

Gi Gi Gt 



Li 

Lt 


Li • 

Gi Li 

0.049628 

0 

0.015343 

0.030842 

Gt Lt 

0 

0 

0 

0 

Gt Lt 

0.016343 

0 

0.032485 

0.026126 

Li 

0.030842 

0 

0.02512610.0608021 
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Data for two base cases are required, 
one for peak period loads and one for 
valley period loads. The cases selected 
as base cases (A~2 and C-5) represent 
minimum loss conditions. The load- 
flow diagrams for these cases are shown 
in Figs. 2 and 3. The following network- 
analyzer readings are required for each 
base case: • 

1. Record voltage magnitudes, mw, mega- 
vars (mvar), and angles for all generators 
and loads, including condensers, capacitors, 
and line-charging capacitors. 

. 2. Record scalar value of all line currents. 

3. Record such other readings as may be 
desired for checking purposes, such as line 
mw and mvar. 


putation of the load currents for both the 
peak period and valley period base cases 
with respect to a common reference 
phasor, such as the bus voltage of the 
generator selected to be grounded in deter¬ 
mining the system self- and mutual re¬ 
sistances. The relative rates of change 
of the load currents and value of each 
load current when the phasor sum of all 
load currents is zero can now be deter¬ 
mined from the following relationships 

^J=‘Gj'+Jh‘')ULT) ( 13 ) 

ti Lj*) peak — (fzjO val ley 

to be as follows: 


2. Determine values of Ljt" in terms of 
by equation 16 and then compute value 

of Bao constants in terms of Xzo by equation 
4 using the average of the two values of 
and ffnii determined for the two base 
cases. 

3. Set up equations for total system loss 
in terms of and I^zo for the two base 
cases, using equation 1, and set them equal 
to the PJi losses for these cases. 

4. Solve the two simultaneous equations 
so obtained for and Ku. 

The values of and Kx,o obtained 
empirically by this procediure are 

Rii *0.020631 

*0.018735 


Selection of Q/P Ratios 

The first and most important operation 
in computing the value of the loss equa¬ 
tion constants is the selection of the 
proper Q/P ratios for each generator and 
each load. It has been shown by another 
author? that deducting that part of the 
reactive generation which does not vary 
with real power generated and including 
it as part of the load supplied from the 
same bus produces Q/P ratios for each 
generator which are reasonably constant 
over a wide range of generation. It is 
interesting to note that this operation 
also produces Q/P ratios for each load 
that are constant as the total system load 
varies between its maximum and mini¬ 
mum value. 

The procedure of selecting Q/P ratios 
is to pick for each load a Q/P ratio re¬ 
quiring the transfer of such reactive power 
from the generator supplying the load 
bus as to give a generator Q/P ratio as 
nearly constant as possible for the peak 
period and valley period base cases. 
Other cases studied on the network ana¬ 
lyzer should be used to check the Q/P 
ratios selected. Reactive power sup¬ 
plied by fixed or switched capacitors, 
synchronous condensers, and line-charg¬ 
ing capacitors should be included with 
the load. 

The procedure of determining the Q/P 
ratios for generator no. 1 and load no. 1 
is shown in Table II. The Q/P ratios 
selected are as follows: for generators nos. 

1,2, and 3—1 -0.60,2 -0.35, and -0.35 
respectively; and for loads no. 1, 2, 3, 

and4-0.65, -0.40, -0.40, and -0.50 

respectively. 

Rate of Change of Load Currents 

Having obtained an adjusted value of 
reactive power for the loads in selecting 

Q/-P ratios, the next step is the com- 


Load Currents 

Ij'-I-Jlj' 

7jO/ + IjOV 

IL, . 



iLi . 



. 



. 






Ilt . 




Determining Value of Lk® 


The data and equations are now availa¬ 
ble for computing the value of all con¬ 
stants except L*®, the value of each load 
when the phasor sum of all load currents 
is zero, which is required for computation 
of the B„o constants. The values of Lj® 
can be determined from the computed 
value of the peak period and valley 
period values of Lk, and the total load 
using the following relationship 


V-^k/peaK valley 


I-t® = (Lfc)valley ^ 

peak valley 

[(Lrlvalley —(15 


Empirical Determination of 
Rll and Klo 

can be computed from network- 
analyzer data using equation 6, and Kj,^ 
can be so computed from equation 5. 
However, in determining constants for 
the simplified loss equation, it was found 
desirable to determine («;' in another 
method) empirically*-* by setting the 
computed system loss equal to the PR 
loss for the base case, and it will probably 
be desirable to determine the value of 
Rll and Ki^ for the general loss equation 
empirically in a like manner, this being 
possible since there are two base cases. 
The procedure for doing this is as follows: 

1. Compute value of Bmn constants in 
terms of Rll by equation 3 using the 
average of the two values of Kmn and Hmn 
determined for the two base cases. 


which when substituted into equations 3 
and 4 give the constants for the general 
transmission loss equation shown in the 
following 

=-1-0.017766 
Fi 2= -0.010076 
Fij=-0.014439 
Fio*-0.032804 
Fa *-0.010076 
Fj^*-1-0.023158 
F 28 *-1-0.001938 
Fjo *-1-0.027018 
^zo*-k0.018735 
F,i»-^0.014439 
F82*-1-0.001938 
Fji*-1-0.017196 
F,o*-1-0.033247 

The values of Rll and JTzo computed 
from equations , 5 and 6 are not far dif¬ 
ferent from those determined empirically, 
being 

Fzi *0.020621 
iTio *0.022804 

The agreement between empirically 
determined and computed values of Rll 
and JTio depends largely upon the genera¬ 
tor and load Q/P ratios selected, the dn- 
pincally determined values compensating 
for errors which are introduced by these 
ratios. 


Earlyy Watson—The General Transmission Loss Equation 


February 1956 


1418 
















Ffg. 1 Impedance diagram. All values in 
per unit on a 100>megavolt-ampere base. 
This applies also to Figs. 2 and 3 
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Fig. 2. Base case A-2 load flow 
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Fig. 3. Base case C-5 load flow 


Comparison of Results 

A comparison of incremental and total 
loss values given by the general loss equa¬ 
tion 1, using the constants shown in 
the foregoing, which were determined in 
accordance with the method developed 
in this paper, with actual incremental and 
total loss values is shown in Table III. 
Incremental and total loss values given 
by the general loss equation using con¬ 
stants developed by the phase-angle 
method^ and such values given by the 
simplified form of the loss equation* are 
also shown. 

The incremental loss values given by 
the general loss equation using constants 
developed herein are in dose agreement 
with the actual incremental loss values; 
they equal in accuracy results acquired 
wi1h the use of constants obtained by the 
phase-angle method. But total system 
losses, while in acceptable agreement 
with PR losses, are somewhat less ac¬ 
curate than those obtained by the use of 
the phase-angle method. This indicates 
that the rdationship between the Bna 
and Bmn constants obtained by the 
method presented in this paper are not as 


good as those given by the phase-angle 
method; it has been previously pointed 
out that the Bno constants have a greater 
effect upon total loss than upon incre¬ 
mental loss values.^ 

The incremental and total loss values 
given by the simplified form of the loss 
equation show that this form of the equa¬ 
tion is not capable of representing ade¬ 
quately both incremental losses and total 
loss over a wide range of system condi¬ 
tions when the individual loads vary at 
different rates and do not remain a con¬ 
stant fraction of the total system load, 
the error in incremental loss values being 
of such magnitude as to affect materially 
the economy loading of power supply 
sources. 

The cases shown in Table III represent 
pealc period, median, and valley period 
loads with power supplied by each source 
covering the full range from minimum to 
majcimum output. System PR losses 
range from a minimum of 0.9 per cent to 
a maximum of 11.6 per cent, and incre¬ 
mental loss values vary from —25 per 
cent to +36 per cent. The difference in 
bus-voltage phase angle between power 
supply sources runs as high as 45 degrees. 


Conclusions 

The method of computing constants 
for the general loss equation presented 
in this paper supplements the phase-angle 
method previously presented^ and will 
be of particular value for application to 
line-type systems, systems where the 
range of reactance-resistance ratios are 
extreme, and systems having two trans¬ 
mission voltage levels, these being condi¬ 
tions under which the accuracy of the 
phase-angle method may be in question. 

It may be found desirable to determine 
the general loss equation constants by 
both methods as a check on accuracy, 
since close agreement of the constants can 
be determined by the two completely 
different methods, which will prove the 
accuracy of the constants obtained. 

Appendix I. Derivation of Loss 
Equation 

With the use of the Einstein summation 
convention, whereby the occurrence in a 
product of the same letter as both a super¬ 
script and subscript index represents a 
summation over that index (P’'‘Bmn-P”=’ 


Table I. ■ Load Distribution 


I>oad 

No. 

Peak 

Period 

Load 

Mw 

Median 
Load . 
Mw 

VaUey 

Period 

Load 

Mw 

1. 

,., 600.... 

.385..... 

.....270 


.,. 200_ 

.. .. .146. 

. 90 

3. 

... 800.... 

.210...., 

.120 

il 

... 200... 

.160..... 

.120 

Total... 

...,1,200... 

.....900..... 

.....600 


Table II. Determination of Generator and Load Q/P Ratios 

Case A-2 Peak Period Case C-S Valley Period 


Generator no. 1... 6.000-]-j2.078. 3.000+il.2]l8 

Reactive transferred to load. —j5.75Q . —/3.106 


Net. 

Generator no. 1 Q/P ratio. 

Load no. 1..... • • 

Reactive transferred from generator. 


6.000-jS. 672 . 3.000-il. 887 

-0.60 . -0.60 

-6.000 -j2 .600 .- 2.700 -il. 360 

+j5.75Q . +i3.105 


Net.... 

Load no. 1 Q/P ratio 


-6.000-|Ti3.250 

-0.65 


-2.700-l-il.756 

- 0.66 
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Table III. Comparison of Results 


Power Supply Mw 


Incremental Loss Per Cent 


200.00.800.00. 


Peak Period 


..ov/w . wi/ .367.93. A-1 .actual*. . 

seneral loss | method of paperf... 
equation ( phase-angle methodit 
600.00...200.00.411.33.^.2. Sull**^ equations.• 

general loss / method of paperf... 
equation ( phase-angle method! 
200.00. 400.00.710.73. >( loss equations. .. 


phase-angle method!. 


.710.73.^-3. 


. actual*. 

general loss f method of paperf.... 
eQuation ( phase-angle method!. 


.... auu. uu..actual*.. 

general loss / method of paperf. 

equation 1 phase-angle method!. 

300.00. 600.00. 379.01 ^l-S form of loss equations. 

general lossf method of paperf... 


400 00..200.00.634.64. A-6. 


equation ( phase-angle method 


general loss f method of paperf.... 
equation \ phase-angle method!, 
simplified form of loss equations. •. 


.400.00.. .348.44.5-1.,etual*... 

general loss ( method of paperf...... 

equation I phase-angle method!.!!!'!!! 
400.00.200.00.308 83 B2 art^al**** form of loss equations. 


327.89.400.00.200.00.5-3. 


general loss/ method of paperf. 

equation t phase-angle method!.. 

simplified form of loss equations. 

.actual*........... 

general loss / method of paperf. 

equation ( phase-angle method!... 

simplified form of loss equations. 

Valley Period 


Source 

Source 

No. 1 

No. 2 

-26.76. 

. .<17 41 

-22.63. 

. ' 37 n 

-22.14. 

. .36 41 

-20.00. 

. 40.81. 

2.29. 

. 1.37. 

2.13. 

. 1 47 

1.92. 

. 1 26 

1.43. 

. 2.57. 

-25.76. 

. 21.74. 

-24.76. 

. Ifl 06 

-23.58.. 

10 66 

-21.75. 

. 23.73. 

6.69. 

. 9.08. 

6.24.. 

. 0 32, 

4.55.. 

. R .37 

4.06.. 

. 10.19.‘ 

-15.67.. 

. 24.48. 

-16.66.. 

. 26 01 

-16.31.. 

. 24 72 

-13.87.. 

. 28.75. 

-10.85.. 

. 6.02.. 

-11.43.. 

. 6.36.. 

-10.79.. 

. 6.46.. 

-10.20.. 

. 8 74 

-13.86., 


-14.80.. 

.;.... 18.66.. 

-13.71.. 

. 17.86.. 

-11.86., 


- 1.66.. 

. 4.66.. 

- 2.02,. 

_ 6.10 

- 1.92.. 

. 4.84!! 

- 1.80.. 


- 4.62.. 

. 14.05.. 

- 6.48.. 

. 16.41.. 

- 6.46.. 

. 14.63,. 

- 4.28,. 



S.41. 13.07.167.75 

0.81. 17.32.'..174.24 

1.37 . 0.72. 11.33 

1.47 . 0.92. 11.32 

1.26. 1.00. 11.06 

2.57. 2.63. 12.27 

1.74 . 23.71.110.73 

0.95. 23.54.114.58 

9.66. 22.94.111.14 

3.73. 27.93.124.96 

9.08.-6.77.... 20.18 

9.32.—6.42. 28.98 

8.37 .-6.90. 26.78 

9.19.—4.91.28.24 

4.48 . 10.49 79.01 


12.94. 

2.74. 

3.17. 

8.01. 

3.86. 

1.84. 


•200-00.... 0.00.C-1.actual*.......... 

general loss / method of paperf... 

equation I phase-angle method!. 

.200.00. 469.51....C-2.....'• 


general loss / method of paperf.. 

equation t phase-angle method!. 

simplified form of loss equations.. 
actual*. 


200.00 . 0.00.421.03.C-3.. term of loss equations. 

general loss f method of paperf.*.. 

equation I phase-angle method!. 

100.00.300.00.233.86.C-4... .Sull**^.!““ equations-i! 


general loss / method of paperf. 
equation I phase-angle methoi 


equation I phase-angle method!.- 

300.00. 200.00.107.08. C-5... ^impUfied form of loss equations. 

genera] loss / method of paperf... 

equation (phase-angle method!_ • • 

100.00. 400.00....143.00. C-6... artS*^ equations..! . ! 

genera] loss f method of paperf...... - 

equation I phase-angle method!.- 

simplified form of loss equations....— 

♦ I*R loss and actual incremental loss as determined by the AL/AP method; see reference 1. 

t Computed by equation 1. using the constants shown in the section entitled "Empirical Determination of 
t Taken from Table IV, refer ence 1. 

S Taken from Table VIIl, reference 4. 


7.83.. . 

7.61.. . 
7.06... 

7.60.. . 
- 20 . 66 ... 
-20.87..., 
-19.66..., 
-16.75..., 
- 7.87..., 

• 8.33... 

• 7.63... 

• 6.96... 
■11.96... 
•12.68... 
•11.87... 

■ 9.63... 

0.64... 

0.24... 

0.24... 

1.42.. . 

11.34.. . 

11.92.. . 

11.44.. . 
9.02... 


J.83. 

}.66. 

1.96 . 

1.08. 

1.26. 

J.78. 

J.80. 

1.97 . 

).26. 

1.30. 

1.78. 

1.26. 

k61. 

1.49. 


.80. 

.90. 

.33. 

. 88 ....;.. 


.46.-1. 


r.93. 17.17 

^96. 16.96 

^83. 16.91 

1.39. 17.93 

> 82. 69.51 

>.25.. 73.68 

>.29. 69.90 

1.42 . 66.26 

> .89. 21.03 

!.03 . 22.57 

.23 . 20.89 

.96. 19.22 

1.20. 33.86 

.64. 36.40 

.15. 36.04 

.93. 30.65 

.09. 7.68 

.86. 7.67 

• 03. 7.87 

.74. 6.65 

• 73... 43.00 

.91. 46.62 

.59 . 44.82 

.17. 40.70 


and Ku.’ 


'L^PmBn.nPn), real and reactive trans- current, given by the following expressions: 


mission losses may be expressed as follows 
Pt'+jPt'' ^mm»r^+I*^ZnuJ^+ 

(16) 

where 

superscripts tn, »=» power supply sources 
j, ^ “loads 

7* “the conjugate form® 

Let it be assumed that the load currents 
are linear complex functions of the total load 


(17A) 

7fc“7»«-fJir4 . (17B) 

Substituting equation 17 and the 
following relationships 


^ ^ In 

n 

lLT*^-Y^In 


h’^h'+jh* (19A) 

into equation 16 gives 

n\Zr^-l'%j,) + 

(7o'^o*'+7o''V*)Zyjl: (20) 
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But 


Im*In' 


Pm'\'jQm Pn~jQn 
Vni Vn* 


( 21 ) 


= p’^p" [iR„,n-Rmkl^^-l'%n + 

Rll)K m,n~\'(.Rmkl‘'^ Rjtd^mn] 

2P'^U’‘[(Rnk-l'%k)R«*- 

(23) 


Sm'' 


{l+SnSidsinBrik] (29) 
Qm q —Qs. C.-a^ 

Pm Pn , P^ 


and substituting the following relationships 



into equation 21, gives 

Im*In [{ 1 +SmSn) COS (ff^-^n) + 

Vm I'll 

(,Sm — •S'Tt) sin 
j(Sm-Sn) COS ( 9 m~ 6 n) - 
j(14'*Sro‘S'n) sin (fim ,— ^n)] 

^P^P\Kmn^jHmn) (22) 

Substituting equation 22 and similar 
relationships for Im*Ik° and into 

equation 20 and retaining only the real 
part gives the following expression for the 
real transmission loss 


where 

RLLHP^l'’‘+P^P^)Rjk C24) 

(2S) 

Kmn=\j. [(l+-Sm*S’») COS,S»nn + 

Vm, Kfl 

(Sra—Sji) sin flj»n] ( 26 ) 

Hmn’=‘'y y' [(■Sm •Sa) COs8mn~ 

(1+Sjn5}t) sin 9mn\ (27) 

Ktik = ^r^ rr- [(l+^nS*) cos enk+ 

VnVjt 

(S«-S*(sin0«»] (28) 
Htik = ' ■ ;r [(5a—*5*) cos e^k — 

Fa K* 
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Discussion 


A. F. Glimn, L. K. Kirchmayer, and R. D. 
Wood (General Electric Company, Schenec¬ 
tady, N. Y.): This interesting paper serves 
to stimulate several comments and ques¬ 
tions. 

The method of calculation of the Bao co¬ 
efficients in this paper requires the deter¬ 
mination of the mutual resistances between 
all loads. For example, for a system of 100 
loads, it would be required to determine 
approximately 5,000 mutual resistances. 
A method that we have used to determine 
tlie Bno and the Klo coefficients involving 
only a fraction of this work utilizes a com¬ 
bination of circuit theory and a least squares 
solution for w^, Bno, and Klo^ The accu¬ 
racy of this formula has been found to be 
comparable to that described in the paper. 

We would like to ask the authors what 
criteria they suggest or use in determining 
the accuracy requirements of a formula for 
the determination of incremental losses. 
Also, what per cent accuracy do the authors 
associate with the incremental production 
cost data on the Southern Company system? 

One suggested method to determine the 
accuracy requirements of an incremental 
loss formula is to determine the effect of in¬ 
accuracies in incremental loss upon the 
increase in fuel consumption. We have 
made a comparative study for the system 
of the paper in order to measure loss 
formula inaccuracies in terms of money. 
Typical incremental cost data assumed for 
the three plants such that moderately heavy 
losses were obtained with schedules cal¬ 
culated from a knowledge of the incremmtal 
plant costs with transmission losses neg¬ 
lected. Schedules were calculated using 
the different loss formulas, and the differ¬ 
ences in annual fuel cost evaluated. Assum¬ 
ing the savings to be obtained by the use 
of the loss formula of reference to be 100 
per cent, the following table gives the per¬ 
centage of the savings obtained by the 
other loss formulas. 


Per Cent 
of Sav- 
ings 

Type of Formula Obtained 


General Loss.... ( Phase angle method*..... 100.0 

Formula.J Method of paper..100.0 

j Glimm, Kirchmayer,.100.0 

f Wood 

Simplied* Loss . 

Formula... 


Thus, it is seen for this particular system 
and the assumed incremental cost data 
that for all practical purposes the same 
fuel economy was obtained with either the 
general or simplified form of the loss 
formula. 

References 

1. See reference 1 of the paper. 

2. See reference 4 of the paper. 

J. K. Dillard (Westinghouse Electric 
Corporation, Pittsburgh, Pa.); Mr. Early 
and Mr. Watson have produced a fine paper 
dealing with the evaluation ,of transmission 
losses. This paper goes a long way toward 
a completely general solution of the loss 
problem. They present an expanded or 
general form of the transmission loss formula 
as shown in equation 1 of the paper. The 
authors call the first term of the equation, 
which is widely used in loss studies, the 
simplified form of the formula. The most 
obvious objection to the general form is the 
enormous amount of additional computa¬ 
tion required to solve for the constants. 

In the example given in the paper to 
illustrate the application of the general 
formula each Of the loads varies at a widely 
different rate. Table III shows that losses 
obtained using the general formula are in 
fairly good agreement with the PR or 
actuaTlosses, whereas values obtcuned using 
the simplified form are not as good. The 
authors are cautioned not to expect the 
same improvement in dispatch. 

In economy dispatch it is neither total nor 
losses nor incremental losses which .are of 


prime importance, but rather the fuel costs 
(or production costs) to deliver a given 
load. Minimum fuel costs are obtained 
when every station in the system is operat¬ 
ing at the bottom of a flat U-shaped curve 
where a change of generation in either direc¬ 
tion will increase the delivered power cost. 
Since the slope of the operating curve of 
each station is nearly zero, small deviations 
from the optimum dispatch should not 
change the costs significantly. 

To test the effect of small departures 
from the optimum dispatch, a study has been 
made on an actual system having a peak 
load of about 1,200 mw to determine the 
penalty whidi might be expected if a large 
nonconforming load were assumed to vary 
in proportion to’ the total system load.^ 
The nonconforming load amounts to 75,000 
kw at peak and may vary anywhere within 
the striped area of Fig. 4, If it were 
treated like other loads, the assumed 
variation would be a straight line through 
the origin. To obtain the maximum 
deviation from the system load pattern, 
the nonconforming load was represented by 
two horizontal lines, being high when the 
system load is low, and conversely. Such 
representation is an upper limit of non¬ 
conformity. The difference in fuel costs 
was calculated with the load first treated 
as conforming to the system load pattern 
and then as following the maximum non¬ 
conformity.^ The system load cycle was 
assumed to be 736 mw for 30 per cent of the 
time, 945 mw for 30 per cent, and 1;224 
mw for 40 per cent. It was found that the 
T naxitm irn penalty for dispatching the load 
as conforming would be $689 p^ year. 
The actual penalty would be less since the 
load will be closer to the system pattern 
most of the time. 

It is desirable, of course, to obtain losses 
as accurately as possible within practical 
limits. In a number of studies on real 
systems, losses obtained using the simpli¬ 
fied form of the loss formula check per¬ 
centage-wise as well as the general form 
checks the example in the paper. If they 
did not, the formula would not be a very 
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ACTtML LOAD VARIES WITHIN 



PER CENT 
SYSTEM UMD 


Fig. 4. Representation of a load for maxi¬ 
mum nonconformity 


good mathematical replica of the system. 
Our practice has been to examine the varia¬ 
tion of each load critically. Those loads 
which deviate substantially from the system 
load pattern are treated as nonconforming 
loads. So far, we have not encountered a 
system where more than a few loads had to 
be represented this way. Incidentally, 
large loads which vary in random fashion, 
like the one shown in Fig. 4, should be dis¬ 
patched as nonconforming regardless of the 
form of loss formula used. 

In spite of the additional computation, 
a more g^eral approach than is possible 
with the simplified formula has promise in 
some situations. There are extensive sys¬ 
tems which can be divided into two, or 
more, large areas in which total area loads 
vary at different rates. This can turn out 
to be a complicated problem because the 
way area loads vary witli each other 
changes, more often tlian not, with the 
seasons. In some cases, there is consider¬ 
able variation from day to day as would be 
the c^e when cool weather results in 
dropping large summer air-conditioning 
loads in one area of the system. At the 
present time, the practical way to handle 
these situations is to use seasonal formulas, 
each one based on the best over-all repre¬ 
sentation of the system over a period of 
several months. 


Rbpbrbnce! 

1. Loss Evaluation—IV, Economic Dispatcb 

COMPUTBRS PRINCIPLBS AND AppUCATION, "W. H. 
Osterle, E. L. Harder. AIEE Transactions, 
vol, 76, pt. Ill, 1956 {Paper No. 56-163). 


W. R. Brownlee (Southern Services, Inc., 
Birmingham, Ala.): This paper provides 
needed contributions to the art of fuel-cost- 
transmission-loss co-ordination, especially 
in the following respects: 

1. It demonstrates that a general loss equation 
may be derived in a manner similar to the numerous 
pubhshed methods of deriving simplified loss equa¬ 
tions, but including the substantial influence of 
nonuniform load variations. 

2. It provides rigorous values of total and incre¬ 
mental losses for comparison with the results of 
calculated constants. 

3. It shows the feasibility, at least with the simple 
system^ illustrated, of calculating directly certain 
modifying terms, such as Rll (similar to "ai"’) 
in reasonable agreement with empirical calculations 
using total losses. 

The authors point out that, except for 
improvemmt of incorporating nonuniform 
load variations, the method is subject to the 
assumptions of previous methods outlined 
by Kirchmay^ and Stagg» and by Harder.* 
Therefore, this method lacks certain vital 


advantages of the method derived pre¬ 
viously by Early, Watson, and Smith,® 
which utilizes phase-angle functions* to 
determine a set of constants. I agree with 
the authors that the most critical operation 
in their latest method is the selection of the 
proper Q/P ratio for each generator and 
each load. The inference of the section, 
“Selection of Q/P Ratios,” is that the 
amount of reactive power transferred from 
a generator to its local load should be such 
that resulting Q/P ratios for this generator 
will be the same for peak and valley loading, 
and that the Q/P ratio of the corresponding 
load should also be the same for the peak 
and valley conditions. However, calcula¬ 
tions made in this manner, using the genera¬ 
tion and load shown in Table II for the peak 
and valley cases, results in Q/P values of 
about 0.40 for both the generator and the 
load, compared with the authors* results of 
some IVa times this value. Since the 
higher values were used in the calculations, 
it appears that considerable weight must 
have been given to cases other than the two 
bMe cases. Other authors have not pro¬ 
vided any more rational approach to the 
selection of Q/P ratios. Cahn* recom¬ 
mends using only zero or negative values for 
Q/P- Others have suggested deriving ratios 
by interchanging generation between units, 
the loads remaining constant. Obviously, 
this is in opposition to the general pattern 
of increasing generation to supply increases 
in system load. In view of these widespread 
mixtures of science and witchcraft, there is 
substantial doubt as to whether any method 
which involves such a selection of Q/P 
ratios is adequate for the primary determina¬ 
tion of a set of constants for a typical power 
system. 

One use indicated for this new method 
is the treatment of line-type systems. 
Constants for such a system may be derived 
by the method previously described by the 
authors,* with one minor modification. 
It has been shown® that the incremental 
losses from point 1 to point 5 in a network 
may be obtained through use of the incre¬ 
mental losses from point 1 to point 2 and 
from point 2 to point 3. Consider a line- 
type system in which plant A is connected 
to plant B by a high-voltage low-resistance 
line, with plant B operating in a network 
of mod irate voltage lines with a number 
of other plants. The incremental losses 
from each generator to the component 
system load may be obtained directly as 
has been outlined for all plants except plant 
A. The incremental loss of plant A to the 
system load is then calculated by computing 
the incremental loss of plant A to plant B, 
using the high X/R ratio and actual phase 
angle of the high-voltage line, and the incre¬ 
mental loss already developed from plant B 
to the load. This provides an acciurate 
incremental loss from plant A to the load. 

The authors have outlined a method for 
the empirical determination of quantities 
Rll and Kua. In view of the difficulty of 
selecting adequate Q/P ratios for both 
generators and loads, it may be desirable to 
calculate the 5ao values empirically. It 
appears that this might make it unnecessary 
to use the Q/P ratios for the loads. Do the 
authors feel this would be advantageous? 

References 

1. See reference 2 of the pai>er. 

2. See reference 3 of the paper. 


3. See reference 1 of the paper. 
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Functions op Voltage Phase Angles, W. R. 
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E. p. Early and R. E. Watson: We are 
gratified to note that the greater accuracy 
of the general transmission loss equation 
comp^ed to the simplified form of the loss 
equation was not questioned by any of the 
discussers, critical comment being limited 
to the additional cost required to determine 
the constants for the general form of the 
equation and to the necessity of using the 
most accurate loss equation available. 

Actually the additional work and cost 
required to determine the. constants for 
the general transmission loss equation is 
negligible. The only additional network 
analyzer readings required are the self- 
and mutual impedances between loads not 
supplied from a generator bus, since all self- 
and mutual impedances between generator 
buses and mutual impedances between 
generator busses and load busses are required 
for determining the constants for the simpli¬ 
fied loss equation. 

A recent loss study of the Southern 
Company system, which covers 100,000 
square miles and has a peak load of some 
3,300 mw, was represented on the network 
an^yzer by 23 generators and 47 loads of 
which 22 loads were fed from generator 
buses. A total of 860 readings of self- 
and mutual impedances were required for 
the simplified loss equation and only 326 
additional readings of self- and mutual 
impedances between loads were required 
for the general transmission loss equation. 
The time required for the additional readings 
was less tiian 1 hour. For smaller systems 
the additional time required would be 
reduced proportionately. Fortunately, the 
extra readings required even for a large 
system are only a small fraction of the 
6,000 additional readings suggested by 
Messrs. Glimn, Kirchmayer, and Wood. 

We are unable to understand Mr. Dillard’s 
reference to the “enormous amount of 
additional computation required to solve 
for the constants." For a 20-source 
system, the simplified loss equation has. 210 
constants. The general loss equation has 
the same 210 constants plus 21 additional 
constants. The 210 constants found in 
both equations are computed in a similar 
manner and tiie work required to compute 
the 21 additional constants is no greater 
per constant. The additional computation 
required is certainly less than 15 per cent. 
Mr. Dillard may have had in min ri the 
additional computation required to deter¬ 
mine the constants for the general loss 
equation by the phase angle method* which 
does require additional computation, al¬ 
though still within practical limits even for 
the largest system when the nonrigorous 
method presented in the closure of refer- 
ence (1) is used and computations are made 
on an advanced-t3ipe digital computer. 

It is true, as pointed out by Messrs, 
Glimn, Kirchmayer, and Wood, that the 
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less accurate incremental loss values given 
by the simplified form of the loss equation 
may not materially affect the economic 
dispath for certain systems. It is equally 
true that for other systems there will be a 
substantial effect. Since the additional 
work and expense of determining constants 
for the general form of the loss equation is 
negligible, the fact that the greater accuracy 
of this equation may not be necessary for a 
particular system does not in our opinion 
justify the use of the less accurate simplified 
loss equation, which could not be used 
with confidence without determining the 
effect of its use upon the economy dispatch, 
which would also require determining con¬ 
stants for the general loss equation and 
comparing dispatches using the two loss 
equations for various system load condi¬ 
tions. 

Mr. Dillard refers to a study made to 
determine the effect of treating a large 


nonconforming load as conforming and 
found the penalty tp be only $689 a year. 
By using the general loss equation the char¬ 
acteristics of this load could have been 
taken into account regardless of when the 
peak occiurred and a substantial part of the 
$689 annual loss avoided as well as the 
cost of the special study, provided the non- 
conforming load followed a consistent 
pattern, 

Mr. Brownlee correctly points out that 
selection of the proper QjP ratios is the out¬ 
standing weakness of the method presented 
in this paper for determining constants for 
the general transmission loss equation, 
as it is with the similar method used for 
determining constants for the simplied 
form of the loss equation. The assumption 
that QJP ratios remain constant as well as 
other assumptions common both to the 
method presented in this paper and to the 
similar method used for the simplified form 


of the equation are either eliminated or 
relaxed in the phase angle method of deter¬ 
mining constants for the general trans¬ 
mission loss equation previously presented. ‘ 
For this reason many will want to use the 
phase angle method in spite of the addi¬ 
tional cases required to be studied on the 
network analyzer and the additional com¬ 
putation required. 

Mr , Brownlee’s suggestion that it might 
be desirable to determine the value of the 
B»o constants empirically appears to have 
considerable merit and deserves further 
study. For example, a zero QIP ratio 
might be used for all generators by trans¬ 
forming all reactive power to the loads and 
then the necessity of determining Q/P 
ratios for loads avoided by determining the 
value of the B«o constants empirically. 

Reference 
1. See reference 1 of the paper. 


Bibliography and Summary of Fault 
Location Methods 

AIEE COMMITTEE REPORT 


A MERICA’S electric power companies 
are justly proud of their records for 
continuity of service. These records have 
been maintained and improved in recent 
years in spite of rising maintenance costs 
and economics which dictate higher Hne 
loading. The demand for reliable service 
has led to the development of a number 
of methods of locating faults with a 
•ininiTniim of inconvenience to customers. 

General-purpose procedures for locating 
faults are generally selected on the basis 
of speed and accuracy of the method, the 
cost, ruggedness, and bulk of the appara¬ 
tus, equipment maintenance required, 
and what skills the operator must have. 
Where a choice of methods is available in 
a specific instance, the one used depends 
on several factors, principally on the 
length of circuit, kind of circuit (over¬ 
head or cable), and type of fault (sus¬ 
tained or temporary). 

The purpose of this report is to present 
an extensive bibliography on fault loca¬ 
tion methods. In compiling the bibliog¬ 
raphy, the search of the literature was 


Paper 55-709, recommended by the AIBB Trans¬ 
mission and Distribution Committee and approved 
by the AIBB Committee on Technical Operations 
for presentation at the AIBB Fall General Meeting, 
Chicago, Ill., October 3-7, 1956. Manuscript 
submitted June 7, 1966; made available for print¬ 
ing July 26, 1966. 

The personnel of the Working Group under the 
General Systems Committee are: J, K. Dillard, 
chairman, L. O. Barthold, R. S. Grumbach, and 
A. J, Schultz. Working Group of the General 
Systems Subcommittee: I. B. Johnson, chairman. 
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carried back to 1940; however, a few 
articles published prior to 1940 were 
uncovered and these are listed, too. In¬ 
cluded with most of the references are 
one or two statements giving the gist 
of the content of the paper or article. 

Brief summaries of the most common 
fault location methods are given in 
Tables I and II, which are intended 
chiefly as guides to the literature. They 
show some features of each method, 
some references to it in the bibliography 
approximate accuracy, and principal use. 

Overhead Lines 

Fault location methods applicable to 
overhead lines are listed in Table I. 
Some methods work only on de-energized 
lines, and, hence, can locate only sus¬ 
tained faults. More frequently en- 
cotmtered, however, are transient or 
temporary faults which dear after a few 
cydes and permit automatic or manual 
redosure. Although no permanent out¬ 
age results, such faults often cause damage 
to conductors or insulators. To locate 
and inspect damage caused by transient 
faults, the locator must operate auto¬ 
matically and make a record before the 
line circuit breaker trips. The table in¬ 
dicates whether the methods are used 
on energized or de-ener^zed lines. All 
the methods listed are applicable to any 
voltage class, but some are economical 
only for high-voltage lines. 


Underground Cables 

Accuracy is most iihportant in locating 
faults where biuied or pipe-type cable 
systems are employed, because expensive 
excavation is necessary to reach the 
source of trouble. Often one method 
is used to find the approximate, and 
a more predse one for the exact fault 
location. 

Table II lists methods used on cables. 
Since most cable faults are sustained, 
temporary fault locators are seldom used 
on cables. However, cable fault location 
methods must be adaptable to the nature 
of the fault. Faults can be classified as: 

1. Low-resistance faults. 

2. High-resistance faults. 

a. Reducible faults. 

b. Bumper faults. 

c. Water faults. 

3. Open-circuit faults. 

Reducible faults are those which can be 
burned or carbonized to a solid short 
circuit or a low-resistance fault. Car¬ 
bonizing is accomplished through the 
application of a high voltage. Bumper 
faults are those which cannot be carbon¬ 
ized but which flash over and recover 
periodically with voltage applied. Water 
faults occur where cables are submerged 
and cannot be carbonized in all cases. 
Methods listed in the table for low- 
resistance faults can be applied to high- 
resistance faults after they are reduced. 

The first step in cable fault location is 
identification of the class of fault. This 
is done by continuity tests, and special 
test sets are available for this purpose. 
The methods listed in Table II apply to 
all voltage classes; however, carbonizing 
is very difficult at voltages above 69 kv. 
The type of cable and location of cable 
are also factors which must be taken 
into consideration. 
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Method of Location 


Bibliography 

References 


Maximum 
Error, Per Cent 
of Line Length 


Operates on 
Energized 
Lines 


Operates on 
Be-energized 
Lines 


Annunciator Ammeter 

approximately the division of l 

rauit current from which fault location can be calculated uivuiiun oi.i. 


. 20 . 


Automatic Oscillograph 

Similar to above except current and voltage measurement are both utilized... .1. 2, 28 

Fault-Oenerated Surge 

and'if reflecrM of voltage at the fault, travels to the line’s terminals.. 

trl, ^ successively between the station bus and the fault impedance Time 

of travel is measured electronically and converted to circuit miles 

Magnetic Link 

Pulse Radar 


. 10 . 


.6, 9, 62, 60, 61,. 1 

113 

87. 113........ 1. 


.yes. 


. 12 . 


. 20 . 


.yes 


A short pulse is applied to the line, and the time of travel of the pulse to and from thA 

to.It « dMtotocril,. Tto» .1 ttart to 


Resonance 

t f^u?nc^®rtruL®®“wM*“ connected to the line. At regularly spaced int^s. 

.■n«.S”to'5i,2S;”X“todlS“r^^ nto.,«tto,ota.to. 

Tower Target 

Lightning currents in the tower leg releases a taiget visible to ground or air patrols.46 

Tracer 

“ applied to the line which can be picked up by port- 


•39.44,60. 1.no. 

3, 6, 7, 49. 1.ves. 

8,66,69,70,113.general description 

.11. 18.61.2....no. 


.yes 

.yes 


.yes 


.yes. 


..41,68,90. 0. 


.yes*. 


* Line is energized with fault stiD on; will not locate temporary faults- 


Tablc II. Summary of Fault Location Methods on Underground Cablet 


Method of Location 


Bibliography References 


Locates Locates 

High- Locate 

Approxtoate Accuracy, Resistance Resistance Open 
Per Cent Faults Faults* Cireuit 


Agitation 

S'lSfete^gitate?*^ ^ detected by a noise ampUfier while. 
Bridge 

I^edance to the fault is measured of total cable impedance, giving, 
distance to the fault of cable length, per cent 


Charging Current 

A comparison of charging in open and normal conductors gives^e. 
approximate distance to the break tac. 

Capacitor Discharge 

thmuS ® ““1 discharges. 

through the fault. A loud report results at the fault 

Fall in Potential 

Voltage drop to fault measured from each end of the cable. 


.80, 86,100.f. 


. .0.5 to 1.0...yes. 


.14, 16, 20, 27, 29, 30,.., 

37,42,67,71,72,73, 

74, 80, 81, 99, 100, 

101, 102, 105 

19. 20,25,33,86,62,.... 

97, 108 . 

.17, 86, 42, 80, 84, lOO.approximate only.no. 


• yes.no 


>uo.no 


.no.yes 


Frequency Modulation 

The frequency of the signal applied to the cable increases linearly 
with time, repeating its scan periodically. The difference in fre- 
quency between the applied and reflected signals indicates distance 
to tJi6 fault 

Pulse Radar 

A short pulse is applied to the cable. The time of pulse travel is 
measured electronically and converted to circuit miles 

Resonance 

A variable frequency source is connected to the cable. At regularly. 
Spaced intervals in frequency the cable exhibits a series resonance 
wwacteristic. The spacing of these intervals is directly related 
to distance to the fault 

Sheath Drop 

A direct voltage is applied to the faulted conductor. The return., 
cureent in the sheath is measured with test prods. The direction 
of flow reverses when the fault is passed 

Tracer 

^ wily identified signal, e.g., 60 cycles per second, is applied to. 
the faulted conductor. Tracer signal strength indicates nearness to 
the fault 


.14, 15, 20, 22, 27, 32,.to nearest manhole. 

35, 36,87,42, 48,48, 

50,62,55, 80,99,102 

.16,72,82,107......10. 


.yes. 


.yes.no 


.yes.no 


.79. 


. 1 on telephone cable. yes 


i.3,36,46,57,79, 80, 99,. 
100, 104, 105, 111 


.various up to 1. yes. 


.yes....yes 


.80, 101... .approximate. 


.yes. 


.no----- .yes 


.16, 85, 42, 80, 83, 99........nearest manhole. 


.yes. 


.yest.no 


.12, 13, 14, 20, 21, 26,. 
27, 29, 30, 34, 86, 
38, 42,47, 62, 63, 67, 
80, 89, 91, 100, 101, 
102, 105 


, .various; some with* 
in several feet 


.yes§ —.. . .yes 


♦Without carbonizing, t Does not locate the point of severance, t Bumper faults and open conductor water faults only. 5 Bumpei: faults only. 
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2. Fault Location and Relay Performance 
Analysis by Automatic Oscillographs, H. P. 
Dupois, W. E. Jacobs. AIEE Transactions 
{Electrical Engineering, vol. 65, June 1946, pp. 
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with an accuracy of =tlO per cent of line length. 
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tions of operating conditions (breakers open, etc.). 
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Lebert, J. B. Maggio, J. T. Schott. AIEE Trans¬ 
actions, vol. 66, 1947, pp. 541-48. 

A 1-microsecond d-c pulse is applied to com¬ 
munication lines and the echo pattern is viewed 
on a cathode-ray oscillograph. The position of the 
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magnitude and polarity indicate the nature of the 
fault or discontinuity. 

4. The “Ltnascopb”—^An Echo-Ranoinq-Typb 
Fault Locator for High-Voltage Lines, J. R. 
LesUe, K. H. Kidd. Ibid., vol. 67, pt. II, 1948, 
pp. 1162-67. 

Methods are discussed which use: 1. a 24-micro¬ 
second 1/10- to 100-volt d-c pulse for locating 
sustained faults on a de-energized line; and 2. 
24-microsecond 500-volt peak-to-peak 250-kc 
wave burst, capacitively coupled, for sustained 
and temporary faults on ener£^zed lines. 

5. A TRANSUiasioN Line Fault Locator Using 
Fault-Generated Surges, R. P. Stevens, T. W. 
Strlngfield. Ibid., pp. 1168-78. 

Type A and B ssrstems are discussed, the latter 
requiring a microwave channel. A special device 
couples to center phase of bus. Measurements are 
recorded photographically and are accurate to 
d: 1 per cent of line length. 

6. A Transient Fault Locator for High- 
Voltage Transmission Lines, L. R. Spaulding, 
C. C. Diamond. Ibid., vol, 68, pt. II, 1949, pp. 
1005-10. 

Type C Bonneville Power Administration system 
uses a 10-kv 1-microsecond d-c pulse automatically 
coupled to the faulted phase 2 cycles after the fault. 
Results are recorded photographically. 

7. The Linascopb Transmission Line Fault 
Locator, K. H. Kidd. Ibid., vol. 70, pt. II, 1951, 
pp. 1008-13; 

A discussion of operating experience and improve¬ 
ments on the locator described in reference 4. 

8. Traveling Wave Relations Applicable 
to Power-System Fault Locators, L. J. Lewis. 
Ibid., pp. 1671-80. 

A mathematical discussion of wave propagation 
and reflection Including a method for pre<Uctlng 
the nature of reflected waves for various line dis¬ 
continuities. 

9. Fault Location by Pulse Time Modulation, 
R. W. Hughes, N. Weintraub. Electrical Engi¬ 
neering, vol. 69, no. 11, Nov. 1950, pp. 1009—11. 

A discussion of the Bonneville Power Administra¬ 
tion type-B Fault Generated Surge system with 
,»mphas ta on miCTOwave eqm'pment used. 

10. Electronic Pulse-Type Fault Locator 
Experience, R. L. Brinton. Electrical Engineering, 
vol. 74, no. 4, Apr. 1955, pp, 282—84. 

A general description of a radar typerfault locator 
and operating experience is given. : Methods of 
coupling to line are described. Training and skill 
of personnel are covered. 

XJ. S. Periodicals 

11. A Method of Locating Faults on Over¬ 
head Transmission Lines by Means of High 
Frequency, J. E. Allen, G. J. Gross. BuUetim 
Edison Electric Institute, New York, N, Y., vd. 
3, no. 8, Aug. 1935, p. 309. 


A variable-frequency source connected to the line 
exhibits resonance at periodic intervals in fre¬ 
quency. Spacing of resonance points shows 
distance to the fault. 

12. Recent Developments in Cable Fault 
Locating, James A. Vahey. Ibid., vol. 7, no. 3, 
March 1939, pp. 96-100. 

A discussion of the “Lundin” fault locator and its 
application to various types of faults. 

13. Tracer Impulses Locate Cable Faults, 
P. L. Weir. Electrical World, New York, N. Y., 
vol. 114, no. 2, July 13, 1940, pp. 57-68 (81-83). 

Employs directional impulse tracing currents. 
Method accurately finds all types of faults on 
13.2-kv network feeders without field calculations 
or disconnecting network transformers, v 

14. Locating Faults on Buried Cable, R. K. 
Woodson. Ibid., no. 22, Nov. 30, 1040, pp. 42-43 
(1608-09). 

The author describes Lundin set, bridge, and ca¬ 
pacitor discharge methods. 

15. Use Capacitance Discharge to Locate 
Cable Faults, W. D. Seal. Ibid., vol. 117, no. 
12, March 21, 1942, pp. 84-85 (1006-07). 

Noise produced by discharge of energy stored in 
the cable is used to locate fault to nearest manhole. 
High voltage is applied to cable by a constant- 
current transformer. 

16. Locating Cable Faults in Pipe-Type 
SMD Cable, Ibid., no. 26, June 27, 1942, p. 78, 
(2248). 

Three methods are proposed for locating leaks and 
faults in 120-kv pipe-type gas-filled cable. These 
are: 1. bridge method; 2. sheath drop method; 
and 3. fall-in potential method. 

17. Charging Locates Open Cable Faults, 
F. E. Reeves. Ibid., vol. 118, no. 10, Sept. 5, 
1942, pp. 81-82 (786-86). 

A discussion of using charging current to locate 
open cable faults. Fault located within a few 
feet on a 5-mile cable and within 300 feet on an 
11-mile cable. 

18. Power Line Fault Locator, W. H. Blank- 
meyer. Electronics, New York, N. Y., Jan. 1944, 
pp, 168-70. 

A brief description of a portable resonance-type 
locator similar to that described in reference 2. 

19. POTENnOHETBR METHOD TO LOCATE CABLE 
Faults, H. G. Tarill. Electrical World, New York, 
N. Y., vol. 121, no. 16, Apr. 16, 1944, pp. 120, 124 
(1444, 1448). 

A bridge method presented for use on large size 
cable (500,000 circular mils) of comparatively 
short length. Unique feature is a compensator 
to eliminate the effect of parasitic currents in 
cable sheath. 

20. Fault Location on Non-Mbtallic Sheath 
Cables, H. N. Ekvall. Ibid^, Apr. 1, 1944, p. 82 
(1246); April 29,1944, p. 90 (1620); May 27,1944, 
p. 108 (1990). 

A brief resum4 of various methods of fault location 
is given in three groups: Group I—electric pickup 
methods; group II—^bridge methods for locating 
faults to ground; and group III—miscellaneous 
methods. 

21. Interrupter Locates Submarine Cable 
Faults, D. F. Tulloch. Ibid., vol. 122, no. 6, 
Aug. 5, 1944, p. 108. 

A Lundin fault locator is used successfully to locate 
submarine cable faults. 

22. Cable Field Testing and Fault Location, 
W. D. Fenn, L. A. Gray. Ibid., no. 8, Aug. 19, 
1944, pp. 97-99. 

Methods of testing cables and locating faults are 
described. D-c and a-c cable testing is compared. 
Three specific examples are cited. 

23. Location of Line Faults, M. A. Honnel. 
Electronics, New York, N. Y., Hov. 1944, p. 110. 

A discussion of elementary pulse-reflection phenom¬ 
enon as verified by laboratory and field tests. 

24. Portable’ Cable Testing Outfit. Electrical 
World, New York, N. Y., vol; 122, no. 8, Aug. 19, 
1944, pp. 113-14. 

Construction details and circuit diagram are given 
for d-c cable tester used by authors of reference 22. 

25. Nomograph Aids in Locating Cable 


Faults, Richard Hoeller. Ibid., no. 24, Dec. 9, 

1944, p. 130. 

Nomograph to be used in conjunction with a 
Murray Loop. 

26. R. F. Oscillator Aims Locating Cable 
Faults, G. L. Danner. Ibid., vol. 123, no. 2, 
Jan. 20, 1945, p. 132. 

A 550-kc oscillator modulated at 1,000 cycles was 
connected to one end of a faulted cable and a 
portable radio was used as a detector to locate 
fault. 

27. Cable Test Program Uses Portable 
Kenotron Set, J. C. Parker. Ibid., no. 5, Feb. 3, 

1945, pp. 82-83. 

Incipient cable faults are carbonized with a truck- 
mounted Kenotron set. Faults are located with a 
Murray loop or tracer signal. A-c and d-c testing 
are compared. Causes of faults are listed. 

28. Fault Current-Distance Curves Help 
Locate Transmission Trouble, C. S. Roadhouse, 
O. R. Hantla. Ibid., no. 13, March 31, 1945, pp. 
60-61. 

Automatic oscillograph recordings of transient 
and sustained faults are referred to precalculated 
charts to locate tjrpe and location of fault. Fault 
is located within 5 to 10 miles on a 270-mile line. 

29. Cable Trouble Caused by Spilled Chemi¬ 
cals, N. W. Thurston. Ibid., no. 17, Apr. 28, 

1945, pp. 80-81. 

Fault is located by using Lundin interrupter-type 
fault analyzer and Murray loop. 

30. Practical Methods for Locating Faults 
IN Non-Mbtallic Cables, M. S. Gilbert. Ibid., 
no. 21, May 26, 1946, pp. 90-91. 

Methods and equipment are described for identify¬ 
ing and locating various types of faults on un¬ 
shielded underground cables. Techniques were 
developed at the Civil Aeronautics Experimental 
Station. Surge impulse and Wheatstone bridge 
are discussed. 

31. Raised Voltage Improves Fault-Locating 
Set, M. W. Ghen. Ibid., no. 25, June 23, 1945, 
pp. 96-96. 

A voltage-doubler circuit is used to increase the 
voltage output of a Kenotron set from 10 kv to 
26 kv. A greater percentage of high-resistance 
faults can now be. carbonized. 

32. Portable Bridge for High-R Cable 
Faults, T. G. Hieronymus. Ibid., vol. 124, 
no. 11, Sept. 15, 1945, p. 107. 

A 60-kv d-c slide-wire-bridge Murray loop is used 
to locate high-resistance cable faults which refuse 
to bum down to solid ground. Faults have been 
located within a cable section in a 10-mile circuit. 

33. Cable Faults Located Quickly and Con¬ 
veniently. Ibid., no. 18, Nov. 10, 1946, p. 138. 

A capacitor discharge impulse tester is used to 
locate over 200 cable faults. 

34. Inductive Pickup for Fault Location. 
G. L. Danner. Ibid., vol. 126, no. 7, Feb. 16. 

1946, p. 130. 

An iron core search coil and audio amplifier are 
used to pick up tracer signal to locate faults toving 
a resistance less than 300 ohms. Circuit diagram 
for impulse geuerator and amplifier. 

35. Cable Fault Location, F. Buck, W. Upham. 
Bulletin, Edison Electric Institute, New York, 
N. Y., vol. 14, no. 3, March 1946, pp. 85-86. 

A summary of methods in use by 28 utilities. 
Most companies use several methods. No general 
preference is shown for any one method. 

36. Condenser Pop, Aerial Cable Fault, 
Floyd W. Buck. Electrical World, New York, 
N. Y., vol. 126, no. 21, May 26, 1946, p. 111. 

A capacitor discharge surge impulse tester is used 
to locate faults on aerial cable. Cost is 8340.00. 
Circuit diagram is shown. 

37. iSuRiED Cable Faults Located by Sonic 
Detector, F. S. Benson, G. L. BGUl, C. R. Machen. 
Ibid., vol. 125, no. 25, June 22, 1946, p. 82. 

After approximate location with bridge measure¬ 
ment, the condenser discharge method finds exact 
location with the aid of an audio vibration detector. 

38. Locates Faults in Street Lighting Cir¬ 
cuits, C. B. White. Ibid., vol. 126, no. 7, Aug. 
17, 1946, p. 87. 
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A 6-volt d-c battery, hummer, and step-up trans¬ 
former are used as a tracer signal source to supply 
a signal for an inductive coil pickup and audio 
amplifier to locate fault within 1 foot. 

30. lupRovso Method of Teansmission Line 
Fault Location. Ibid., vol. 127, no. 11, March 
15, 1947, pp. 130-32. 

An electronic fault detector which operates on the 
radar principle locates faults within 0.1 mile. 

40. Radar on New South Wales Railways, 
A. H, Gray. Railway Signalling and Communica- 
lions. New York, N. Y., Apr. 1947, pp. 237-38. 

41. Mobile Detector Locates Faults on 
Overhead Lines, S. Freeman, Jr., H. Haas. 
Electrical World, New York, N. Y., vol. 128 
no. 7, Aug. 16, 1947, pp. 76-77. 

A test capacitor, inserted in the faulted line, 
accentuates the 5th harmonic voltage on the line. 
The line is patrolled with a sensitive detector, then 
the fault is located. Applicable to short lines only. 

42. Locating Faults in Undbrorouno Cables, 
D. P. Tnlloch. Ibid., no. 19, Nov. 8, 1947, on. 
109-11. 

Common types of cable faults are described. In 
practice a Lundin set is used to classify each fault, 
after which an appropriate location system is 
applied. 

43. Impulse Cable Fault Locator, F. W, Buck. 
Ibid., no. 24, Dec. 20. 1947, pp. 82-84. 

Construction details for fault locator described 
in reference 36. 

44. Pulse Radar Used to Locate Faults, 
G. G. Meudenhall. Ibid., vol. 130, no. 19. Nov. 6. 
1948, p. 88. 

A portable pulse-echo locator is described for use 
on de-energized lines. A positive transparency of 
normal reflection pattern helps to identify fault 
echoes. 

46. Improved Suroe-Reflection System Lo¬ 
cates Cable Faults, J. P. Loses, Jr, Ibid., po. 
89-91. 

A pulse-echo d-c system is discussed which can 
distinguish between fault reflections and normal 
discontinuities. Accuracy is limited to one or 
two blocks. 

48. Visual Flashovbr Indicator, H. L. Rorden. 
Ibid., vol. 132, no, 19, May 7, 1949, p. 71. 

Lightning current in the tower leg is used to ignite 
a small gtmpowder charge which releases the 
flashover target visible from the air. 

47. Locating Grounds on 480-Volt, 3^ Delta 
Systems, B. Q, Forbes. Power Generation, New 
York, N. y., vol. 63, Sept. 1949, pp. 60-61. 

Description of simple method of locating grounds 
in power plants with a low-range voltmeter of 
about 0 to 10- or 0 to 15-volt scale. 

48. Test Unit for 15-Kv Cables Features 
Portability, F. E. Reeves. Electric Light and 
Power, Chicago, Ill., vol. 28, March 1950, p. 96. 

A high-voltage ICenotron set for cable testing and 
fault location is described. The capacitor discharge 
impulse method is used for fault location. 

49. Transient Fault Locator Proves Out in 
Operation, L. R. Spaulding. Electrical World, 
New York, N. Y„ vol. 138, no. 25, June 19. 1950, 
p, 110. 

A^ brief description of the Bonneville Power Ad¬ 
ministration type-C (pulse-echo) locator with 
comments on operating experience. 

60. Fault Locator Use Discriminating De¬ 
tector. Ibid., vol. 134, no, 19, Nov. 6. 1950 

p. 110. 

A commercially manufactured capacitor discharge 
transmitter and detector for cables up to 26-kv 
are described. 

61. Portable Fault Locator Proves Prac¬ 
ticable, T. J. Allen, C. C. Biickmore. Ekaric 
Light and Power, Chicago, 111,, vol. 29, Sept. 
1961, pp. 106-08, and 110. 

Description of a portable resonance locator based 
on principle described in reference 2. A second 
method using d-c pulses at varying pulse rates is 
discussed. 

62. Cable Fault Locating Practices in 
Philadblpbia, R. S. Diggs. Ibid., Oct. 1961, 
pp. 76-81, and 120. 


Three methods are presented with comments on 
their applications: 

1. A-c tracer method (60 cycles). 

2. Thyratron tracer method (chopped direct 
current). 

3. Impulse tracer (capacitor discharge method). 

63. Locating Ground Faults in Buried Non- 
Metallic Cable, Herschel Thomas. Electrical 
World, New York, N. Y., vol. 137, no. 18, May 6, 
1952, pp. 124-26. 

A fixed and movable prod connected to an indicat¬ 
ing meter pickup ground potential produced by a 
pulse generator. It is used for street lighting 
cable to locate fault within 1 or 2 feet. 

54. Locate Cable Faults with Low-Cost 
Device, C. W. Comforth. Ibia., vol. 138, no. 4, 
July 28, 1962, p. 106. 

A pocket compass and messenger rings are used 
to locate the faulted phase of a cable. 

66. Fault Locator Weeds Out Incipient 
Cable Faults, J. L. Redmond. Ibid., no. 26, 
Dec. 29, 1952, p. 88. 

A capacitor discharge impulse-type fault locator 
is used to locate incipient cable faults. 

66. Trouble Shooting in the Electronic Way, 
R. L. Brinton. Ekctrical West, New York, N. Y., 
March 1953, vol. 110, no. 3, p. 86. 

67. Versatility Provided in Cable Fault 
Locating, E. J. Steevo. Ekctrical World, New 
York, N. Y., vol. 139, no. 18, May 4, 1963, p. 98. 

Cable fault location facilitated by placing test 
equipment on a truck. The three methods of 
location used are radar, impulse fault locator, and 
Murray loop. 

58. Thyratron Tube Locator Spots Overhead 
Grounds, F. M, Hartz. Ibid., vol. 140, no. 10, 
Sept. 7, 1963, pp. 92-^3. 

Truck-mounted signal generator receives power 
from unfaulted phases and applies signal to faulted 
phase. The portable search coil and amplifier 
pickup signal by induction. Method locates 90 
per cent of overhead ground faults. 

59. Shoot Line Trouble With Radar, J. L. 
Whysong, H. L. Garton, J. F. Bracker. Ibid., 
no. 20, Nov. 16, 1963, pp. 118-21. 

Radar type of locator used to locate faults on 
overhead and underground transmission and 
distribution lines and on telephone and control 
cables is described. Detailed circuit diagram of 
equipment is included. Results are tabulated for 
various types of lines and faults. 

60. Stages Faults by Electronic Master and 
Slave Units of New System That Locates 
Faults on Line Transmission Line. Ibid., 141, 
no. 13, March 29, 1954, pp. 30-31. 

Description and results of staged-fault locator 
testa. New equipment for locating faults on line 
transmission lines is described. Pulse sent out 
by fault is recorded at master and slave station. 

61- Flashovbrs Located to the Exact Tower. 
Ekctrical West, New York, N. Y., vol. 112, no 
3, March 1964, pp. 70-71. 

News item covering tests described in reference 60. 

62. Fault Locator Tests, Electrical World, 
New York, N. Y., vol. 141, no. 17, Apr. 26. 
1954, p. 48. 

Extension of tests given by reference 60. 


British Periodicals 

63. The Electrical High Pressure Testing 
of Cables and the Localization of Faults, 
J. Urmston. Journal, Institution of Electrical 
Engineers, London, England, vol. 69. 1933, p. 983. 

64. Methods for Locating Brbaxs in Cable 
Conductors, J. H. Savage. Distribution of 
Electricity, vol. 6, 1933, p. 1380. 

66. Cable Fault Locating by Induction 
Methods, W. Redmkyae. Distribution of Elec¬ 
tricity, London, England, vol. 8, 1936, p. 1179. 

66. Localizing Faults on Low Tension Dis¬ 
tribution Cables, G. W. Stubbings. Ibid. d. 
1871. 

67. Testing Cables with D-C Pressures and 
Localizing High Resistance Cable Faults, 
C. Grover. Ibid., vol. 10, 1937, pp. 2326, 2335. 
and 2351. 


68. Cable Fault Localization Sources of 
Error and Their Magnitude, E. W. Golding. 
Ekctrical Times, London, England, 1937, vol 92 
p. 103. 

69. A New Method of Fault Location, K. R. 
Green. Distribution of Ekctricity, London, Eng¬ 
land, vol. 10, 1938, p. 2386. 

70. Notes on Cable Fault Localization, W. 
Redmayne. Ibid., vol. 11, 1938, p. 34. 

71. Open Circuit Faults, W. Woodiwiss. 
Ekctrical Review, London, England, vol. 128, 
1940-41, pp. 637-38. 

Various types of faults and bridge methods are 
discussed. 

72. Locating Cable Faults, G. W. Stubbings. 
Ibid., vol. 129, Sept. 29, 1941, pp. 301-02. 

Methods for locating 3-phase-to-grouud faults are 
presented. Fall of potential and Werren methods 
is described. 

73. The C; R. Indicator as a Detector, J. G. 
Park. Ekctrical Times, London, England, vol. 
102, Sept. 17, 1942, pp. 400-02. 

An arrangement is presented for using a cathode- 
ray tube as a null detector in an impedance bridge 
for cable fault location. 

74. Fault Location on Low Resistance 
Feeders. Ibid., Nov. 26, 1942, pp. 760-62. 

A discussion of Murray loop test. 

75. Spare Testing Cables, J. H. Savage. Dis¬ 
tribution of Ekctricity, London, England, vol. 16. 
1943, p. 101. 

76. Locating Faults in Practice, F. J. Batten. 
Mining, Ekctrical and Mechanical Engineer, 
London, England, vol. 23, 1943, p. 101, 

77. Cable Testing. Ekctrical Review, London, 
England, vol. 136, May 11, 1946, p. 674. 

This is a review of reference 80. 

78. Induction Methods of Cable Fault 
Localization, W, Redmayne. Distribution of 
Ekctricity, London, England, vol. 17, 1945, p. 363. 

79. New Methods for Locating Cable Faults, 
Part III, E. F. Roberts. Journal, Institution of 
Electrical Engineers, London, England, vol. 93, 
pt III, Nov. 1946, pp. 386-404. 

A technical discussion of d-c pulse echo and fre¬ 
quency-modulation methods of fault location on 
coaxial communication cables. 

80. Location of Faults in Low-Voltage 
Cables with Special Reference Factory 
Techniques. J. H. Savage. Ibid., vol. 92, pt. II. 
pp. 680-93. 

A comprehensive survey of cable fault location 
systems including a special sheath-drop method 
capable of finding faults of resistance up to 10 
megohms. 

81. Cable Testing with Wheatstone Bridge, 
G. Alder. Technique, Montreal, Canada, vol. 21, 
June 1946, pp. 435-46. 

82. Subi^inb-Cablb Fault, M. Datta. Elec¬ 
trical Review, London, England, vol. 139, Auk. 23. 
1946, p. 303. 

Three-phase-to-ground 1-phase open fault located 
by fall of potential method.' Method necessitated 
stringing a temporary cable 800 yards across a 
river. 

83. Sbbath-Drop Method of Locating Cable 
Fault, R. C. Yates, Ekctrical Engineer and 
Merchandiser, Melbourne, Australia, vol. 23, Feb 
16, 1947, pp. 356-68. 

84. Open-Circuit Cable Faults, F. P. Meadows. 
Electrical Times, London, England, vol. Ill, Mav 
8, 1947, pp. 626-26. 

85. Fault Location on Transmission Lines. 
Ekctrtcal Engineer and Merchandiser, Melbourne, 
Australia, June 16, 1947, pp. 73-76. 

86. Locating Partial Breaks in Multi-Core 
Jumper Cables. Engineer, London, England, 
vol. 184, Nov. 28, 1947, p. 515. 

All cable conductors are connected in series. 
Agitation of the cable at the partial break produces 
an audible uoise in detection equipment. 

87. New Method for Location of Faults in 
Overhead Transmission Lines by Means of 
Impulse Tests, S. Margonlis, P. Fourharies. 
Engineers Digest (American edition). New York, 

N. Y., May-June, 1948, pp. 177-79, July, pp. 


Fault Location Methods—Bibliography and Summary February 1956 


1426 



Theoretical analysis of two location systems with 
the use of high-voltage d-c pulses of long duration. 
The spacing of successive reflections from the fault 
show distance of the fault from the monitoring 
stations. 

88. Fault Location and Relay Protection, 
B. W. Knapp, B. C. Hicks. Electrical News and 
Engineering, Toronto, Canada, vol. 57, June 15, 

1948, pp. 86-88, 100-01. 

Residual flux in magnetic links gives a measure of 
fault current and voltage and, thereby, the distance 
to the fault. Accuracy is from 10 to 20 per cent. 

89. Induction Cable Fault Locator. Engineer, 
London, England, vol. 186, July 16, 1948, p. 61. 

1,000-cycles-per-second tracer method. A sensi¬ 
tive detector traces fleld pattern which changes 
abruptly at the fault. 

90. Method for Detection of Sustained 
Karth Faults in Rural Overhead Lines Pro¬ 
tected BY Petersen Coils, B. D. Zelikln. In¬ 
stitution of Electrical Engineers, London, England, 
vol. 95. pt. II. Oct. 1948. pp. 617-19. 

An electrostatic fleld measturing device detects 
abnormal field pattern when one conductor is 
grounded. By sectionali/ing the line, the faulted 
section is isolated. 

91. Cable Faui.t Locator, F. E. Planer. Elec¬ 
trical Review, London, England, vol. 145, July 8, 

1949. pp. 57-78. 

A brief description of a sensitive, highly directive 
receiver for 60-cycle tracer currents. 

92. Cable Fault Localisation, O. W. Stub- 
blngs. Electrical Times, London, England, vol. 
117, Jan. 6, 1960, pp. 13-14, 

Werren's test is described. This is a bridge method 
used for detecting a double conductor-to-ground 
cable fault. 

93. Cable Fault Locator, F. E. Planer. Elec¬ 
tric News and Engineering, Toronto, Canada, vol. 
60, Apr. 1961, pp. 112, 114-16. 

94. Fault Location, J. G. Boggis. Electrical 
Times, London, England, vol. 120, Sept. 6, 1951, 
pp. 420—22. 

A discussion of the fall of potential method in 
place of a Murray’s loop for low-voltage cables. 
Method is advocated for short lengths only. 

95. Fault Location on L. V. Mains, L. T. Snow, 
Ibid., vol. 121, Jan. 10, 1952, pp. 63-66. 

A discussion of the accuracy of bridge methods 
including the effect of connected loads. 

96. Fault-Throwino Tests on 132 kv Grid 
System Under Normal Working Conditions, 
W. Casson, F. H. Birch. Proceedings, Institution 
of Electrical Engineers, London, England, vol. 97, 
pt. I, 1950, pp. 279-802. 

Foreign Language Periodicals 

97. Kabel-Fehlerortsbestimhuno Mittbls 
Biner Einziobn Messuno, L. Rozsas. Elektro- 
technik und Maschinenbau, Vienna, Austria, vol. 
64, Nov.-Dee. 1947, pp. 180-81; see also Engineer’s 
Digest (American edition). New York, N. Y., 
vol. 5, March-April 1948, p. 152. 

A modified Murray bridge for use where auxiliary 
leads are required between ends of the faulted 
cable. 


98. Einmessuno von Fehlsrortbn an Stare- 
stromlbitunoen Mittels Wanderwellen, E. 
Hueter. Elektrotecknik, Berlin, Germany, vol. 1, 
Apr. 1948, pp. 2-6. 

Fault location on high-voltage lines by means of 
impulse waves. 

99. Localisation des Defauts dans lbs Cables 
Soutbrrains, J. Bonnemain. Bulletin V.8, 
Soci4td Prancaise des Electridens, Paris, France, 
Aug.-Sept. 1948, pp. 387-91. 

A discussion of methods used for various type of 
faults including water faults. 

100. Recherche des Defauts dans lbs Cables 
Soutbrrains, H. Aschere. Ibid., pp. 397-412. 

The author discusses the general problem of locating 
faults in underground cables. The nature of the 
faults, methods for their detection and location, 
and examples of established cases are discussed. 

101. Rbchbrcbe DBS Defauts dans lbs Cables 
bn Case Disco ntinuitb bt ob Faiblb Isolbhbnt, 
L. Dupuis. Ibid., pp. 417-8. 

Three methods are given for rapid location of faults 
in this class. 

102. Recherche des Defauts dans lbs Cables 
Soutbrrains, M. Roger. Ibid., pp. 419-26. 

The author discusses methods and apparatus to 
locate and detect faults on underground cables, 
particularly 12-kv network cables. 

103. Application db la Mbthode du font db 
Sauty au Rbpbraob DBS Defauts sur lbs Cables 
DB Grande Longueur, H. Josse, R. Tellier. 
Ibid., pp. 427-29. 

A method for obtaining correction factors for 
improved accuracy is given. 

104. Application db la Mbthode des Impul¬ 
sions A LA Localisation des Defauts dans lbs 
Cables, G. LeParquier. Ibid., pp. 434-38. 

An accurate pulse-echo system is presented to¬ 
gether with test data on cables up to 220 kv. The 
tests were also effective on 3-terminal cables. 

105. Recherche des Defauts bur lbs Cables 
Bassb-Tbnsion, C. Philippe. Ibid., pp. 439-50. 

The location of faults on signal, telephone, and 
power networks for the railroads is discussed. 
The power network is made up of 3- or 4-conductor 
cables with impregnated paper insulation operated 
at a maximum of 500 volts. 

106. Bbwabhrtb Messvbrfahrbn zur Pbhlbr- 
ortbbstimmuno in Starkstromkabblnbtzbn, 
A. Bierhals. Elektrotecknik, Berlin, Germany, vol. 
3, no. 11, Nov. 1949, pp. 345-52. 

Proved methods for locating faults in imwer cable 
systems; critical survey of published methods; 
for best accuracy in locating faults, exact cable 
length is usually required; since electrical methods 
of determining cable length are inaccurate, cable 
length should be measured when installed. 

107. Fbhlbrortunobn in Lbitunosschlbifbn 
MIT Alladriobm Brd.-bzw. Kurzschluss, G. 
ScMrsig. Elektroteckniker, Wuppertal-Bberfeld, 
Germany, vol. 2, June 1950, pp. 167—68. 

Fall-in potential method is used to locate multiple 
ground faults and phase-to-phase faults. 

108. En Variant av Kjbntb Mbtodbr til 
Bbstbhmelsb av Feilstbd pa Sterkstromkablbr, 
S. E. Nielson. Electro-Teknisk-Tidsskift, Oslo, 
Norway, vol. 04, Jan. 15, 1951, pp. 24—27; see also 


English abstract in Engineer’s Digest, London, 
England, vol. 12, July 1951, pp. 220-22. 

A variation of Varley’s method including methods 
for: 1. determining the condition of the cable at 
the fault; 2. a method for locating 3-phase faults 
without auxiliary leads, and 3. a method for 
locating ground faults on short cables of large 
cross sections. 

109. La Localizacion des los Dbspbcfbctos 
BN LOS Cables db Enbroia Elbctrica, J. Zanier. 
Revista EUctrotecnica, Buenos Aires, Argentina, 
vol. 37, Oct. 1951, pp. 371-85. 

Various methods of locating cable faults are de¬ 
scribed. Causes of cable faults are listed. 

110. Fehlbrortung an Starestromkabbln hit 
Hocbfrbqubnz, H. Weehsung. Elektrisetaets- 
wirtschart, Berlin, Germany, vol. 51, no. 10, May 
20, 1952, pp. 230-36. 

Fault location in power cables with the use of a 
high-frequency detector. 

111. Brvarinob Nopgbdaan in hbt Amstbr- 
DAMSB KABILNBT MET BEN NlSUW ApPARAAT 
VOOR HBT UlTMBTBN VAN KABBLFOUTBN, J. M. 
Faber. Ingenieur, Hague, Holland, vol. 65, no. 
15, April 10, 1963, pp. 67-70. 

Radar type of fault locator used in Amster4am 
network. 

112. Committee Reports, Transmission Line 
Fault Locator Committee. Journal, Institution 
of Electrical Engineers of Japan, Tokyo, Japan, 
vol. 73, no. 783, 1963, p. 120. 

113. Investigations and Practical Ex¬ 
periences OF Transmission-Linb-Fault Loca¬ 
tors IN Japan, Tondyama Fujitaka, Saba. CIG- 
RE, Paris, France, vol. Ill, 1054, paper 308. 

A comprehensive summary of development and 
application of pulse-echo and Fault Generator 
Surge type of fault locators. Included are results 
of field tests. 

Miscellaneous 

114. Testing and Trouble Finding. Under¬ 
ground Systems Reference Book. National 
Electric Light Association, New York, N. Y., 1931, 
p. 223. 

115. Fault Locating Methods Used on Under¬ 
ground Cable Systems. Edison Electric In¬ 
stitute, New York, N. Y.. 1935. 

116. Alternating-Current Bridge Methods 
(book), B. Hague. Pitman Publishing Corpora¬ 
tion, New York, N. Y., 1946. 

117. Fault Localizing and Testing (book), 
F, C. Raphael, C. A. Grover. Ibid., New York, 
N. Y., 1946. 

118. Transmission Line Locator, W. G. Hoyle. 
Report PR A135, National Research Council of 
Canada, Ottawa, Canada, Sept. 1946. 

119. Location of Underground Cable Fail¬ 
ures, M. S. Gilbert. US CAA Tecknical De¬ 
velopment Note No. 41, Civic Aeronautics Ad¬ 
ministration, Washington, D. C., June 1946, p. 5. 

120. Fault Location—Quarter Wave Length 
Resonance Method, H. B. Slade. Minutes, 
Edison Electric Institute, New York, N. Y., 
Appendix VII, 1948. 

121. Cable Fault Location on the Phila¬ 
delphia Electric Company System, J. E. Johnson. 
Ibid., Appendix X. 


Discussion 

B. B. Curdts (James G. Biddle Company, 
Philadelphia, Pa.): A few comments con¬ 
cerning this paper may be of interest to 
those dealing with the underground cable 
phase of this problem. 

First, I would like to take mild exception 
to the subdivisions of the high-resistance 
fault classification, particularly the term 
“bumper faults." I am not sure how the 


use of the word "bumper" got started, or 
what the word is intended to convey. 
I have questioned a few public utilities 
people who are experienced in this field, 
and they say they have never heard of its 
use in this connection. In any event, it 
seems to be a slang word that does not have 
a place in an AIBB technical paper. 

The flashover fault, which is a quite com¬ 
mon type of high-resistance fault, is ap¬ 
parently the one defined in the paper as a 


so-called bumper fault. It involves a gap, 
paralleled by a high, fairly stable resistance. 
Such faults are sometimes difficult actually 
to carbonize, or recarbonize after the initial 
failure, but Aey are, nevertheless, reducible 
from a fault-locating point of view provided 
a voltage of sufficient magnitude and time 
duration is applied. The "water fault" as 
well as the diy flashover fault can be in¬ 
cluded in this category. 

It seems to me that Table II, which at- 
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tempts to classify in a rather vague way 
methods of location for underground cables 
in terms of accuracy of location and type of 
fault, is subject to considerable clarification 
and qualification to be of much use. 

The Edison Electric Institute has sched¬ 
uled publication of a new edition of the 


“Underground Systems Reference Book.” 
In the volume will be found a chapter dealing 
with the fundamentals of the power-cable 
fault-locating problem, presented both from 
engineering and practical operating points of 
view. It extracts from reported experiences 
and the voluminous literature of the past. 


methods of location which have given con¬ 
sistent results, and discusses the advantages 
and limitations of the various methods in 
regular use today. I believe this book will 
provide the information necessary to evalu¬ 
ate practical and modem methods of power- 
cable fault location. 


Electrical Utility Load Forecasting 

W. WALLACE GODARD 

NONMEMBER AIEE 


R apid growth in the last decade has 
made it essential for the electrical 
utility industry to develop better ways 
of anticipating future requirements. 
That is why there is so much interest 
in load forecasting. Planned action in 
this work is worth while, and in today’s 
economy sound planning is essential to 
successful operations. An electrical util¬ 
ity is not as free as other industries 
to plan a certain capacity and deter¬ 
mine that it will take on just so much 
and no more business. Its planning 
must take into account the aggre¬ 
gate coincident demands of its many 
customers. The customer best remembers 
those times when the utility company, 
for whatever reason, might not have 
been ready to serve his needs immediately. 

At the hazard of oversimplifying, it is 
suggested that the secret of rendering 
more and better electrical service at 
competitive prices with reasonable profit 
is to predict and plan ahead and to be 
ready at all times to meet the power 
needs of the general public. 

Essentials of a Good Plan 

Those responsible for the operation of a 
business should realize that their plan 
of predicting future requirements must 
be well organized but not necessarily 
complex. 


Paper 55-531, recommended by the AIBB System 
Engineering Committee and approved by the 
AIBB Committee on Technical Operations for 
presentation at the AIBB Summer General Meet¬ 
ing, Swampscott, Mass., June 27-July 1, 1955. 
Manuscript submitted April 4, 1955; made avail¬ 
able for printing September 19, 1955. 

W. Wallacb Godakd is with The Cleveland 
Electric Illuminating Company, Cleveland, Ohio. 

This paper incorporates certain adaptations of 
information presented in 1952 by P. Warren Brooks 
of the Cleveland Electric Illuminating Company, 
gained in his rate study work. At the AIBB 
Pall General Meeting at New Orleans in 1952 he 
dealt with the philosophy of need and approach in 
forecasting. He has sponsored considerable further 
work in load forecasting and rate studies. 


Good planning in the electrical utility 
business involves the three following 
essential features: 

1. Evolving a single, controlling pattern 
of probable economic conditions. 

2. Developing a schedule of business 
volumes, expressed in specific functional 
terms, as a basis for future operations. 

3. Conditioning the organization to 
cope with problems which may arise 
with unforeseen departures from the 
approved pattern. 

It has been suggested that this paper 
emphasize in detail the application of 
economic factors and the relationships 
of variables in predicting the various 
components of dectric ul^ty load. It 
will proceed along the lines of a specific 
estimate. 

It is well to remember that the sales 
or marketing representatives are the 
“eyes and ears” upon which the business 
should rely rather heavily. Through 
them the temper of a local situation 
may be judged and many of the possibili¬ 
ties of the futtare evaluated. They and 
the rate engineers are often able to assist 
greatly in shaping and trending the sev¬ 
eral class factors. 

No forecast is more accurate than its 
basic premise, including the correctness 
of the expressed relationships of the 
variables to be applied successively in 
the calculations. If the approved eco¬ 
nomic pattern and other underlying fac¬ 
tors are realized and the anticipated re¬ 
lationships between elements hold closely, 
the forecast- would prove to be good. 

Each utility has a characteristic situa¬ 
tion of its own. In an industrial area 
having good diversity, it is not strange 
that sales to large Kght and power cus¬ 
tomers should closely reflect variations 
in national economic indicators. Neither 
is it strange that the nation’s materi^s 
and man power will flow more readily 
to such an area in support of programs 


for building plant and equipment. With 
increased industrial activity and building, 
an accelerated flow of materials and 
supplies for residential construction 
should be ^pected. 

A utility company having relatively 
less large commercial and industrial 
business and more residential or rural 
would have a lower dependence on an 
industrial index in its estimating and 
would have even more reason to keep well 
informed on consumers’ buying inten¬ 
tions. 

Such fundamental principles will be 
applied in estimating the component 
classes of electric utility load. The esti¬ 
mate will be made for a typically indus¬ 
trial area covering a period of 6 years, 
from 1960 through 1954. .This is long 
enough to span a 2- or 3-year construc¬ 
tion period for the installation of gen¬ 
erators or other principal facilities. In 
dioosing this period, a comparison of 
estimated and actual loads, is allowed for 
as a test of the method of estimate. 

The question is sometimes raised, 
“Where does the twilight zone between 
forecasting and projections start and 
stop ?” Experience shows that in looking 
further ahead, it is necessary to depend 
increasingly on a sort of general projec¬ 
tion. The twilight zone starts about 
12 to 18 months from date of estimate 
and intensifies rapidly. Wherever prac¬ 
ticable a plan of correlation tied to the 
econonaic pattern is the practical pro¬ 
cedure in compensating for lack of specific 
foresight. 

Since there was not time for extensive 
discussion of the economic pattern, and 
since 1954 was chosen to end the estimate 
period, the presently known values of 
selected economic functions will be used. 
This is the same as assuming that a de¬ 
veloped pattern of the economy would be 
truly accurate, The deviations of esti¬ 
mated load from actual can then be re¬ 
garded as a test of the method only. 

In selecting economic indicators, fac¬ 
tors were chosen wluch serve as common 
vocabukiry pieces in the exchange of 
opinions with other forecasters. The 
following are typical and the last three 
are specifically used in the calculation 
of this estimate. 
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PLAN OF POBECASTING THE NATIONAL ECONOMY 
Section A 



Fig. 1. Plan of forecasting national economy 


Economic Factors Specific to This Estimate 


Factor Explanatory 


U. 8. population.continental U. S. 

U. S. nonfarm housing.. .no. of family dwelling 
starts units 

Federal Reserve Board.. .physical production in 
(FRB) Index of In- per cent of 1947-49 

dustrial Production average, after elimi¬ 

nation of seasonal 
variations. On a per- 
day basis. (FRB)^ 

Hours in work week,... Bureau of Labor Statis- 
U. 8., all manufac- tics (BL8) reports, 

ing average hoxurs per 

employee-week 


The selection of these and other factors 
xan and should accommodate some plan 
for testing the consistency of proposed 
patterns or forecasts of the economy. 
Appendix I describes such a plan; 
see Fig. 1. Fig. 2 shows a comprehen¬ 
sive economic data sheet covering the 
period of this estimate. Specifically, 
Fig. 2 and Tables I through IV include 
these factors for all the years of 1947 
through 1954. 


General Procedure and Terminology 

The procedure will be to estimate 
class loads separately and combine 
them on a coincident basis. Thus the 
annual service area maximum load will 
be estimated. 

The kilowatt-hour (kw-hr) sales and 
load factor will be estimated for each class 
as a basis for calculating its contribution 
to the service area maximum. As a tech¬ 
nical conyenience, the load factors to be 
used will do more than the usual load fac¬ 
tor. They will span from the “at-cus- 
tomer” sales to the “at-power-plant” con¬ 
tribution to the service area max imum . 
This involves the adaptatioii of special 
information on class loads. The termi¬ 
nology is not elaborate; it is indicated in 
the daily load chart in Fig. 3. 

The maximum load of the service 
area, which is a daytime maximum, is 
obvious. The lower curve is typical of 
the residential and general commercial 
classes combined. It illustrates the oc¬ 
currence of a class maximum at a dif¬ 
ferent time from the service area maxi- 
.mum. It also illustrates the class con¬ 


tribution to the service area maximum. 

The significance of the terms “at 
plant” and “at customer” may be seen 
easily from Fig. 4, a 1-line diagram which 
serves principally to fix the concept that 
system losses, as wdl as diverse ti min g of 
customer demands on the system, are 
essential to any such estimate of service 
area requirements. 

Sales or Load Classes 

The breakdown of the total sales or 
load will identify the following classes: 

1.00 Residential: exclusive of commer¬ 
cially metered multifamily accounts. 
2.00 General Commercial: 0 to 20 kilo¬ 
watt demands, Commercial and In¬ 
dustrial including public authorities. 

3.00 Residential plus General Commercial, 
as combined for estimating. 

4.00 L^ge Commercial and Industrial: 
exclusive of. Specifics, but including 
Public Authorities. 

6.00 Specifics: very large customers esti¬ 
mated individually. 

6.00 Street and Traffic Lighting, 

7.00 Railroads and Railways. 

8.00 Miscellaneous groups: relatively 
small. 


February 1956 Go^rd—Electrical Utility Load Forecasting 


1429 







ECOWOMIC FROJECTION YfORK SHEET 
BY; W. W, Godard - for AIBE Presentation 
DATE; March, 19 $$ _ 


The breaking point of demand between 
general commercial and large commercial 
is frequently 20 kilowatts, as shown in 
this estimate. “Specifics,” in this esti¬ 
mate, consists of customers having very 



Units 

I 9 U? 

1950 

1951 

1952 

1 ??? 

1951* 

high load factors with demands of 10 

TOTAL PQPUIATIOM — U.S. 

LABOR FORCE IN ^ (F POP. 

MIL 

11*9.2 

151.7 

15U.U 

157.0 

159.6 

162 . 1 * 

megawatts (mw) or more, and any 
other very large customer having a 

% 

1*2.7 

1*2.7 

1 * 2.8 

1 * 2 . 1 * 

1 * 2.2 

1 * 1.8 

specially controlled load, to be estimated 

LABOR FCRCS 

MIL 

63.7 

61*. 7 

66.0 

66.6 

67.1* 

67.8 

individually. “Street and Traffic Light¬ 

MILITARY FORCE 

MIL 

1.6 

1.7 

3.1 

3.6 

3.5 

3.U 

ing” consists of all regular street, area, 
and bridge lighting, and various trafiic 

UNEMPLOYMENT 

MIL 

3.1* 

3.1 

1.9 

1.7 

1.6 

3.2 

control devices. “Rural,” which is a 

CIVILIAN EMPLOYMENT 

HUL 

58.7 

60.0 

61.0 

61.3 

62.2 

61.2 

significant classification with some utili¬ 

AVERAGE WEEKLY HOURS—MFG 

HRS 

39.2 

1*0.5 

1*0.7 

1*0.7 

1*0.5 

39.7 

ties, is not separated in this estimate. 

Beo. Work Week 

HRS 

39.8 

ia.u 

la .2 

ia.7 

1 * 0.2 

1 * 0.6 


CIVILIAN MANHOURS 

BIL 

119.7 

126.1* 

129.1 

129.7 

131.0 

126.3 

Estimates by Classes 

GNP/MANHOURS - 19h7 DOLLARS 

$ 

2.2 

2.1 

2.2 

2.3 

2.3 

2.1* 

Residential and General Commercial 

GNP —■ 19U7 dollars 

GNP PRICE INDEX/CPI 

BIL 

2la.5 

261*. 7 

282.9 

29l*.2 

306.6 

297.2 

In these classes, the number of cus¬ 
tomers and the kw-hr per customer de¬ 

% 

10l*.7 

loll. 8 

IOU .5 

103.6 

10l*.0 

10l*.7 

termine the total volume of kw-hr sales. 

CONSUMERS' PRICE INDEX 

PTS 

101.8 

102.8 

111.0 

113.5 

lll*.l* 

111*. 8 

While the gross additions of new custo¬ 

(19h7 - I»9 - 100) 








mers and the gross disconnections of 

CROSS NATIONAL PRODUCT 

$ BIL 

257.3 

285.1 

328.2 

3 U 6 L. 

361*.9 

357.2 

existing customers are very important 

MFC. IMP. IN CF TOTAL 

% 

21*. 2 

25.0 

26.1* 

26.6 

27.8 

26.1 

for general planning, the net increase is 
sufficient in load forecasting. 

MANUFACTURING EMPLOYMENT 

MIL 

11*. 2 

15.0 

16.1 

16.3 

17.3 

16.0 

National and local statistics usually 

HANUFACTURINO MANHOURS 

BIL 

28.9 

31.6 

3l*.l 

3l*.5 

36.1* 

33.0 

make it necessary to devise practice 

POINTS FRB/BIL. UFG. MANHRS 

PTS 

3.35 

3.55 

3.52 

3.59 

3.68 

3.78 

adaptations in estimating the number of, 
residential customers. In this the num¬ 

JRB INDEX OF INDIBT. PROD. 
(19U7 - h9 - 100) 

PTS 

97 

112 

120 

121* 

131* 

125 

ber of nonfarm housing starts will be 

FRB INDEX — USED 

DEC. FRB 

PTS 

PTS 

oco 

0 CM 

120 

119 

125 

133 

135 

126 

125 

130 

used, which is the number of family 
dwelling units started. This is estimated 

GNP/FRB — 19li7 DOLLARS 

$ BIL 

2.1*9 

2.36 

2.36 

2.37 

2.29 

2.29 

monthly and published by the Bureau 
of Labor Statistics (BLS) for the country 


Fig. 2. Economic data aheet 



SER¬ 

VICE 

AREA 

LOAD 


,CLASS 

LOAD 


Fig. 3. Typical daily load and terminology 


as a whole. 

In the industrial area covered by this 
estimate there has been a marked simi¬ 
larity between net increase in residential 
customers and the mathematical product 
of national housing starts and the FRB 
Index. This is the basis for Fig. 5. 
Generally speaking, 1 per cent (%) of the 
FRB Index multiplied by 1% of the 
number of national housing starts has 
approximated the net increase in these 
customers. This refers to the basic 
increase, exclusive of acquisitions of 
established distribution service facilities 
and other similar changes. 

A multiple correlation method might 
have been used to build an equation but 
by practical observation an acceptable 
equation for the net increase in customers 
has been evolved and applied throughout 
the period of estimate, as follows 

^ (100) I, 2X100 

0.0324(»—1946)] ± unusual changes 

where 

»=net increase in residential customers 
5=»U. S. nonfarm housing starts 
*=year of the net increase 
(*—!)=previous year 
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LINE AND TRANSFORMER -.-r CUSTOMER” 



PRODUCTION 

The “unusual changes” would be 
transfers to or from other classes, changes 
in the extent of the service area, and 
would possibly involve some of the larger 
housing projects metered individually 
as residential service. 

The application of this and similar 
equations requires continuous observa¬ 
tion. However, it shows close correla¬ 
tion with actual up to the present time. 
Fig. 6 is a comparison of the calculated 
and actual basic net increase for 1947 
through 1954. The maximum devia¬ 
tion was 8.8% in 1952 when the FRB 
Index was affected considerably by a 
2-month, nationwide steel strike. No 
other deviation is as great as 5% and 
most of them are less than 2%. 

Average use in the year is determined 
by predicting the annual increase and 
adding it to the previous year’s average 
use. This kw-hr inaease is determined 
with a degree of judgment based on previ- 
oxis experience and consultation with 
local marketing people. The promotion 
of major appliances and the probable 
attitude of consumers in the purchase 
of additional major electric appliances 
are pertinent factors. 

The estimated customers, kw-hr in¬ 
crease in average use, and the other details 
are shown in Table I. The estimated 
total kw-hr sales to the class is the prod¬ 
uct of the average number of customers 
and the average use. 

Characteristic of observations which 
can be made, it is interesting that force 
of habit and the convenience of elec¬ 
tricity in the home assert themselves 
even tlnough short recessions as graph¬ 


Fig. 4 (left). At-plant to at-cu$< 
tomer terminology 


Fig. 6 (right). Residential 
customers: basic increase esti¬ 
mated and actual 



ically shown in Fig. 7. Average use is 
charted with disposable personal income. 
It is included expressly to show the con¬ 
tinuing rise in residential average use, 
even in years when the income is marking 
time or slackening off for a year or so. 

General Commercial 

The general commercial class is handled 
in a manner similar to residential. 
Additional considerations are the chang¬ 
ing state of business, the migration of 
customers to and from the large commer¬ 
cial group, and changes in rnarketing 
practices within the area. These make 
it more difficult to predict the customer 
and kw-hr increases. The commercial 
or marketing representatives’ contacts 
with these customers, and a knowledge 
of the field conditions are important to 
the decision. 

Based on opinions prevailing in 1949, 
the basic customer increase was projected 
at 800 per year and the annual increase 
in average use was set at 300 kw-hr. 
These increases vary considerably from 
year to year, and should be judged 
broadly. The actual basic customer 
increase in the 5-year period has been 
820 per year, 20 more than the forecast. 
This is shown in Table I. 

Residential and General Commercial 

Residential and general commercial 
classes are next combined into a single 
for estimating the contribution to 
annual service area maximum. The 


class load factor varies with average use 
per customer. The relationship, as shown 
in Fig. 8, is almost linear. It should be 
remembered that this factor spans from 
the at-customer sales to the at-plant 
contribution to the service area maximum. 

Knowing the kw-hr sales and the class 
load factor, it is easy to calculate the 
contribution of the combined class to 
the service area maximum based on the 
number of hours in the year. Detail 
calculations are shown in Table I. This 
can be designated as a class contribution 
calculated in advance. Since the period 
of this estimate is passed, contributions 
of this and other dasses, also can be 
estimated ex post facto. The deviation 
of the advance calculation from the 
ex post facto estimate is a good test of 
the plan of estimating. 

These deviations are shown for the 
residential and general commercial dass 
in Table I. In per cent of actual, the 
residential deviations ranged from a 
low of —1.5% to a high of —5.1% in 
the period 1950 through 1953. Ex post 
facto estimates were not available for 
1954 in time to be induded. The esti¬ 
mate being 5.1% lower than actual in 
1951 is apparently rdated to the 
“Korea” rush in the purchase of heavy 
appliances and other similar factors. 
There were two notable surges upward 
in retail sales in 1960. 

Large Commercial and Industrial 

In a comprehensive way, the large 
commercial and industrial dass would 



Fig. 5. Residential cus¬ 
tomers: basic increase esti¬ 
mated by equation 
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also involve two component dasses. 
There is a correlation dass, and a few 
large customers who are estimated in¬ 
dividually, the specifics dass. 

The corrdation group has general 
characteristics dosely rdated to varia¬ 
tions in the national economy. This 
is the basis of the predictions of load 
factor and sales, through correlation 
with the FRB Index, which is one of the 
most fundamental factors in this plan. 
Through this load dass alone it determines 
over 60% of the kw-hr requirements of 

1431 







Table i. Electrical Utility Load Forecast, Class Contribution to Net 60-Minute Service Area Maximum, Residential and General Commercial 

Classes, Estimate SVISO—^AIEE 


Reference No. and Description 


Estimate Source 
Reference 


“Actual” 

1948 


Estimated 

1952 


1.00 Residential 

1.10 U.S. nonfarm housing, .fatnily.BLS...840.000. 

starts dwelling 

units 

1.11 Average of current and.759,750 

preceding years 

1.20 PRB index.points.FRB. 100. 

1.21 PRB-i-100.multiplying. .1.20+“100’'. 1.00 

factor 

1.22 Ratio modifying factor, .multiplsring. .experience. 1.08 

factor 

1.23 Basic residential custo* .per cent.1.21X1.22. 1.08, 

mer gain as a % of U.S. Joo 

homing starts 
1.30 Customers 

1.31 Basic increase.no.1.11X1.23. 8,206, 

1.82 Special increase.no.*.. 


849,000. .031,600. .1,025,100. .1,396,000. .1,091,300. .1,127,000. .1,103,800. .1,220,200 
.759,750. .890,300- 978,350.. 1,210,550.. 1,243,660. .1,109,160.. 1,115,400.. 1,162,000 


1.33 Total increase.no.1.31 + 1.33 . 8,206. 

1.34 December customers... .no.previom Decern-. .332,494. 

ber+increase 

1.40 Average customers.no:.December+pre-.. .328,712. 

vious December 
2 

1.50 Average use.kw-hr per.. .predicted. 1,656. 

customer 

1,60 Kw-hrsalesto class.......millions.1.40X1.60. 611.3. 

2,00 General commercial 
2.10 Customers 

2.11 Basic increase.no.800 per year. 1,156. 

2.12 Special increase.no.*. 


. 10,618. 
.343,112. 

.338,432. 


10,567. 

363,660. 


14,000.. 14,900.. 13,300. 

1,400.. 8,600.. 760. 

16,400.. 23,500.. 14,050. 

366,050.. 392,650.. 406,600. 


14.100.. 13,200 

1,350.. 500 

16.450.. 13,700 

422,050.. 435,750 


361,360.. 380,800.. 300,576.. 414,325.. 428,900 


1.874., 2,039.. 2,204. 

677.2.. 776.6,. 880.7. 


2.379.. 2,564 

685.7.. 1,099.7 


2.13 Total increase. 

2.14 December customers... 


2.20 Average customers. 
2.30 Average use. 


. 2 . 11 + 2.12 . 

.previous Decern 
ber+increase 


2.40 Kw-hr sales to class. 

3.00 Residential and general 
commercial composite class 
3.10 Average number of cm- 
tomers 

3.20 Kw-hr sales. 

3,80 Average me. 


cmtomer 

.milliom.2.20X2.40. 


3.40 Corresponding load factor, 
of sales on class contribu¬ 
tion to annual net 60- 
minute maximum service 
area load at power plants 
3.50 Class contribution to an-, 
nual net 60-minute maxi¬ 
mum service area load 
at power plants 


.milliom.1.60+2.40. 777.7 

.kw-hr per.. .8.20•^3.10. 2,091 

customer 

.graphic based on.. 53.8 

% 3.30 and curve 

of load factor 
X average use 

. mw.(8.20 + 3.40) -t- 

hours in year 

1,000 


.. 1,156.. 

1,161.. 

963.. 

800.. 

+350 

800.. 
— 300 

800.. 

800.. 

800 

_ 

_ . 







.. 1,166.. 

1,161.. 

993.. 

1,160.. 

-4,800., 

800,, 

100.. 

1,060 

-.. 43,699.. 

44,760.. 

46,743.. 

46,900.. 

42,100,. 

42,900.. 

43,000.. 

44,060 

... 43,194.. 

if 

44,411.. 

45,434.. 

46,326.. 

44,600.. 

42,600.. 

42,950,. 

48,625 

., 6,169.. 

6,496.. 

6,658.. 

6,660.. 

7,260.. 

7,660.. 

7,860., 

8,160 

.. 266.4.. 

288.4.. 

302,4.. 

322.4.. 

323.1.. 

321.3.. 

337.6.. 

855.2 

..371,906..882,843.. 

394,321.. 

407,686.. 

426,300.. 

442,076.. 

467,275.. 

472,426 

., 777.7., 

843.8.. 

907.3.. 

999.6.. 

1,099.6.. 

1,202.0.. 

1,323.3.. 

1,464.9 

.. 2,091.. 

2,204.. 

2,301.. 

2,462.. 

2,585.. 

2,719.. 

2,894.. 

8,080 

i.. 63.8.. 

64.4.. 

65.0.. 

65.8.. 

66.6.. 

67.2.. 

67.8., 

68.5 



vaace 




♦ * « . • ♦ ♦ 


3.52 

As estimated ex 

post, .mw. 

.... .special study. 

168.. 

178.. 

187.. 

3.63 

Deviation of 3.51 

over, .mw. 

_(3.61-3.62). 





3.52 

% . 

--J-3.62X100...... 





204.. 

222.. 

289.. 

261.. 

284 

207.. 

234.. 

248.. 

267.. 

naf 

- 8 ., 
-1.6.. 

-12.. 

-6.1.. 

- 9.. 
-8.6.. 

- 6.. 
-2.2,. 

na 

na 


* Unmual increases such as acquisition of other electric systems or reclassification of cmtomers. 
t Actual" is an ex post facto appraisal. This also applies to Tables II through V. 


the service area, though it would be a Similarly, an increase in basic load factor and Fig. 11 shows the ratio of kw-hr 

much smallw part of operating revenues. might be expected in years, when the per point of the FRB Index developed by 

The first objective in this class is to de- annual FRB Index is higher than it is regular statistical procedure, 

termine the load factor. in December. A further modification of This ratio, trended and shaped for 

Usually the load factor will be lower load factor is based on the relative use seasonal use, ingWs a useful control 

when the level of industrial production is of electricity. device for the particular utiUty. Though 

lower in the annual average than it is in The similarity of variations of the it is often referred to as a correlation 

the month of the annual service area kw-hr sales to this class and the FRB factor, it is more precisely a correlation 

maximum. The ratio of the annual Index is evident in Fig. 9, in which kw-hr ratio. 

FRB Index to the FRB Index in the . and the index are charted by years. It is dear in Fig. 12 that the actual 

month of December is used as a multi- Even when considered by months, the and the calculated ratios run very dose 

plying factor by which a basic load factor relationship is significantly reliable. Fig. together. The prindpal deviation occurs 

will be modified to allow for this tendenqr. 10 is induded to show the FRB by months at timos of major irregularities in the 
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Fig. 7. Residential 
kw-hr per customer 
and U. S. disposable 
personal income 


industrial world, as in the years 1949, 
1950, and 1952. 

Fig. 13 shows the deviation more 
clearly. These major deviations at times 
occurred because of coal or steel strikes, 
or other principal economic shifting. 
In a shift such as the deviation occurring 
late in 1950, for known causes, the corre¬ 
lation ratio can be trended back to normal 
over an assumed period of time, for use 
in estimates. 

To return to the subject of load factor 
modification, the FRB correlation ratio 
is the key to the modification of class 
load factor for changes in the relative 
use of electricity by the dass. The 
modifying factor is the quotient of the 
average of 12 monthly correlation 
ratios in the year and the December 
ratio, both expressed in kw-hr per point 
of the FRB Index. 

Studies have also indicated an interest¬ 
ing tendency of the load factor of this 
large commercial and industrial correla¬ 
tion group to be the same when adjusted 
by ratio to a basic 42-hour work week, 
based on the actud work week reported 
for U. S. aH manufacturing. With 
some give and take, the adjusted annual 
load factor, on a 42-hour basis, was 55%. 
The modifying factor to allow for relative 
application of the work force is the 
ratio of hours reported in the actual work 


week to the basic 42 hours per week. 

The load factor of the class may now 
be calculated. It is the product of the 
basic 55% load factor and the three 
multiplying factors. They modify the 
basic 55% for variations in industrial 
production, in relative use of electricity, 
and in the application of the work force. 
Note that the 55% is a characteristic of 
this particular estimate. Kw-hr sales 
to the class is the product of the annual 
FRB Index and the average monthly 
correlation ratio multiplied by 12. 

The class contribution to the annual 
service area maximum at power plants 
is calculated from the kw-hr sales and the 
estimated load factor. The contribution 
calculated in advance has been compared 
with the contribution as estimated ex post 
facto. Except for the year 1950, which 
under the impetus of the Korean develop¬ 
ments made a sudden and full recovery 
from the 1949 recession, the deviation 
is quite acceptable. All of this class 
calculation is detailed in Table II. The 
other 6 years show an average deviation 
of 2%. 

Specifics 

The specifics class consists of electro¬ 
chemical loads of 10 mw or more, and 
any other load of 10 mw or more which 
is specially controlled. These were ex¬ 


cluded from the total large commercial 
and industrial class to form the correla¬ 
tion group. 

The probable maximum demands of the 
specifics are predicted by company rep¬ 
resentatives, based on their knowledge 
of the individual situations and consulta¬ 
tions with the customers. The coinci¬ 
dence and loss factors are determined 
from an engineering knowledge of each 
individual situation. As in the case 
of the load factors, these factors also 
span from the customer maximum de¬ 
mand to the maximum of the company 
power plants. For definition, see Table 
III. The contribution to annual service 
area maximum is estimated for each cus¬ 
tomer as the product of the at-customer 
maximum and the corresponding coinci- 
dence-and-loss factor. The sum of the 
customer’s contributions to the service 
area peak constitutes the contribution 
of the class. The details of calculation 
are shown in full in Table III. 

The contribution as calculated in 
advance has been compared with the 
contribution as estimated ex post facto. 
This brings out the deviations which 
might be charged specifically to the 
method of estimating. In this estimate 
they are quite acceptable. 

Street and Traffic Lighting 

Street and traffic lighting is shown in 
Table IV to have a very low contribution 
to the daytime peak. It is less than 0.6 
mw in any month of this estimate. 

Railroads and Railways 

Railroads and railways usually re¬ 
quires specific consideration by company 
representatives and the customers. The 
estimate, to be consistent, should take 
into account current opinions and past 
performance. The latter would be re¬ 
flected in dass deviations of previous 
estimates; see Table IV. 




Fig. 9. FRB Index of Industrial Production and large com¬ 
mercial and industrial (exclusive of Specifics) kw-hr sales, 
by years 
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Miscellaneous 

The other miscellaneous group, also 
in Table IV, includes special sales con¬ 
tracts and company use. An experience 
load factor and the total estimated 
kw-hr are the basis for calculating the 
class contribution to the annual service 
area maximum. It is a very small load 
in this estimate. 

This completes the several classes. 
The estimated net 60-minute maximum 
load of the service area is the sum of the 
individual class contributions, as shown 
in Table V and Figure 14. 

In the period of estimate, the maxiTmi-m 
occurred in December with only one ex¬ 
ception. The 1954 peak was in Novem¬ 
ber, but was only 3 or 4 mw higher than 
the December peak. 

Deviations Test 

If a good job is done in setting up the 
economic pattern, the over-all test of 
this method is the deviation of the esti¬ 
mated service area maximum from the 
actual. The range of these deviations is 
shown in Table V. It ranges from -|-2 
to -4-43 mw and from -1-0.2% to -1-4.3%. 
The 5-year average was 2.3%. Exclusive 
of the unusual Korea year, 1950, the 
average of the unadjusted deviations is 
1.9%. 

Weather is automatically incorporated 
in the class contributions, by this method, 
to the extent of typical weather ex¬ 
perienced in the base period. Naturally, 


there were departures from typical 
weather at time of annual maximum 
loads and after adjustment for these, 
the range of deviations is frpm -4-11 to 
-f27 mw. This is from -|-1.0% to 
-1-3.1%. Exclusive of the Korea year 
they would average 1.3%. 

The deviations of estimate from actual 
are plotted in megawatts in Fig. 15 and 
in per cent in Fig. 16. The percentage 
deviations show good consistency. The 
solid line represents unadjusted devia¬ 
tions; the heavy, broken line deviations 
after actual loads were adjusted for 
abnormalities of weather; the light¬ 
weight line represents deviations after 
further adjustment for the deviation of 
individually estimated large customers. 
The weather-adjusted deviation averages 
1.5%. Allowing for deviation of four 
individually estimated large customers, 
the arithmetic average of deviations is 
1.3%. 

Incremental Test 

Whatever the method used in malfing 
such an estimate, it is well to make a 
practical check by some other approach. 
This is done regularly in the author’s 
company, by a study of all large-com- 
nicrcial and industrial customers having 
a proved or prospective demand of 0.5 
mw or more. Through appropriate con¬ 
tacts with them, their probable load 
changes during the first two years of 
the estimate period mre determined. 
These are translated into probable class 


Fig. 12. Large commercial and industrial (ex¬ 
clusive of Specifics) correlation ratio, esti¬ 
mated and actual, by months. Kw-hr per point 
of FRB Index 

effect on the service area maximum and 
this is given a judgment comparison with 
the economic correlation estimate. For 
the details of this incremental plan, see 
Appendix II. Also, see the suggested 
references in Appendix III. 

Conclusions 

1. The economic correlation method of 
load forecasting, as applied in this estimate, 
automatically makes allowances for cur¬ 
tailments, displacements, and new loads 
not specifically known to company or 
customer representatives at time of esti¬ 
mate. 

2. The use of popularly recognized eco¬ 
nomic indicators facilitates the exchange 
of opinions with other forecasters. 

3. The FRB Index of Industrial Pro¬ 
duction and the BLS average weekly 
hours per employee for U. S. all manu¬ 
facturing are most important factors in 
this method. They apply directly to a 
cIms of load which makes the major con¬ 
tribution to the annual da 3 ^ime maximum 
load of the service area. 

4. The method used in this estimate is 
flexible and reliable. It is relatively 
simple, and highly effective in predicting 
electrical-requirements of the service area. 

5. The operation of this metliod of fore- 
cartmg as a principal part of an electrical 
utility’s regular planning, will condition 
the org;anization for better performance. 
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Fig. 11. Large commercial and industrial (exclusive of Specifics) 
correlation ratio, estimated Itw-fir per point of FRB Index, by months 



Fig. 13. Large commercial and industrial (exclusive of Specifics) 
correlation ratio deviation of actual from estimate. Kw-hr per point 
of FRB Index; per cent deviation of actual from estimate 
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Table II. Electrical Utility Load Forecast, Class Contribution to Net 60-Minute Service Area Maximum Lars* Commercial 

elusive of Specifics, Estimate SYISO—AIEE 


“Actual” 


Estimated 


Reference No. and Description 


TTnits 


Estimate Source - 

Reference 1947 


1948 


1949 


19SO 


1951 


1952 


1953 


1954 


4.00 Large commercial and industrial, exclu-.... 20 kilowatt- 
sive of Specifics demand or 

more 

4.10 Load factor on class contribution to..see 4.14 (c) 

annual net 60-minute maximum of 


service area 

4.11 Volume of industrial production— 
seasonally adjusted 

(a) FRB Index, December. 

(b) FRB Index, annual average.... 

(c) Ratio of annual to December. . 

4.12 Relative use of electricity 
Kw-hr per point of FRB 

(a) December. 

(b) Annual average month of the 
year 

(c) Ratio of annual to December.. 


points. 

. points. 

.multiplying.. 
factor 

. .predicted_ 

... predicted.... 
...(b)-J-(a). 

... 103.. 

.., 100.. 
...0.971.. 

.. 102.. 

.. 104., 

..1.020.. 

.. 98.. 

.. 97.. 

..0.990.. 

.. 122.. 
.. 112.. 
..0.918., 

. . 119... 

.. 120,. 
..1.008.. 

, , 133.. 

.. 124.. 

. .0.932.. 

.. 126.. 

.. 134. . 

..1.063. . 

. . 130 

,. 125 

..0.962 

, millions'. 

.millions. 

.. .predicted.... 

...1.790.. 

...1.739.. 

..1.878.. 

..1.784.. 

..1.911.. 

..1.866., 

; .1.981.. 
..1.930.. 

..2.047.. 

. .1.997.. 

. .2.115.. 
. .2.003.. 

. .2.182.. 
.,2.130.. 

..2.249 
. .2.106 

.multiplying.. 

...(b)-4-(a). 

...0.972.. 

..0.960.. 

..0.971.. 

..0.974.. 

. .0.070.. 

. .0.975.. 

..0.070.. 

..0.076 


factor 


4.13 Application of the work force 

Average hours in work week, U. S. 

(a) December, all manufacturing.hours.predirted. 

(b) Ratio to 42-hour basic.multiplying .... (a) -^“42”. 

factor 


41.2_40.0_ 39.8_ 41.4. 

0981_0.952_ 0.948. ...0.986. 


. 41.2. 
.0.918. 


41 7_40.2_ 40.1} 

.0.093.... 0.9.57.... O.OliT 


4.14 Annual load factor of sales on class 
contribution to maximum of service 
area at power plants, December 

(a) Basic load factor of 42-hour....%. 

work week 

(b) Composite adjusting factor.... multiplying. 


4.11 (c)X4.12 (c)X4.13 (b) factor 

(c) Estimated load factor. % . 

(d) Estimated ex post facto. % . 

4.20 Kw-hr sales to class 

4.21 Calculated in advance.millions. ,. 

4.22 Estimated ex post facto.millions.,.. 


4.30 Class contribution to annual net 60- 
minute maximum load of the service 
area at power plants 

4.31 As calculated in advance 

_420_ 

4.14(c)Xhours in yearX“li000”.mw. 

4.32 As estimated ex post facto.mw. 

4.33 Deviation of 4.31 over 4.32.mw. 


% 


experience 


(a)X(b)... 


..4.11(b) X... 
4.12(b) X12 


. 65. 66_ 65.... 

,0.926 _0.922_0.911-0.. 


66.... 55_ 55.... 55.55 

882. .. .0.965. . . .0.902. . . 0.093. .. .0.080 


,50.9_60.7_ 50.1_ 48.6..,. 63.1.... 

48 1_50.6_ 49.2.... 49.8.... 51.2..., 


49.0.,.. .'(4.0_40.0 

40.1.,.. 53.4 


2,086... .2,226,.. .2,159... .2,694... ,2,876. . . .3,070. .. .3,425. .. .3,294 
2,066....2,220....2,157....2,613....2.873. . . .3,029. .. .3.427. .. .3,260 


.calculated. 468.... 600. 

. 490.... 600. 

,(4.31-4.32)- -32.... 0, 

•5-4.32X100 

.-4.6_ 0 


492.. .. 611_ 018.... 706.. 

600.. .. 676 040.... 703.. 

-8 ... -^-SO_ —22.... 4-2.. 

-1.6_+0.1_-3.4.... +0.3.. 


716.. .. 

732.. .. 
-16.... 


•— 2 . 2 . 


754 

IIU 

tut 

tut 


Appendix I. Forecastins the 
National Economy 

Businessmen have viewed the national 
economy with increasing interest and hopes 
for a better understanding of its operational 
aspects. Better knowledge of its factorial 
relationships should provide a basis for 
better opinions regarding the future. 

The output of many large business units 
tends to vary with the physical output of 
the nation’s factories and mines or with the 
dollar volume of all goods and services 
produced. These functions are popularly 
measured by the FRB Industrial Produc¬ 
tion Index and the gross national product 
(GNP). 

This pamphlet describes some of the 
general relationships of these two indicators; 
also, their relationship to population, labor 
force, work week and productivity. While 
these relationsliips are mathematical in 
nature, they do not reduce forecasting to a 
simple mechanical operation. 

It is still necessary to make numerous 
key assumptions. This is facilitated by a 
knowledge of past stages of the economy 
and trends of certain relationships, which, 
arranged in a logical array, furnish a 
positive means of testing one’s own opinions 
and those expressed by others. It k a 


sort of circular or triangular pattern 
wherein the ends must meet; see Fig. 1 
for a diagram of the plan, and Fig. 2 
fora t 3 T)ical data sheet. 


Forecasting Technique; Fig. 1 

Section A 

I, The starting point for forecasts of 
both GNP and the FRB Index is the total 
population of the United States. The 
differential between birth and death rates 
multiplied by the population in any given 
year gives the change in population for 
the year. Recently, the annual rate of 
gain has been about 2,000,000. 

II, The percentage of population avail¬ 
able as a work force varies, depending on 
which of certain factors are dominant in 
the current economic situation. Some of 
these factors are: the number of married 
women working, the number of persons in 
the armed forces, the population birth rate, 
the distribution of population, and the 
number of enforced retirements. 

III, The product of the series I and II 
is the available work force. Subtracting 
estimated unemployment and the number 
in the military force gives total civilian 
employment. 


IV. The BLS series on the average 
weekly hours of production workers in 
manufacturing is fairly representative of 
the work week in all sectors of the economy 
and is used here because it is historically 
consistent and readily available. A simple 
multiplication by 62 gives representative 
annual hours of work per employee. 

V. The number of annual civilian man 
hours is derived from the product of annual 
hours per manufacturing worker times 
civilian employment. 

I through V. These five components 
form the common basis for estimates of 
GNP and the FRB. 

Section B 

VI. GNP in “constant dollars’’ elhni- 
nates the influence of iiricc changes and 
measures the variations in the nation’s 
output of goods and services on a phy.sical 
voltune basis. The ratio of this "Constant 
$” GNP to civilian man hours is, in effect, 
a measure of productivity per man liour. 

VII. Man-hours times output per 
man-hour gives total GNP in constant- 
value dollars. The data for the years 
1929 to date were developed in a study l»y 
George Jaszi of. the Department of Com¬ 
merce. 

VIII. Since the prices affecting the 
value of GNP are a mixture of wholesale 
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Table III. Electrical Utility Load Forecast, Class Contribution to Net 60-Min. Service Area Maximum, Specifics, Estimate SYI50—AIEE, 


Reference JXo. and Description U 

5.00 Specifics: electrochemical loads of 10 mw 
or more and any other load of 10 mw or 
more which is specially controlled 
5.10 Estimated December 60>minute maxi¬ 
mum at customer 

6.11 Customer A ... 

6.12 Customer B.. 

6.13 Customer C.mw. 


Estimate Source 
Reference 


1950 1951 1952 1953 


5,14 Combined.. w. 

6.20 Corresponding coincidence and loss fac¬ 
tor, customer maximum ' to customer 
contribution to maximum of service area* 

6.21 Customer A.multiplsring 

factor 

6.22 Customer B ...multiplying 

factor 

6.23 Customer C .multiplying 

. . factor 

6.24 Combined.multiplying. 

fftctor 

6.30 Contribution to annual net 60-minute 
maximum of the service area at power 
plants, as estimated in advance 

6.31 Customer A .mw. 

6.32 Customer B .mw.!!.!!!! 

6.33 Customer C .mw..!!..!. 

5.34 Combined.mw. 

6.40 Contribution, as estimated ex post facto 

6.41 Customer A ..mw. 

6.42 Customer B ..;. mw! !!!!!!! 

6.43 Customer C .. mw, 

6.44 Combined..!. mw..!!!!!! 

6.46 Deviation of 6.34 over 6.44.!!!. mw! 


predicted by a.... 
company rep-_ 




19... 

36.. . 

31.. . 

36 

81.... 

31_ 

31 

resentative ..., 

26,... 

83.... 

39.... 

33... 

. 33... 

. 33..., 

26_ 

25 

and the cus¬ 
tomer 

sum... 

26..., 

83.... 

CO 

62..., 

. 100... 

. 100..., 

66_ 

56 


.0.069_0.069 


experience.0.600_0.616_ 0.487. 

6.34+6.11.0.600.. ..0.616_ 0.487. 


.0.969,.. .0.969... .0.969... .0.969_0.969 

.0.760... .0.760... .0.760,.. .0,760... .0.760 
.0.827 - 0.900_0.900_ 0,876 _0.876 


6.11X5.21. 

6.12X6.22. 

6.13X6.28... 18.. 

sum. 13., 


special study... 
special study... 
special study. .- 

sum. 

5.34 - 6.44_ 

5.84 -5.44_ 

+6.44X100 


36.... 36 

30_ 30_ 30. 

26_ 25_ 19. 

90_ 90_ 49. 


-l.l....H-9,8,...-H6.6, 


JSod"***^* expresses the at-plant equivalent contribution of the individual class or customer, in terms of their own maximum demands in the 

Tabk IV. Electrical Utility Load Forecast, Class Contribution to Net 60.Mln. Service Area Maximum, Street Lighting, Railways and Mis- 

ceiianeous Classes, Estimate 57150—AIEE 


Reference Ro. and Description 


' “Act ual” Estimated 

Units Estimate Source Reference 1947 1948 1949 1950 1951 ipsi 1953 


6.00 Street and traffic lighting 

Contribution to annual net 60-minute.,. .mw. 

maximum of the service area at the 
power plants 

7.00 Railroads and railways 

Contribution to annual net 60-minute.... mw. 

maximum of service area at power 
plants 

8.00 Miscellaneous group 

8.10 Rw-hr sales to 

public schools contract.millions... 

emergency schedule.millions.. 

■ total.millions.. 

8.20 Kw-hr company use.millions.. 

8 ,10-|*8.20 kw-hr. K .millions.. 

8.30 Load factor on contribution to maxi-.... %. 

mum of the service area 

8.40 Contribution to annual net 60-minute.,. .mw. 

maximum of the service area at the 
power plants 

8 . 10 + 8.20 _ 

8.30 X hours In year X" 1000" 


.expenence.. 


. predicted ' by a company, 
representative and the 
customer 


. predicted 
. predicted 

.sum. 

.predicted.. 

.sum........ 

. experience and knowledge, 
of loads 

.calculated....... 


16.3.. . 

13.2.. 

29.6.. 
0.87.. 

..17.6., 

..13.9.. 

.,31.4.. 

..0.32.. 

..19.8.. 

..13.9.. 

. .31.2.. 
..0,30.. 

.19.4.. 
..12.3.. 
..31.7.. 
.0.86.. 

..20.2.. 
..12.8.. 
..82.6.. 
..0.35.. 

i.21.0.. 

.. 2.3.. 
..38.3.. 
..0.35.. 

..21.8.. 

..12.8.. 

..24.1.. 

..0.35.. 

..21.8 
. .12.3 
. .34.1 
. .0.35 

11.. 

.. 10.. 

.. 12.. 

.. 10.. 

.. 11.. 

.. 11.. 

.. 11.. 

.. 11 


and retail, an index of the GNP average 
price factor is measured against a more 
common price indicator, the BLS Con¬ 
sumers’ Price Index. 

IX. The historical relationship of the 
BLS Consumers' Price Index to the GNP 
Composite Price Index multiplied by the 
Consumers’ Price Index produces an over¬ 
all conversion factor. This product times 
the constant $ GNP gives a current-dollar 
GNP. 

X. GNP in current dollars is the market 


i value of all goods and services produced. 

” Section C 

XI. To develop a forecast of the FRB 

: Index, the starting point under this plan 

* is the ratio of manufacturing employment 
j to total civilian employment. Since manu¬ 
facturing employment is more volatile 

! than other groups, this ratio varies primarily 
with the “ups and downs’’ of business. 

XII. Multiplying the ratio from series 
XI by civilian employment from series 

Godard—Electrical UtilUy Load Forecasting 


III gives the volume of manufacturing 
employment. 

XIII. Manufacturing employment 
multiplied by the average hours per week 
per production worker in manufacturing, 
from series IV, times 62 gives the annual 
volume of manufacturing man-hours. Note 
that this average hours per week is 
the second of the basic elements in section 
ri to be used in developing the FRB Index. 
Since these same two elements were used 
in developing the GNP forecast, the whole 
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Table V. Electrical Utility Load Forecast, Annual Net 60-Minute Maximum Load of Service Area, Mw at Power Plants, Estimate SYI50 AIEE 


Description 


“Actual” 

Estimate Source -- - 

Reference 1947 1948 1949 1950 


Estimated 

1952 


.Residential and general commercial...3.51.......... 

3.52.108_178_187 


.Large commercial and industrial excluding specifics... .4,31.• 

4.32.490 _500_600 


.Specifics, large electrochemical, etc.6.34......; • • * • * 

5.44. 13_17.... 19 

.Street and traffic lighting.8.00. 

. Railroads and railways.7.00 . 24-" 

.Miscellaneous group...8.40. 11.... 10.... H.... 


(Less than 0.5 mw) 

_ 26 _ 27 

.... 11 .... 11 


.Estimated net 60-minute maximum load.sum..... • --- -- 890 . 

. Actual net 60-minute maximum load.records.706 - 729 - 738- 8od . 

. Deviation of estimate from actual i oir 

Megawatts.(7—8)... + • 

Per cent.(9-|- 8 ) X100.+4.3%. 

. Deviation after allowance for abnormal weather.calculated 

.Deviation after allowance for normal weather-calculated 

and for deviation of individually estimated large 

customers , «» 

... T^‘ • 


Megawatts. 
Per cent.... 


. +2 . 

.+ 0 . 2 %. 

. +12 . . 
.+1.3%. 


... +21 . 

...+ 2 . 0 %. 

... +11 . 

...+ 1 . 0 %. 


+27 .... +18 .. 
+3.1%....+1.9%.. 


,. -8 . 
,.-0.7%. 


.1,064 ....1,125 

.1,054 _1,082 

. +10 .... +43 
.+0.9%_+4.0% 

. +20 .... +13 
.+1.9%... .+1.2% 


, +3 .... +1 

,+0.3%....+0.1% 




LARGE COU'L. t INtiLr-EXCL. OF SPECIFICS, 


Fig. 14 (left). 

+ 50 

Total service area 

+ 40 

load by class 


contribution 

jrt +30 


^ + 20 


1 


{3+10 



53 1954 


RESIDENTIAL 1 GEN’L. COM'L- 

I. I I I _ 1_J 

50 51 52 53 1954 


Fig. 15. Estimated annual service area net 60-minute 
maximum load, mw deviation of estimate from actual 


procedure forces one to make a consistent 
basic pattern forecast. 

XIV. The number of points of FRB 
Index per billion man-hours in manufactur¬ 
ing is an indicator of manufacturing pro¬ 
ductivity per man-hour. 

XV. Multiplying man hour productivity 
ratio from series XIV by the number of 
man-hours gives the total number of points 
of the FRB Index, which is a measure of 
the ph 3 rsical output of the nation’s factories 
and mines. 

XVI. The ratio of "Constant GNP per 
point of FRB serves as a test check on the 
consistency of the FRB and GNP forecasts. 

See Appendix III for the sources of the 
foregoing information. 


month to eliminate the need of seasonal 
adjustments in estimating future annual 
peaks. The estimating of monthly peaks 
will entail the consideration of seasonal 
peaks. 

The incremental impact of load changes 
can be estimated and the result applied 
in modification of the service area maxi¬ 
mum of the base month, to estimate future 
annual peaks. It is assumed tliat the 
large commercial and industrial loads, 
of less, than 0.6 mw, will vary in 
about the same proportion as the larger 
ones. The load of other classes can be 
transplanted from the correlation method 
of estimating. Thus, the total service 
area m aximum can be estimated by this 
incremental method. 


The method is as good as the opinions 
or the plans built into it. It will serve 
well for a year or two in advance—if due 
allowance is made for the clianging charac¬ 
ter of industrial production in its effect 
on the coincident demand of the class. 
Refer to Figs. 17, 18, and 19. 

Fig. 17 shows the face of a special envelope 
for individual large customers. It is posted 
and handed to the marketing or sales 
contact man as part of the regular estimate 
procedure, folr his reference in judging past 
changes. The estimate form, Fig. 18, in this 
envelope is also available, showing past 
predictions. The record of maximum mw 
demand, power factor, mw billing demand, 
days in period billed, megawatt-hours billed, 
and load factor is helpful to the contact man 


Appendix II. Incremental 
Method of Electric Load 
Forecasting 

The incremental method is another 
approach to load forecasting. Determining 
the expected "fundamental" changes in 
the load from the month of "base" load 
depends on a review of individual cus¬ 
tomers having proven or prospective 
demands larger than a stated minimum 
size, such as 0.6 mw or. moire. 

December is generally chosen as the base 


Fig. 16 (right). Estimated 
annual service area net 60- 
minute maximum load per 
cent deviation of estimate from 
actual 
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maximum measured demand less than one MW 



Fig. 1 7. Face of special envelope for individual large customers 
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ACTUAL DATA - - LARGE CUSTOMER ANALYSIS 
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Rj. 18. Form Mnl«l in Intje envnlopn of Ihe nnmod ointomcr, Rs. 17, for retordins onlidtxded changei In load of laige ciBtomets 


and in other departments. The margin 
descriptions provide for punch-outs for 
mechanical sorting. Product, sales terri¬ 
tory, schedule name, load limit, etc., are 
part of this information. The form stock 
is white, heavy ledger bond. The custom- 
made envelopes are 10 by 12 inches, actual. 

Fig. 18 shows the form for recording 

February 1956 


anticipated changes in the load of large i 

customers. It is carried in the large i 

envelope. Fig. 17, of the named customer. : 
The base reference month and customer 
TTi aYitnum for the month in question are i 
recorded at the head of the column. The 
marketing or sales contact man fills in 
the predicted load changes for 2 or 3 years 

Godard—Electrical Utility Load Forecasting 


in advance. The previous predictions are 
always available for review. Only funda¬ 
mental changes are to be reported, not 
seasonal changes. The stock is blue paper, 
9 by 11 inches, actual. 

Fig. 19 is the form used for the large 
commercial and industrial class of cus¬ 
tomers, exclusive of specifics. 

































































































LARGE Ca^iTTERCIAl & IHDUSTRUg. CLASS OF CUSTOMERS* EXCL« OF SPEGIF ECS 
COHTltEBUnGN TO THE NET 604riM. -MAX. SJiRV'j!6E AREA LOAD AT ‘MiSk ELam!i!S 
^ Attf) feECONGiLlATlON 

ESTIMATE MO» 


Line 

Ho, 

1 


2 

3 

k 


Description _ 

Undiversified "At Customer” total of 
"Fundamental" increases by customers 
having "JOO kwd and over” of demand 

Combined coincidence and loss factor of 
the class 


Source 

Sum—Sales-Customer 
Forecast 

Est. from Experience 


^9h9 19g0 19gl 19^2 1953 19$h 


"At Plant" equivalent of increases listed (l x 2) 

"At Plant” contribution to net 60-min«. Prev, Yr* contribution 

maXo by ”500 kwd and over" customers plus annual increases 

listed 


5 


6 

7 

8 


"At Plant" contribution to net 60-min, 
max by "20 to 500 kwd" customers* (20 to 500-kff customers) 

Previous year's contribition increased 
by same % as total Large Com'l and 
Ind'l class increases, as estimated 
in our "FEB" computation method 

Total estimated contribution to net 60- 
min. max. by Large Com'l and Ind'l 
class, excluding Specifics (It + 5) 


Total class contribution based on the 
"FEB" confutation method 


(Separate Approach) 


Deviation—related to variations in over- (6 - 7) 
all industrial activity 


Rg. i 9. Form for summary and reconciliation, study 


Appendix III. General 
References and Sources 

The following publications are suggested 

os an indication of typical references, and 

are not intended to indicate preferential 

selections. 

Advanced Management, New York, N. Y., 
monthly (June 1950J 

American Statistician, New York, N. Y. 

Committee reports (as available). Associa¬ 
tion of Edison Illuminating Companies, 
New York, N. Y. 

Business Week, U. S. News and World 
Report, Newsweek, etc.. New York, N. Y. 
(business and special reports sections). 

Business and Economic Forecasting 
(pamphlet), U. S. Chamber of Commerce, 
Washington, D. C. 

Business Forecasting (book), Frank D. 
Newbury, McGraw-Hill Book Company, 
New York, N. Y. 

Business Outlook, pamphlet on Annual 
Forum—NIC Board. 

Business Record, monthly. National In¬ 
dustrial Conference Board. 

Business reviews issued by various banks. 

Census of Manufactures, U. S. Bureau of 
Census, Washington, D. C. 
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Conference and fonim releases, annual. 
General Electric Company, and Westing- 
house Electric Corporation. 

Controller Magazine, monthly. New York, 
N.Y. 

Economic Almanac, annual, NIC Board. 

Economic Indicators, monthly. President’s 
Council of Economic Advisers, Washing¬ 
ton, D. C. 

Economic Report of the President, annual, 
U. S. Government Printing Office, 
Washington, D. C. 

Edison Electric Institute, publications and 
releases, weekly, monthly, and annual; 
special committee reports (as available). 
New York, N. Y. 

Electrical Engineering, monthly, AIEE. 

Electric Light and Power, monthly, Chicago, 
Ill. 

Electrical Merchandising, monthly, Mc¬ 
Graw-Hill Publishing Company, New 
York, N. Y. 

Various engineering handbooks. 

Electrical World, weeMy, (reports), Mc¬ 
Graw-Hill. Publishing Company, New 
York, N. Y. 

Fortune Magazine, monthly, (Business 
Round-Up section). 

FRB Bulletin, monthly. Federal Reserve 
Boabd, Wa^ington, D. C. 

FRB charts (book), quarterly. Federal 
Reserve Board, Washington, D. C, 
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Handbook for Forecasting, Prentice Hall 
Inc,, New York, N. Y. 

Harvard Business Renew, bimonthly. Har¬ 
vard University Press, Cambridge, Mass, 

Reports of the President’s Committee on the 
Economic Report, U. S, Government 
Printing Office, Washington, D. C. 

Statistical Abstract of U. S., annual, U. S. 
Department of Commerce, Washington, 
D. C. 

Survey of Current Business, monthly, U. S. 
Department of Commerce, Washington, 
D. C. 

United Business Services, weekly, Boston, 
Mass. 

Indexes 

Abridged Reader’s Guide to Periodical 
Literature, monthly, H. W. Wilson 
Company, New York, N. Y. 

Industrial Arts Index, monthly, H. W. 
Wilson Company, New York, N. Y. 

Catalogue of Government Publications, 
monthly, U. S. Government Printing 
Office, Washington, D. C. 

Somces of Information for Appendix I 

Items I, II, III, VII, and X—U. S. De¬ 
partment of Commerce, 

Items IV and IX—U. S. Department of 
Labor, Bureau of Labor Statistics. 

Other information—^Federal Reserve Sys¬ 
tem, Board of Governors, or derived. 
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Transfer Tests on Station Auxiliary Busses 

L. E. BACKER PAUL BARTH R. A. HUSE D. W. TAYLOR 

ASSOCIATE MEMBER AIEE ASSOCIATE MEMBER AIEE MEMBER AIEE FELLOW AIEE 


T he transfer of station auxiliaries 
from one source to another by the in¬ 
terrupted source or dead throwover 
method has become more difficult of 
successful accomplishment as the size of 
generating units has increased. The 
accompanying larger size, 3,600-rpm 
motors, with their greater time constants, 
have lengthened the time required for 
residual voltage decay, while the more 
compact boilers and their fuel syrslems, 
with relatively less storage capacity, 
have reduced the time permissible for a 
successful throwover. This paper gives 
the results of tests on station auxiliaries 
during interrupted throwovers and points 
to possible means of effecting faster trans¬ 
fer and, at the same time, reducing the 
possibility of damage to the motors. 

A characteristic auxiliary bus scheme 
in common use on unit syrstems, and used 
for the last eight units installed by Public 
Service Electric and Gas Company of 
New Jersey, is shown in Fig. 1. The 
auxiliary generator on many systems is 
replaced by a transformer connected di¬ 
rectly to the generator leads. In starting 
or shutting down generating imits, the 
auxiliaries are transferred between the 
two sources of auxfliary power, and this 
routine or normal transfer may be made 
either by paralleling, in which case there 
is no problem of interruption of the auxil¬ 
iaries, or by the interrupted source 
method. An automatic transfer, how¬ 
ever, made in case one source fails, must 
be by the interrupted source method, and 
many have dected to use this method for 
both the normal and automatic transfers. 
As the conditions under which an auto¬ 
matic transfer are made may be the most 
severe, and as a scheme which will be 
successful under these conditions will 
also suffice for the routine or normal trans¬ 
fer, the contents of this paper refer in 
general to the emergency conditions. 

To inaugurate an automatic transfer, 
it is necessary to recognize that the nor¬ 
mal source has failed or is about to fail. 
Any scheme used should, as far as possible 


Paper 5S-92, recommended by the AIBE Power 
Generation Committee and approved by the 
AIBB Committee on Technical Operations for 
presentation at the AIBB Winter General Meeting, 
New York, N. Y,, January 31-February 4, 1966. 
Manuscript submitted December 2, 1964; made 
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dhninate the probability of a throwover 
due to temporary conditions that will 
be rectified before the auxiliaries are 
adversdy affected. When a fault oc¬ 
curs on the auxiliary generator, or the 
auxiliary transformer, or their leads, 
the operation of the differential relays 
or other protective relays on this equip¬ 
ment is an indication that the source is 
lost. These same relays can be con¬ 
nected to trigger the throw-over. Under 
this condition, there is no difficulty in 
recognizing the failure of the source. 
There are other conditions necessitating 
a throwover that are not so easily recog¬ 
nized, and a period of time that may be 
called the recognition period must be 
allowed to determine if the condition 
warrants a transfer. 

This period is from .4 to 5 in Fig. 2, 
which shows the voltage-time relations 
fliiring an interrupted source transfer 
that is caused by a slowly decreasing 
source voltage. Low voltage due pos¬ 
sibly to a prolonged system disturbance, 
that would persist long enough to ad¬ 
versely affect the auxiliaries, should cause 
a throwover. On the other hand, low 
voltage due to a faulted motor or trans¬ 
mission line that will be remedied quickly 
by protective devices, or the voltage drop 
due to starting a large motor, should not 
cause a throwover. This recognition 
time varies according to the protective 
relay settings and other reasons, but 
in general may be several seconds. 

When low voltage has persisted until 
the triggering relay operates, the circuit 
breaker to the source in trouble is tripped. 
This time is designated by B on the curve. 
While the breaker to the new source may 
now be closed without intentional time 
dday. Fig. 2 is based on a transfer 
scheme that prohibits the closing of the 
breaker to the new source until the re¬ 
sidual voltage has decayed to 25 per 
cent (%), so that there is no possibility 
of the imnsh current damaging the motor 
windings. 

The curve from J3 to C indicates the 
decay of the residual voltage during the 
transfer from one source to the other. 
This transfer time is sometimes referred 
to as dead time. With motors of 1,800 
rpm and bdow, the readual voltage will 
probably reach 26% in 30 to 35 cycles. 
With the addition of a large 3,600-rpm 
motor coimected to this same bus, the 


voltage may take from 60 cycles 
to 100 cydes to decay to the same value. 

At C the breaker to the new source doses, 
the motor inrush current reduces the 
new source voltage, and then as the mo¬ 
tors accderate the voltage recovers until 
the normal value is reached at D. The 
total tiiTiA that the motors are subjected 
to low voltage is from A to D, and if this 
is too long, or the average voltage too 
low, the auxiliaries will cease to function 
properly. 

The mfl-viinum permissible time for 
the interval A to D depends on the char¬ 
acteristics of the auxiliaries and varies 
with the particular unit; but with 
present-day boilers fired by pulverized 
coal, the mills and exhausters are the 
determining factor. As the mills and 
exhausters decderate, they reach a 
speed where they no longer supply the 
proper ratio of air to fud to support 
combustion. When this occurs, the mills 
and exhausters must be shut down im- 
mediatdy, for if the flame is extinguished 
and voltage is then restored to the motors, 
unignited fud will be blown into the fur¬ 
nace, with the possibility of a disastrous 
explosion. 

As yet there is no generally accepted 
direct sensing device to detect flame in¬ 
stability or even the point of extinction, 
so it is customary to monitor the flame 
indirectly by the condition of the bus 
voltage. An undervoltage rday is timed 
to shut off the fud supply before the flame 
would be extinguished upon the total 
loss of voltage. This time can only be 
determined by test, and as this point of 
flamp. extinction varies somewhat with the 
load, air-fud mixture, nozzle conditions, 
etc., the full test time cannot be relied 
on for the rday timing and a factor of 
safety should be allowed. 

Four 110,000-kw units, one at Essex 
Generating Station and three at Sewaren 
Generating Station, were equipped with 
ball tnillg with separate motor-driven 
exhausters, and tests showed that the 
fiama did not become unstable for at 
least 30 seconds after the mills and ex¬ 
hausters were tripped. Setting the loss 
of flaiTii* rday for 16 to 18 seconds per¬ 
mitted an ample factor of safety and 
adequate time for the three steps of the 
transfer. With a rday blocking the 
dosure of the new source breaker until 
the residual voltage had dropped to 25%, 
dead times of 50 to 90 cydes were ob¬ 
tained, and the operation has been satis¬ 
factory. To test the action of a source 
refusing to pick up the auxiliary load, a 
bus was transferred to the auxiliary gen¬ 
erator with the generator’s regulator out 
of service; the generator’s voltage was 
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MOTORS 

Fig. 1 (above). Typical 1-line diagram^ 4-kv auxiliaries 


Fig. 2 (right). Voltage-time relations during transfer 



allowed to decrease tmtil the recognition 
relay operated and the bus was automati¬ 
cally transferred back to the transformer. 
This was accomplished without any 
noticeable effect on the operation of the 
main unit. 

On the last two 145,000-kw units at 
Kearny Generating Station, the pulver¬ 
izers were of the bowl type, and the ex¬ 
hausters were coimected to the same 
motor as the pulverizer. They had 
relatively low inertia, and the flame 
became unstable in 10 seconds after the 
motor circuit breakers were tripped, 
which Idft insufficient time for the three 
steps of the transfer with a reasonable 
factor of safety. Also, the boiler water 
circulators and other auxiliaries on the 
units, while not as critical as the mills and 
exhausters, were approaching them in 
sensitivity to low voltage, and it seemed 
probable that as the size of units in¬ 
creased, greater difficulty might be en¬ 
countered in effecting dead throwovers. 
It was therefore thought desirable to 
study the possibility of reducing the 
over-all time of the disturbance during 
transfer and, at the same time, limit the 
inrush current to reasonable values. 


To study the factors affecting an in¬ 
terrupted transfer, a series of oscillo¬ 
graph tests was run on the two 145,000-kw 
units at Kearny Generating Station. 
While many of these tests are {timilar to 
those given in previous papers,^ the 
Kearny tests are indicative of the results 
obtained with larger size motors. 

Table I gives the auxiliary motor data 
for the 145,000-kw unit at Kearny Gen¬ 
erating Station. The auxiliary supply 
data are as follows; For the auxiliary 
generator, 12,500 kva; 10,000 kw; 0.80 
power factor; 4,160 volts; 1,735 amperes; 
0.98 short-circuit ratio; = 4.85 
seconds; Td «= 0.52 second; Ta = 0.14 
second; = 128%; A'tf(8at.)'“13%; 
and 10.2%. For the starting trans¬ 
former: 9,000 kva, oil-immersed, self- 
cooled; 13,800-4,160 volts; impedance 
is 5.7% at 9,000 kva; and system im¬ 
pedance is 1.0% at 9,000 kva. 

The voltage drop and current inrush 
that are occasioned by the starting of a 
3,000-horsepower 3,600-rpm boiler feed 
pump motor togeth«: with its 600-horse¬ 
power 1,200-rpm condensate pump motor 
(both connected to the same breaker) are 
shown in Figs. 3 and 4. While the volt¬ 


age drop is not excessive, these tests were 
made with normal bus voltage. As 
motors should be capable of starting with 
the bus voltage less than normal, a drop 
to 70% may occur under these conditions, 
particularly when started from the auxil¬ 
iary generator. A recognition period of 
at least 2 to 3 seconds would be required 
if starting with 90% normal voltage was 
necessary. 

The effect of variations in the dead time 
on the recovery time is shown in Fig. 6. 
For curve A, the new source breaker is 
closed when the residual voltage has 
dropped to 18%, for curve B, 40%; 
and for curve C, 72%. There was no 
intentional time delay for curve C, the 
interval between the opening of the one 
breaker and the closing of the other 
breaker being approximatdy 12 cydes. 
It is noticed that for curve A the voltage 
returns to 90% of normal in about 3.5 
seconds; curve B, 2.4 seconds; and 
curve A, 0.4 second. 

A further study of the decay of residual 
voltage is given in Fig. 6. The decay of 
residual voltage whore only motors of 
1,800 rpm or less are involved is shown in 
curve A, A voltage of 25% is reached in 


Table I. Auxiliary Motor Data, 145,000-Kw Unit at Kearny 


No. of motors. ,.. 

Horsepower of each. 

Rpm...... 


Volta.4,160. 

Amiieres... 870. 

Kva....i........2,670. 

Locked rotor amperes..2,100.. 

Open-dfcuit time constant, seconds. 4.45. 

Short-circuit time constant, seconds.... 0.220. 

H, kw-seconds per kva..... • 1.8.. 

Motor kw at 146 mw..........1,760.. 


Induced 
Draft. 
Fan 


2 . 

..1,500. 
.. 880. 
..4,160. 
.. 195. 

. .1,410. 
..1,076. 
..0.544. 
,.0.028. 
. 3.0. 

0 . 


.1,600.... 
.1,192.... 
.4,160.... 
. 187.... 
.1,360.... 
1,080..., 
, 1.90.... 
. 0.09.i.. 
. 3.2.... 
.1,030.... 


Condensate Circulating 
Pump Pump 


1 ... 

676.. . 

896.. . 
4,160... 

88 . 6 ... 

640.. . 

960.. . 

1 , 20 ... 

0.0408... 

3.6.. . 

340.. . 


2 .. 2 . 

. 600 . 350. 

.1.193....... 390. 

.4,160 . 440. 

, 76 480. 

, 640.. 366. 

, 426...3,000, 

. 2.10...0.219. 

.0.088.......0.024. 

. 0.70... 0.60. 

.416....... 172. 


Gas Boiler 

Mill and Recirculating Recirculating 
Exhauster Fan Pump 


I^te,* The table does not include spare motors. Boiler normally pressurized, induced draft fan not used, Miscdlaneous other 
9% of total. 


load 880 kw or approximately 
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Fig. 3 

Start of 3/000* 
horsepower 
boiler feed pump 
and 606-hor$e- 
power conden¬ 
sate pump on 
unloaded start¬ 
ing transformer 


Fig. 4 (left). 
•40 Start of 3/000- 

,20 5 horsepower 

u boiler feed pump 

100 ^ and 600-horse- 

gQ power conden- 

^ sate pump on 

60 ^ ' auxiliary gener- 
D ator (1.7-mw 

initial load) witfi 
20 voltage regulator 


Fig. 5 (above). 


A- 25% UNDER-VOLTAGE 
RELAY SETTING. 
B-50% UNDER-VOLTAGE 
RELAY SETTING. 

C-NO INTENTIONAL TIME 
DELAY. . 

SAME EQUIPMENT ON BUS 
IN EACH TEST. 4.8 MW. 


TIME-SECONDS 

Transfer to auxiliary generator and recovery 


33 cycles. The boiler feed pump motor, 
with its condensate motor without any 
additional motors connected to the bus, 
results in curve E, where in 100 cycles the 
residual voltage is only down to 52%. 
Combining all the motors on a bus vritli a 
load of 3 megawatts (mw) results in 
curve C, where the 25% point is reached 
in 77 cycles. This same bus loaded to 
6 mw, which is equivalent to approxi¬ 
mately 150 mw on the main unit, re¬ 
sults in the voltage deca 3 dng along curve 
5 with the 25% point being reached in 
65 cycles. As a matter of interest, 
inasmuch as separate motor-driven excit¬ 
ers are used, the exciter voltage decrement 
curve is shown by curve I?. While it is 
usual to have at least two feedwater 
pumps in operation, at light loads only 
one may be in service, so a variation from 
curve A to curve C is possible under the 
normal range of operating conditions. 

Fig. 7 shows the variation in the voltage 
recovery with different auxiliary loads. 
With an auxiliary load of 3.1 mw, the 
transfer from the auxiliary generator to 
the transformer results in curve A; 
with 5.3 mw, curve B; and with approxi¬ 
mately full load of 11.7 mw (two busses), 
which corresponds to full load on the 
unit, the voltage recovery is shown by 
curve C. The voltage recovery in trans¬ 
ferring from the transformer to the auxil¬ 
iary generator is shown in Fig. 8. Inas¬ 
much as there is no emergency or auto 
matic transfer from the transformer to 
the auxiliary generator, only one-half of 
the auxiliary load, or one bus, would 
ever be transferred at one time. Curves 


B and C represent the full-load condition, 
the difference being that curve 5 is a 
transfer to an unloaded generator, while 
curve C is the transfer of one bus to the 
generator when the gen^ator is already 
carrying the other bus with approximately 
the same load as the bus being transferred. 

The deceleration of the motors during 
the period that they are without any 
source is given in Fig. 9. With the heav¬ 
ily loaded bus (6 mw) the frequency 
dropped 10% in 30 cycles and 16% in 
60 cycles. 

The angular displamnent between the 
residual voltage of the decelerating motors 
and the initial source voltage is shown in 
Fig. 10. In the case of a heavily loaded 
bus (6 mw), the two voltages are 180 
degrees apart in about 13 cycles and back 
in phase in 21 cycles. With the lightly 
loaded bus (3 mw) the voltages are 180 
degrees out of phase in 20 cycles, and 
they are back in phase in 29 cycles. The 
slopes of the curves are quite similar 
after 200 degrees. A number of tests 
confirmed the fact that these two curves 
form the limits over the operating range 
of the main units. Calculations in¬ 
dicated that if the circuit breaker to the 
new source could be closed within ±90 
degree from the in-phase position, the 
inrurii current would not exceed the 
locked rotor current at 110% impressed 
voltage. Tests made with a lO-cyde 
dead time resulted in inrurii currents of 
6,500 rms amperes at a phase emgle of 
60 degrees, 7,100 rms amperes at 90 
degrees, and 13,700 rms amperes at 
150 degrees. In the last case, the inrush 




0 20 40 60 80 100 120 

TIME-CYCLES 

Fig. 6. Residual voltage decay during 
transfer 


current was about 40% greater than rated 
locked rotor current. 

The most practical way of reducing the 
total time that the auxiliaries are sub¬ 
jected to less than normal voltage is to 
reduce the time of the dead period; 
several means were considered, four of 
which are discussed now. 

First, it is evident from the decelera¬ 
tion curves of Fig, 10 that if the dead 
period could be reduced to about 3 
cycles, the angular drift in that time would 
be negligible. To accomplish this, how¬ 
ever, would mean either relying on dec- 
tric interlocks and the assurance that the 
first source breaker would trip in all 
cases, or a mechanical tjdng of the two 
breakers together to form, in effect, a 
double-thrOw circuit breakdr. The dec- 
tric interlock was considered too risky, 
and combining the two mechanisms to 
form one breaker too impractical with 
conventional bus layouts. 

Second, a quick reduction in residual 
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A - 3.1 MW transferred TO 
TRANSF. with 3.6MWL0AD. I 
B-5.3 MW transferred TO 
TRANSF. WITH 5.4 MW LOAD. 
C- 11.7 MW TRANSFERRED TO 
TRANSF. UNLOADED. 
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Pis. ^ (left). Voltage recovery. 
Transfer to starting power transfonner 
with 50% undervoltoge relay setting 


Fig. 9 (right). Bus ftequency during 
transfer 



voltage seemed possible by throwing a 
reactance or resistor load on the bus 
during the dead period. It is calculated 
that a limited short circuit could be 
designed to reduce the residual voltage 
to 25% in the period of perhaps 10 cycles. 
This would mean, however, installing 
additional breakers and either resistors 
or reactors, which would be costly. 

Third, by establishing the two sources 
180 degrees out of phase initially it is 
possible by closing the new source breaker 
in 16 cycles to obtain a closing angle 
which would be satisfactory. 

Fourth, a phase-angle device could be 
used to close the incoming breaker at a 
point where the residual and the incoming 
source voltage would be reasonably in 
phase. The angular velocity indicated 
by the curves of Fig. 10 is changing too 
rapidly to permit the safe operation of 
an actuating device in the first 200 
degrees. However, beyond this point 
the variation in angular velocity is 
greatly reduced and the use of such a 
device is feasible. Inasmuch as there is 
an interval of 10 cycles between the op- 
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A-3.2 MW TRANSFERRED TO 
UNLOADED AUX. GEN. 

B - 5.7 MW TRANSFERRED TO 
UNLOADED AUX. GEN. 

C-5.7 MW TRANSFERRED TO 

AUX. GEN. WITH 6 MW LOAD. 
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Fig. 8. Voltage recovery. Transfer to 
auxiliary generator with 50% undervoltage 
relay setting 


eration of the actuating device and the 
closing of the breaker, the angular drift 
during this period caused by the varia¬ 
tion of auxiliary load should not result 
in a closure at an angle that would result 
in excessive inru^ current. Starting 
with the two sources 180 degrees out of 
phase, and skipping the first in-phase 
point, it was thought possible that a 
relay could trigger the incoming breaker 
10 cycles ahead of the second in-phase 
point. This delay would result in a dead 
period of 30 to 36 cycles, which hag the 
additional advantage of increasing the 
leeway in the closing angle because the 
residual voltage has decayed to a lower 
value. 

The phasor diagram shown in Fig. 11 
illustrates the relationship between a 
new source voltage E<, residual bus volt¬ 
age Ei, and equivalent motor voltage 
In. normal operation, the source 
reactance is approximately one-quarter 
of the total motor reactance based on 
locked rotor current values. From the 
diagram it is seen that, if the terminus 
of the residual bus voltage phasor lies 
on the arc or to the left of a circle drawn 
about 0 as its center and with a radius 
of 1.38 per-unit voltage, the motor in- 
ruch current will not exceed 110% of 
rated locked rotor current. It is recog¬ 
nized that this is only an approximate 
relationship since the residual voltage 
of individual motors does not necessarily 
coincide with the bus voltage, nor do 
their locked rotor currents vary linearly 
with applied voltage. 

Fig. 12 is a polar representation of re¬ 
sidual voltage, both as to magnitude and 
phase angle as a function of time. In 
this case, the bus is being transferred 
from the generator to the transformer. 
An arc with a radius of 1.38 per-unit 
voltage, Fig. 11, has been drawn with the 
terminal of the transformer voltage 
phasor as a center. The area to the left 
of this arc AA', Fig. 12, represents the 


region in which it is safe to re-energize 
the bus. From this figure it is apparent 
that the new source breaker can be closed 
with an angular tolerance of approxi¬ 
mately ±120 degrees. Since the over¬ 
all breaker time plus relay time is about 
12 cycles, it is necessary to have the phase- 
angle detection relay set to operate at a 
corresponding angle ahead of the incom¬ 
ing bus. For Kearny Generating Sta¬ 
tion, this angle has been established as 
326 degrees. 

Figs. 13 and 14, based on test data, 
show the performance which crti be 
expected under the limits of light and 
heavy load operation, taking into ac¬ 
count the shift in initial phase angle and 
the angular drift during the time of relay 
operation. These indicate that the angu¬ 
lar deviations will not exceed 110 degrees, 
For light load operation, the redosing 
angle is only 76 degrees ahead, whereas 
for heavy loads the angle is 110 degrees 
behind. This was done to miniTnigip the 
inrush current since at light load the 
residual voltage is higher and the source 
impedance drop less. 

In applying the foregoing to scheme 
3 which has a 16-cycle dead period, 
closure of the new source circuit breaker 
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R 3 .13. Transfer of 3 mw, light load on main generator 


Fig. 11. Relationship between source voltage, residual voltage, and 
equivalent motor voltage 



Fig. 12. Typical transfer indicating relay operation rones and safe 
reclosing range 



Fig. 14. Transfer of 6 mw, heavy load on main generator 


blocked tbe closing of the breakers to the 
new source has been reconnected in par¬ 
allel with the contacts of this phase- 
angle relay and reset for 50% voltage 
instead of 25%. In case the phase- 


would result in a .satisfactory inrush cur¬ 
rent provided the two source voltages 
were initially within ±50 degrees. For 
all normal operating conditions, varia¬ 
tions in angle between the sources are 
witliin the limits just given; however, 
in the case of a system split, it is possible 
for the angle to be greater. Under these 
extreme conditions, a lockout relay would 
be req uir ed to block redosure, and 
reclosure would be made by a residual 
voltage relay set at 50%. Slightly 
higher inrush ctnrents might be real¬ 
ized under these unusual conditions. 

While scheme 3 is still under consid¬ 
eration, a trial installation of scheme 4 
is proceeding. Various types of rdays 
were considered, and the stock relay 


that was thought to be applicable was 
the Westinghouse type H-3. This relay, 
with voltage coils substituted for cur¬ 
rent coils, was tested in the laboratory 
and installed at Kearny Generating 
Station. An oscillograph test was run 
on a simulated, throwover, but instead 
of the relay actually dosing the breaker 
to the new source the rday energized a 
time trace on an oscillograph. The 
results of this test confirmed previous 
tests of phase-angle rday operation. 
The incoming breaker would have dosed 
within 10 degrees of the incoming source. 
Additional rdays are now being installed 
so that each of the two busses on one 
unit is equipped with two rdays. The 
previous residual voltage rday that 


angle rday fails to dose the breaker by 
the time the residual voltage has dropped 
to 50%, the voltage rday will operate. 

It is believed that these tests on phase- 
angle displacement have indicated' the 
practicability of dosing in on the new 
source by means of a phase-angle rday 
or similar actuating device sufficiently 
dose to the in-phase point so that a suc¬ 
cessful and rdativdy fast throwover 
can be obtained wi'thout damaging the 
motors. 

Reference 

1 . Bus Trahspbr Tests on a 2,300-V olt S^wtion 
Auxiliary System, A. A. Johnsoa, H. A 
Thompson. AIEE Transactions, vol. 69, pt. I, 
1960, pp. 386-94. 


February 1966 


Backer, Barth, Huse, Taylor—Station AuxiliHries Transfer Tests 


1445 




Discussion 

W. F. Mackenzie (Pennsylvania Power & 
Light Company, Hazleton, Pa.): The 
authors have made a valuable contribution 
to the available literature on auxiliary bus 
transfers. They have also offered several 
practical solutions to the problem of re¬ 
closing on a bus with a slowly decaying 
residual voltage. The results of dead bus 
transfer tests made on our Sunbury Unit 
2 in April 1960 may provide additional use¬ 
ful data. 

The observations and conclusions of these 
tests are as follows: When a group of 
motors connected to a bus is disconnected 
from its source, the magnetic conditions in 
the motors do not change instantaneously. 
As a result, there remains on the bus a 
gradually deca 3 dng residual voltage. This 
voltage is also falling behind in phase posi¬ 
tion with respect to its 60-cycle source. The 
magnitude and phase angle of this residual 
voltage at the time of closure to the in¬ 
coming source materially affects the inrush 
cuirents to the motors. At 17 cycles the 
residual voltage is 180 degrees behind the 
source voltage and still has a magnitude of 
about 60%. This makes a difference volt¬ 
age of 160%. At 27 cycles the residual 
voltage is back in phase with the source 
voltage and has a magnitude of about 25%. 
The difference voltage, therefore, is only 
76%. After 38 cycles the residual voltage 
is z»o. The tests also indicated that the 
maximum inrush currents to the various 
motors is proportional to the difference volt¬ 
age. The . control circuits and breaker 
times give a dead bus transfer time of 
16 cycles. This transfer time gives maxi¬ 
mum inrush currents to the 4-kv bus of 
approximately 14 times normal for the first 
half cycle. Although some of the inrush 
currents to a particular motor ran as high 
as 27 times normal, the inrush to the 
boiler feed pump motor was the only one to 
exceed the fully offset blocked rotor current. 
With the addition of a fixed time relay to in¬ 
crease the dead bus time to 27 cycles the 
macimum inrush current to the bus was 
pra^cally halved. The inrush to the in¬ 
individual motors was reduced correspond¬ 
ingly. Although these transfer tests in¬ 
dicated the advantage of the longer transfer 
time, no additions have been made at Sun- 
brny to insert additional time delay and at 
the present time all of the 4-kv busses still 
have a dead bus transfer time of 16 cycles. 
During the tests dead bus times as long as 
60 cydes were attempted without adverse 
effects on plant operation. 

All units at Sunbury have been using this 
nondelayed transfer initiated by the genera¬ 
tor and transformer protective relays only, 
since the installation of the various units 
the number of transfers has been quite high 
since relay operation is usually checked 
when Ae units come off the line. To date 
we have experienced no motor difficulties 
resulting from excessive inrush currents. 


J. Curtis Hoyt (Gilbert Assodates, Inc,, 
New York, N. Y.): This paper and the 
paper listed as reference 1 of this djsciission 
present a valuable addition to the literature 
on this subject and are particularly comple¬ 
mentary because the one paper is p rimar ily 
theoretical and the other is primarily based 


on actual tests. They are especially timdy 
because of the controversial nature of the 
subject and the widely divergent practices 
or large, well-established utilities. 

Approximately 4 or 5 years ago, I made 
a rather comprehensive study of actual oper¬ 
ating practices in several utilities with re¬ 
spect to both routine and emergency transfer 
of station auxiliary busses. I bdieve that 
some of the results of this study may be of 
interest. All of the three methods of bus 
transfer enumerated in a complementary 
paper by Lewis and Marsh,^ that is, con¬ 
tinuous circuit, interrupted circuit without 
intentional delay, and interrupted circuit 
with deliberate dday were found to be em¬ 
ployed by one or more of the utilities inter¬ 
viewed. Although the study to which I 
refer was made several years ago, the ratings 
of some of the motors, particularly the 
boiler feed pumps, were in the range of 1,600 
to 2,500 horsepower at 2,300 or 4,160 volts 
and therefore I believe the comments may 
be applicable at this time. It is recognized 
that motor manufacturers are reluctant to 
guarantee their products when used with 
fast interrupted transfers or to recommend 
that these fast transfers be used for their 
products. One of the utilities which was 
kind enough to furnish information to me 
was the Public Service Electric and Gas 
Company of New Jersey and you will prob¬ 
ably recognize some of my comments to be 
consistent with the information in this paper. 

For routine station service transfers, that 
is, when a unit is being brought onto the 
line or shut down, it is generally accepted 
that continuous circuit transfers are desir¬ 
able for many reasons. Attention should be 
directed to the fact that when two station 
service power transformers are paralleled to 
effect this continuous transfer, the available 
short circuit on the bus is usually higher 
than the interrupting rating of the circuit 
breakers. It is generally considered to be 
uneconomical to provide sufficient interrupt¬ 
ing capacity to handle the available short- 
circuit current during the short time that 
the two transformers may be paralleled. 
Although this may be acceptable as a 
calculated risk because the time of parallel¬ 
ing, in all probability, will not exceed 10 
seconds, it should be remembered that faults 
such as in cables and terminal boxes fre¬ 
quently occur during switching operations. 
Also, the hazards of switching errors and 
their consequences are increased by parallel¬ 
ing procedures. 

Available oscillographic records at the 
time of my study indicate that the residual 
voltage was 180 degrees out of phase with 
the source after 13 to 18 cycles following 
source interruption. This checks very 
closely with the 20 cycles mentioned in the 
paper. Therefore, with a fast interrupted 
transfer the current inrush is very high, 
generally 12 to 15 times normal current. 
There is at least one oscillogram available 
taken on a motor-driven exciter which 
shows a value as high as 19 times rated 
current. It should be pointed out, how¬ 
ever, that these high inrushes exist only dur¬ 
ing the first half-cycle of re-energization, 
after which the current reduces rapidly to 
values consistent with normal motor accd- 
erating current values and the system re¬ 
turns to normal in about 1 second. For a 
delayed interrupted transfer the initial in¬ 
rush may be only about equal to normal 
starting current values but the system takes 


much longer to return to normal—about 3 
to 4 seconds for an interruption of 60 to 60 
cycles. 

The physical shock to the motors and 
driven machinery is governed by the 
magrnitude of the inrush current upon re¬ 
application of the power source voltage, thus 
with the fast interrupted transfer it is severe 
but of short duration. With the slow inter¬ 
rupted transfer its magnitude and duration 
approximate that of the motor’s normal 
starting characteristics at the speed it is 
then rotating. Manufacturers’ representa¬ 
tives indicated that the motors are not built 
to withstand the shocks possible with fast 
interrupted transfers. However, some of 
the standard reduced-voltage motor-start¬ 
ing methods employed by the manufacturers 
incorporate, in effect, a fast interrupted 
transfer step. 

This shock conceivably may cause damage 
over a period of time. The experience of at 
least two operating companies, however, 
indicated that they either had experienced 
no failures of their motors or they had not 
found any damage traceable to this cause. 
They had not been able to find any evidence 
of ill effects to either motors or driven 
machinery. It has been suggested that the 
natural cushion effect of the conductor 
insulation acts to mitigate the effects of the 
physical shock and it should be remembered 
that this is of very short duration. 

With the use of slow interrupted transfers 
it should be remembered that the function 
of the motors will be impaired if they are 
permitted to slow down too much, to the 
extent that pressiue relays may operate or 
evM the burner fiame may be extinguished. 
This latter, of course, is an extreme condi¬ 
tion but regardless of the length of transfer 
interruption the system disturbance is in¬ 
creased as the transfer time is increased. 

It may be interesting to note the specific 
method used by one of the utilities for the 
normal station service transfer upon every 
occasion of normal start-up and shut¬ 
down of a main unit. In this case, each 
station service bus has available three 
sources of power: 

1. From the leads of the main generator 
through a transformer. 

2. From a high-voltage bus through a 
transformer. 

3. From a station service quick-start 
steam-turbine-driven auxiliary generator. 

Three control switches are placed adjacent 
to each other, each to control one of these 
source breakers. The circuitry is so de¬ 
signed that regardless of whether one or 
more of these circuit breakers is closed 
when it is desired to close a circuit, the opera¬ 
tion of its associated control switch to the 
“dose” position will first trip any source 
breakers which are then dosed, other than its 
^sociated breiaker, and upon completion of 
int^lockmg circuits through normally dosed 
auxiliary switches the dosing circuit of the 
associated breaker is energized and the 
breaker closed. It is hardly conc^vable 
that any faster means of interrupted transfer 
could be designed while still twaintaiTiing 
the safety provisions of interlocking, and yet 
this is one of the companies which reported 
that it was unable to find any evidence of 
damage in any motor or driven equipment 
traceable to fest interrupted transfers. 
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J. H. Eonghom (American Gas & Electric 
Service Corporation, New York, N. Y.): 
The authors have made a worth-while 
contribution to the literature on auxiliary 
bus transfer schemes. While they have 
made an intriguing case for scheme 4 it 
seems to the writer that they have passed 
too lightly over scheme 3. 

The principal objection to scheme 4 is the 
fact that it depends upon the positive action 
of a phase-angle measuring relay. For the 
case illustrated, whore the incoming trans¬ 
former is initially 180 degrees out of phase 
with the bus, it would appear that the 
relay is within its contact closing zone at 
the instant the source breaker opens and 
additional interlocking might be needed if 
closure is not to be initiated until the 
instant shown. Dependence on the relay 
and perhaps additional devices reduces to 
some degree the reliability of the scheme. 
This is apparently recognized by the 
authors in including an undervoltage relay 
should fail. It must be realized, however, 
that under such a condition the advantage 
of the shorter dead time has been lost. 

On the other hand, scheme 3 could readily 
be applied to the case illustrated by simply 
providing the device initiating a transfer 
with multicontacts and permitting one to 
trip the normal supply while the other ener¬ 
gizes the closing circuit of the emergency 
supply. If this causes the emergency supply 
to close too quickly a single auxiliary relay 
could be interposed to delay the action any 
amount desired. This scheme could prob¬ 
ably not be so readily applied when the 
incoming transformer and bus are initially in 
phase if conditions of lightly and heavily 
loaded bus are both to be met. In this 
case a compromise might be made by using 
the scheme only for emergency transfer and 
assuming that this would not occur during 
light load conditions. If it is felt such an 
assumption is unjustified, the phase-angle 
device appears to offer a solution. Normal 
operation with bus and emergency source 
initially in phase is preferred by many people 
because it permits paralleling of sources as 
the method of transferring for all except 
emergency conditions. 

Consideration needs also be pven as to 
whether an undervoltage recognition scheme 
for itiiriating a transfer is of much practical 
value for the particular switching setup 
being used, It is necessary to determine 
what conditions can cause undervoltage, 
how they are detected, and whether the 
emergency source will be affected in the same 
way. As an example, a setup similar to 
Fig. 1 in the paper, but with the normal 
supply consis tin g of a transformer coimected 
directly to the main generator leads in place 
of the auxiliary generator, is widely used. 
Undervoltage can occur on the auxiliary bus 
because of a fault in the main generating unit 
or its associated transformers, or because 
of loss of main generator excitation. In 
both cases primary protective rdays should 
detect the trouble quickly and could initiate 
the transfer. It can occur because of some 
abnormal system condition which reduc^ 
the generator terminal voltage. In this 



Fig. 15. No. 7 generator throwover test at light load. Test 7: transfer of 71 group bus to 

auxiliary generator 



Fig. 16. No. 7 auxiliary generator throwover test at light load. Test 10s transfer of 71 group 

bus to auxiliary generator 




Fig. 17. No. 7 auxiliary generator throwover test at full load^ Test S: transfer of 71 group 

bus to auxiliary generator 
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Fig. 18. No. 7 auxiliary generator throwover test at full load. Test 3: transfer of 72 group 

bus to station power transformer 


case analysis may show that the emergency 
source will be similarly affected and transfer 
is useless. It can occur if the 4-kv normal 
fupply breaker should trip. If this tripping 
is by either overcurrent relays or by the 
control switch no transfer would be desired. 
If the tripping were due to an insecure latch 
in the normal supply breaker an under¬ 
voltage recognition scheme would be useful. 
If system conditions require the generator 
to absorb reactive and so reduce its terminal 
voltage to a point where auxiliaries are en¬ 
dangered an undervoltage recognition 
scheme would be of value. For the majority 
of systems this latter condition does not 
exist, and it would appear that an under¬ 
voltage recognition system would never be 
called upon to operate. Essentially transfer 
would be initiated only because of trouble in 
the main generating unit, which would be 
detected promptly and would leave a total 
transfer time only a little longer than the 
bus de-energized time plus the recovery 
time.^ For those systems where this is a 
practical approach there should be little 
difSculty in obtaining a total transfer time 
well within the boiler limitations. 


Arnold R. ICelly (Esso Research and En¬ 
gineering Company, Linden, N. J.): In 
discussing recognition of source failure, 
the authors mention the desirability of riding 
over tempormy failures. It is assumed that 
an inverse-time undervoltage relay is used 
as a recognition relay to provide this 
feature. After discussing Figs. 3 and 4, the 
authors conclude that 2 to 3 seconds 
recogmtion time would be required for start¬ 
ing under 90% voltage, to prevent initiating 
transfer because of starting voltage drop. 
It is assumed that this is. operating time of 
tiie afore-mentioned relay. If, from Fig. 4, 
it normally takes 5^/a seconds to start the 
3,00^horsepower motor, it would seem 
possible to open the tripping circuit of the 
undervoltage relay for, say, 6 V 2 seconds 
time this motor is started. This would 
permit a lower time setting of the recognition 
relay. 

It is assumed in Figs. 7 and 8 that zero 
time corresponds to point C of Pig. 2; 
also, that the 50% relay setting mentioned 
in the captions of Figs. 7 and 8 refers to the 
residual voltage just prior to zero time. 


It is stated that the most practical way of 
reducing total time is by reducing “dead” 
time. If curves similar to those of Pig. 6 
were drawn for a transfer to the star ting , 
and-emergency transformer, they would 
probably show that the recovery (or reaccel¬ 
erating) time would also be reduced by a 
reduction of dead (or transfer) time. Re¬ 
ferring to Fig. 2, however, and assuming 
that it is in proportion, it would seem tha t 
an equal gain in total time could be obtained 
by reducing recognition time, perhaps by a 
recognition relay responsive to phase drift. 

It is not clear how the 16-cycle method 
(scheme 3) or Fig. 13 and 14 (scheme 4) 
apply to an emergency transfer not initiated 
by generator differential relays. It would 
seem that if recognition time were required 
to sense loss of voltage, the 16-cycle method 
would be unusable. If recognition in 
scheme 4 was by means of phase drift as 
mentioned, it wovild appear that the trans- 
former-side breaker would have to start 
closing before the generator-side breaker 
could open. Since this would preclude clos¬ 
ing the former breaker through a b contact 
of the latter, it would appear that the differ¬ 
ence between breaker tripping and ringing 
times would have to be depended on to 
prevent paralleling. If recognition in 
scheme 4 is by undervoltage relay, it seems 
doubtful that the transfer could be com¬ 
pleted by the second in-phase point plus 
90 degrees; for subsequent in-phase points 
the 325-degree relay setting would be in¬ 
correct. 

For a scheme 4 transfer that was initiated 
generator differential relays, it seems prob¬ 
able from the motor short-circuit time con¬ 
stants that “dead-time” voltage would be 


too low to actuate the phase-angle relay. 
In this case, transfer would be completed 
by means of the residual voltage relay. 

From the foregoing, it would seem ths t 
the phase-angle relay is useful only for 
manually initiated “dead” transfers. 

It is wondered why the residual voltage 
relay settings were raised from 26 to 60%. 
By the same reasoning as in Fig. H, the 
maximum safe setting would be 38%. 
Conversely, if 60% is safe for the residual 
voltage relays, corresponding to 
1.2, the arcs in Figs. 11-14 could be drawn 
at radius 1.6. 

The authors are to be congratulated on 
the inspired use of polar representation in 
Figs. 12, 13, and 14. These diagrams pre¬ 
sent an exceptionally clear picture of the 
transient phenomena occurring during trans¬ 
fer. 


S. B. Griscom (Westinghouse Electric Corp¬ 
oration, East Pittsburgh, Pa.): This paper 
is a most comprehensive and informative 
work on the subject of power house auxiliary 
transfer. The test data of Figs. 1 to 9 the 
of great value to the industry, since it is 
virtually imposrible to calculate the result¬ 
ant characteristics of the various combina¬ 
tions of motors and driven loads. 

The curves of Fig. 6 and Fig. 10 are of 
particular interest. The data so given, 
analyzed by the procedure of Fig. 11, 
enable the safe reclosing range of Fig. 12 to 
be determined. One of the most interesting 
facts pointed up by the authors is that re¬ 
closing in a time of the order of 1 /2 second is 
feasible, if the exact time of energizing the 
closing coil is varied slightly in accordance 
with phase angle. So doing permits the 
use of conventional switchgear while at the 
same time avoiding inrush currents exceed¬ 
ing the motor capabilities. 

The use of alternate sources having a 180- 
degree displacement is novel and at first 
glance perhaps a little startling. However, 
when it is considered that the two sources 
cannot be paralleled anyway, there R<»ptng 
no fundamental reason why the two busses 
should not be set up 180 deg^rees apart. 

On the basis of the data presented, the 
fou^ scheme has considerable merit. 
This sort of problem has many intangibles 
and the operating record of a trial installa¬ 
tion would be of g;reat interest. 


Paul Barth; At the time of the writing of 
the paper, we expressed our intention to 
make a complete, fast controlled angle-re- 
closing installation on one of the 146-mw 
units at Kearny Generating Station. This 
has been completed and tests have been 
conducted to verify anticipated results. 


Table II. Results of Tests 


Bus 

Transfers 


16.-71 to O.... 

16 .71 to G..., 

17 .71toG.... 


> • 1 • .No boiler feed pump. 

"•2.6.With boiler feed pump.... 


Tiine of Initial 

Angle ACB Transfer Peak 

Closed, Dog. (Cycles) Currentf 

. .86 before.... .35 .0.48 

. .80 before.... .38 .0.23 


X.,..... 72 to T.5.7.Full load.. .92. 0.. 30‘/*. 

* Modified JIVJ Westinghouse relay was assigned ffV4 nomenclature in producUon. 
t Ratio of initial peak current to the connected locked rotor peak asymmetrical. 


•nk. mm 1 - . . .. V. . . ... UCiUrC.OS 

... 6 after.31 
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Of 17 tests conducted, including extreme 
operating conditions, all results were con¬ 
sistent, satisfactory and as calculated. 

The setting of the HV4 relay is 38 degrees. 
From Table II the residual drifts from 30 
degrees to 54 degrees during operation of 
the angle relay, depending on the rate of the 
residual voltage drift. The time of opera¬ 
tion of the HV4 relay beyond its setting is 
setting is slightly more than iVs cycles. 
Breaker closing times are consistent at 9.3 
cycles. 

D. W. Taylor; It is with consid^able 
satisfaction that we have recdved these 
discussions with operating experiences, data, 
and problems. 

The phase slip data from Sunbury Unit 
2 given by Mr. Mackenzie and the phase 
slip data presented from Mr. Hoyt’s in¬ 
vestigation indicate consistency with our 
Kearny test data. Also, Mr. Mackenzie’s 
and Mr. Hosrt’s fast transfer results without 
controlled angle, 1/2 cyde, give inrush cur¬ 
rents of the same magnitude as our test 
data. This resemblance would indicate 
sufficient similarity to conclude that the 
operating experiences of other utility com¬ 
panies are a comparative guide to these 
practices. Therefore a continued compila¬ 
tion of operating success as well as operating 
failures should be of considerable value as a 
future guide. 

These discussers report they have found 
no cases of damage due to fast transfers. 
We know of the failure of a modem 2,000 
horsepower mptor during the last year. The 
company involved added a fixed time delay. 
We prefer not to take any chances on this 
point. 

Mr. Ho 3 rt aptly expresses the evaluation 
of the generally accepted continuous circuit 
transfer along with its advantages and dis¬ 
advantages. We preferred to use the same 


intermpted source method for both the 
normal and emergency conditions. 

Mr. Kinghom expresses interest in scheme 
5. We agree that scheme 3 offers possi¬ 
bilities on a par with scheme 4. We tried 
scheme 4 first as it appeared to be less 
dependent on the speed of closing of the 
circuit breaker and less critical to the rate 
of angular drift. On another installation 
late in 1955, where the breaker speeds are 
favorable, we intend to use scheme 5. 

Mr. Kdly and Mr. Kinghom question the 
value of undervoltage as a source of rday 
information to initiate transfer. We too 
question the value of undervoltage as a 
measure of auxiliary instability and seek a 
better device, possibly even mechanical, 
that will reliably anticipate instability of 
performance. Primary protMtive rdays 
are also used to initiate emergency transfer 
and the undervoltage relay is necessary to 
evaluate the recovery probability of the 
auxiliary generator under load and to detect 
field failure. However with a transformer 
instead of a house generator, we would use 
this same undervoltage relay to take care of 
a transfer necessitated by a sjrstem distur¬ 
bance. In general we have our emergency 
source transformer connected to a different 
bus section than the main generator. There 
is a possibility, depending on the system 
connections, that a system disturbance 
would unduly lower the generator voltage, 
but would not so lower the voltage on the 
emergency transformer. So even though 
the main transformer was cut off its bus, 
the auxiliary load would be transferred to 
the emergency source, and the boiler would 
be purged, the water level maintained, and 
tlie boiler kept under control. In the case 
of cable feeds to industrial auxiliary power 
with the possibility of remote separation, 
then the phase drift relay mentioned by Mr. 
Kelly may be quite practical as a transfer 
initiator. 


Referring to Mr. Kinghom’s comments 
that it would appear that an additional re¬ 
lay is necessary in scheme 4 to prevent the 
possible immediate closure of the new source 
breaker upon the opening of the normal 
source breaker, this is so but we do not use 
a time delay rday but a sequential arrange¬ 
ment of contacts with an auxiliary relay that 
serves the same purpose. Naturally any 
relay that is added is a possible hazard but 
this circuit is not overly complicated and 
the relays are fairly rugged. • The und»- 
voltage relay to initiate transfer was in¬ 
cluded mainly as a precaution to cover any 
conditions that were not discovered by our 
tests. Even though our tests cover^ 
many months, both in the laboratory and in 
the fidd, we could not possibly cover every 
operating condition. One such condition is 
a scrambled system. While normally there 
will only be a few degrees difference between 
any of our bus sections, our system has an 
occasion been split and we could not study 
nor predict the operation of the phase-angle 
rday if the emergency source was in no way 
coimected to the generator. 

Referring to Mr. Kelly’s remarks, while 
it is possible to open the trip of the rday 
triggering the transfer during the starting 
period of a large motor and possibly lower 
the time setting of the recognition rday, 
this was not thought desirable. With a 
house generator there is a possibility that the 
voltage regulator will not function properly 
and the voltage of the generator will collapse 
as the motor is started. That is one of the 
occasions the throwover should function. 

In dosing, we are gratified that so many 
have shown such an interest in the topic and 
hope that as more tests are conducted, and 
more thought is given to the subject better 
schemes of fast transfer will result, as we 
bdieve the transfer problem wiU become 
more important as the size of generating 
units increase. 


Two-Axis Method of Analyzing 
Electric Machines 


k. y. TANG 

MEMBER AIEE 


ROBERT L. COSGRIFF 

ASSOQATE MEMBER AIEE 


F ig. 1(A) shows the basic 2-pole ma¬ 
chine which will be analyzed. It 
consists of a stator with two windings 
displaced by an angle a. The two mnd- 
ings wffl be called the A and 5 windings 
and will have JV^ and iV^ turns. The 
conductors on the rotor are represented 
by the small drdes. 

The following assumptions will be 
made; 

.1. The air-gap flux distribution is sinu¬ 
soidal. 

2. The air gap is uniform. 

8. The stator winding B may be divided 
into two quadrature windings as shown in 


•Fig. 1(B) so that the Bx component will 
have Nb sin a turns and the By component 
will have Nb cos a turns. These two 
component windings with Ib flowing will 
give the same magnetomotive forces (mmf) 
along the X and F axes as the original B 
winding in Fig. 1(A). 

4. The rotor conductors may be repre¬ 
sented by two groups of conductors, or the 
X and Y coils in Fig. 1(B), which are 
placed at space quadrature. Each of these 
two rotor coils will have Nr turns so that 
Nb^x will give the same rotor mmf along 
the X axis and JVstV will give the same rotor 
mmf along the F axis as those produced 
by the actual rotor along the X and F axes. 

6. Saturation effect may be neglected. 


6. Core loss may be neglected but it can 
be added at the input terminals. 

By leaving the angle a between the 
wiildings A and B as a variable, various 
types of single-phase and polyphase ma- 
chines\ may be analyzed. The positive 
senses of the different quantities are in¬ 
dicated in Fig. 1. 

The purpose here is to obtain an equiv¬ 
alent circuit which may be applied to 
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I Y-axis 



''X (B) 

Fis. 1. A—^Schematic diagram of basic 
machine. B-^ModiAed diagram of basic 

machine 


a-c jnachines. The equivalent circuit 
of each machine considered is obtained by 
the proper interconnections of the differ¬ 
ent parts of the derived network. The 
procedure is first to derive the four basic 
loop voltage equations for the four wind¬ 
ings A, B, X, and Y in Fig. 1(B) and then 
from these equations to set up an equiv¬ 
alent circuit. 

The balanced 2-phase induction motor, 
the capacitor motor, and the a-c tachom¬ 
eter will be considered to illustrate how 
the derived equivalent circuit may be 
modified (of\en simplified) to that of a 
specific machine. Also, it is felt desirable 
to indicate the relations between the new 
symbols and those commonly used 'In 
textbooks and technical papers. 


Method of Analysis 


* The equivalent circuit will be derived 
from the four basic voltage drop equations 
for the four windings A, B, X, and Y in 
Fig. 1(B). 

The voltage drop equation for each of 
the two stator windings\4 and B is of the 
form 




where (iV^) = {!£) is the total flux 
linkages of each winding due to currents 
flowing in the diflerent wiadings and 
d{N<^)/dt is the induced voltage drop. 

The voltage drop equation for each erf 


the two rotor windings X and F is of the 
form 


i(W 

7 ;- 1 -®« 

at 


where 0 , is the speed voltage drop due 
to the rotor conductors cutting the air-gap 
flux, and is proportional to the rotor 
speed and the X-axis or F-axis air-gap 
flux. 

Thus, it is necessary to find the total 
flux linkages (iV^) = (Xi) for each of 
the four windings and the X-axis and F- 
axis air-gap fluxes which will give the 
two speed voltages in the two rotor 
windings. 


Definition of Fluxes 

To find the two air-gap fluxes which 
will give the two rotor speed voltages and 
also the total flux linkages {N(i>) — (JJ) 
which win give the induced or transformer 
voltage in each of the four windings, it is 
convenient to define the fluxes along the 
X and F axes as indicated in Fig. 2, 

The two stator coils and the two rotor 
coils will produce leakage fluxes and 
mutual fluxes, as defined in the following. 
The subscript m is used to designate 
mutual fluxes which cross the air gap and 
link all coils in either the X or the F axis. 
For example, is the mutual flux set 
up by 4 iu coil A and links all the coils 
in the F axis, and (^xm is the mutual 
flux set up by tx in coil X and links all 
the coils in the X axis. 

1. FluxesinweberssetupbytAmcoilrf: 

minimum leakage flux or portion of 
flux set up by u in coil A, which does 
not interlink with any other coil 
even when «=0 degrees 
0.1 j “portion of flux which does not cross 
the air gap but all of which interlinks 
with coil JB when a=0 degrees. This 
is a leakage flux when a=90 degrees 
or when coil B is not used 
mutual flux crossing air gap and 
linking A, By, and Y 

Flux linking A and Y without linking Bp 
is assumed to be negligible 



Fig. 2. Fluxes of modified basic machine 


is assumed to be negligible 

3. Fluxes in webers set up by ix in coil X; 

“leakage flux linking coil X 
^xm“niutual flux crossing air gap and 
linking X and Bx. This is a leakage 
flux when a“0 degrees or when coil 
B is not used 

4. Fluxes in webers set up by iy in coil Y: 

leakage flux linking coil F 
0rm=mutual flux crossing air gap and link¬ 
ing Y, A, and By 

Flux linking Y and By without linking A 
is assumed to be negligible 
Flux linking Y and A without linking By 
is assumed to be negligible 

Following the viewpoint of Arnold, 
West, Puchstein, and Lloyd, it is assumed 
that the rotor X and F conductors cut 
not only the mutual fluxes which cross 
the air gap but also the rotor leakage 
fluxes; that is, the air-gap fluxes include 
the rotor leakage fluxes 4>x and 
Letting <f>gx be the air-gap flux along the 
X-axis and <l>gy that along the F-axis re¬ 
sults in ' 

sin a (3) 


2. Fluxes in webers set up by is in coil B: 

“minimum leakage flux or portion of 
flux set up by is in coil B which 
does not interlink with any other coil 
even when a=0 degrees. The X- 
component is 4>s' sin a and the Y~ 
component is fa' cos a 
“portion of flux which does not cross 
the air gap but all of which interlinks 
with coil A whai <x=0 degrees. The 
X-component is 4>bi sin a and the 
F-component is ^ai cos a 
mutual flux crossing air gap and 
linking B, Y, and 4 when a^sO 
degrees. The X-comppnent is <l>am 
sin a and the F-component is (j>am 
cos a 

Flux Unking By and F without Unking A 


cos a+4>xn (4) 

Flux Linkages of Windings 

To find the induced or transformer volt¬ 
age drops d(N4>)/dt in equations 1 and 2, 
it is necessary to determine the total flux 
linkages (iV^) = (Li) in weber turns 
for each of the four windings. With the 
aid of Fig. 2, they are 

(iV^)^ “ iV 4 ((^ 4 '+i-l-I cos Of-|- 

<t>Jm-h4>Sm cos a-j-^rw) (5) 

(N^)a^Na cos cc(if>a'^ cos 

cos cos «+<^r»7»)+ 

N^'sm sin sin «+ 
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0Bm sin a+^xm) 
cos a+ 

4>Am COS «+^am COS* a+^p-JB COS a+ 

>i>Bm, sin* oiH-^xjn sin «) (6) 


. Na N* . 


(.N^)x‘^NB( 4 >x'+ 4 >xnf\-<j>Bm sin a) 


{N4>)Y — Nii(^Y'+^Ym+^Bm COS a+^xm) 

— ^B<l>oY (8) 

where JV® may be considered as the effec¬ 
tive turns for either the rotor X coil or 
the rotor Y coil. In the case of a squirrel- 
cage rotor, it is not necessary to know 
Nr when the rotor values are expressed 
in the usual stator terms. 

The Four Basic Equations in Terms 
of (N^) 

The four basic equations are obtained 
by writing the voltage drop equations for 
the two stator windings A and S, and 
the two rotor windings X and Y, as in¬ 
dicated in equations 1 and 2. The 
derivation of these equations will now be 
considered. 

With (N<t))ji^ and (,N<f>)B in equations 5 
and 6, the voltage drop equations for the 
stator windings A and B are 

VA — RAh'^Xji. — (^A*+^Al'h4>Bl cos a-f 

4>Am-\~4>Bm cos a+^Fm) (9) 
d 

VB = RBiB+NB T,(<I>B '\'<f>Bl~\‘4>Al COS «+ 
at 

4>Am COS a+^Bm COS* a+^rm cos a+ 

^Bm sin* a+^xm sin «) (10) 

Using iN4>)x and (N4>)y in equations 
7 and 8, the voltage drop equations for 
the rotor windings X and Y are 

d 

vx^Rx^x+Xr —[i>x 

at 

<f>Bm sin a] (11) 

d 

»F=J?r*r+lVj{ ^[0r +^rm+ 

4>Bin cos a+^xm]+»aF (12) 


+wiVB0tfF = «lVi8(^F'-l-0F«l+ 

4>Bm cos a+0xm) (13) 

—(uNs/t^gx— 

4^Xm^4>Bm sin a) (14) 

2'7rrpni 2 

<0 = ——— - radians per second (15) 
60 2 

The speed voltages Vsx and vsr (as in the 
case of the generated electromotive force 
of a d-c generator Eg — K<f>n) are pro¬ 
portional to the number of turns Nr, the 
air-gap flux 4»gx ot 4>gT, and the speed <a. 
The »gns in equations 13 and 14 are due 
to the choice of the positive senses of 
fluxes and voltages, the direction of rota¬ 


«) _ -- ^ - / f - 

(« Nbcoso n*coso yUD Vjy 

irV" 

IS the effec- ® N0sina9 p Nr a^-Xm 


Ngsin a 


Fig. 3. Equivalent circuit with instantaneous values 


tion, and the consideration of these 
speed voltages as voltage drops. 

The Four Basic Equations in Terms 
of (Li) 

It is believed that the four basic equa¬ 
tions and the derived equivalent circuit 
will have more meaning and perhaps 
more usefulness in the solution of prob¬ 
lems if they are expressed in terms of 
(Ia)'s instead of the (i\r<^)’s. A reason 
for this belief is that the differential 
equation of a circuit contains terms of the 
form L di/dt and the steady-state equa¬ 
tion of a circuit contains factors of the 
form X = coL. The relations between 
the (jLt)’s and the (iV^)’s are given in 
the Appendix. 

The four basic equations 9 through 12 
may be expressed in terms of {Lt) by 
making the proper substitution of {L%) for 
{N<i>). Thus 

d / Na 

VA = RAiA'\'—^A'iA'k-LAtiA-\-J^X 

Na^ 

LBltB COS a+TTl I'F7»tX+ 

J7b* 

NaNb^ . Na. .\ 

, ■t'FOT^BCOS a-h — -bYrn^Y I 
Nr* Nr ) 

( Nj? \diA 

=Rxix+{Lx'+Lx,+j^,Lr„^-^+ 

/ Na cosa, . NrNa cos a ^ \ _ 

w 

dtB Na dtY . . 








^ LAttA COS V LymUX 

Na Nr* 

Nb* 

cos «+T7^ LymiB cos* a-j- 
Nr* 

Nb j. . . IVb* 

— LYml-Y COS a+TT^X 
Nr Nr* 

Nb 

LxtniB sin* «+— Lxmix sin 
Nr 


n • 1 /T # . T ^dtB , Nb COS 

^RB^B-hiLB +Lbi) —^- — -X 

dt Na 

^ du , NbNa COS a ^ dtA, 
N,> + 

Nb* COS* a dtB , Nb cos a 
Nr* dt Wr ^ 

^ diY , Nr* sin* a ^ dtB , 

b>Ym “TTH 7^ bxm~7r'r 
dt Nr* dt 

JV^gsina^ dix 


'«X+I-XtB*X+ 




(18) 


Nb^ . , ^ 

t;" bYm't’B cos a+: 
Nr J 


^Ryty-hZiY' 


d( 

vx— ■Rx«x+ix'*x+-Z'XtB*x+ 

Lxmis sin a )h-»sx=-Rx«x+ 

/ 

»•> 

. d f 

=+—(Irr'tF+I^ff»»r+ 

T;r I-Fm»B cos a+T;4l>Fm«A l+far 
Nr Nr } 

= i?F*V+LF'^+iF«(^+ 

NBCOSadAB ^d^ (19) 

Nr dt Nr dt } ^ ^ ^ 

. r . NbCOSU . , 

Ly *FX-l'rml *rT--*5+ 


The new simibols will have a clearer 
meaning wh^ these equations are applied 
to definite examples at the end of the 
paper. A better physical picture of the 
rotor constants and rotor currents will 
be obtained when these quantities are 
expressed in the more familiar terms as in 
the single-phase and polyphase induction 
motors. 


Nb cos I 
Nr 


H-WflfF (19) 


^, Nb cos a . , 

«fH- t; — »BT- 

S. Nr 
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Eqtlivalent Circuit 

An equivalent drcuit, as shown in Fig. 
3, may be derived from equations 16 
through 21; that is, the four Kirchhoff’s 
emf equations for the circuits A, B, X, 
and Y will satisfy equations 16 through 
21. The positive senses for the currents 
and the polarity markings for the voltages 
are indicated in the diagram. It should 
be emphasized that the frequency in every 
part of the equivalent circuit is the 
same. 

Since equations 16 through 21 are ex¬ 
pressed in terms of iaductances and in¬ 
stantaneous values, these equations and 
the equivalent circuit in Fig. 3 may be 
used for transient study. In fact, the 
differential equations can be obtained 
directly from the equivalent circuit of the 
particular machine being considered. 
The transient solution of these differential 
equations can then be solved, if desired, 
by using differential analyzers. 

Perhaps a brief remark concerning the 
rotor terminal voltages Vx and Vr, 
in the case of a squirrel-cage rotor, should 
be made at this time. Since, the rotor 
bars are short-circuited by the end rings, 
»x = 0 and Vy = 0. That is, these 
terminals are short-circuited. 


machine. This was done for simplicity 
and dearness. 

When a single-phase or a polyphase 
motor is analyzed under steady-state 
operation, it is convenient to have a 
steady-state equivalent circuit, which will 
now be considered. 

If a 2-pole a-c machine is operating 
under steady-state condition 




2ir(synchronous rpm) P 
60 2 


electric radians per second 


2r(syn rpm) 2 
60 2 

electric radians per second 


5=(l-sUp) = 


actual rpm 


syn rpm 

c<>=5<«Jo electric radians per second 

Xji^^aoLA.* 


XA,i=aoLji,i 

Xb* 


Xbi—<>>oI‘BI 


Xxm’=‘<^Lxm 

Xy* 


Steady-State Equivalent Circuit A’ym=«oir« 


It must be remembered that the basic Then the steady-state expressions for the 
machine in Fig. 1(A) represents a 2-poIe equations 16 through 21 may be written 


j- ~ ~ XBitB+jXrm 


^^B^[RB-\-jW+XBl)\tB^ 


. Nb cos a 
^ Njl 


XATiA-\~jXYm 


Nb cos a 
Ns 


X 


Nb sin a P Nb sin a . , a ”1 

( 23 ) 

lRx+jXx']tx+jXxmX 

( 24 ) 


iV” l-Rr+i^r^l-^r+i-X’rmX 

^tr+^t.+^L]+fsr ( 25 ) 


From Fig. 3 and equations 22 through 
27, a steady-state equivalent circuit as 
indicated in Fig. 4 may be obtained for 
2-pole a-c madiines. It should be 
pointed out that the frequency is the 
same in every part of Fig. 4 and that the 
sjntnbols in the X and Y circuits are in 
rotor terms. Since the equivalent cir¬ 
cuits of single-phase and polyphase in¬ 
duction motors are usually expressed 
in stator terms, it may be advisable to 
express the rotor values in stator terms as 
indicated in Fig. 6. Some of the rela¬ 
tions between the new symbols and the 
more familiar symbols used in textbooks 
and technical papers will now be con¬ 
sidered. 



+ O' ^ 

V* 


^2 Qi 

'VW' ' 




OlVsY 


'b Ri X, 
+ o p vvv - 


2 2 

0*^X2 • q*R2 ^ 

— I — <] 


|Xg=a Xn4 

+/-S- 


°2''SX 

Fig. 6. Steady-state equivalent circuit for 2-phase 
induction motor 
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'i='a R| 


__2vi 

>-ai Xv "5-e— 


Fig. 7 (left). 


Ia Ra xa=(x;+Xax) Xg R2 oT 

^ . A. A ■■ W A A A ^ 


|xM = afXYm 


alent drcuU for 


90 \ - .' 

^''2='a7 

2-phase indue- 

. i^M 

a|VsY 

■ 


tion molar 

1 



X'g Rg 12 



■X 

'b^c Rc Rb ><b=(Xb+Xb£) a2xg aZRg ag 
, Fig. 9 (right). +o > j (—WA/—Wv-nrer'—-j-—nunr*—vw ■ <3 ■ ■ 

>. i-s Steady - itate 

J*2 2 s “ equivalent circuit ® p ® 

► -QiVev for capacitor mo- -o ' ■■ ——I-0)- 

tor a2Vsx 


First, let 


Nb sin a 

—iir- 

Nr 

Oj Nb sin a 
ai Nj. 

For a symmetrical rotor 
Rx^Ry 

Xx'^Xr> 

and for a uniform air gap 

I^Xm~^Ym 

Xxn^Xym 

Then, the rotor values in stator terms are: 

1. To express the rotor F values in stator 
A winding terms 

22*=oi*i2r *» rotor resistance 

Xi =*= rotor leakage reactance 

Xu = Q’^Xym = F-axis magnetizing reactance 

2. To express the rotor X values in stator 
B winding terms 


= o^Ry — R%—<t^R^ 

- Ol* 


ai*Xx'=‘(ii^XY’=—,Xi^a'^Xt 

ai* 

Xs = (h*Xxm =^-axis magnetizing reactance 
^Ot^Xm^-Xu^a^Xu 

Cl* 

When the rotor values are expressed in 
stator terms, the steady-state equivalent 
circuit of Fig. 4 becomes that given in 
Fig. 5. It ^ould be noted that tJie turns 
ratio of the ideal transformer which 
couples the stator B winding to the 
magnetizing branch Xu of the stator A 
winding has been changed to Nb cos a/iV^. 

To illustrate the use of the derived 
steady-state equivalent circuit in Fig. 6, 
the steady-state operation of the 2-phase 
induction motor, the capacitor motor, 
and the a-c tachometer will how be con¬ 
sidered. 


Steady-State Operation of 2-Phase 
Induction Motor 

When a balanced 2-phase induction 
motor is operating imder steady-state 
conditions, its usual equivalent circuit 
in stator terms may be derived from Fig. 
6. The following relations obtain 

«o"2ir/ 

a=90 degrees 
N^Na^^Nb 

^ IL 

"""^Nb^Nb 

Nb sin a 

c* =-;;;-=Ci 

Nb 

c=—= 1 

Cl 

tB^jtx 

ix=‘jir 

22i=22a»22b 

Xi = iXj.'+Xu) = {Xb'+Xbi) 

22x“22r 

Xx'^Xy' 

Since the air gap is uniform 

Lxm’^LYm 

Xxm^XYm 

and thus 


(o Rotor oj 


- ® . + 

Fig. 8. Schematic diagram of capacitor motor. 




Xu^Xs 

For a squirrel-cage rotor, the rotor bars 
are short-circuited by the end rings and 
7x = 0 and Fr = 0; i.e., these terminals 
are short-circuited. 

With these conditions, from Fig. 6 the 
steady-state equivalent circuit for a 2- 
phase induction motor is given in Fig, 6. 
Since ^b — j'(^A, U — j^A and tx = jir, 
it remains to show that Fsx = j^sr- 
This win now be considered. 

The speed voltages, from equations 26 
and 27 may be written 

Ca* "^gx— 5[cs*.X'r +fli/x)l 

^S[XjY-^Xu(tY+ajA)] (28) 

Ci*l^ar=' —•S[ci*.X’x'/x+«i®-^xmX 
(/x+fls^s)] = ’-•S[X*(//r)+ 

XuKir+adA)] (29) 

or 

tsx^^j^ar (30) 

Thus, the phase A and phase B circuits in 
Fig. 6 are similar except for the 90- 
degree phase displacement between the 
corresponding voltages and corresponding 
currents. 

Using the phase A circuit for the equiv¬ 
alent circuit on the per phase basis, the 
usual equivalent circuit for an induction 
motor will now be derived. The voltage 
drop equation for the rotor Y circuit is 

(228-i-jX2) —-{"jXu(tA -\— 

ai \ tti / 


The speed voltage ai^gy may be written 
oi Far ■” 5[oiXx'/x+ai.X’xm(/x+a*/a)] 

= -5 ai^Xx^^+ai^Xxm(^+tBy^ 

(32) 


Letting /i = and U^—ty/ai allows 
equation 31 to be written in the form of 
the following: 

[i2*+i(:f*+:fj,)(l-S)]/*-iXjtf(l-5)/i-0 

(33) 
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J-^2~i-X^jiifA==0 (34) 

whore s == (1—*S) is the slip. The 
usual equivalent circuit for a 2-phase in¬ 
duction motor is that indicated in Fig. 7 
(A) or (B). By comparison of Fig. 6 and 
Fig. 7(B), it should be noted that the 
speed voltage 

(35) 

for a balanced 2-phase induction motor 
operating under steady-state condition is 
always in phase with A = — iyAi* 

It may be seen from Fig. 7(B) that the 
following can be determined on the per 
phase basis 

Input watts = VaIi cos (T^i, A) 

^VaIaCos{VaJa) (36) 

Copper losses=(7i*i2i+J2®i22) 

HIa^Ra+Iy^Rv) (37) 

Rotor output=oiFjsyJj cos (-^ A) 

= VayIy cos ( 1^by> iy) (38) 

rotor output watts 
Rotor output torque®-- 

(syn watts) (39A) 

rotor output watts 

= 7.04-- 

actual rpm 

(pound-feet) (39B) 

Steady-State Operation of Capacitor 
Motor 


Fig. 8 shows the schematic diagram of a 
capacitor motor. It is assumed that the 
two stator windings A and B are con¬ 
nected to a single-phase source so that 
^A — When this motor is 

operating under steady-state conditions, 
its equivalent circuit may be derived with 
the aid of Fig. 5. The following relations 
exist 


«o*=2ii/ 


Of® 90 degrees 


flj 


Ns 


at 


Ns 


Ut Ns 
Oi Na 




Xa^(Xa'+Xai) 


Rx^Ry 

Xx'^Xr' 

Since the air gap is uniform, then 


Lxm—LYm 
Xxm—XYtn 
and thus 
Xs--a^Xu 

Under these conditions with the aid of 
Fig. 5, the steady-state equivalent circuit 
for a capacitor motor is given in Fig. 9. 
From equations 26 and 27, the following 
expressions for the speed voltages may 
also be derived. 


Hi ^sx “ •^r aXi 
L ai 

*=-5faXa- 
L Oi 


-^-aXit 


£'«■)] 


Cl YSY 


-f-aXjifX 




(40) 


(41) 


The currents At. is, Ar. iy may be 
found by writing the four loop voltage 
equations for the circuit in Fig. 9.. For 
simplicity, let 2a — Ra jXa, = 
jXu, 2t = Rt -{■ jXi, 2s = jXs, 2 b = 
Rb-^jXb and 2o - Rc — jXc^ Then 


1 ^® (RA+jXA)tA+jXM(tA+^^ 


(42) 


>(R,+jXt)-+jXM 
ai 


ai 


('■+;)* 

VsY=2t —•\'2}sitA'\ — ~ 
ot \ aij 

L a\a2 / a* J 


(43) 


(44) 


[(i?B+i:?fi»)+(i?c-i:^rc)]A»+ 
jXs =(.^S+.^C')A5+ 

0=a\R2+jX2) -■hjXs(tB+-)+ 

at \ 0,2 f 

at a \ fl» / 

(45) 

Solving equations 42 through 45 si¬ 
multaneously and following a similar pro¬ 
cedure given by Puchstein and Lloyd. ^ 


+ 


/» = 


Cij&2“ CiBi 

AiBt —•<42i?i 

(46) 

AtC2~AtCi 

'AiB2~'AtBi 

(47) 


where 




With 1a and Ib determined, then from 
equations 42 and 44 

Ac ^ / ^a'^^B+2o \ ± 

at 2s \ 23 ) 


(48) 

(49) 


With the aid of Fig. 9, the following rela¬ 
tions may be obtained quite readily 

stator input® FAi cos (/a)+ FTbX 

cos(T^,/b) (50) 

stator copper loss=Jji®i?A+7B®(-RB+l?o) 

(51) 

/Jj,\2 /7x\2 

rotor copper loss® ( — ) i? 2 +1 — 1 a'^Ri 
\ai / \fl2 / 


=Iy^Ry+Ix^Rx 


(52) 


(Iy\ 

rotor output=aiFBy( — ) cos (Fbk* 7y)H“ 
\ai/ 

02 Fsx^“^ cos ( lx) (53) 
rotor output watts, 

torque®- - -(syn watts) (54) 


A-€ Tachometer 


In some systems of automatic control, it 
is desirable to have a signal which is 
proportional to the angular velocity of a 
shaft. Quite often, it is convenient to 
have this signal in the form of an alter¬ 
nating voltage of constant frequency. 

A small squirrel-cage induction motor 
with two windings spaced 90 degrees 
apart, such as that shown in Fig. 8 with¬ 
out Zo, may be used. A suitable alter¬ 
nating voltage of constant amplitude and 
frequency is applied to winding A, which 
is sometimes referred to as the input 
winding. A voltage of the same fre¬ 
quency is then generated in winding B, 
also referred to as the output winding. 
This generated voltage of winding B is 
applied to the high-impedance grid cir¬ 
cuit of a vacuum-tube amplifier and thus 
winding B can be considered as open- 
drcuited so that 7 b = 0. 

Ideally, the magnitude of the signal 
voltage generated in winding B should be 
linearly proportional to the rotor speed, 
and the phase of this generated voltage 
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should be fixed with respect to the applied 
voltage Va. 

The equivalent circuit for the a-c ta¬ 
chometer may be represented by that 
given in Fig. 9 (omitting Rq and Xo). 
The applied voltage is Va and the desired 
voltage is 7 b. With Is = 0, then 

(SS) 

Equation 55 indicates that it is neces¬ 
sary only to determine tx/(h, which may 
done by writing the 3-loop voltage equa¬ 
tions in Fig. 9 and then solving them 
simultaneously. Thus 

— ( 56 ) 

fli 

0,1 \ ai / 

(^j+iATjif) —— 
ai 



0=- -fflj 7 bx= SaXMlA-^ 
Os . 02 

Sa(Xs+Xit) -+aKts-{-jXM) ~ (58) 

Oi Os 

when equations 56 through 58 are solved 
simultaneously 

ijC^ _ - tASXMR2 _ 

0» o{ “• XuH.^A'^~X 2 )'{-jXM^i X 
i2ZA+tt)^SKXs+XM)]X 
[^A(.Xs-\-XM)+jXsXM\} 

(59) 

__ ~j ^ASaXii^Rj _ 

{i^AU-XM^ZA+U+jXMZsX 

{2Za-\-Zs)+S^(^Xs-\-Xm)\X 

[^^a^Xs+XmWXsXm] 

(60) 


Ideally, 7* should be equal to some 
constant times the rotor speed S. This 
means that the distortion term in the 
denominator of equation 60 should be 
eliminated by introducing special devices 
in the system. 

Conclusions 

An equivalent circuit, as shown in Fig. 3 
has been derived which can be adapted 
to that of a particular machine. Since 
the resultant equivalent circuit involves 
resistances, inductances, and instantane¬ 
ous values, differential equations may be 
written directly from the circuit for tran¬ 
sient study. 

Also, a steady-state equivalent circuit 
as shown in Fig. 4 or Fig. 5 has been 
derived for the steady-state operation of 
a particular machine. 

An advantage of the equivalent circuit 
in Fig. 3, Fig. 4, or Fig. 5 is that it is not 
necessary to start from the beginning 
for the analysis of the different machines. 


Appendix. Relations Between 
the (Li)*s and (N<>)‘s 


If any two coils are in the same magnetic 
path so that the reluctances are equal, then 
the inductances are proportional to the 
square of the turns. Thus 

^Ara Lam Lym 

I'Al 

Na^~Nb^ 

and 

NA4>A—LA'iA 
NA<l>Al = LAliA 


Na 

NA4>Bi—Tr Livia 
JSb 


RA4>Am — LjimiA — 'TTl J^ymiA 
Nb^ 

Ra Na 

NA4>Bm—-^ (lVB0i«t)“Tr LamiB 

J-'lB J^B 


Na Na 

R^A<l>ym—'^(.NB4>ym)’=~^ Lymiy 

NBtt>B'=La'iB 
Na^tBi—LatiB 

Rb 4>A1‘='^ I'AliA 
Na 

Nb ... . Njs . 

JyB^Am = ~ {NA<l>Am)=‘-;^ I'Aml’A 
^A J!^A 


, Nb^ . Nb^ 

NB4>Bm = LamiB =■ LymiB = TTl, Lxmio 

JVjj* Nb^ 

.. Nb .. Nb - 
NB^ym ( NB4>ym) “ ’TT Lym'^y 

NB<l>Xm = “ Lxmix 
Nr 

N^x'^^Lx'ix 
Na4>xm.—Lxmix 

Na^Bm —TT Lamia ==• -rr Lxmia “ Lymia 

Nb Nb I Nb 

Nn^y’^Ly'iy 

Na^ym—Lymiy 

NRft>Am— ( NAi>Am) *= LamiA 

Na Na 

Na ^ . 

— TT ■^ym'I'A 
Nr 
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A New Method for Part-Winding 
Starting of Polyph ase Motors 

P. L. ALGER LORRAINE M. AGACINSKy 

FELLOW AIEE APPLICATION PENDING 


The paper describes a new method of 
part-winding starting, in which two half¬ 
current contactors are used also, the first to 
close having four poles, and the second only 
two. Preferably, a Y connection is used, 
and two-thirds of the winding, instead of 
onlj"- half, is connected on the first step, as 
in Fig. 1. This gives superior accderating 


Synopsis: Part-winding or “step-starting” 
of polyphase induction motors for holding 
down the initial starting current inrush is on 
the increase. The conventional scheme pro¬ 
vides two half-current starting contactors, 
each with three poles. The motors have 
dual-voltage 9-lead windings, arranged in 
two independent Y’s, separately connected 


to the two contactors. The two contactors 
are closed in sequence with a few seconds’ 
delay between, giving about 60 per cent 
(%) current on the first step. The delay 
must be very short, because the accelerating 
torque on half-winding is usually low, the 
motor may be noisy, and the rate of heating 
is high. 
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Fl9> 1* SimpliAed diagrams of first<step connections. Preferred Rg. 3. Torque-current curves for standard 4-poie TVs hp general- 
schemes for step-starting of polyphase motors purpose-motor half-V-connection leads on 1, 8^ 9... 


torque, with reduced noise, vibration, and 
heating. Or the same contactors may be 
used to start the motor on half-winding with 
delta as well as with Y connection. By pro¬ 
viding five instead of four poles on the first 
contactor, a delta-connected motor can also 
be started on two-thirds winding, with 
superior accelerating performance. 

This new control panel performs every 
function required for conventional half¬ 
winding starting, with either Y-connected 
or ddta-coimected motors. It also provides 
for two^thirds winding starting with superior 
accelerating torque. The method therefore 
overcomes the difficulties associated with 
usual part-winding starting, and appears to 
fill satishictorily the long-standing need for 
a simple method of reduced-current starting 
for polyphase motors. 

Ptupose of Part-Winding Starting 

T O avoid severe dips in voltage, many 
power companies have adopted rules 
that limit the current inrush permitted in 
starting a motor. On 4-we 220-volt 
systems the limit is often set at 400 
amperes, corresponding to a 30-horse- 
power (hp) motor with full-voltage start¬ 
ing. However, the rules usually allow 
a much larger current to be drawn, pro¬ 
vided the current is added in successive 
increments a few seconds apart. The 
idea is to give the voltage regulators time 


to return the voltage to normal after each 
step, and so to hold the voltage at all 
times above the desired tniniinum . 

To comply with these rules, the custom 
has developed of connecting only half 
of a motor winding to the line at first, 
and closing the other half after a brief 
delay, controlled by an automatic timer. 
Tbis part-winding or step-starting method 
allows much larger motors to be used 
than are permissible with full-winding 
starting, and costs less than other ways 
of meeting all the requirements. Thus, 
it is steadily becoming more popular. 

In view of this trend, and the growing 
demand for large motors on low-voltage 
systems, especially for air conditioning, 
it is timely to analyze the need for step¬ 
starting more broadly, and to determine 
the best way of meeting it. 

Requirements for Satisfactory 
Step-Starting 

Besides the lower initial current inrush, 
step-starting gives a lower initial motor 
torque, and thus provides “soft starting,” 
reducing the shocks on gears, couplings, 
and other parts of the equipment. This 
is an advantage in some applications. 


Also, it increases the time before the 
motor reaches full speed, allowing the 
oiling system of the driven equipment to 
become fully effective before maximum 
load is imposed on bearing surfaces. 

To sum up, for fully satisfactory re¬ 
sults, step-starting should: 

1. Reduce the initial current inrush to 
about 60% of normal full-voltage starting 
current. 

2. Bring the motor nearly to full speed 
in not more than about 6 seconds, before 
the timw closes the second half of the 
winding, so that the second current inrush 
will be very small. This requires that the 
minimum accelerating torque of the motor 
be 30% or more of full-load torque. 

3. Be applicable to perfectly standard 
dual-voltage motors of all speeds (low- 
voltage connection only), whether Y- 
connected or delta-connected. 

4. Accomplish these three results without 
overheating, without noise, and without 
undue mechanical stresses on the windings, 
all at a cost little greater than required 
for usual full-voltage full-winding starting. 

Conventioiial Method of 
Step-Starting 

The practice established over the past 
few years employs Y-connected motors 
with nine leads brought out for dual¬ 



voltage use. The control panel is pro¬ 
vided with two half-current 3-pole con¬ 
tactors, two sets of half-current thermal 


Rg. 2. Conven- 
.tlonal part-winding 
connection! for Y- 
connected motor, 
half-winding. Wind¬ 
ings marked with 
diagonal line are 
idle on Ant step. 
This also applies to 
Rgs. 5, 6, 8, 10, 
11, and 13 


overload rela 3 rs, and an adjustable auto¬ 
matic timer. On the first step, the lines 
are closed on motor leads 7, 8, and 9, 
placing One half of the winding in circuit, 
in a symmetrical Y connection; see Pig. 
2. With only half the coils active, the 
winding produces additional magnetic 
fields with synchronous speeds lower than 
the fundamental, causing one or more low 
torque points at about 26%, 40%, 60%, 
or 70% of full Speed, depending on ^e 
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FiS' 4. Comparative voltage drop and corresponding light intensity In conventional part¬ 
winding starting, standard 4-pole 40-hp general-purpose motor 


winding arrangement; see Fig. 3. Thus, 
the motor may not come to full speed in 
a reasonable time, or at all, on the first 
step. 

As the 60% current is flowing in only 
half the total conductor area, the current 
density in the winding copper is 120% 
of that in normal full-voltage starting, and 
the rate of temperature rise is about 160% 
of normal. The winding will therefore 
readi its limiting temperature, and the 
relays will dear the motor from the line, 
in about two-thirds of the usual time, 
or perhaps 16 seconds, if the motor fails 
to accelerate within this time. To avoid 
this, and leave a liberal margin for the 
additional heating in acceleration after 
the full winding is dosed in, it is desirable 
to set the timer for only 2 or 3 seconds’ 
interval between the first and second 
steps. When this is done, the full wind¬ 
ing will usually be dosed while the motor 
is still at low speed, and the second inrush 
of current will bring the total to nearly 
the same value as with full-winding 
starting. 


Fig. 4 shows the speed and applied 
voltage versts time for a typical Y-con- 
nected 40-hp motor of this type, when 
started without any connected load. 
The light intensity of a lamp connected 
from line to neutral on the supply volt¬ 
age at the motor terminals is shovm. In 
this case, the motor came to 40% speed 
on the first step with the half-Y con¬ 
nection in 0.64 second, remained there 
until the full winding was dosed in after 
1.08 seconds more, and then came to 
fun speed in 0.4 second. When the motor 
was started on the full winding at full 
voltage, it came to speed in only 0.72 
second. If the motor had been connected 
to a typical compressor load, the starting 
times would have been much longer. 
The maximum voltage drop was nearly 
the same in the two cases, without allow¬ 
ing for any recovery of the voltage be¬ 
tween the first and second steps, as might 
have occurred on an actual power system 
with proper voltage regulators. 

By choice of winding arrangement and 
other factors, the designer can vary the 


motor performance over a considerable 
range. For lowest initial current, and 
best locked-rotor torque, the active 
stator coils should be grouped on one side 
of the motor, and this arrangement is 
commonly used for motors intended to 
start on half-winding. However, this 
gives rise to an imbalanced force on the 
shaft, which will create noise and vibra¬ 
tion during acceleration. This may be 
tolerable on many applications, especially 
for the smaller motors, but it is likely to 
give trouble when the shaft di mens i o ns, 
the connected load, or the motor supports 
are such as to magnify or prolong the 
vibration. With this one-sided coil 
grouping, a torque dip is likely to occur 
at about 70% speed (for a 4-pole motor), 
making accderation beyond this speed 
difficult with a loaded compressor. By 
giving the rotor a little higher resistance 
than normal, the low point in the torque 
curve can be raised at the expense of 
efficiency and heating under load. 

By spacing the active coils symmetri¬ 
cally around the periphery, the air-gap 
forces can be kept in balance, and the 
vibration eliminated. But this tends to 
give a higher initial current, and intro¬ 
duces a torque dip at 26% or 60%; 
see Fig. 3. A higher rotor resistance, or 
a longer stator coil throw will agdn help 
to overcome the low torque, at the ex¬ 
pense of higher losses, and/or higher initial 
current inrush. It is theoretically pos¬ 
sible, for the first step, to select some ac¬ 
tive coils from each phase belt of the 
winding in such a way as to minimize the 
torque dips, but this is not a practical 
solution for standard motors. Whatever 
winding arrangement is used, the motor 
is likely to have a good deal more slot 
frequency noise during acceleration than 
when the full winding is connected. 

For example, the presence of both 4- 
pole and 8-pole fields in the air gap at 
the same time, in a motor having a dif¬ 
ference of 8 between stator and rotor 
slot numbers, produces a 4-node slot 
frequency force wave, whereas the 4- 
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Rs. 7. Torque-cuircnt curves of Y-connected 25-hp motor with half-, two-thirds, and full- 

winding connection 


pole field alone only creates an 8-node minimizing the need for special motor 
force wave. The 4-node wave produces designs, and lessening the risk of corn- 
some 16 times as great a deflection of the plaints about noise or vibration, 
frame as an 8-node wave for the same On close examination, however, th e 
magnetic flux density. Also, in the case plan does not seem attractive. From 

of a 4-node force wave, the resonant the viewpoint of the power company, 

frequency of the frame is likely to occur the reduction in voltage dip and in light 

below the full speed of the motor, giving flicker is very slight. To refer to Fig. 4, 

rise to a “shriek” as the motor accelerates the dip in voltage was 25% on full- 

through this point; whereas with an 8- winding starting, and on half-winding 
node force wave, the resonant frequency starting 17% on the first step and 5% 

is usually far above the running speed. more on the second step. In the first 

Everything considered, therefore, with case, the light intensity fell to 31.5% 

the usual half-Y arrangement for step of normal for about 0.76 second, and then 

starting, it is proper to set the timer returned to normal. In the second case, 

for only 2 or 3 seconds, and to expect the light fell to 46% for 1.6 seconds 

the second step to occur with the motor than fell to only 35%, and finally re- 

at low speed, giving full locked-rotor turned to normal in 0.44 second. Even 

current. In this way, the duration of if the system voltage does recover, due 

abnormal heating, noise, and vibration to regulator action, between the first 

is cut short. At first glance, from the and second starting steps, the net benefit 

viewpoint of the power company, there from step-starting appears to be very 

seems to be no objection to this practice, 


small. One reason is that the reduction 
in the actual current drawn on the first 
starting step is less than might be ex¬ 
pected. For example, if the line imped¬ 
ance is 25% of the full-winding motor 
impedance, the voltage will dip to 
l/(l+0.26)=0.80 on full-winding start 
ing, and to 1.67/(1.67-]-0.25) = 0.87 
on the first step with half-winding start¬ 
ing. The currents in the two cases will 
be 80% and 52% respectively, instead 
of 100% and 60%, as they wotdd be if 
there were no voltage dip. Instead of 
the current inru^ being reduced by 40% 
of the normal value, the reduction is 
only 28%, on an ampere basis. 

Since the light intensity varies about 
as the fourth power of the voltage, a 
drop to 87% voltage reduces the light to 
about 57% of normal, and a further drop 
to 80% voltage reduces it to about 41%. 

It is important to realize that the flicker 
caused by a sudden increase in the voltage 
is likely to be more objectionable than 
that caused by an equal drop in voltage, 
since a sudden increase in light intensity 
may be painful to the eyes, whereas a 
sudden decrease is not. With step¬ 
starting, the acceleration from low speed 
on the second starting step, and the volt¬ 
age recovery, are likely to be rapid, so 
that the net result as far as light flicker 
is concerned may be ahnost as objection¬ 
able as with full-winding starting. 
Thus, the conventional scheme of part¬ 
winding starting offers only a small ad¬ 
vantage at best, with respect to either 
voltage regulation or light flicker. 

From the viewpoint of the motor 
manufacturer also, the conventional 
scheme appears unattractive on dose 
examination. If the motor does not 
come to speed readily on the first step. 


as the current imrush rules are fully 
complied with. From the viewpoint of 
the motor manufacturer and his custom¬ 
ers, the practice has the advantages of 


Fig. 8 (below). Two-thirds winding connec¬ 
tion tor delta-connected motor 


Fig. 9 (right). Speed-torque and current 
curves of 40-hp 4-pole S20-voit delta- 
connected motor 
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Fig. 10. Preferred half>winding V connection 
with standard control panel 


some operator or service man is likely to 
reset the timer to give it more time. If 
the thermal relays clear the motor from 
the line as a result of heating, the service 
man is likely to install higher current re¬ 
lay heaters. If the starting period is pro¬ 
longed, the coil ends will be subjected to 
sustained vibration because of the high- 
current forces, and at the same time they 
will be overheated, so that they will be 
more flexible and less able to withstand 
the forces. Thus, regardless of any in¬ 
structions provided by the manufacturer, 
motors with conventional step starting 
may be required to operate on a much 
more severe starting cyde than intended. 

From the cost viewpoint, it is desirable 
to use two half-size contactors, since these 
will not cost very much more than the 
single full-size contactor used with full¬ 
winding starting. This is the reason that 
Y windings and not delta windings are 
used. As Fig. 6 indicates, if a ddta 
winding is used with the conventional 
scheme of half-winding, each pole of the 
first contactor to dose must carry the 
current in two of the motor leads, and 
those of the second contactor will carry 
the current only in one lead. Hence, 
the two contactors must have capacities 
of 76% and 29% of normal current re- 
spectivdy. Their cost will therefore be 


Fig. 11 (below). Preferred half-winding 
delta connection with standard control panel 


Fig. IS (right). Torque-current curves of 
two-thirds delta-connected 40-hp motor with 
and without external resistance 



a good deal more than for the two 50% 
contactors required for Y windings. 

As ddta windings are preferable from a 
design viewpoint in many of the motors 
in the 20- to 300-hp size range, it is a 
distinct handicap to be limited to Y wind¬ 
ings. This fact, and the need for taking 
care that the torque, noise, vibration, and 
heating shall aU be reasonably satis¬ 
factory on the half-winding connection, 
make the inherent cost of the motor 
somewhat greater. The designer must 
choose whether to make all his motors 
in this way, and thus add to the cost of 
standard motors, or let motors for part¬ 
winding starting be spedal, and thus add 
further to their cost. 

From this review, it appears that the 
conventional scheme of step-starting, 
with Y half-windings, does not adequately 
meet items 2, 3, or 4 in the section 
“Requirements for Satisfactory Step- 
Starting.” While experience up to the 
present has been chiefly with 4-pole 
motors, it appears that the scheme will 
be more satisfactory for motors with 
larger numbers of poles, and will be least 
satisfactory for 2-pole motors. 

New Method of Step-Starting 

The limitations of the conventional 
method all stem from the use of only half 
the number of stator coils on the first step. 
A good way to overcome these is to use 
more than half the coils, which will give 
a better pattern of magnetomotive force 
distribution in the motor, and so raise 
the low points in the torque curve and 
reduce the noise and vibration. 

One convenient way to secure the re¬ 
sults is to connect two-thirds of the 


winding on the first step. The preferred 
scheme for a Y winding is that shown in 
Fig. 6. In this method, four of the motor 
leads are connected on the first step, 
two from each of the half-Y-windings. 
Then in each half-winding two phases 
are connected in series, as in a single¬ 
phase Une-to-line connection. The effect 
is to utilize all of one phase, and half of 
each of the other two phases of the com¬ 
plete winding. Since the currents are 
constrained to flow through two adjacent 
phases in series, the effective reactance is 
2/Vs times the 3-phase reactance. Thus 
the average current drawn from the three 
lines is practically identical with that 
drawn in the conventional half-Y-con- 
nection. The unbalance between the 
currents is quite moderate. In a partic¬ 
ular case, of a 25-hp 4-pole motor, the 
currents on the first step were 200, 210, 
and 310 amperes, averaging 240 amperes, 
as compared with 240 amperes on the 
usual half-Y-connection and 365 amperes 
on the full-winding connection. 

Fig. 7 shows the torque and current 
curves of this motor with the three 
schemes. As appears from the curve, 
the marked torque dip that occurs on the 
half-winding connection is reduced to a 
trivial amount on the two-thirds con¬ 
nection. The minimum torque on two- 
thirds winding in this case is 32% of full 
load torque, and the motor comes up to 
speed promptly on the first step. The 
per cent of normal full-winding locked- 
rotor ciurent (average value) varies a 
good deal with individual designs, but is 
nearly always between 60% and 70% 
and it differs very little from the current 
on half-winding start. The starting 
torque on two-thirds winding is a little 
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START 


RUN 



lower for the same current than on the 
half-winding, because of the small nega¬ 
tive phase sequence torque due to the 
current unbalance, but this is more fharp 
made up in most cases by the reduced 
amount of harmonic torque dip. This 
two-thirds Y scheme gives a smooth 
torque curve and reasonably quiet start¬ 
ing on almost any standard dual-voltage 
motor, including the 2-pole motor. 

For best performance, with the two- 
thirds connection, it is desirable to use an 
asymmetric alternate-pole grouping of 
the motor winding, i.e., the three line 
terminals of the motor should come from 


Fig. 13 (left)' Two- 
thirds delta con¬ 
nection with one 
series resistor 

DELTA 

Fig. 14 (right). 
Split-winding con¬ 
nections for y 
connected and 
delta<onnected 3- 
phase motors 





IN Anu r Ant i;LU9tD« THtN 

A suitaIle ’delay® 


THE POLES OF P 
CURRENT, THOSE 


CARRY 76% OF LOAD 
OF 0 CARRY 29%. 


THEN K IS OPENED, AND 0 IS CLOSED 
AFTER A SUITABLE DELAY. 

** and 0 EACH 
CARRY 50% OF LOAD CURRENT. 


adjacent phase belts. A, —B, and C; 
and one of the motor circuits per plmpA 
should contain only north poles, and the 
other only south poles. This arrange¬ 
ment ensures baWced air-gap forces, 
whatever the current distribution, and it 
also ensures that the harmonic fiH d s 
produced by the separaite phases will 
partly offset each other. Experience Iir s 
shown that this winding arrangement is 
preferable for standard general-purpose 
motors, for full-winding as well as part¬ 
winding starting. If a symmetric alter¬ 
nate-pole winding were used, with the 
line terminals coming from alternate 
phase belts. A, C, and B, the harmonics 
of the different phases would add, and 
the motor would usually fail to accelerate 
on the two-thirds winding comiection. 
The starting pmformanoe of the two- 
thirds winding connection is usually good 
with an adjacent-pole symmetric win^g, 
but is usually not good with an adjacent- 
pole asymmetric winding. 

If a motor has an odd number of slots 
per pair of poles, an adjacent-pole group¬ 
ing of the coils is required for balanced 
windings, and in this case the half-wind¬ 
ing connection may be preferable for 
starting. Such windings occur only on 
small or low-speed induction motors, 
however, which have such low starting 
currents that there is rarely any need for 
reduced-current starting. 

A similar two-thirds connection gives 
comparable results on dual-voltage, delta- 
connected Windings, except that in this 
case the average current drawn from the 


line is about 16% more than for the half- 
delta-connection, and the torque is 
correspondingly greater also. This is 
true because with the delta connection 
there is no way to put two out-of-phase 
legs in series, as in the Y case. Fig. 8 
shows the connections for the two-thirds 
delta scheme, and Fig. 9 the curves of a 
typical 40-hp motor with the three con¬ 
nections. 

By adding extra poles to a standard 
contactor, the additional number of 
lead connections required for the two- 
thirds winding schemes can be provided 
for, without exceeding the half-current 
capacity used in the conventional half¬ 
winding Y scheme. Fot example, vrith 
a Y winding. Fig. 6, a 4-pole half-current 
contactor is used on the first step, and a 
similar 2-pole contactor for the second 
step. For a delta-connected motor. Fig. 
8, a 6-pole half-current contactor is used 
for the first step, while a 2-pole cont^tor 
of this capacity is adequate for the second 
step. Since each contactor pole in these 
schemes supplies current to an independ¬ 
ent circuit, the currents will divide 
properly between them. 

In some cases, the half-winding con¬ 
nection may be preferred, either because 
of the lower current in the delta ca se, or 
because the half-winding performance 
may be adequate for some motors. 
Therefore the standard control panel 
should be arranged to pdmit either the 
half-connection or the two-thirds con¬ 
nection. To do this, and to use the samA 
control panel for either Y or delta wind¬ 


ings, botti contactors should have 60% 
current capacity. 

The standard panel vrill then use two 
contactors vrith four and two poles 
respectively, as shown in Figs. 6,10, and 
11. This fully provides for half-Y, two- 
thirds Y, and half-delta connections, but 
vrill not take care of the two-thirds delta 
connection. Therefore on half-delta the 
control should provide for closing the 
second contactor in about 3 seconds, since 
the motor cannot be rdied upon to aced- 
erate on the half-winding. 

To provide for starting delta-coimected 
motors on two-thirds winding, a nd to 
allow for the occasional use of three 
steps instead of two, one extra contactor 
pole is required. For a delta motor, 
this extra contactor pole will connect 
tenninal 2 to line II, or for a Y motor it 
will connect terminal 7 to line I. 
this extra contactor as a second step, 
after closing half the ddta winding, or 
two-thirds the Y vrinding, on the first 
step will raise the current from about 0.6 
to 0.8 of full value, with higher torque, 
quieter operation, and less heating. By 
connecting a resistor in series with one 
of the poles of either the first or second 
contactor, the torque and currents on 
the first two steps can be adjusted 
accurately tq desired values; see Fig. 12. 

On the third step, the 2-pole contactor 
is closed, connecting the remaining td- 
minal to the Ime, and short-dreuiting out 
the resistor, if used, as indicated in Fk. 
13. ■ ^ ^ * 

By providing space on the panel for 
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the addition of the resistor and/or the 
extra contaetor pole when especially re¬ 
quested, the standard panel will have 
very wide application, covering all types 
of polyphase motor. It will then be 
feasible to adjust the starting torque 
and current to fit particular requirements, 
or to meet unusual field conditions, with 
a minimum of extra cost or delay. 

With regard to heating, the two-thirds 
connection gives nearly the same rate of 
temperature rise on the first starting step 
as the half-winding in the delta case, 
but only two-thirds the rate of the half-Y- 
winding. For, the current per leg is 
practically the same per cent of normal 
in the half and two-thirds delta cases as 
in the conventional half-Y case, about 
60% of normal full-voltage full-winding 
locked-rotor current. In the two-thirds 
Y case however, the current per leg is 
only 50% of normal locked-rotor current, 
and the rate of heating is the same as in 
a normal full-winding start. But the 
minimum torque in the case of either two- 
thirds Y or two-thirds delta is higher than 
in either half-winding case, so that the 
motor may be relied upon to bring the 
motor to full speed promptly on the first 
step. Thus, ^e timing of the second 
starting step is immaterial, and the second 
current inrush will be very smaU, if there 
is any increase in the current at all. Also 
the heating in a normal start wfll be much 
less than with the conventional half¬ 
winding method, and the risk of increas¬ 
ing the starting duty by a long setting 
of the timer is removed. 

It is true that with the two-thirds wind¬ 
ing connections, the currents are some¬ 
what unbalanced. In a typical Y case, 
there are two low-current and one high- 
current values, varying 26% either way 
from the average. In the delta case, 
there are two high-current and one low- 
current values, varying from 10% to 
15% from the average. Even in the 
conventional half-Y case, the currents 
are usually unbalanced about 5% each 
way from the average. These unbalances 
in current are of no importance whatever, 
for the negative phase sequence com¬ 
ponent of the currents is supplied by 
other near-by rotating machines on the 
system, because of their low negative 
phase sequence impedances; and the 
amflll voltage unbalance caused at the 
motor terminals will therefore be highly 
localized. The long-standing custom of 
iig^ng open-delta autotransformers, with 
unbalanced currents for rediiced-voltage 
starting, confirms these views. 

So far as light flicker is concerned, the 
light will probably decrease less when the 
voltage is unbaknced than when it is 


balanced. If all three phase voltages 
dip to 80%, the light goes down to 
(0.80)^ = 0.41 of normal. But if one 
phase voltage dips only to 90% while the 
other two dip to 75%, giving the same 
average, the total light is Vs [(0.90) *4-2 
(0.70)^] = 0.45 of normal. If the light¬ 
ing near the motor is connected to only 
one phase, the motor leads can be con¬ 
nected so that this phase will have the 
highest voltage. 

Other Possible Methods of 
Step-Starting 

The autotransformer method of re¬ 
duced-voltage starting is unattractive, 
because of the relatively high costs of the 
autotransformer and the two contactors 
required, and also because of the current 
surge that occurs when the motor is 
transferred to full voltage. A recon¬ 
nection of the motor winding from Y start 
to delta run, as is often the procedure 
abroad, requires additional contactors, 
gives only one-third torque at start, 
and also gives a current surge on the final 
starting step, which conditions rule out 
this method. 

Another way to use more than half the 
winding without excessive starting current 
is to connect the two halves of one of the 
phases in series on the first step, leaving 
the other two phases in normal paralldl 
connection; see Fig. 14. This scheme 
has been described in an earlier paper.^ 
It gives about half normal torque, and 
about 70% average current, with an 
excellent torque curve, complete freedom 
from noise and vibration, and reduced 
heating. Also, there is no current surge 
on the second step. Its disadvantage is 
that it requires a third (small) contactor, 
which must be accurately timed, and 
which therefore has a Ifigher over-all 
cost. With a ddta winding, if the extra 
contactor should fail to dear promptly 
before the full winding is closed in, the 
last step would produce a direct short 
drcuit across the line terminals. With a 
Y winding, this cannot occur, as one leg 
of the winding is always in series with the 
extra contactor. The currents are widdy 
unbalanced with this arrangem^t, and 
their average value, about 70% of full¬ 
winding current for Y windings and 80% 
for ddta windings, is higher than desir¬ 
able. 

It appears therefore that this split¬ 
winding scheme does not meet all the 
requirements, and must be limited to 
spedal cases. It is particularly applica¬ 
ble to 2-pole motors with Y windings. 

It is also possible to introduce series 
resistors, or reactors, in one or more 


of the motor lines, and to short-drcuit 
these after the motor has reached full 
speed. For example, a resistor with an 
ohmic value 1.5 times the impedance per 
phase of a Y-coimected winding, if put in 
series with one phase, will reduce the 
torque to half normal, and the average 
current to about 80% of normal. Or two 
resistors of 1.0 times the phase impedance 
placed in series with two of the motor 
leads, will reduce the torque to half 
normal and the average current to 75% 
of normal. With such a series impedance 
scheme, motor noise and vibration are 
less than in normal full-voltage starting, 
and the rate of heating will be less in 
the same proportion as the torque. 
However, two full-size starting contactors 
will be required, besides a timer and the 
resistors. Even though the second con¬ 
tactor, used to short-circuit the resistors, 
has low voltage across it, and does not 
have to carry any current during starting, 
it must carry the full operating current 
continuously, and it will therefore have 
a cost comparable to the normal full- 
winding contactor. Hence, the simple 
series impedance scheme is more costly 
than either of the part-winding schemes 
already described, and is therefore limited 
to special cases. 

Advantages of New Method 

Summing up, it appears that the con¬ 
ventional Y-connected half-winding 
method of step-starting. Fig. 2, does not 
adequately meet the req uir e m e nt s for 
step-starting, as it cannot be relied upon 
to bring the motor to full speed on the 
first step, it gives undue noise and (often) 
vibration during the initial starting period 
it is also likely to overheat in this period 
and it is not applicable to delta-connected 
motors. 

On the other hand, it appears that the 
two-thirds winding method of step- 
starting meets all these requirements, is 
comparable with the conventional method 
in cost and in all Other respects, and offers 
the opportunity to obtain still better 
performance at a very moderate increase 
in cost by using an auxiliary starting 
resistor and one more contactor pole. 

Specifically, the proposed scheme of a 
standard control pand with two con¬ 
tactors of 50% current capadty, the one 
to dose first having four poles and the 
second having two poles, together with a 
suitable timer , will provide the following 
features: 

1. It will be suitable for the conventional 
half-winding starting of any Y-connected 
motor as commonly used, with about 60% 
average current on the first step; see Fig* 
10. With this scheme, the motor may have 
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a dip in torque at some low speed, and 
IJierefore the timer should be set for less 
than 5 seconds. 

2. It will be suitable for two-thirds 
winding starting on any standard Y- 
connected motor, Fig. 6, in which case the 
motor should come to speed on the first 
step without difficulty, and with less heating 
than for the half-winding. For this case, 
the timer setting can be 10 seconds or more, 
and is not in any way critical. 

3. It will be suitable for starting any 
delta-connected motor on the half winding, 
giving the same current and starting per¬ 
formance as the half-Y-windmg, see Fig. 
11. For this case also, the timer should 
be set for less than 5 seconds. 


4. By the addition of a separate single¬ 
pole contactor, or a fifth pole on the first 
contactor, and/or a single resistor, the 
control panel may be modified to provide 
for two-thirds starting on any Y-connected 
or delta-connected motor with smooth 
acceleration in either two or three steps, 
as preferred. In this case again, the timer 
setting is not critical, at least for the third 
step. By choosing the resistor properly, 
a close adjustment of the torque and current 
can be made to suit the requirements 
exactly. Also, for 3-step starting, by plac¬ 
ing the resistor in series with the appropriate 
motor lead, the 2-current increments can 
be adjusted to preferred values. 

6. Any dual-voltage motor with nine 
leads brought out may be started on part 


winding, with one or another of t he se 
connection schemes, whether the motor has 
two or more poles, is delta-connected or 
Y-connected, or special in any way. 
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Discussion 

C. P. Potter (Wagner Electric Corporation, 
St Louis, Mo.): This paper points out that 
the "conventional” method of part-winding 
starting polyphase motors has four dis¬ 
advantages: (1) heating during starting; 
(2) noise during starting; (3) mechanical 
stresses during starting; (4) failure of the 
motor to reach full speed in a reasonable 
time, or at all. 

While it is true that these disadvantages 
exist, I know of no instance where any of 
them have caused any difficulty with motors 
manuffictured by the company with which 
I am affiliated and ^ great m^ny such 
installations have been made. Heating, 
noise, and mechanical stresses have not been 
severe, and it makes no particular difference 
whether a motor reaches full speed on the 
first step or not. The initial current i$ 
approximately 60% of the locked rotor 
value and if the motor does not start the 
second step is 40% of the locked rotor value. 
If it comes up to speed, the current on the 
second step is reduced materially. 

It seems to me that the principal disad¬ 
vantage of the new method proposed by the 
paper is the unbalance of the locked rotor 
currents on the first step of the starter. 
When the three currents are 200, 210, and 
310 amperes, respectively, it does not seem 
quite fair to say that since the average of 
these values is 240 amperes that this is just 
as good as ^e 240 amperes balanced current 
obtained with the usual half wye-connection. 
The paper states that “these unbalances in 
current are of no importance, whatever, for 
the negative phase sequence component of 
the currents is supplied by other nearby 
rotating machines on the system...and 
the small voltage unbalance.,. will therefore 
be highly localized.” Locked rotor currents 
are of particular importance in localities 
where there are very few motors instg ll ed 
and of no importance whatever where there 
^e many motors in the neighborhood. It 
is my opinion that the power companies 
may want to limit the amount of current 
unbalance in each installation and not de¬ 
pend on the balancing effect of other 
motors, which may, or may not, be present 
I do not like to use 4-pole and 5-pole epnr 
tactors but that is a matter of personal preju¬ 
dice. 

I doubt the accuracy of the statement that 


the proposed scheme will be suitable for any 
wye-connected motor. I think that it is 
possible to build wye-connected motors 
which will run perfectly satisfactorily but 
cannot be started by any of these methods. 

uie that m all cases where part¬ 
winding starting is used, approval should 
lie obtained from the motor manufacturer 
in order to avoid misunderstanding and 
possible difficulty. 

Mr. Alger and Miss Agacinsky deserve 
congratulations for presenting an excellent 
paper on such a practical subject. 


J. J. Courtin (Westinghouse Electric Cor¬ 
poration, Buffalo, N. Y.): In applying 
motors with part-winding starters, the re¬ 
sults obtained on the first step depend on 
the relative positioning of the active phase 
belts about the periphery of the stator. 
It has been shown that there are 13 different 
half-winding arrangements for a 4-pole 
3-phase motor. All of th^ result in re¬ 
duced lin^ currents since the impedance for 
half a winding in an iron core is always 
greater than for the two halves in parallel. 
However, some of these arrangements, due 
to dissymmetry in the magnetomotive force 
pattern, can produce noise to an objection¬ 
able degree. Satisfactory results are ob¬ 
tained for most applications by using motors 
in which the half-winding arrangement and 
other design features are known to be 
suitable. In many cases this means a 
special motor. Some users have been dis¬ 
couraged from further applications after 
standard motors proved unsatisfectory on 
the conventional half-winding connection 
and then the only recourae was removal and 
modification of the motor. 

The proposed control panel with its 
various connection possibilities as described 
in this paper seems to offer mainly some 
opportunity for mating simple adjustments 
or modifications at the installation. For a 
star-connected motor the 1 /2 wye and one or ’ 
more 2/3 wye connections could be experi¬ 
mented with if need be and that one 
most suited to the application could be 
employed. 

The 1/2 winding connection for a dual¬ 
voltage delta motor shown in Fig. 11 is of 
particular value since it permits use of half¬ 
size contactors whereas the top 3-pole con¬ 
tactor in the conventional arrangement of 
Fig. 6 must be sized for 76% of running line 


current. Probably a majority of standard 
dual-voltage 220/440-volt motors in the 40- 
to 126-hp range are delta-connected. Unlike 
the 1/2 wye, the 1/2 delta with the Fig. 11 
connection permits rearranging the energized 
groups in several different patterns by ex¬ 
changing the motor cables in the event that 
the original connection is not satisfactory. 
Therefore, the application of a standard 
dual-voltage motor on 1/2 delta could be 
approached with more confidence. 

The author’s explanation of the internal 
group positioning in the two 2/3 winding 
connections of the 25-hp wye and the 40-hp 
delta could be simplified. The 4-pole 3-phase 
motor has 12 phase groups. For the 1/2 wind¬ 
ing in eachcasethearrangementwas3—3---, 
the numbers indicating the energized groups. 
For the 2/3 winding, at least two arrange¬ 
ments are possible in each case. These are 
3-1-3 -1- and 4 - - 4 - -, The former has 
flat spots in the magnetomotive force wave 
and a cusp at half speed but would have 
lower values of emrent since a number of 
slots are not energized. The latter has a 
a. good magnetomotive force wave and 
torque available through the accelerating 
range and having no unenergized slots has 
higher values of current. 

The 2/3 wye is actually an open-delta 
connection to the 3-phase lines in which 
the applied voltage on the coil groups ^ 
reduced 13V8%, This accounts for the 
lower locked rotor torque than obtained 
with the 1/2 wye. The 2/3 delta has full 
voltage on the groups and, therefore, has 
higher locked rotor torque and currents 
than 1/2 the winding since more groups are 
active. 


P. L. Alger and Lorraine M, Agacinsky: 
The purpose of the new 4/2-pole contactor 
panel is to give freedom to use any of several 
alternate part winding connections for 
starting, and especially to allow the use or 
either wye- or delta-connected motors. We 
agree that the conventional 1 /2 winding wye 
scheme is perfectly adequate in many cases, 
and we expect that it will continue to be 
widely used, even with the new control 
panel. However, we believe that the 2/3 
winding scheme is often preferable. 

It is not easy to foresee the behavior of all 
possible winding arrangements, and it is, 
therefore, a good thing to be able to try put 
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alternative schemes in the field, as the new 
panel allows. A change from 1/2 wye to 2/3 
wye only requires interchanging a few leads 
on the new panel, and it is equally easy to 
shift the active phase belts to the most 
favorable combination for the particular 
motor. 

Although Fig. 8 in the paper is described 
as a 2/3 delta winding, it is actually a 5/6 
winding. For, in this figure, only one 
corner of one of the half-delta windings is 
left open, and each of the apparently idle 
legs carries half as much current as the other 
legs. This is true, because when voltage is 
applied across two comers of a delta, say 
across phase A, the current through the B 
and C phases in series will be half as great 
as the A phase current. Hence, in Fig. 8, 
the effective part of the winding is 4/6 plus 
2/6 times 1/2, or 6/6. 

A true 2/3 delta connection can be made 
by using ten leads for a dual-voltage motor, 
or six leads for a single-voltage motor, 
and either of these will give the same 
performance as the 2/3 wye winding. That 


is, with the true 2/3 delta connection, the 
average locked rotor current will be nearly 
identical with that for the 1/2 delta connec¬ 
tion, but the motor will have superior accel¬ 
erating torque, less noise, and less heating 
in most cases. In this way, the new control 
panel can be used without change to provide 
full-speed acceleration on the first step with 
about 66% current on either wye or delta 
motors. This is particularly useful for 
the larger motors that are preferably con¬ 
nected ddta, and are often single-voltage 
machines. 

It is important to note that the 2/3 con¬ 
nection is like a split-phase motor, as the 
phase angles of the currents in the two 
active legs are about 100 degrees apart, in¬ 
stead of the usual 120 degrees. With the 
recommended alternate pole, asymmetric 
connections, this has the dfect of markedly 
reducing the dip in the torque curve at half 
speed. The dip is greater with an alternate- 
pole symmetric winding, however, so such 
a machine should be started on the 1/2 wind¬ 
ing connection. 


Mr. Potter has suggested that the line 
current unbalance on the 2/3 connection may 
be objectionable. We do not think so, for 
the reasons given in the paper. It should 
be remembered that the total light output of 
a bank of lamps on a 3-phase circuit is 
greater for a given average phase voltage 
when the voltages are unbalanced than 
when they are balanced. For, the light 
varies about at the fourth power of the volt¬ 
age, so that the increase in light output from 
the lamps on the high-voltage phase is much 
greater than the decrease from those on 
the low voltage. If the lamps are all on one 
phase, it is only necessary to rotate the 
motor leads to bring the high voltage across 
the near by* lamp circuit again to bring the 
flicker down to a smaller amount when 
the voltages are unbalanced than when they 
are balanced. There is no objection from 
the heating viewpoint, because the currents 
in the circuits of the motor winding, and 
series-connected relay heaters, are balanced 
on the 2/3 as well as on the 1/2 winding con¬ 
nection. 
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LATE DISCUSSIONS 


The following discussions were re¬ 
ceived too late to be included with 
the papers. 

Low-Voltage Network Current 
Limiters 

Discussions of papers 55-443,55-444,55-434 
55-445, 55-473, 55-432, 55-474, and 

55-441, published in Power Apparatus and 
Systems, October 1955, pages 913-44. 

R. L. Hicks (Toronto Hydro-Electric Sys¬ 
tem, Toronto, Ont., Canada): With further 
reg^d to the recently published papers on 
limiters and their co-ordination with second¬ 
ary ^d network cables, an account of 
experience m operating a network system 
without limiters may prove of interest. 

This network system is operated by the 
Toronto Hydro-Electric System in Toronto, 
Canada. Although not large when com¬ 
pared with cities sUch as New York, it is 
not a small network. The present network 
demand is approximately 70,000 kva. It is 
expected that, in the very near future, net¬ 
work load will be greater than 100,000 kva. 

The approach to network secondary in 
Toronto has been different than in the 
United States. Rather than use a rubber or 
paper cable and protect it with limiters to 
ensure fault clearing and thus decrease the 
danger of rnanhole fires and explosions, 
Toronto has tried to obtain a cable with 
better bum-ofl characteristics, and which 
inherently reduces the hazard of fire and 
exploaon. The cable used is 500,000-circu¬ 
lar-mil (MCM) single-conductor asbestos- 
insulated lead-covered cable. Three single¬ 
conductor cables are installed in one 4-inch 
duct to form a circuit, and a bare neutral is 
installed in a separate duct. This is a com¬ 
pletely leaded system with wiped lead sleeve 
joints. 

From the late 1930’s, when the asbestos- 
insulated cable was first used, until the 
late I940’s, little data were obtained on 
fault clearing because there were relatively 
few fatdts. Experience showed, however, 
that this asbestos-insulated cable satisfac¬ 
torily cleared whatever faults did occur. 
In the late 1940’s construction of a subway 
was begun in Toronto, and, during its con¬ 
struction, considerable data on faults and 
fault clearing were obtained. Except under 
very abnormal conditions, fault clearing 
has been extremely satisfactory. One long 
length of secondary cable was roasted, but 
this was due to a primary fault the 
failure of a network protector to open, 
rather than an initial secondary fault. The 
unit which failed to open was a new instal¬ 
lation, and had only one tie circuit to the 
balance of the network completed when the 
fault occurred. The secondary fault cur¬ 
rent was large enough to roast this circuit 
over a period of time, but not large enough 
to blow the protector fuses. It is doubtful 
that there was enough current to blow 
limiters had they been installed. 


Although limiters are not generally used 
in Toronto, a few have been installed to pro¬ 
tect long radial runs from the network and 
to protect small lengths of old cable such as 
600-MCM 3-conductor and 1,000-MCM 
single-conductor paper-insulated lead-cov¬ 
ered cable which has been incorporated in 
the network. As far as I know, none of these 
limiters have ever blown. 

Although asbestos-insulated lead-covered 
cable costs more on a footage basis than do 
other commonly used secondary cables, 
comparative studies have indicated that 
because of the cost of limiters and limiter 
accessories and the lower cturent rating of 
other t 3 rpes of cable, such a secondary sys¬ 
tem does not prove more expensive in the 
^al analysis. We feel that the asbestos- 
insulated cable is particularly good for 
canying heavy short-time overloads. 

We realize at the same time that asbestos- 
insulated cable is not perfect, and that 
Ixouble was experienced when it was used 
in networks in the United States in the 
1930’s. I believe that the trouble at that 
time resulted from the violent reaction when 
water penetrated the cable. Fortunately, 
Toronto.has a relatively dry underground 
system. There are occasional fioods, but 
these have been neither frequent nor severe ■ 
enough to warrant the purchase of submers¬ 
ible network equipment. In the original 
asbestos-insulated cable, the insnlj iti^n was 
a matted mass of asbestos; the insulation 
in the asbestos-insulated cable now used in 
Toronto is made up of thin asbestos tapes 
wrapped around the conductor. Tests indi¬ 
cate that this taped asbestos cable has not 
the violent reaction to water that the older 
asbestos cable had. 

In spite of satisfactory performance, we 
are still ^ing to obtain a better cable and 
are working with our supplies to reduce still 
further the amount of inflammable and 
potentially explosive material in the cable 
msulation and to reduce the adverse effects 
when the insulation is exposed to moisture. 

At the same time, we are closely following 
development and experience in the types of 
network secondary discussed in the subject 
papers. 

W. R. Bullard (Ebasco Service, Inc., New 
York, N. Y.): In none of these papers or 
discussions have I found more than mere 
passing mention of networks operating 
without the benefit of limiters to aid rlporing 
of feiults in secondary mains. Yet, data 
presented in an Edison Electric Imtitute re¬ 
port on a-c network opemtions for 1960-62‘ 
indicate that, at that time, 21 out of 57 
companies reporting had neither limiters 
nor fuses in secondary mains to sectionaUze 
the network itself. Although not shown in 
this report, it is well known that many com¬ 
panies which do use limiters or fuses for 
aectionalization do not apply them to the 
^tire system but only to portions whwe it 
is considered that ability for self-dearing of 
faults is lacking or doubtful. Thus it is 
apparent that, at least as late a date as 
1952, a v^ large segment of operating 
practice relied upon burning dear of second¬ 
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ary faults. Much of this no doubt reflects 
a preference for the simpler solidly con¬ 
nected system as compared to the complica¬ 
tions intooduced by the limiters plus the 
partial interruptions to service caused by 
their functioning. This situation leads me 
to comment briefly on the subject of self- 
dearing faults. 

Early Experiments with Selp-Clearino 

Faults 

In the early begmning of network de¬ 
velopment, simple short-drcuit tests were 
made on several of these smaller systems to 
obtain information on self-dearing ability. 
Th^e tests consisted of creating faults of 
various types in tsrpical low-voltage matTiH 
cables connected directly to the network. 
The faults induded nails or tools driven into 
the cables, use of copper wires bridging from 
sheath to a bared section of conductor, 
sheath peened over into contact with a 
bared section of conductor, and others. In 
these very early tests, the results were invari¬ 
ably the same; an arc would be formed, but 
would be extinguished very quickly and 
normal operating conditions would be re¬ 
stored except for a possible open conductor. 
In fact, the results created the impression 
that it was practically impossible to produce 
a sustained arcing fault. However, these 
tests were not designed to explore ssrstem- 
atically and fully the entire range of short- 
circuit currents and conditions that might 
be encountered in networks as they 
thra or would exist subsequently. The con¬ 
ditions were taken as encountered on the 
network installations in service at the 
time. 

For an appreciable period of time the in¬ 
stallation and operation of networks pro¬ 
ceeded with satisfactory operating experi¬ 
ence, including satisfactory clearing of faults 
without benefit of fuses or limiters. Then a 
sustained arcing fault occurred in one of the 
smaller systems. This led to repetition of 
some of the short-drcuit tests on somewhat 
broader scale, and with a determination to 
produce experimentally, if possible, a sus¬ 
tained arcing fault so as to learn what con¬ 
ditions were necessary to cause it. As be¬ 
fore, all fatdts of a casual nature deared 
themselves very quickly, but a sustained 
ardng fault that gradually consumed a con¬ 
siderable length of cable finally was pro¬ 
duced. This was done by binding together 
very solidly the bared ends of all four con¬ 
ductors of a circuit of single-conductor 
cables, and then energizing them from the 
network. This of course created a “dead” 
^ort circuit, and in a short time the cables 
bec^e very hot. “Smoke” was emitted 
copiously and when one of the conductors' 
finally acquired a ^p in the short-drcuit 
path, a sustained arc was created. The 
basic diffdence in conditipiis for a ^stained 
arc from those of a self-deaxing arc then 
were readily appardit. .That is, a self- 
dearing arc is one in a cable having “fresh” 
volatilizable insuladou, ahd the gases 
evolved quickly extinguidi it. A sustained 
arc is one in a cable in which the insulation 
(more or less throughout its length) has been 
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partially or wholly carbonized. In this case 
the action is mu(± like that of a carbon arc 
lamp. Not only are the “blow-out" gases 
lading but also the insulation has become 
more or less conducting, thus tending to re¬ 
establish the fault should the arc be ex¬ 
tinguished. 

Further investigation of the service failure 
that prompted this study revealed that the 
cable run involved and some other neigh¬ 
boring runs consisted of three lead-sheathed 
single-conductor cables in the same duct 
with a neutral of old “rope-lay" bare copper. 
The space occupied in the duct was high and 
mechnical damage had been caused at nu¬ 
merous places during installation by the jam¬ 
ming and pressing of the rope-lay neutral 
against the lead sheaths of the other cables. 
Thus there were numerous incipient failures, 
and it seemed probable that two or more 
faults had occurred closely together in time 
due to a triggering effect of the first one, 
thus prolonging the heating and producing 
the conditions necessary to create a sus¬ 
tained arc. Of course, a considerable num¬ 
ber of sustained arcing faults have been 
encountered since that time but the few that 
I have had occasion to investigate have 
involved unusual or special conditions of one 
kind or another that contributed to produc¬ 
ing the particularly tenacious kind of fault 
required to damage insulation badly before 
the fault develops into the purely arcing 
type. 

Later Research 

Of course, since the very early short-cir¬ 
cuit tests I have mentioned a great deal of 
research on bum-off characteristics has been 
conducted, culminating in the development 
of current limiters, and bringing us ulti¬ 
mately to the stage of refinement in design 
and application represented by this series 
of papers. Most of the more comprehensive 
bum-off experimentation was directed to¬ 
ward determining minimum values of current 
necessary to bum conductors in two when 
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they were involved in absolutely “dead" 
(non-ardng) short circuit, and the results 
have been used to some extent as a criterion 
for design of solidly connected networks. 
Curiously enough, little attention has been 
paid by the industry in general to the basic 
nature of the self-clearing action that I have 
described and indeed for lack of published 
discussion of the matter it may be that it is 
not really understood by some operating 
companies. 

The Solidly Connected System Point 

OP View 

Without in the least wishing to minimize 
the importance and great merit of the work 
that has been done in developing and stand¬ 
ardizing current limiters, I think it may be 
well to include in the record mention of some 
adverse considerations, from the point of 
view of those who operate solidly connected 
ssrstems, They are 

1. Installation costa are appreciable, especially 
where application of limiters to an old solidly con¬ 
nected system is involved. 

2. Limiters involve operatins complications, and 
require good application engineering to insure 
proper protection co-ordination. This may be diffi¬ 
cult or burdensome for some of the smaller com-' 
panics. 

3. They cause partial service interruption when 
they function, and to some extent may represent a 
source of maintenance expense unless very carefully 
designed for dependable service over long periods 
under all conditions of operation. 

4. As pointed out in some of the discussion, they 
are something less than 100 per cent effective in the 
over-all job of protection. 

Casual fault conditions that will produce 
a completely solid short circuit are by no 
means common. In fact they are difficult 
to picture. In the case of very large conduc¬ 
tors, mechanical factors and the preponder¬ 
ance of metal over insulation may play a 
part. Experience with which I am familiar 
indicated that sustained faults, at least in 
the smaller solidly connected networks, are 
very rare. This consideration, plus those 
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given in the foregoing, no doubt are largely 
responsible for decision of some companies 
to continue solidly connected practice for 
network mains throughout, and the reluc¬ 
tance of others to adopt limiters for other 
than restricted portions of their systems. 
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“Optimum Design of Induction Torque Mo¬ 
tors and Servomotors" by Gerald Weiss; pub¬ 
lished in Power Apparatus and Systems, Oc¬ 
tober 1955, pages 809-15. 

As a result of a typographical error, equa¬ 
tion 6 was incorrect as printed. This 
equation should read: 


“Report on the Operation of Switched Ca¬ 
pacitors," an AIEE Committee Report; pub¬ 
lished in Power Apparatus and Systems, De¬ 
cember 1955, pages 1255-60. 

As a result of an error in the original manu¬ 
script, the equation appearing under the 
heading “Current-Limiting Reactors" (page 
1267) was incorrect as printed. This equa¬ 
tion should read: 
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Optimum, Weiss.809-15 

Design of Large Induction Motors, Sonance Wall. 

_ ,. 1189-92 

Design of the Adjustable Lin-O-Phase Filter. Lee. 

_ • .. 273-7; disc 277 

Design Principles of Hux-Switch Alternators. Rauch, 

Johnson.....1261-8; disc. 1268 

Design Problems and Field Tests Concerning Circuit 
Breakers for Switching Long 230-Kv Lines. Um- 

phrey, Marsden.693-701; disc 701 

Design Problems and Operating Experience With 
Aluminum Distribution Conductors in the Pitila- 
delphia Electric Company. Nelson, Garrett..... 

..825-8; disc 828 

Detection of Grounds in Generator Field W inning. 

Barkle, Sterrett, Fountain..467-70; disc 470 

Detector for Synchronous Generators, A Transductor 

Type Field Ripple McConnell... 

. 476-9; disc 479 

Determination of Incremental and Total Loss Formulas 
from Functions of Voltage Phase Angles, The 

...161-71; disc. 171 

Determining Constants for the Generai Transntission 
Loss Equation, A New Method of. Early, Watson 

......1417-21; disc 1421 

Devdoping Iron Lost Curves for Small Motors from 

Motor Tests. Shaneman........1176-9 

Development of a Wdded Aluminum Bus for Sub- 

statione Asbury, Hartman.. .834-8; disc 838 

Devdopment of Small Hydrodectric Sites in Western 
North Carolina. Gnuse........ .65-8 

1468 


Devices, Test Circuits for Capacitance Switching. 

Darrow, Phillips, Schultz, Shores. 

.624-34; disc 634 

Diagrams, A Simplified Method of Calculating Voltage 
R^ulation Using UnitTmpedance Power Reactive 

Butler..304-10; disc 310 

Didectric Strength to Oil Circuit Breakers, Application 
of Vdume Theory of. Wilson, Streater, Tuohy... 

.677-84; ^ 684 

Digital Calculation of Network Impedances. Glimn, 

Habermann, Henderson, Kirchmayer. 

.1285-95; disc 1295 

Direct-Stroke Protection of High-Voltage Switching 
Stations and Transformers. Griscom, Dillard, 

Hileman...354-65; disc 365 

Disconnecting Switches, Results of High-Current Testt 

onl61-Kv. McNemey.104-08; disc. 108 

Dissymmetry Harmonics, Single-Phase Induction 

Motor Noise Due to. Muster, Wolfert. 

.1365-72; disc. 1372 

Distribution Circuits, A Power Clasi Redoser for Higher 

Speed Clearing of. Fidd, Leatherberry. 

;.986-91; disc 991, 

Distribution Conductors in the Philaddphla Electric 

Company, Design Problems and Operating Ex¬ 
perience with Aluminum. Nelson, Garrett..,.,, 

;•••_ .825-8; disc. 828 

Distribution Feeder, Automatically Switched Capacitors 

in Steps on a Single Fowler, Thomas.... 

•••••; . 311-14; disc 314 

Distribution in Power Transformer Design, Control of 

Electrostatic Voltage Bennon, Cossaart. 

•;••• .1122-5; disc. 1125 

(Distribution) Measurement of Resistance and Re¬ 
actance of Expanded ACSR. Tompkins; Jones, 

7“*^..368-73; disc. 373 

Distribution-Substation and Primary Feeder Planning. 

Denton, Reps...484-97; disc. 497 

Distribution System Parameters, Power. Kidder, 

Neh«.125-40; disc 140 

Distribution Systems, A Method for Determining Eco¬ 
nomical ACSR Conductor Sizes for. Funkhouser, 

Huber..479-83; disc 483 

Distribution Systems, Eight Years* Experience with All- 

Aluminum. Carpenter, Thornton. 

.828-32; disc. 832 

Distribution Systems, The limiter—Its Basic Functions 

in Network. Xenis.913-15; disc. 944, 1463 

Distribution Transformers, Functional Life Expectancy 

Tests for Liquid Fill^. Lockie... 

.977-82; disc. 982 

Distribution Transformers, Impulse Tests on Low-Volt¬ 
age Windings of. Holcomb.1152-5; dist. 1155 

Division Multiplexing, Quadripbase—A New Approach 

to Time Evans, Lowe.900-03 

Double-Energy Conv«:rion in an Air Gap—A Novel 
Asynchronous Frequency Clumger. LaPierre, 

Lo«i«..1373-5; disc. 1376 

Double-Wye High-Voltage Capacitor Banks, Balancing. 

Compton.573-8; disc. 578 

Dry-Type Current Transformers, Epoxy Resin GM»tiTi g 

of. Fameth, Gallousis.194-7; disc. 197 

Dry-Type Power and Distribution Transformers, Pro¬ 
posed Test Code for Functional Temperature En¬ 
durance Test? of Ventilated. (Committee Re¬ 
port) ...971-5; disc 975. 

Dry-Type Power Transformers, Experiences With the 

Use of Aluminum in Windings for. Tipton. 

^ ... :....... ........1201-04 

Dry-Type Power Transformers, Functional Life Evalua¬ 
tion of Group-2. Zambcll...956-70 

Dry-Type Transformer Insulation, Evaluation and 
Application of Silicone-Organic Rcitin Combina¬ 
tions for. Simmons, Scheideler... 

_ .....155-60; disc. 160 

Dry-Type Transformers, Functional Ufe Tests of In- _ 
sulation Systems for. Narbut. ...^. 

• • ..... .1057-61; disc. 1061 

Dry-Type Tranriormers, Functional Temperature En- 
. diuance Tests on a Silicone Glass. Fiber Insulation 
Systemfor. Manning.............91-8;disc. 98 

Duct and in Iron Conduit,. A-C Rcristance of Conven- 
, tional Strand Power Gables in Nonmetallic. 

Burrell, Morris........1014-21; disc. 1021 

Duet, Time-Current Damage Characteristics, Cable in. 

. Porter,...919-21;disc. 944, 1463 

Durability Testing of Valve Type Lightning Arresters, 

Tranrient. Kalb, Yost..521-6; disc. 5^6 

Dynamics of High-Capacity Outdoor Oil Circidt 

Breakris. Batkan...........671-6; disc. 676 

Dynamoelectric Amplifier, A CHreuit Approach to the 
Analyris of a 2-Stage. Burtness... .440-9; disc. 449 
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Eccentricity, Vibration, and Shaft Ourrents in Turbine 

Generators. Rosenberg....... ; .38-41 

Economic Scheduling and Control of Power Systemic 

A Computer for, Morrill, Blake,......^.. 

•...1136-41; dim. 1141 
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Economic Selection of Auxiliary Drive Motors in Power 

Plants. Gross, Bobrowicz.1237-46; disc. 1246 

Economic Size of Steam-Electric Generating Units, An 
Investigation of the. Kirchmayer, Mellor, O’Mara, 

Stevenson..600-09; disc, 669 

Economical ACSR Conductor Sizes for Distribution 
Systems, A Method for Determining. Funkhouser, 

Hul^..479-83; disc. 483 

Economics of Higher Primary and Secondary Voltages 

for Commercial Areas. Lawrence, Reps. 

...1034-45; disc. 1045 

Efiect of Shock and Vibration on Relays. (Committee 

Report).398-400; disc. 400 

Efiect of Skew on Induction Motor Magnetic Fields. 

Linkous,.760-5; disc. 765 

Efiect of Synchronous-Machine Transient Rotor Sali- 
ency on Changes in Terminal Voltage. Concordia. 

...25-31 

Eficcts- of Corona on Traveling Waves. Wagner, 

fJoyd.. 

Efficiency of Grounding Grids with Nonuniform Soil 

Zabortzky...1230-3 

Eight Years* Experience with All-Aluminum Distribu¬ 
tion Systems. Carpenter, Thornton. 

•;••• ••.828-32; disc. 832 

Electric Arc Furnaces—Electrical Characteristics and 
Corrective Equipment, Two Large. Luther, 

Ghesquiere, Quick.1401-05; disc. 1406 

Electric Breakdown of Fully Impregnated Paper In¬ 
sulation for High-Voltage Gables, Research on the. 
(lazzana Priaroggia, Palandri. .1343-57; disa 1357 
Electric Cable at High Frequency, Characteristics of 

Single-Conductor. Sabol.1280-5; disc. 1285 

Electric Contact Materials, High-Current Arc Erosion of, 

Wilson.. .. .657-64; disc. 664 

E l ectric Defibrillation. Kouwenhoven, Milnor. 

..561—4; disc. 564 

Electric Defibrillation, Field Current Sources for. 

Betz....33-5 

Electric Machines, Two-Axis Method of Analyzing. 

Tang, CosgrifT.1449-55 

Electric Power Industry, Research in the. Gaty. 

•;. 553-6; disc. 556 

Electric System Planning, Rural. Rixse... 

•;•••• ..1410-16; disc. 1416 

Electric Utility Industry, Implementation of a Research 

Program for the. Hobson, Lewis, Oldacre. 

. ..545—50; disc. 550 

Electric Utility Load Forecasting. Godard.. .1428-40 
Electric Utility Substations,' Control Circuitry for Re¬ 
motely Operated. Derr, Metz.... 450-9; disc. 459 
Electrical Shock Hazards in Central Ofiice Communi¬ 
cations Equipment, Protection of Personnel Against 

Jones.893-6 

Elecbrical Utilities, Manufacturer’s Research in Relation 

to, Parker,Baird..557-60 

Electricri Utility Load Forecasting, The Application of 

Business Machines to. Gruetter.854-8. 

Electricity, Forecasting the Demand for. Hooke. 

...993-1005; disc, 1005 

Electromagnetic Unbalance of Untransposed Trans* 

mission Lines. Gross, Nelson. Part II.887-93 

Electrostatic Voltage Distribution in Power Trans¬ 
former Design, Control of. Bennon, Coamart..,. 

...1122-5; disc. 1125 

Elements for High-Voltage Ciurrent-Limiting Fuses, 

Ribbon, Powell, Schuck.635-41; disc. 641 

End Iron of Large Turbine Generators, Stray Losses 

in theArmature. Winchester.381-9; disc. 389 

Endurance Tests of Ventilated Dry-Type Power and 
Distribution Transformers, Proposed Test Code 
for Functional Temperature. (Committee Report) 

----971-5; disc. 975 

Energizixl A-G Motor iVindings;'"Measurement of Re- 

sBKhcebf. Waldschmidt.1303-04; disc. 1305 

Energy Control of Interconnected Power Systems, 

Load-Phase Tie-Line. Cahen.1-5 

Energy Convendon in an’Air Gap—A Novel Asyn¬ 
chronous Frequency Changer, Double-. LaPierre, 

Louis;.. .1373-5; disc. 1376 

Engine Generators for Microwave Communications 
Systems, Reco mmen dations for Improving Re¬ 
liability of Stand-by. : Tharp..261-6; disc. 266 

Epoxy Resin Casting of Dry-Type Current Trans. 

formers. Farneth, Gallouris._194-7; disc. 197 

Equation, A General Transmistion Loss. Einly, 

Watson, Smitii.... .510-16; disc. 516 

Equation, A New Method of Deterinining Constants 
for the General Transmission Loss, Early, Wat- 

.. i...... .1417-21; disc, 1421 

Equipment, Two Large Electric Arc Furnaces—Eleo- 
tricri Characteristics and Corrective. Luther, 

Ghesquiere, Quick.... ,1401-05; disc. 1406 

Equivalent Circuit for the Coiicatenation of Tinhicrion 

Motors. Ku.. ..1214-18; disc. 1219 

Equivalent (Sreuits for Single-Phase Motor*. Slemon .. 

5" .. ...1335-42; disc, 1342 

Erostion of Electric Contact Materials, High-Current 
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European Practices in Power Line Detign, Investigation 
' Of. Fritz...........505-09; disc. 509 

Fbekdary 1956 




































































































































Evaluation and Application of Silicone-Organic Retin 
Combinations for Dry-Type Transformer In¬ 
sulation. Simmons, Scheideler.. 

.ISS-dOjdlsc, 160 

Excitation, D-C Machines: Response to Impact. 

Brockman, Linkous.500-03; disc. 503 

Excitation System Response, An Approa:^ to the 

Definition of. Bliss..1008-12; disc. 1012 

Expanded ACSR, Measurement of Resistance and Re¬ 
actance of. Tompkins, Jones, Tuttle. 

.368-73; disc. 373 

Experiences With the Use of Aluminum in Windings 

for Dry-Type Power Transformers. Tipton. 

.1201-04 

Experimental Gas-Insulated 138-Kv Current Trans¬ 
former, An, Camilli.100-03; disc. 103 
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Factors Concerned with the Use of Protrctive Devices 
Shunting Reactors, Review of the, (Committee 

Report). 903-13 

Fault Currenu for High-Voltage Circuit-Breaker In¬ 
terruption, Analysis of. Lantz.41-5 

Fault Location Methods, Bibliography and Summary of. 

(Committee Report).1423-7; disc. 1427 

Feeder, Automatically Switched Capacitors in Steps on 

a Single Distribution. Fowler, Thomas. 

.311-14; disc. 314 

Feeder Planning, Distribution-Substation and Primary, 

Denton, Reps.484-97; disc. 497 

Field Conductor Materials for Turbine Generators, Im¬ 
proved. Holley, Savidge.72-6 

Field Current Sources for Electric Defibrillation, Betz., 


Field Ripple Detector for Synchronous Generators, A 
Tra^uctor Type, McConnell,,.476-9; disc, 479 
Field Tests Concerning Circuit Breakers for Switching 
Long 230-Kv Lines, Design Problems and. Urn- 

phr^, Marsden.693-701; disc, 701 

Field Tests on a 138-Kv High-Speed Oil Circuit Breaker 
at PhiUp Spom Power Plant. Naef, Hambrick... 

.710-24; disc. 724 

Field Windings, Detection of Grounds in Generator. 

Barkle, Sterrett, Fountain.467-70; disc. 470 

Fields, Efiect of Skew on Induction Motor Magnetic. 

. linkous. 760-5; disc. 765 

Filter, Design of the Adjustable Lin-O-Phase. Lee... 

.273-7; disa 277 

500-Megavolt-Ampere Air Magnetic Circuit Breaker 
of Simplified Design, A New. Rdlly, Weston.... 

..1093-8; disc. 1098 

5,000,000 Kva, A 69-Kv Compressed Air Circuit 

Breakcrfor. Kane, Walker..705-09; disc. 709 

Flatiron Power Plant, Pumped Storage and Hydro 
Generation at. Denton, Britt... .614-18; disc. 618 
Flowmeter, Principles and Application of the Ultra¬ 
sonic. Swengel, Hess, Waldorf. .112-17; disa 117 
Flux Measurementt in Magnetic Air Circuit Breaker 

Interrupters. Carter..1062-5; disc. 1065 

Flux-Switch Alternators, Design Prindples of. Rauch, 

Johnson.1261—8; disc. 1268 

Forced Oil Cooled Rotary Welding Transformer, The. 

Shenk.873-80 

Forecasting, Electric Utility Load. Godard.... 1428-40 

Forecasting the Demand for Electiidty. Hooke. 

..993-1005; disc. 1005 

Formulas from Functions of Voltage Phase Angles, 
The Determination of Incremental and Total Loss. 

Gahn......161-71; disc 171 

Foundations, Maximum Short Circuit and Faulty Syn¬ 
chronizing Torques on Generator. Ruskin. 

...618-23; disc.,623 

4-Pole Induction Motor, Ten Part-\^finding Arrange 
ments in Sample, Gourtin... .1248-53; disc. 1253 

Freezing Oil-Type Pipe Cables. Merrell... 

..i... 1023-31; disc. 1031 

Frequency Changer, Double-Energy Conversion in an 
Air Gap—A Novel Asynchronous, LaPierre, 

Louis.1373—5; disc. 1376 

Frequency Control System for Central Station Power 

Automatic Load. Ehrenberg.....,787-95 

Frequency Modulated System, An Investigation of the 

Capture Effect in a Narrow-Band. Hedges. 

... ,289-91; disc. 292 

Frequency Noise on Powdr Lines, A Study of Carrier-. 
Moynihan, Sparlin: 

Part IV. Gondusion of Fidd Measurements. 

. ,..,,.795-800 

Frequency, Vibration in 2-Pole Induction Motors Re¬ 
lated to Slip. Summers.69-72 

Functional Life Evaluation of GrQU^2 Dry-Type Power 

Transformers. Zambell.. .956-70 

Functional Lffe Expectancy Tests for Liquid-Filled Di^ 
tribution Transformers. Lockie..977-82; disc. 982 
Functional Ufo Tests of Insulation Systems for Dry 
Type IVansformaa. Narbut. .1057—61; disc. 1^61 
Functional Temperature Endurance Tests of Ventili^ed 
Dry Type Power and Distribution Transformers, 
Propos^ Test Code for. (Comnuttee Report) . ;^ ... 
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Functional Temperature Endurance Tests on a Silicone 
Glass Fiber Insulation System for Dry-Type Trans¬ 
formers. Manning.91-^; disc. 98 

Functions of Voltage Phase Angles, The Determination of 
Incremental and Total Loss Formulas from. Cahn. 

.161-71; disc. 171 

Fundamental Relations of System Voltage Drop and 

System Loads. Miller, Robbins. 

.267-72; disc. 272 

Fundamentals on Capacitance Switching, Some. John¬ 
son, Schultz, Schultz, Shores.727-36; disc. 736 

Furnace Loads, Voltage Dip and Synchronous Con¬ 
denser Swings Caused by Arc. Concordia. 

...:.951-6 

Fuses, Ribbon Elements for High-Voltage Current- 

Limiting. Powell, Schuck.635-41; disc. 641 

Fuses With Single Wire Element, The Calculation of 
the Complete Hme/Current Characteristics of 

Cartridge. Guile..1108-15; disc. 1115 

Future Application Needs of Carrier Pilot Rdaying. 
Cramer, Krings..1233-5; din. 1235 
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Gas-Insulated 138-Kv Current Transformer, An experi¬ 
mental. Camilli.100-03; disc. 103 

Gas-Pressurized 120-Kv and 161-Kv Pipe-Type Gables 

in Ontario. Kozak, Prescott.184-92; disc. 192 

General Study of Area Supply Methods. Casazza, 

Rankin.1328—34; disc. 1334—5 

General Transmistion Loss Equation, A. Early, Watson, 

Smith..... .510-16; disc. 516 

Generating Station Auxiliary Busses, Transfer of Steam- 

Electric. Lewis, Marsh.322-30; disc. 330 

Generating Units, An Invotigation of the Economic 
Size of Steam-Electric. Kirchmayer, Mellor, 

O’Mara, Stevenson.600-09; disc 609. 

Generation at Flatiron Power Plant, Pumped Storage 

and Hydro. Dettton,Britt.614-18; disc. 618 

Generation, Co-ordination of Hydro and Steam. 

Watchom.142-8; disc. 148 

Generator Field Windings, Detection of Grounds in. 

Barkle, Sterrett, Fountain.467-70; disc. 470 

Generator Foundations, Maximum Short Circuit and 

Faulty Synchronizing Torques on. Ruskin. 

.618-23; disc. 623 

Generator Operating and Maintenance Methods of the 
Southern California Edison Company, Steam Tur¬ 
bine. Sidway, Clevenger.60-5 

Generator Operation and Maintenance Practice of 
Philadelphia Electric Company, Turbine. Gal¬ 
lagher.48-9 

Generator, Operation of Hydrogen-Cooled Turbine. 

Sterrett, Townc.433-8; disc. 439 

Generator Stator Wnding Temperatures at Various 
Hydrogen Pressures, Turbine. Alger, Kilboume, 

Snell.232-50; disc. 250 

Generator, Test Report on a Fully Supercharged. Beck¬ 
with, Koetting, Rosenberg, Staats.56-9 

Generators, A Transductor Type Field Ripple De¬ 
tector for Synchronous. McConnell. 

.476-9; disc. 479 

Generators During Off-Peak High Power Factor Periods 
—^Practices of One Utility in a Metropolitan area 

Operation of Turbine. Roberts, Webb. 

..461-5; disc. 466 

Generators, Eccentricity, Vibration, and Shaft Cur¬ 
rents in Turbine. Rosenberg.38-41 

Generators for Improved Performance, Rewinding A-C. 

SeUne. 472—4; disc. 474 

Generators for Microwave Communications Systems 
Recommendations for Improving Reliability of 
Stand-by Engine. Tharp........261-6; disc. 266 

Generators, Production and Installation of Vertical 

Water Wheel. Houser, Hindle, Tyennan. 

...:......536-43; disc, 543 

Generators, Stray Losses In the Armature End Iron of 

LargeTurbine. Winchester..381-9; disc. 389 

Glass Fiber Insulation System for Dry-Type Trans¬ 
formers, Functional Temperature Endurance Tests 

. on a Silicone. Manning.. .91-8; disc. 98 

Gradients on High-Voltage Transmission Lines, Voltage. 

Adams.. 5-11 

Grids for High-Voltage Stations, Grounding. Gross, 
Wise. 

Fart II. Resistance of Large Rectangular Plates. 

...... 801-09; disc. 809 

Grids with Nonuniform Soil, Efifidency of Grounding. 

Zaborszky....... 1230-3 

Ground-Relay Problems, Some Utility. Barnes, Mc- 

ConndU...417—28; disc. 428 

Grounding Grids for IBgh-VoU^e Stations. Gross,.. 
Wise. 

Part II. Resistance of Large Rectangular Plates. 

.. .801-09; disc. 809 

Grounding Grids with Nonuniform Soil, Ef^ency of. 

Zaborszky...1230-3 

Grounds in Generator Field Windings, Detection of, 

Barkle, Sterrett, Foimtain..467-70; disc. 470 

Group-2 Dry-Type Power Transformers, Functional 
Life Ev^uation of. Zambell....956-70 
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Harmonics, Single-Phase Induction Motor Noise Due 

to Dissymmetry. Muster, Wolfert. 

.1365-72; disc. 1372 

Hazards in Central OfSce Communications Equipment, 
Protection of Personnel Against Electrical Shock. 

Jones.893-6. 

Heat Flow Problems, An Analogue Solution of Cable. 

deHaas, Sandifora, Cameron.315-18; disc. 318 

High-Capacity Anode Air Circuit Breaker, A New. 

Bottonari, Sprow..1297-1302; disc. 1302 

High-Capacity Outdoor Oil Circuit Breakers, Dy¬ 
namics of. Barkan.671-6; disc. 676 

High-Capacity Outdoor Oil Circuit Breakers, The 
Results of 7 Years’ Experience With. Balentine, 

Darrow.665—70; disc. 671 

High-Current Arc Erotion of Electric Contact Ma¬ 
terials. Wilson....657—64; disc. 664 

High-Current Testing of Air-Disconnect Switches. 

Gostin.21-5 

High-Temperature Classification of Rubber and 
Rubberlike Insulation of Network Cable by Oven 

Heating Tests. Couch, Crowdes. 

.930-4; disc. 944, 1463 

High Voltage Busses and Insulators During Short 

Circuits, Behavior of. Milton, Chambers. 

.742-6; disc. 746 

High-Voltage Circuit-Breaker Interruption, Analysis 

of Fault Currents for. Lantz.41-5 

High-Voltage Current-Limiting Fuses, Ribbon Ele¬ 
ments for. Powell, Schuck.635-41; disc. 641 

High-Voltage Instrument Transformers, The Applica¬ 
tion of a New Nontracking Butyl to. Pfuntner, 

Norman, Wilterdink. 1173-6 

High-Voltage Rubber-Insulated Cables, Some Per¬ 
formance Characteristics of. Rosch. 

.1219-24; disc. 1224 

High-Voltage Rubber Insulation, Modem. Couch, 

Hunt, Kenney, Ware.1387-97; disc. 1398 

High-Voltage Stations, Grounding Grids for. Gross, 
Wise. 

Part II. Resistance of Large Rectangular Plates. 

.801-09; disc. 809 

High-Voltage Switching Stations and Transformers, 
Direct-Stroke Protection of. Griscom, Dillard, 

Hilcman...354-65; disc. 365 

High-Voltage Transmission Lines, Voltage Gradients 

on. Adams.5-11 

Hydro and Steam Generation, Co-ordination of. 

Watchom.142-8; disc. 148 

Hydro Generation at Flatiron Power Plant, Pumped 

Storage and. Denton, Britt.614-18; disc. 618 

Hydroelectric Sites in Western North Carolina, Develop¬ 
ment of Small. Gniise.<55-^ 

Hydroelectric Units as Practiced by Temicssce Valley 
Authority, Mechanical Alignment of Vertical- 

Shaft. Norris.586-9; disc. 589 

Hydrogen-Cooled Turbine Generator, Operation of. 

Sterrett, Towne.433-8; dire. 439 

Hydrogen Pressur^ Turbine Generator Stator Winding 
Temperatures at Various. Alger, Kilbourne, 
Snell.232-50; dire. 250 
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(Ice) Relay Protection for Lines Being Sleet-Melted 

by the Short-Circuit Method. Hogan, Pebler. 

.1067-71; disc. 1072 

Impact Excitation, D-C Machines: Response to. 

Brockman, Linkoiis..500-03; disc. 503 

Impedance Power Reactive Diagrams, A Simplified 
Method of Calculating Voltage Regulation Using 

Unit. Butler.304-10; disc. 310 

Impedances, Digital Calculation of Network. Glimn, 

Habermann, Henderson, Kirchmayer. 

.1285-95; disc. 1295 

Impedances of Symmetrical 3-Phase Transformer Con¬ 
nections, Sequence. Cogbill.1313-23 

Implementation of a Research Program for the Electric 

Utility Industry. - Hobson, Lewis, Oldacre. 

........545-50; disc, 550 

Impregnated Paper Insulation for High-Voltage Cables, 
Research bn tiie Electric Breakdown of Fully. 
Gazzana Priaroggla,Palandri..l343—57; disc. 1357 
Improved Approximate Technique for. Calculating 
Cable Temperature Transients, An. Van Wormer 

.. . ..277-80; disc. 280.. 

Improved Fast-Acting Thermal Relay and Itt Applica¬ 
tion as a Cage '\6^ding Protective Relay for Syn¬ 
chronous Machines. Baude.349-53; disc. 353 

Improved Field Conductor Materials for Turbine Gen¬ 
erators. Holley, Savidge.72-6 

Impulse Testing, Magnetization of Transformer Cores 

' During, Beavers, Holcomb, Leoni. 

.7. .118-23.; disc. 123 

Impulse Tests on Low-Voltegc Windings of Distribution 

Transformers. Holcomb.1152—5; disc. 1155 

Increased Current Ratings for Step Regulators. Sealey 
..737-42; disc. 742 
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Incremental and Total Loss Formulas from Functions of 
Voltage Phase Angles, The Determination of. 

Cahn... . 161-71; disc. 171 

Incremental Cost of Power-Delivered Computer, An. 

Early, Phillips, Shreve.529-34; disc. S34 

Induction Machine with Solid Iron Rotor, The. Mc- 

Connell, Sverdrup.343-8; disc. 348 

Induction Motor Magnetic Fields, Effect of Skew on. 

Linkous.. disc. 765 

Induction Motor Noise Due to Dissymmetry Harmonics. 
Single-Phase. Muster, Wolfert. 

T -1 •••• „.1365-72; di^,' 1372 

Induction Motor, Ten Part-Winding Arrangements in 

S^ple 4-Pole. Courtin.1248-53; disc. 1253 

Inducuon Motors, Equivalent Circuit for the Conca- 

tenationof. Ku.1214-18; disc. 1219 

Induction Motors, Predetermination of Sound Pres¬ 
sure Levels of Magnetic Noise of Polyphase. ErdelyL 

, . ••.•••;;... 1269-80; disc. 1280 

Induction Motors Related to Slip Frequency, Vibration 

in 2-Pole. Summers.69-72 

Induction Motors, Sonance Design of Large. Wall_ 

.1189-92 

Induction Motors, The Transient Stalled Temperature 
Rise of Cast Aluminum Squirrel-Cage Rotors for. 

. 019-24; disc. 824 

Induction Torque Motors and Servomotors, Optimum 

Design of. Weiss. 809-15 

Industry Implementation of a Research pi^gi^ for 

the Electric Utility. Hobson, Lewis, Oldacre. 

545-50; disc. 550 


Insulation, Evaluation and Application of Silicone- 
Organic Resin Combinations for Dry-Type Trans¬ 
former. Simmons, Scheideler. .155-60; disc. 160 
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Materials, High-Current Arc Erosion of Electric Con¬ 
tact. Wilson..657-64; disc. 664 

Mathematical Method for Determining Insulation 
Damage Curves for Network Cables, A. Kolks.. 

.934-8; disc. 944, 1463 

. Maximum Short Circuit and Faulty Synchronizing 

Torques on Generator Foundations. Ruskin. 

.618-23; disc. 623 

Measurement, Apparatus Noise. Wells.1170-3 

Measurement of Carrier Characteristics on Power 
Cables, A Method of. Sparlin, Moynihan.. .31-3 
Measurement of Resistance and Reactance of Expanded 

ACSR. Tompkins, Jones, Tuttle. 

.368-73; disc. 373 

Measurement of Resistance of Energized A-C Motor 

Windings. Waldschmidt.1303-04; disc. 1305 

Measurements in Magnetic Air Circuit Breaker In¬ 
terrupters, Flux. Carter..1062-5; disc. 1065 

Measurements on D-C Armatures, Correlation of 
Temperature. Gerbetz, Ewing.. .391-4; disc. 395 
Mechanical Alignment of 'Vertical-Shaft Hydroelectric 
Units as Practiced by Tennessee Valley Authority. 

Norris.586-9; disc. 589 

Megavolt-Ampere Air Magnetic Circuit Breaker of 
Simplified Derign, A New 500-. Reilly, Weston.. 

.1093-8; disc. 1098 

Metadyne Transients. Fcgley.1179-88 

Metallic-Sheathed Cables, Mineral-Insulated. Jordan, 

Eager.198-212; disc. 212 

Method for Determining Economical ACSR Conductor 
Sizes for Distribution Systems, A. Funkhouser, 

Huber.479—83; disc. 483 

Method for Part-Winding Starting of Polyphase Motors, 

A New. Alger, Agacinsky.1455-62; disc. 1462 

Method for Short-Circuit Calculations, D-C Machines—. 

Cybulski, O’Connor.214-21 

Method for Studying Circuit Transient Recovery Volt¬ 
age Characteristics of Electric Power Systems, A. 

Kotheimer.1083-6; disc. 1086 

Method for the Step-by-Step Calculations in Power. 
System Transient Stability Studies, A Rational. 

Norinder.1087-91; disc. 1091 

Method of Analyzing Electric Machines, Two-Axis. 

Tang, CosgrilT.1449-55 

Method of Calculating Voltage Regulation Using Unit 
Impedance Power Reactive Diagrams, A Simpli¬ 
fied. Butler.304-10; disc. 310 

Method of Determining Constants for the General 
Transmission Loss Equation, A New. Early, 

Watson.1417-21; disc. 1421 

Method of Measurement of Carrier Characteristics on 

Power Cables, A. Sparlin, Moynihan.31-3 

Methods, Bibliography and Summary of Fault Location. 

(Committee Report). 1423-7; disc. 1427 

Metropolitan Area, Operation of Turbine Generators 
During Off-Peak High Power Factor Periods— 

Practices of One Utility in a. Roberts, Webb. 

. .461-5; disc. 466 

Microwave Communications Systems, Recommenda¬ 
tions for Improving Reliability of Stand-by Engine 

Generators for. Tharp.261-6; disc. 266 

Microwave System Parameters for Reliable Communi¬ 
cations. Aivira, Corbell.1100-07; disc. 1107 

Mineral-Insulated Metallic-Sheathed Cables. Jordan, 

Eager....198-212; disc. 212 

Modem High-Voltage Rubber Insulation. Couch, 

Hunt, Kenney, Ware...1387-97; disc. 1398 

Motor Circuit, Weighted Mutual Reactances for a 

Triple-Cage. Martin.765-8 

Motor Magnetic Fields, Effect of Skew on Induction. 

Linkous.760-5 ; disc. 765 

Motor Noise Due to Dissymmetry Harmonics, Single- 

Phase Induction. Muster, Wolfert. 

..1365-72; disc. 1372 

Motor, Ten Part-Winding Arrangements in Sample 4- 

Pole Induction. Courtin.1248-53; disc. 1253 

Motor Testing, Application of Statistics to. Oldenkamp 

...815-18; disc. 818 

Motor Windings, Measurement of Resistance of Ener¬ 
gized A-C. Waldschmidt.1303-04; disc. 1305 

Motors, A New Method for Part-Winding Starting of 

Polyphase Motors. Alger, Agacinsky. 

...1455-62; disc. 1462 

Motors and Servomotors, Optimum Detign of Induction 

Torque. Weiss. 809-15 

Motors, Eqtiivalent Circuit for the Concatenation of 

Induction. Ku. .1214-18; disc. 1219 

Motors, Equivalent Circuits for Single-Phase. Slemon 

.1335-42; disc. 1342 

Motors from Motor Tests, Developing Iron Loss Curves 

for Small. Shaneman. . .1176-‘^l 

Motors in Power Plants, Economic Selection of Atudli^ 

Drive. Gross, Bobrowicz.1237-46; disc. 1246 

Motors, Predetermination of Sound Pressure Levels of 
Magnetic Noise of Polyphase Induction. Erdelyi. 

....1269-80; disc. 1280 

Motors Related to Slip Frequency, Vibration in 2-^ole 

Induction. Summers.... 

} 

■h 


Motors, Sonance Design of Large Induction. Wall.... 

.1189-92 

Motors, The Transient Stalled Temperature Rise of 
Cast Aluminum Squirrel Cage Rotors for Induc¬ 
tion. Rosenberry.. .819-24; disc. 824 

Multiplexing, Quadriphase—A New Approach to Time 
Division. Evans, Lowe.900-03 

N 

Narrow-Band Frequency Modulated System, An In¬ 
vestigation of the Capture Effect in a. Hedges... 

.289-91; disc. 292 

Network Analyzers, Combination Load-Fiow and 
Stability Equivalent for Power System Representa¬ 
tion on A-C. Brown, Clones.... .782-6; disc. 786 
Network Cable by Oven Heating Testa, High Tempera¬ 
ture Classification of Rubber and Rubberlike 

Insulation of. Couch, Crowdes. 

...930-4; disc. 944, 1463 

Network Cables, A Mathematical Method for Determin¬ 
ing Insulation Damage Curves for. Kolks. 

. 934-8; disc. 944, 1463 

Network Cables, Characteristic Properties of Secondary. 

Rosch.939-44; disc. 944, 1463 

Network Cables, Overload Clastifications for Secondary. 

Graham.916-19; disc. 944, 1463 

Network Distribution Systems, The limiter—Its Basic 

Functions in. Xenis.913-15; disc. 944, 1463 

Network Impedances, Digital Calculation of. Glimn, 

Haberm'ann, Henderson, Kirchmayer. 

.1285-95; disc. 1295 

Network Protection, Co-ordination of Secondary. 

Leinbach, Brookes.922-4; disc. 944, 1463 

Network Systems, The Use of Probability in the Design 
and Operation of Secondary. Neagle, Nelson.... 

.567-72; disc. 572 

Network Vaults, Coincident-Outage Probability in 

Secondary-. Reps.580-5; disc. 585 

Networks, Basic Sequence. Kirschbaum.771-4 

New Method for Part-Winding Starting of Polyphase 
Motors, A. Alger, Agacinsky. .14.55-62; disc. 1462 
New Method of Determining Constants for the General 
Transmission Loss Equation, A. Early, Watson.. 

.1417-21; disc. 1421 

Noise Control, Recent Contributions to Transformer 

Audible. Conover, Ringlee.'. .77-90; disc. 90 

Noise Due to Dissymmetry Harmonics, Single-Phase 

Induction Motor. Muster, Wolfert. 

.1365-72; disc. 1372 

Noise Measurement, Apparatus. Wells.1170-3 

Noise of Polyphase induction Motors, Predetermination 
of Sound Pressure Levels of Magnetic. Erdelyi. 

.1269-80; disc. 1280 

Noise on Power Lines, A Study of Carrier-Frequency. 
Moynihan, Sparlin; 

Part IV. Conttiusion of Field Measurements. 

.795-800 

Noise Tests on Large Power Transformers, An Anechoic 

Chamber for. Benoit, Hemmes, Schulz.50-6 

Nontension Aluminum Connectors. Boyer, Korges... 

.844-7; disc. 847 

North Carolina, Development of Small Hydroelectric 

Sites in Western. Gnuse.65-8 

North Dakota, Bureau, of Reclamation 230-Kv Trans¬ 
mission Lines in. Austin.1147-51 


o 

Oil Circuit Breaker at Philip Spom Power Plant, Field 
Tests on a 138-Kv High-Speed. Naef, Hambrick... 

.710-24; disc. 724 

Oil Circuit Breakers, Application of Volume Theory of 
Dielectric Strength to. Wilson, Streatcr, Tuohy... 

.. . 677-84; disc. 684 

Oil Circuit Breakers, Dynamics of High-Capacity Out¬ 
door. Barkan.671-6; disc. 676 

Oil Circuit Breakers, The Results of 7 Years’ Experience 
Wth High-Capacity Outdoor. Balentine, Darrow. 

.665-70; disc. 671 

Oil Cooled Rotary Welding Transformer, The Forced. 

Shenk...873-80 

Oil Flow and Pressure Calculations for Pipe Type Cable 
Systems. (Committee Report)...251-9; disc. 259 
Oil, Interpretation and Significance of Tests Indicating 
the Concentration of Polar Compounds in Trans¬ 
former. Johnson.774—80; disc. 780 

Oil-Type Pipe Cables, Freezing. Merrell....... 

...1023-31; disc. 1031 

161-Kv Disconnecting Switches, Results of High-Current 

Tests on. McNemey.104-08; disc. 108 

161-Kv Pipe Type Cables in Ontario, Gas IVessurized 
120-Kv and. Kozak, Prescott.. .184-92; disc. 192 
138-Kv Current Transformer, An Experimental Gas- 

Insulated. Camilli.100-03; disc. 103 

138-Kv High Speed Oil Circuit Breaker at Philip Spom 
Power Plant, Field Tests on a. Naef, Hambrick. .. 

,. .....710-24; disc. 724 

120-Kv and 161-Kv Pipe-Type Cables in Ontario, Gas- 
Pressurized, Kozak, Prescott... .184-92; disc. 192 


Ontario, Gas-Pressurized 120-Kv and 161-Kv Pipe- 
Type Cables in. Kozak, j jyi 

Opemting' Experience ' With ’Aluniinum Distribution 
^ Conductors in the Philadelphia hlccmc Company, 
Design Problems and. Nelson, ; * •' 

Operation ’ of Hydrogm-Gooled Turbine Geueramn 

Sterrett, Towne.’ oIt 

Operation of Turbine Generators During Oll-Ie.ilw 
High Power Factor Periods—Practices of One 
Utility in a Metropolitan Area. Roberts, Webb... 

' 461-5; dist*-. 466 

Optimum Design of‘induction 'Torque 

Servomotors. Weiss... • • 

ORACLE Computes Line Constants With Icnsnrs. 

Shipley, Hochdorf, Watson.1052-6; di.w:. 1056 

Organic Resin Combinations for Dry-Type Traiwfin iucr 
Insulation, Evaluation and Application of Silicone-. 

Simmons, Scheidcler.155-60; disc. 160 

Osculations of Coupled Windings. Abctti, Adam^ 

Maginniss...' "i, “ t 

Outage Probability in Secondary-Network vaiilts. 

Coincident-. Reps.580-5; disc. .<85 

Outdoor Oil Circuit Breakers, Dynamics of lliKh- 

Capacity. Barkan.671-6; di.se. 676 

Outdoor Oil Circuit Breakers, The Results of 7 \ ears 
Experience with High-Capacity. Balentine, Il.ir- 

. .665—70; disc. 671 

Oven-Heating Tests, High Temperulurc Classification of 
Rubber and Rubberiike Insulation of Network 
Cable by. Couch, Crowdes.930-4; di.se. 944, 1463 
Overload Classifications for Sccond.-uy Network t’ablcs. 
Graham.916-19; disc. 944, 146.3 


P 

Paper Insulation for High-Voltage Cables, Researcli on 
the Electric Breakdown of Fully Impregnated. 
Gazzana Priaroggiu, Palandri. .1343-57; disc. 1.4.57 
Parameters for Reliable Communications, Miirowave 

System. Aivira, Corbell.1100-t)7; illsr. 111)7 

Parameters, Power Distribution System. Kidiler, 

Neher.125-40; disc. HO 

Part-Winding Arrangements in Sample 4-Polc Iiidni;- 

tionMotor,Ten. Courtin.1248-53; disc. 1253 

Performance Characteristics of Higli-Vollage Rubber- 

Insulated Cables, Some. Rosch. 

.1219-24; disr. 1224 

Performance, Rewinding A-C Generators for Improved. 

Seline.472 -4; liisc. 474 

Personnel Against Electrical Shock Hazards in flcntrul 
OlBce Communications Equipment, Proleciioii of. 

Jones.B9.3-6 

Phase Angles, The Determination of Iiu-remcnial and 
Total Loss Formulas from Functions of Voltage. 

aahn.161-71; disc. 171 

Philadelphia Electric Company, De.sign Problems and 
Operating Experience Witii Aluminum Disirllm- 

lion Conductors in the. Nelson, Garrell. 

.82.'i «; djsi\ 828 

Philadelphia FJcctric Company, Turldnc Getieramr 
Operation and Maintenance Practice of. < l.-il- 

lagher.48-9 

Philip Sporn Power Plant, Field Tests on u 138-Kv 
High-Speed Oil Circuit Breaker at. Nuef, Ilani- 

brick.7111-24; disc. 724 

Pilot Relaying, Future Application Needs of CJarricr, 

Cramer, Krings.123.3-5; disc. 1235 

Pipe Cables, Freezing Oil-Type. Merrell. 

..1023 -31; disc. 10.31 

Pipe-Type Cable Systems, Oil Flow and Pressure Cal¬ 
culations for. (Committee Report) .251-9; disc. 2.59 
Pipe-Type Cables in Ontario, Gas-Pressinized 120-Kv 
and 161-Kv. Kozak, Prescott.. .. 184-92; disc. 192 
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Norinder....1087—91; disc. 1091 

Step Regulators, Increased Current Ratings for. Sealey 

.737-42; disc. , 742 

Step Voltage Regulators, Controls for. Lennox. 

.. ..1407-09; disc. 1410 

Storage and Hydro Generation at Flatiron Power Plant, 

Pumped. Denton, Britt.614-18; disc. 618 

Stray Losses in the Armature End Iron of Large Turbine 

Generators. Winchester.381—9; disc. 389 

Studies—In Relation to Insulation, Corona. Liao, 

Nye,Brustle, Anderson.1046-50; dim. 1050 

Study of Carrier-Frequency Noise on Power Lines, A. 
Moynihan, Sparlin: 

Part IV. Conclurion of Field Measurements. .795-800 
Substation and Primary Feeder Planning, Distribution. 

Denton, Reps.484-97; disc. 497 

Substations, Control Circuitry for Remotely Operated 

Electric UtUity. Derr, Metz.450-9; disc. 459 

Substatiom, Development of a Welded Aluminum Bus 

for, Asbury, Hartman.834-8; disc. 838 

(Substations) Grounding Grids for High-Voltage Sta¬ 
tions. Gross, Wise: 

Part II, Reastance of Large Rectangular Plates. 

.....801-09; disc. 809 

(Substations) Supervisory Control and Associated 
Telemetering Equipment—A Survey of Current 

Practice. (Committee Report). 

Summary of Fault Location Methods, Bibliography 

and. (Conumttee Report).1423-7; disc. 1427 

Supercharged Generator, Test Report on a Fully. 

Beckwith, Koetting, Rosenberg, Staats..56-9 

Supervisory Control and Associate Telemetering Equip¬ 
ment—A Survey of Current Practice. (Com¬ 
mittee Report)..36-8 

Supply Methods, General Study of Area. Casazza, 

Pnnifin .1328-34; disc. 1334-5 

Surge Attenuation in Power Cables. Valentine, Dil¬ 
lard, Clayton.1115—21; disc. 1122 

Survey of Current Practice, Supervisory Control and 
Associated Telemetering Equipment—A. (Com¬ 
mittee Report).36^8 

Suspenrion Insulators in Series, Insulation Characlens- 

tics of Wood and, Clayton, Shankle. 

..1305-11; disc. 1312 

Swings Caused by Arc Furnace Loads, Voltage Dip and 

Synchronous Condenser. Concordia.951—6 

Switch Alternators, Design Principles of Flux-. Rauch, 

Johnson..1261—8; disc. 1268 

Switch, Power Autotransformer Current Interruption 
wiffi an Air-BieakDisconnect. Anderson. .1157—63 
Switch^ Capadtors in Steps on a Single Distribution 

Feeder, Automatically. Fowler, Thomas. 

....311-14; disc. 314 

Switched Capadtors, Report on the Operation of. 

(Committee Report).1255-60; disc. 1260 

Switches, High-Current Testing of Air-Disconnect. 

Gostin. 

Switches, Results of High-Current Tests on 161»Kv Dis¬ 
connecting. McNcrncy.104-08; disc. 108 
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(Switchgear) A New SOO-Megavolt-Ampere Air Mag¬ 
netic Circuit Breaker of Simplified Design. Reilly, 

Weston.1093-8; disc. 1098 

(Switchgear) A New High-Capacity Anode Air Circuit 
Breaker. Bottonari, Sprow.. 1297-1302; disc. 1302 
(Switchgear) A Power Cla« Recloser for Higher Speed 
Clearing of Distribution Circuits. Field, Leather- 

berry.986-91; disc. 991 

(Switchgear) Aluminum in Heavy Current Conductors. 

Deans.1192-8; disc. 1198 

Switchgear, Aluminum Widely Used in Power. Talento 

.839-43; disc. 843 

(Switchgear) Analysis of Fault Currents for High- 
Voltage Circuit-Breaker Interruption. Lants.... 

..41-5 

(Switchgear) Application of Volume Theory of Dielec¬ 
tric Streng^ to Oil Circuit Breakers. Wilson, 

Streater, Tuohy..677-84; disc. 684 

(Switchgear) Behavior of High-Voltage Busses and 
Insulators During Short Circuits. Milton, Cham¬ 
bers.742-6; disc. 746 

Switchgear Development Laboratory, Capacitance- 
Switching Facilities at the. Williams, Mankofif, 

Schneider..375-80; disc. 380 

(Switchgear) Development of a Welded Aluminum Bus 

for Substations. Asbury, Hartman. 

.834-8; disc. 838 

Switchgear) Dynamics of High-Capacity Outdoor Oil 

Circuit Breakers. Barkan.671-6; disc. 676 

(Switchgear) Field Teste on a 138-Kv High Speed Oil 
Circuit Breaker at Philip Sporn Power Plant. 

Naef, Hambrick.710-24; disc. 724 

(Switchgear) Flux Measurements in Magnetic Air 

Circuit Breaker Interrupters. Carter. 

.1062-5; disc. 1065 

(Switchgear) High-Current Arc Erosion of Electric 

Contact Materials. Wilson.657-64; disc. 664 

(Switchgear) Pittsburgh Downtown 69-Kv Power 

Supply: 

Parti. Planning. Hill.643-7; disc. 647 

Part II. Substation. Gue.648-52; disc. 652 

Part III. Switchgear Development. Pierson. 

...653—6; disc. 656 

(Switchgear) Testing of D-C Interrupters on A-G Test 

Circuits. Chen, Boehne.1073-9; disc. 1079 

(Switchgear) The Calculation of the Complete Time/ 
Current Characteristics of Cartridge Fuses With 
Single Wire Element. Guile.. .1108-15; disc. IHS 
(Stvitchgear) The Results of 7 Years* Experience with 
High-Capacity Outdoor Oil Circuit Breakers. 

Balentine, Darrow..665-70; disc. 671 

(Switchgear) Short Circuit Currents and Circuit 
Breaker Recovery Voltages Associated with 2- 

Phase-to-Ground Short Circuits. Skeats.... 

,.688-93; disc. 693 

(Switchgear) Ribbon Elements for High-Voltage Cur¬ 
rent-Limiting Fuses. Powell, Schuck. 

.635-41; disc. 641 

(Switchgear) A 69-Kv Compressed Air Circuit Breaker 

for 5,000,000 Kva. Kane, Walker. 

. .. 705-09; disc. 709 

Switching, Some Fundamentals on Capacitance. 

Johnson, Schultz, Schultz, Shores...;. 

..727-36; disc. 736 

Switching Stations and Transformers, Direct-Stroke 
Protection of High-Voltage. Griscom, Dillard, 

Hileman...354-65; disc. 365 

Switching Devices, Test Circuits for Capacitance. 

Darrow, Phillips, Schultz, Shores.. 

^ ..624-34; disc. 634 

Switching Long 230-Kv Lines, Design Problems and 
Field Tests Concerning Circuit Breakers for. 

Umphrey, Marsden.693-701; disc. 701 

Symmetrical 3-Phase Transformer Connections, Se¬ 
quence Impedances of. Cogbill.1313-23 

Symposium; How Can the Utilities Best Make Use of 

Modern Science?.545-60 

Synchronizing ■ Torques on Generator Foundations, 
Maximum Short Circuit and Faulty. Ruskin.. .•. 

.. . .618-23; disc. 623 

Synchronous Condenser Swings Caused by Arc Furnace 

Loads, Voltage Dip and. Concordia.951-6 

Synchronous Generators, A Transductor-Type Field 
Ripple Detector for. McConnell.476-9; disc. 479 
Synchronous Machine Reactances, A New Approach to 
the Calculation of. Talaat: 

Part !.. .176-82;.diac. 182 

Synchronous-Machine Transient Rotor Saliency on 
Clianges in Terminal Voltage, Effect of. Con¬ 
cordia.25-31 

Synchronous Machines, Improved Fast-Acting Thermal 
Relay and Its Application as a Cage Winding Pro¬ 
tective Relay for. Baude.. .349-53; disc. 353 

Synchronous Motors: An Extension of Blondel Theory, 

Current Loci of Salient-Pole. Douglas.. 

...1080-2; disc. 1082 

(System Engineering) A General Trahsmisrion Loss 

Equation. Early, Watson, Smith.. 

.'....510-16; disc. 516 

(System Engineering) A Look to the Future of Power 

Tiansmission in the West. Hunkins... 

.... ...591-7; disc. 598 


1474 


(System Engineering) A New Method of Determining 
Constants for the General Transmission Loss 

Equation. Early, Watson.1417-21; disc. 1421 

(System Engineering) An Incremental Cost of Power- 

Delivered Computer. Early, Phillips, Shrcvc. 

.529-34; disc. 534 

(System Engineering) Co-ordination of Hydro and 
Steam Generation. Watchom... 142-9; disc. 148 
(System Engineering) Digital Calculation of Network 
Impedances. Glimn, Habermann, Henderson, 

Kirchmayer.... 1285-95; disc. 1295 

(System Engineering) Electric Utility Load Forecasting. 

Godard. 1428-40 

(System Engineering) Forecasting the Demand for 

Electricity. Hooke.993-1005; disc. 1005 

(System Engineering) General Study of Area Supply 
Methods. Casazza, Rankin.. .1328-34; disc. 1334 
(System Engineering) Two Large Electric Arc Furnaces 
—Electrical Characteristics and Corrective Equip¬ 
ment. Luther, Ghesquiere, Quick.. 

. 1401-05; disc, 1406 

System Parameters, Power Distribution. Kidder, 

Neher...125-40; disc. 140 

System Planning Practices. (Committee Report).... 

. 896-900 

System Planning, Principles and Practice of Modem. 

Fugill..1323-26; disc. 1327 

System Planning, Rural Electric. Rixse. 

.1410-16; disc. 1416 

System Response, An Approach to the Definition of 

Excitation. Bliss.1008-12; disc. 1012 

System Voltage Drop and System Loads, Fundamental 
Relations of. Miller, Robbins...267-72; disc. 272 


T 


Technique for Calculating Cable Temperature Tran¬ 
sients, An Improved Approximate. Van Wormer 

.277-80; disc. 280 

Telemetering Equipment—A Survey of Current Practice, 
Supervisory Control and Associated. (Committee 

Report).. 

Temperature Classification of Rubber and Rubberlike 
Insulation of Networic Cable by Oven Healing 

Tests, High. Couch, Crowdes. 

..930—4; disc. 944, 1463 

Temperature Endurance Tests of Ventilated Dry-Type 
Power and Distribution Transformers, Proposed 
Test Code for Functional. (Committee Report).. 

.971-5; disc. 975 

Temperature Endurance Teste on a Silicone Glass Fiber 
Insulation System for Dry-Type Transformers, 

Functional. Mannii^.91-8; disc. 98 

Temperature Measurements on D-C Armatures, Corre¬ 
lation of. Gerbetz, Ewing.391-4; disc. 395 

Temperature Rise of Armature Mndings, Some Factors 

Influencing the. Liwschitz-Garik.752-9 

Temperature Rise of Cast Aluminum Squirrel Cage 
Rotors for Induction Motors, The Transient 

Stalled. Rosenberry..819-24; disc. 824 

Temperature Transients, An Improved Approximate 
Technique for Calculating Cable. Van Wormer.. 

.. 277-80; disc. 280 

Temperatures at Various Hydrogen Pressures, Turbine 
Generator Stator Winding. Alger, Kilbourne, 

Snell.232-50; disc. 250 

Temperatures on Short Circuit Transformer. Sealey 

.... 1225-9; disc. 1229 

Ten Part-Winding Arrangements in Sample 4-Pole In¬ 
duction Motor, Courtin... 1248-53;-disc—1253 
Tennessee Valley Authority, Mechanical Alignment of 
Vertical-Shaft Hydroelectric Units as Practiced by. 

Norris..586-9; disc. 589 

Tension Calculations to Transmission Line Design, 
Practical Application of Bag and. Lummis, 

Fischer....,,..-...... ...402-13; disc. 413 

Tensors, ORACLE Computes Line Constants With. 

Shipley, Hochdorf, Watson..1052-6; disc. 1056 

Terminal Voltage, Effect of Synchronous-Machine 
Transient Rotor Saliency on Changes in. Con¬ 
cordia. . 25-31 

Test Circuits for Capacitance Switching Devices. 

Darrow, Phillips, Shultz, Shores.. 

••••••, .... • • i624—34; disc. 634 

Test Circuits, Testing of D-0 Interrupters on A-C, 

Chen, Boehne.. .1073-9; disc. 1079 

Test Code for Functional Temperature Endurance Tests 
of Ventilated Dry-Type Powet and Distribution 
Transformers, Proposwl. (Committee Report)... 

...971-5; disc; 975 

Test Report on a Fully Supercharged Generator. Beck¬ 
with, Koetting, Rosenberg, Staate... .56-9 

Testing, Application of Statistics to Motor. Olden- 

kamp....... .815-18; disc. 818 

Testing, Magnetization of Tranribrmer Cores During 

Impulse. Beavers, Holcomb, I^ni.. .. 

. ^.. . .118-23; disc. 123 

Testing of Air-Disconnect Switches, High-Current. 
Gostin. 21-5 


Technical Subjects 


Testing of D-C Interrupters on A-C Test Circuits. 

Chen, Boehne.1073-9; disc. 1079 

Testing of Valve-Type Lightning Arresters, Transient 

Durability. Kalb, Yost.521-6; disc. 526 

Teste Concerning Circuit Breakers for Switching Long 
230-Kv Lines, Design Problems and Field. Um¬ 
phrey, Marsden.693-701; disc. 701 

Teste for Liquid Filled Distribution Transformers, Func¬ 
tional Life Expectancy. Lockie.. 977-82; disc. 982 
Teste Indicating the Concentration of Polar Compounds 
in Transformer Oil, Interpretation and Significance 

of. Johnson.774-80; disc. 780 

Tests of Insulation Systems for Dry-Type Transformers, 

Functional Life. Narbut.1057-61; disc. 1061 

Teste oh a Silicone Glass Fiber Insulation System for 
Dry-Type Transformers, Functional Temperature 

Endurance. Manning.91-8; disc. 98 

Tests on Low-Voltage Windings of Distribution Trans¬ 
formers, Impulse. Holcomb... .1152-5; disc. 1155 
Teste on 161-Kv Disconnecting Switches, Results of 

High-Current. McNerney..104-08; disc. 108 

Tests on Station Auxiliary Busses, Transfer. Backer, 

Barth, Huse, Taylor.1441-5; disc. 1446 

Theory of Dielectric Strength to Oil Circuit Breakers, 
Application of Volume. Wilson, Streater, Tuohy 

.677-84; disc. 684 

Thermal Relay and Its Application as a Cage Winding 

Protective Relay for Synchronous Machines, Im¬ 
proved Fast-Acting. Baude.349-53; disc. 353 

Thyrite Protection for Series Windings of Autotrans¬ 
formers, Albright.150-4; disc. 154 

Tie-Line Energy Control of Interconnect^ Power 

Systems, Load-Phase. Cahen.1-5 

Time/Current Characteristics of Cartridge Fuses With. 
Single Wire Element, The Calculation of the Com¬ 
plete. Guile.1108-15; disc. 1115 

Time-Current Damage Characteristics, Cable in Duct. 

Porter...919-21; disc. 944,1463 

Time Division Multiplexing, Quadriphase—A New 

Approach to. Evans, Lowe.900-03 

Torque Motors and Servomotors, Optimum Design of 

Induction. Weiss.809-15 

Torques on Generator Foundations, Maximum Short 

Circuit and Faulty Synchronizing. Ruskin. 

.618-23; disc. 623 

Transductor-Type Field Ripple Detector for Syn¬ 
chronous Generators, A. McConnell. 

.476-9; disc. 479 

Transfer of Steam-Electric Generating-Station Auxiliary 

Busses. Lewis, Marsh.322-30; disc. 330 

Transfer Tests on Station Auxiliary Busses. Backer, 

Barth, Huse, Taylor.1441-5; disc. 1446 

Transformer, An Experimental Gas-Insulated 138-Kv 

Current. CamUli.100-03; disc. 103 

Transformer Audible Noise Control, Recent Contribu¬ 
tions to. Conover, Ringlee.77-90; disc. 90 

Transformer Bank Relaying Systems, Line and. Black¬ 
burn, Rockefeller..334-9; disc. 339 

Transformer Connections, Sequence Impedances of 

Symmetrical 3-Phase. Cogbill.1313-23 

Transformer Cores During Impulse Testing, Magnetiza¬ 
tion of. Beavers, Holcomb, Leoni. 

.118-23; disc. 123 

Transformer Design, Control of Electrostatic Voltage 

Distribution in Power. Bennon, Cossaart. 

...1122-5; disc. 1125 

Transformer Insulation, Evaluation and Application of 
Silicone-Organic Resin Combinations for Dry- 
Type. Simmons, Scheidder... .155-60; disc. 160 
Traiuformer Oil, Interpretation and Significance of 
Tests Indicating the Concentration of Polar Com¬ 
pounds in. Johnson..... .774-80; disc. 780 

IVansformer Temperatures bn Short Circuit. Sealey.. 

. ..1225-9; disc. 1229 

Transforms, The Forced Oil Cooled Rotary Welding. 

Shenk,. 873-80 

Transformers, An Anechoic Chambs for Noise Tests on 
Large PowwPows. Benoit, Hemmes, Schulz,50-6 
Transformers, Direct-Stroke Protection of High-Voltage 
Switching Stations and. Griscom, Dillard, Hile- 

.354-65; disc. 365 

Transformers, Epoxy Resin Casting of Dry-Type Cur¬ 
rent. Fameth, Gallousis..194-7; disc. 197 

Transformers, Experiences With the Use of Aluminum in 
Windings for Dry-Type Power. Tipton... 1201-04 
Transformers, Functional Life Evaluation of Group-2 

Dry-Type Power. Zambell... 956-70 

Transformers, Functional life Expectancy Teste for 

Liquid-Filled Distribution. Lockie... 

.. 977-82; disc. 982 

Transformers, Functional Life Tests of Insulation Sys¬ 
tems for Dry-Type. Narbut., .1057-61; disc. 1061 
Tranfformera, Functional Temperature Endurance Tests 
on a Silicone Glass Fiber. Insulation System for 
Dry-Type. Manning.... .91-8; disc. 98 
Transformers, Impulse Tests on Low-Voltage Windings 

ofDistribution, Holcomb.1152-5; disc. 1155 

Increased Current Ratings for Step 

Regulators. Sealey... .737-42; disc. 742 

(Transformers) Osdllations of Coupled Windings. 
Abetti, Adams, Maginniss.12—21 
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Transformers, Proposed Test Code for Functional 
Temperature Endurance Tests of Ventilated Dry- 
Type Power and Distribution. (Committee Re¬ 
port).971—5; disc. 975 

Trarisformers, The Application of a New Nontracking 
Butyl to High-Voltage Instrument. Pfuntner, 

Norman, Wilterdink.1173-6 

(Transformers) Thyrite Protection for Series Windings 
of Autotransformers. Albright... .150-4'; disc. 154 
Transient Durability Testing of Valve Type Lightning 

Arresters. Kalb, Yost.521—6; disc. 526 

Transient Recovery Voltage Characteristics of Electric 
Power Systems, A Method for Studying Circuit. 

Kotheimer..1083—6; disc. 1086 

Transient Rotor Saliency on Changes in Terminal Volt¬ 
age, Effect of Synchronous-Machine. Concordia.. 

.25-31 

Transient Stability Studies, A Rational Method for the 
Step-by-Step Calculations in Power System. 

Norutder..1087—91; disc. 1091 

Transient Stalled Temperature Rise of Cast Aluminum 
Squirrel Cage Rotors for induedon Motors, The. 

Rosenberry.819-24; disc. 824 

Transients, An Improved Approximate Technique for 
Calculating Cable Temperature. Van Wormer.. 

.277-80; disc. 280 

Transients, Metadyne. Fegley.1179-88 

(Transmission) A Method for Studying Circuit Transient 
Recovery Voltage Characterisites of Electric Power 

Systems. Kotheimer.1083-6; disc. 1086 

(Transmission) A Rational Method for the Step-by-Step 
Calculations in Power System Traniuent Stability 

Studies. Norinder.1087—91; disc. 1091 

(Transmission) A Simplified Method of Calculating 
Voltage Regulation Using Unit Impedance Power 

Reactive Diagrams. Butler.304-10; disc. 310 

(Transmission) Balancing Double-Wye High-Voltage 

Capacitor Banks. Compton.573-8; disc. 578 

(Transmission) Basic Sequence Networks. Kirschbaum 

.771-4 

(Transmission) Bibliography and Summary of Fault 

Location Methods. (Committee Report). 

.■. 1423-7; disc. 1427 

(Transmission) Coincident-Outage Probability in 
Secondary-Network Vaults. Reps..580-5; disc. 585 
(Transmission) Combination Load-Flow and Stability 
Equivalent for Power System Representation on 

A-C Network Analyzers. Brown, Clones. 

.782-6; disc. 786 

(Transmission) Corona Studies—In Relation to Insula¬ 
tion. Liao, Nye, Brustle, Anderson. 

.1046-50; disc. 1050 

(Transmission) Direct-Stroke Protection of High- 
Voltage Switching Stations and Transformers. 

Griscom, Dillard, Hileman.354-65; disc. 365 

Transmission) Economics of Higher Primary and 
Secondary Voltage for Commercial Areas. Law¬ 
rence, Reps.1034—45; disc 1045 

(Transmission) Effects of Corona on Traveling Waves. 

Wagner, Lloyd.858-72 

(Transmission) Efficiency of Grounding Grids with 

Nonuniform Soil. Zaborszky.1230-3 

(Transmission) Fundamental Relations of System 
Voltage Drop and System Loads. Miller, Robbins 

• .;.267-72; disc. 272 

Transmission in the West, A Look to the Future of 

Power. Hunkins.591-7; disc. 598 

(Transmission) Insulation Characteristics of Wood and 
Suspension Insulators in Series. Clayton, Shankle 

.1305-11; disc. 1312 

(Transmission) Intermittently Increased Kilovar Output 

of Large Capacitor Banks. Minder. 

.749-51; diw. 751 

(Transmission) Investigation of European Practices in 

Power Line Design. Fritz.505-09; disc. 509 

Transmission Line Design, Practical Application of Sag 
and Tension Calculations to. Lummis, Fischer 

.402-13; disc. 413 

Transmission Lines, Electromagnetic Unbalance of 
Untransposed. Gross, Nelson: 

Part II.887-93 

Transmission Lines in North Dakota, Bureau of Rec¬ 
lamation 230-Kv. Austin....'.. .1147-51 

Transmission Lines, The Use of All-Aluminum Con¬ 
ductor on. Wright, Lambert.... 849-53;. disc. 853 
Transmission Lines, Voltage Gradients on High- 

Voltage. Adams.5-11 

Transmission Loss Equation, A General. Early, 

Watson, Smith.510-16; disc. 516 

Transmission Loss Equation, A New Method of Deter¬ 
mining Constants for the General. Early, Watson 

.1417-21; disc. 1421 

(Transmisrion) ORACLE Computes Line Constants 

With Tensors. Shipley, Hochdorf, Watson. 

.1052-6; disc. 1056 

(Transmission) Power Autotransformer Current Inter¬ 
ruption with an Air-Break Disconnect Switch. 
Anderson.57-63 


(Transmistion) Report on the Operation of Switched 

Capacitors. (Committee Report). 

...1255-60; disc. 1260 

(Transmission) The Use of Probability in the Design 
and Operation of Secondary Network Systems. 

Neagle, Nelson.567-72; disc. 572 

(Transmission) Traveling Wave Protection Problems. 
Bodine: 

Part 11. 880-7 

(Transmistion) Voltage Dip and Synchronous-Con¬ 
denser Swings Caused by Arc Furnace Loads. 

Concordia.951-'6 

Traveling Wave Protection Problems. Part II. Boehne 

. 880-7 

Traveling Waves, Effects of Corona on. Wagner, 

Lloyd.858—72 

Triple-Cage Motor Circuit, Weighted Mutual React¬ 
ances for a. Martin.765-8 

Ttu-bine Generator Operating and Maintenance 
Methods of the Southern California Edison Com¬ 
pany, Steam. Sid way, Clevenger....60-5 

Turbine Generator Operation and Maintenance Prac¬ 
tice of Philadelphia Electric Company. Gallagher 

. 48-9 

Turbine Generator, Operation of Hydrogen-Cooled. 

Sterrett, Towne.433-8; disc. 439 

Turbine Generator Stator Winding Temperatures at 
Various Hydrogen Pressures. Alger, Kilboume, 
Snell.232-50; disc. 250 


Turbine Generators During Off-Peak High Power Factor 
Periods—^Practices of One Utility in a Metropolitan 

Area, Operation of. Roberts, Webb. 

.461-5; disc. 466 

Turbine Generators, Eccentricity, Vibration, and Shaft 

Currents in. Rosenberg.38-41 

Turbine Generators, Improved Field Conductor Ma¬ 
terials for. HoUey, Sa vidge.72-6 

Turbine Generators, Stray Losses in the Armature End 

IronofLarge. Winchester.381-9; disc. 389 

Two-Axis Method of Analyzing Electric Machines. 

Tang, Cosgriff.1449-55 

Two Large Electric Arc Furances—Electrical Charac¬ 
teristics and Corrective Equipment. Luther, 

Ghesquiere, Quick.1401-05; disc. 1406 

Two-Phase-to-Ground Short Circuits, Short-Circuit 
Currents and Circuit-Breaker Recovery Voltages 

Associated with. Skeats..688—93; disc. 693 

Two-Pole Induction Motors Related to Slip Frequency, 

Vibration in. Summers.69-72 

24-Kv Station—^Field and Laboratory Studies, Light¬ 
ning Protection in a. Armstrong, Ferguson, 

Hileman.1127-35; disc. 1135 

230-Kv Lines, Design Problems and Field Tests Con¬ 
cerning Circuit Breakers for Switching Long. 

Umphrey, Marsden.693-701; disc. 701 

230-Kv Transmission Lines in North Dakota, Bureau of 
Reclamation. Austin.1147-51 


u 

Ultrasonic Flowmeter, Principles and Application of the. 

Swengel, Hess, Waldorf.112-17; disc. 117 

Unbalance of Untransposed Transmission Lines, Electro¬ 
magnetic. Gross, Nelson: 

Part II._. 887-93 

Unit Impedance Power-Reactive Diagrams, A Simpli¬ 
fied Method of Calculating Voltage Regulation 

Uring. Butler.304-10; disc. 310 

Use of AU-Aluminura Conductor on Transmission Lines, 

The. Wright, Lambert.849-53; disc. 853 

Use of Probability in the Design and Operation of 
Secondary Network Systems, The. Neagle, Nelson 

. .567-72; disc. 572 

Utffities, Manufacturer’s Research in Relation to Elec¬ 
trical. Parker, Baird..557-60 

(Utilities) Research in the Electric Power Industry. 

Gaty.553-6; disc. 566 

Utility Ground-Relay Problems, Some. Barnes, Mc¬ 
Connell.. • • .417-28; disc. 428 

Utility Industry, Implemratation of a Research Program 

for the Electric. Hobson, Lewis, Oldacre. 

...545-50; disc. 550 

Utilily Load Forecasting, Hectric. Godard.... 1428-40 
Utility Load Forecasting, The Application of Business 

Machines to Electrictd. Gruetter.854-8 

Utility Substations, Control Circuitry for Remotely 
Operated Electric. Derr, Metz.. .450—9; disc. 459 


V 

Vdve-Type Lightning Arresters, Transient Durability 

Testing of. Kalb, Yost...521-6; disc. 526 

Vaults, Coincident-Outage Probability in Secondary- 
Network. Reps...580-5; disc. 585 


Vertical-Shaft Hydroelectric Units as Practiced by 
Tennessee Valley Authority, Mechanical Alignment 

of. Norris.586-9; disc. 589 

Vertical Water Wheel Generators, Production and 

Installation of. Houser, Hindle, Tyerman. 

.536-43; disc. 543 

Vibration and Shaft Currents in Turbine Generators, 

Eccentricity. Rosenberg.’.. • • 

Vibration in 2-Pole Induction Motors Related to Slip 

Frequency. Summers.69-72 

Vibration on Relays, Effect of Shock and. (Committee 

Report).398-400; disc. 400 

Voltage Cables, Research on the Electric Breakdown of 
Fully Impregnated Paper Insulation for High-. 
Gazzana Priaroggia, Palandri. .1343—57; disc. 1357 
Voltage Characteristics of Electric Power Systems, A 
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Table I. System Requirements for Example in Fig. 11 


Item 


Characteristic 


Source of Data 


Value 


db = 10X 
10 "* watt 
db 


A... .User channel requirements 

1.. . .Average S/N per channel.user and Fig. 12.. 60 

2 -Minimum usable S/N per channel.user. 36 

3.. . .Allowable per-cent time below minimum usable, .user. 0.6 per cent 

S/N per channel 

B-Average requirements per path 

1.. . .Number of paths common to specified channel.. .path survey. 

2.. . .Average allowable noise per path.item A.1 divided by B.l 


4 

2.6X10-' 

watt 

0.126 per cent 


3.. . .Average allowable time below minimum usable, .item A.3 divided by B.l. 

S/N per path 

4-Average receiver input level per path, S/N basis, .item B.2 and Fig. 13. —88 dbw 

6 -Average receiver input level per path for mini-, .item A.2 and Fig. 13.—108 dbw 

mum S/N 


quired is obtained from the path profile 
plus an additionallength required between 
the tower base and the microwave equip¬ 
ment. For the example in Table II, 260 
feet are required at each station. Since 
a 7/8-inch transmission line has a loss of 
approximately 2.5 db per 100 feet, it is 
chosen for a first trial. The total loss of 
both transmission lines is 13 db, as shown 
in Table II. 

The positive difference of 2.5 db be¬ 
tween actual and allowable transmission 
line loss for this example represents the 
excess path margin. This excess margin 
may be used to decrease cost by using 
higher loss transmission lines, lower gain 
antennas, or shorter towers. If the ex¬ 
cess is only 2 or 3 db, the design usually 
is not altered. If shorter towers are 


used, approximately one-half of the ex¬ 
cess margin is used for diffraction losses, 
and the other half for the additional mar¬ 
gin required in low-clearance paths. Fig. 
9 is used to determine how much the 
path clearance can be reduced. If the 
excesfe margin is used to reduce system 
costs, the appropriate values in Table II 
must be adjusted to agree with the path 
alterations. 

The calculated path margin is obtained 
from the algebraic sum of the required 
path margin and the excess (deficit) path 
margin. Likewise, the calculated re¬ 
ceiver input, under normal propagation 
conditions, is obtained from the alge¬ 
braic sum of the required receiver input 
and the excess (deficit) path margin. 
The calculated margin in tids example is 


30 db, and the receiver input level is — 78 
dbw, as shown in Table II. 

The noise including crosstalk contrib¬ 
uted to each voice channel by the radio¬ 
frequency (r-f) equipment varies with the 
receiver input, as shown in Fig. 13 for a 
typical General Electric 2,000-megacycle 
time division system. For the — 78-dbw 
receiver input in this example, the path r-f 
noise from Fig. 13 is 0.13X10-« watt 
based upon a normal signal of zero-dbm 
signal level. 

The total channel noise shown in Fig. 
13 vanes with the type of equipment and 
manufacturer. In general, the limiting 
noise in time-division systems is random. 
For the t 3 q)ical time-division equipment 
used in Fig. 13, the limiting noise is 70 
db below the normal signal level on each 
voice channel. 

In most frequency-division systems, 
the limiting noise is crosstalk between 
channels which is caused by nonlinearities 
in the r-f equipment. For these systems, 
the limiting value of channel noise de¬ 
pends upon r-f linearity and is usually 
greater than the —70 dbm shown for 
time-division equipment.® For this reason 
the channel quality of time-division sysr 
terns is usually superior in long microwave 
systems. 

The predicted outage time caused by 
fading on the 24-mile path i4 to B in this 
example is obtained from Fig. 2, using 
the calculated fading margin of 30 db. 
This value of 0.085 per cent is tabulated 
in Table II. 

Site Selection and Path Survey 

Before continuing further with system 
calculations, the actual sites for each sta¬ 
tion should be selected. Some important 
considerations of a good site are accessi¬ 
bility, availability of power, and cost of 
site property. 

Information on each of these factors 
inay be obtained by visiting the sites 
tentatively selected from the map survey. 
Investigation may show that other sites 
in surrounding areas are superior to those 
chosen from maps. The procedure for 
selecting sites is covered thoroughly in 
references 7 and 8. 

Elevation of the highest points and an¬ 
tenna sites on the path profile must be 
accurately checked. Height of trees and 
man-made obstructions should be deterr- 
mined a,t these controlling points within 
±10 feet. Any errors in the elevation 
values cause corresponding errors in sys¬ 
tem calculations. These elevations may 
be checked with an accurate altimeter 
against av^a.ble bench marks. Regular 
surveying instruments may be used, but 


Table II. Performance Calculations for Path A to B in Fig. 11 


Item 


Characteristic 


Source of Data 


Value 


C.. 

1 

2 

3. 


24 miles 
27.6 db 

0 db 


6 


. .Receiver input level 

... Path length.path survey. 

.. .Required path margin for 0.6 Fresnel. .Fig. 2 using item B .8 from Table 
aone clearance I and C.l 

.. .Additional path margin for low-clearance. .Fig. 10 and the path profile in 
paths pjg. 4 ■ 

.. .Total required path margin.anm of C.2 and C.3... .... 27 6 db 

... Required receiver input to meet outage.. algebraic sum of B .6 from Table I - 80 6 dbw 
time requirements and C.4 ’ 

...Required receiver input to meet user, .highest power level in B.4, Table 80 5 dbw 
specifications I, and C .6 '/.«uow 

.Fixed losses and gains 

... Trans^tter power.equipment manufactiuer .-f- J 3 

... Coupling and filter losses betweim equip-.. equipment manufacturer. — 4 

ment and antenna system at both 
stations 

■ ■ • .*‘‘ 8 - 3 “sl”* C. 1... 

.. .Diffraction loss for low-clearance path,. .Fig. 9 and path profile in Fig. 4 

. . .Total fixed losses and gains.algebraic sum of D.l through D.4. . -J 

.Antenna system gain 

‘ .difference between C .6 and D. 6 .. 

. .Station A ( 6 *foot parabola).antenna manufacturer. 

,. .station B ( 6 -foot parabola).antenna manufacturer. 

. .Total antenna gain.sum of B.2 and E.3,,.. 

.. Allowable transmission line losses.difference between B.l and E.4..!. 

. .Station A loss (260 feet of 7/8-inch line, .transmission line manufacturer, 
at 2.5 db per 100 feet) 

. .Station 3 loss (260 feet of 7/8-inch line, .transmission line manufacturer, 
at 2.6 db per 100 feet) 

.. Total transmission line loss.sum of E .6 and E.7. 13 jh 

Excess (deficit) path margin.. .E .6 minus E. 8 .-t- 2 6 dh 

Calculated path performance .• • •. . 

. .Path margin.....sum of F and C.4....... 30 db 

. .Receiver input level.sum of F and C. 6 .,... -78 dbw 

. .R-F noise per channel for this path.Fig. 13 using 0.2 . 0.13X10-' 

. .Outa^ time caused by fading for this. .Fig. 2 using C.l and G.l*.____ 0.086 per-cent 

. pfttb * 

* margin for a low-clearance path is shown in item C.3, subtract this value from 0.1 for 

use 10 x^i^. 2« - - 


D.. 
1 . 
2 . 


3, 

4. 

6 . 

E... 

1 , 

2. 

3. 

4. 
3. 


7. 

8 . 

F... 

O... 

1 .. 

2 ., 

3 .. 

4., 


+ 13 

dbw 

- 4 

db 

-130 

db 

0 

db 

-121 

dbw 

40.1 

> db 

28 

db 

28 

db 

66 

db 

16.i 

> db 


6.6 db 
6.6 db 


1104 
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